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~ PREFACE  TO  THE  FIFTH  EDITION 

x,  

During  the  period  of  seven  years  since  the  first  appearance 
of  the  fourth  edition  of  the  Standard  Handbook  there  have 
been  many  new  developments  in  the  broad  field  of  electrical 
engineering,  stimulated  in  frequent  instances  by  the  necessities 
of  the  World  War,  the  first  year  of  which  had  nearly  passed 
when  the  last  edition  came  from  the  presses.  The  need  for 
revision  at  this  time,  in  order  to  maintain  the  standard  character 
and  authority  of  the  Handbook,  was  self-evident,  and  therefore 
the  Publishers  called  upon  the  staff  who  prepared  the  fourth 
edition  to  undertake  the  task.  Several  new  Contributors  were 
also  invited  to  join  in  the  undertaking. 

In  the  preparation  of  the  fifth  edition  the  general  arrange- 
ment and  make-up  of  the  fourth  edition  have  been  retained 
without  change  and  the  general  policy  outlined  in  the  preface 
to  that  edition  has  also  been  the  guiding  policy  in  preparing  the 
new  edition.  Every  section  in  the  fourth  edition  has  been 
subjected  to  the  scrutiny  and  criticism  of  the  respective  Con- 
tributors who  originally  prepared  the  text,  with  the  few  excep- 
tions of  those  who  in  the  meantime  have  passed  on,  or  who  for 
I special  reasons  requested  to  be  relieved.  Each  author  was  also 
furnished  the  comments  or  criticisms  received  from  time  to  time 
from  those  who  have  had  occasion  to  use  the  fourth  edition  in 
their  own  work. 

Each  section  has  been  thoroughly  revised  by  the  substitution 
of  up-to-date  material  and  data  for  such  as  had  become  obsolete 
or  of  little  practical  value,  and  in  some  instances  additional 
material  has  been  added,  although  the  size  of  the  book  imposed 
very  definite  limits  in  this  direction.  There  have  been  sub- 
stantial changes  in  every  section  with  the  exception  of  Sections 
1,  23  and  25,  which  required  only  minor  revision.  In  a few 
instances  the  sections  have  been  rewritten  in  large  part;  this 
applies  particularly  to  Sections  11,  14  and  17.  New  articles 
have  also  been  added  to  Sections  15  and  22.  By  the  permission 
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of  the  A.I.E.E.  the  present  “Standards  of  the  A.I.E.E.,”  are 
given  in  Section  24,  but  are  subject  to  the  express  stipulation 
which  appears  on  the  title  page  of  the  section. 

As  a whole  the  make-up  and  arrangement  of  the  fourth 
edition  seem  to  have  met  with  the  general  Approval  of  the  large 
body  of  users  of  the  Handbook,  and  many  favorable  comments 
have  been  received.  In  view,  however,  of  certain  suggestions 
relative  to  the  enlargement  of  the  index,  special  pains  have  been 
devoted  to  making  it  as  comprehensive  and  complete  as  the 
space  limitations  will  permit.  It  is  hoped  that  the  users  of  the 
fifth  edition  will  find  the  new  index  ample  in  all  respects. 

The  Editor  is  again  glad  to  express  appreciation  and  sincere 
thanks  to  the  Contributors  for  their  painstaking  work  and  hearty 
cooperation  in  a task  whose  difficulties  and  trials  are  fully 
appreciated  only  by  those  who  have  been  through  them.  The 
Publishers  have,  as  heretofore,  given  the  Editor  full  authority 
in  all  matters  in  his  jurisdiction,  from  choice  of  contributors  to 
selection  of  subject  matter  and  make-up.  They  have  also  gone 
to  great  expense  to  make  the  book  satisfactory  in  appearance 
and  durability.  Thanks  are  due  to  my  assistant,  Mr.  V.  H. 
Dupr6,  who  has  attended  to  many  routine  details  of  the  editorial 
work  and  who  has  prepared  the  index. 

Frank  F.  Fowlb, 
Editor-in-Chief. 

Chicago,  June  10,  1922. 
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PREFACE  TO  THE  FOURTH  EDITION 


The  present  edition  of  the  Standard  Handbook  for  Elec- 
trical Engineers,  preparation  of  which  was  undertaken  early 
in  the  year  1913  under  the  editorial  direction  of  the  writer,  em- 
bodies so  many  changes  and  so  much  new  matter  that  it  is 
virtually  a new  book,  retaining,  however,  the  general  features 
and  scheme  of  arrangement  which  have  received  extensive  en- 
dorsement in  the  prior  editions.  As  heretofore,  the  Standard 
Handbook  is  intended  primarily  as  a reference  book  of  practical 
information  and  data  for  practising  engineers  and  a supplement 
to  the  standard  text-books  employed  in  teaching  electrical  en- 
gineering in  colleges  and  universities.  It  is  well  recognized  that 
limitations  of  space  within  a single  volume  of  this  character,  even 
of  the  present  size,  render  it  impossible  to  treat  each  subject 
exhaustively.  Our  efforts  have  been  concentrated  chiefly  on 
the  task  of  presenting  as  much  information  and  data  of  a prac- 
tical nature  as  space  would  permit,  reducing  descriptive  mat- 
ter to  the  reasonable  minimum  and  relying  on  references  to 
standard  works  for  extended  dissertations  on  theory  and  highly 
special  topics.  Perhaps  the  most  difficult  task  of  all,  in  the 
present  revision,  was  that  of  keeping  the  subject  matter  within 
the  confines  of  a volume  which  would  not  be  impossible  in 
either  the  physical  or  the  commercial  sense. 

Owing  to  the  numerous  advances  in  electrical  science  and  the 
electrical  arts  since  the  appearance  of  the  third  edition  in 
1910,  and  owing  also  to  certain  criticisms  which  had  been 
made  concerning  the  earlier  editions,  the  Publishers  approved 
at  the  outset  a broad  and  liberal  editorial  policy  which  greatly 
facilitated  the  work  and  minimized  the  burdens  of  a task  that 
at  best  is  a difficult  one. 

The  first  problem  was  the  rearrangement  of  the  sections 
for  the  purpose  of  securing  a rational  classification  of  major 
subjects  and  insuring  a well-balanced  presentation.  A great  . 
deal  of  time  was  spent  in  consideration  of  this  question 
before  undertaking  the  details  of  the  work.  In  the  same 
manner  much  attention  was  giveji  to  the  grouping  of  subjects 
under  minor  divisions  in  each  main  section,  in  order  that  the 
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information  on  each  subject  might  be  presented  in  reasonaoiy 
compact  form,  and  at  the  same  time  be  easily  located. 

Thus  each  numbered  paragraph  opens  with  a descriptive  title 
or  phrase  in  bold-faced  type,  while  in  other  respects  the  use  of 
such  type  has  been  limited  to  subheads  and  important  key 
words  which  should  catch  the  eye  upon  a casual  glance  over 
the  pages.  An  entirely  new  feature  is  the  consistent  use  of  sub- 
heads throughout  each  section  and  the  grouping  of  these  on 
each  section  title  page,  for  the  double  purpose  of  describing 
the  contents  in  some  detail  and  serving  as  a ready  guide  to  any 
particular  subdivision  or  minor  subject.  This  general  scheme 
of  presentation  is  not  intended  to  relieve  the  necessity  for  a 
thorough  and  complete  index,  but  rather  to  supplement  the 
latter  and  make  the  book  of  maximum  usefulness.  Another  new 
feature  is  the  addition  of  bibliographies  at  the  end  of  each  sec- 
tion or  subsection,  and  the  insertion  of  numerous  references 
throughout  the  text  to  more  extended  or  specialized  literature. 

In  retaining  the  sectional  or  unit  system  of  arranging  a refer- 
ence work  of  this  character,  both  the  Editor  and  the  Publishers 
are  convinced  from  past  results  that  there  is  no  other  form  of 
arrangement  which  is  so  well  suited  to  the  production  of  a useful 
and  convenient  handbook,  or  which  makes  possible  the  segrega- 
tion of  all  the  material  relating  to  each  subject,  presented  in 
logical  sequence  and  so  displayed  as  to  give  it  the  desired 
prominence. 

Sections  1 to  5 inclusive  cover  the  same  general  ground  as  in 
the  third  edition,  but  have  been  almost  completely  rewritten  and 
considerably  extended. 

Sections  6 to  9 inclusive  embrace  the  same  subjects  as  Sections 
6 to  8 in  the  third  edition,  but  conform  to  a revised  classification 
which  is  believed  to  be  preferable  to  the  former  arrangement. 
These  sections  have  also  been  entirely  rewritten  and  substan- 
tially enlarged. 

Section  10  covers  the  same  general  subject  matter  as  the  cor- 
responding section  in  the  last  edition,  but  is  entirely  rewritten 
and  greatly  enlarged. 

Sections  11  and  12  cover  the  same  ground  as  Section  11  in 
the  third  edition,  but  are  entirely  new  and  much  more 
comprehensive. 

Section  13  replaces  Section  18  in  the  old  edition,  being  entirely 
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rewritten;  Section  14  replaces  Section  12,  with  entirely  new 
material;  Seotion  15,  Industrial  Motor  Applications,  is  a new 
section  with  entirely  new  subject  matter. 

Section  16  covers  the  ground  of  Section  13  in  the  third  edi- 
tion, and  has  been  thoroughly  revised.  Section  17,  Electric 
Vehicles,  and  Section  18,  Electric  Ship  Propulsion,  are  both  new 
sections. 

Section  19  replaces  Section  14  in  the  third  edition,  many  por- 
tions of  it  being  rewritten.  Section  20  takes  the  place  of  old 
Section  9 with  new  material,  and  Section  21  replaces  old  Sections 
15  and  16,  also  rewritten  and  altered  somewhat  in  scope. 

Section  22  takes  the  place  of  Section  17  in  the  old  edition, 
with  almost  exclusively  new  material.  Section  23,  Mechanical 
Section,  is  a new  section;  Section  24  corresponds  to  Section  19 
in  the  last  edition ; Section  25,  General  Engineering  Economics 
and  Central  Station  Economics,  is  entirely  new.  Section  20  in 
the  former  edition  has  been  abandoned  and  its  contents,  or 
their  revised  equivalents,  have  been  distributed  among  other 
sections. 

The  Editor  takes  this  occasion  to  thank  his  numerous  associ- 
ates for  their  cooperation  and  enthusiasm  throughout  a long 
and  difficult  task,  and  to  acknowledge  the  painstaking  efforts 
of  the  Publishers  concerning  the  mechanical  features  and  their 
patience  over  the  unexpected  but  seemingly  unavoidable  delays 
in  completing  the  editorial  portion  of  the  work.  Acknowledg- 
ment is  also  due  to  my  assistant,  Mr.  J.  C.  Bogle,  who  has  pains- 
takingly performed  a large  share  of  the  routine  editorial  work; 
to  Mr.  Walter  Jackson,  Associate  Editor  of  the  Electric  Railway 
Journal,  who  has  read  the  complete  proofs  before  going  to 
press;  and  to  Mr.  O.  A.  Kenyon,  who  has  prepared  the  index. 

Frank  F.  Fowle, 

Chicago,  June  15,  1915.  Editor-inrChief. 
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The  preface  to  the  first  edition  of  the  Standard  Handbook, 
which  appears  on  another  page,  describes  the  “unit  ” system  on 
which  the  work  was  developed.  The  present  edition,  the 
publishers  believe,  is  somewhat  of  a triumph  for  this  system. 
The  thorough  revision  of  a book  of  this  size,  when  manufac- 
tured according  to  the  usual  plan,  is  commercially  impossible 
except  at  long  intervals  when  the  changes  in  the  art  become  so 
great  as  to  demand  an  entirely  new  book.  The  “unit”  system 
employed  in  the  Standard  Handbook  permits  thorough  revision 
in  part  or  as  a whole  without  any  of  the  usual  limitations. 

In  the  present  revision  the  authors  of  the  various  sections 
were  allowed  a free  hand  in  so  far  as  mechanical  details  were 
concerned.  They  were  not  restricted  in  space  or  compelled  to 
cut  and  prune  material  to  fit  pages.  The  result  is  a book  that 
has  been  thoroughly  revised  from  cover  to  cover  so  that  it  could 
be  fairly  called  a new  Standard  Handbook.  ' 

The  following  synopsis  gives  a brief  outline  of  the  changes 
and  additions  that  have  been  made  to  the  various  sections. 

Section  1,  Units,  is  corrected  and  slightly  enlarged. 

Section  2,  Electric,  Magnetic  and  Dielectric  Circuits,  is 
greatly  enlarged.  The  general  theory  of  electric  and  magnetic 
circuits  is  entirely  rewritten  and  the  calculation  of  inductance 
and  capacity  is  given  in  greater  detail  than  before. 

Section  3,  Measurements  and  Measuring  Instruments,  is 
greatly  enlarged.  Several  new  instruments  are  described,  tests 
of  self  and  mutual  inductance  have  been  added  and  a section 
devoted  to  pyrometers  and  high  temperature  measurements  has 
been  included.  The  design  of  rheostats  and  motor  starters  has 
been  transferred  to  Section  5. 

Section  4,  Properties  of  Conductor,  Resistor  and  Insulating 
Materials,  is  enlarged  more  than  any  other  section.  Many 
tables  have  been  added  giving  data  on  the  latest  types  of 
conductors  and  cables.  An  entirely  new  section  giving  the 
properties  of  a large  number  of  commercial  resistor  alloys  has 
also  been  added  and  the  magnetic  testing  of  iron  has  been  en- 
tirely rewritten  and  now  forms  a very  comprehensive  treatment 
of  the  latest  practice  in  this  important  subject. 
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Section  5,  Magnets,  Resistors,  Condensers  and  Reactors,  has 
been  enlarged  in  scope  to  include  resistors,  condensers  and  react- 
on In  the  sections  on  magnets,  a discussion  of  the  energy 
relations  in  & plunger  magnet  has  been  added.  The  section  on 
resistors  contains  the  design  of  rheostats,  formerly  in  Section  3. 
To  this  section  have  been  added  the  design  of  induction  motor 
starters,  the  heating  of  wires,  cables  and  embedded  conductors, 
the  calculation  of  fuses  and  tables  for  use  in  heating  calculations. 
A new  skin  effect  for  various  metals  has  also  been  added.  In  the 
condenser  and  reactor  sections,  the  electrical  calculations  are 
given,  and  considerable  space  is  devoted  to  the  electrolytic 
condenser.  Almost  all  of  the  material  in  this  section  is  entirely 
new. 

Section  6,  Transformers  and  Converters,  is  thoroughly 
revised  and  considerably  enlarged.  The  use  of  silicon  steel  has 
revolutionized  transformer  design  and  hence  this  section  has 
been  completely  overhauled.  As  the  book  goes  to  press  it 
is  the  only  available  up-to-date  treatment  of  transformers.  In 
the  converter  section  numerous  additions  are  made,  the  most 
important  being  a discussion  of  the  split-pole  converter. 

Section  7,  Generators,  has  been  corrected  and  slightly  revised. 
Section  8,  Motors,  has  been  revised,  discussions  of  new  motors 
being  added  to  the  alternating  current  commutating  motor  sec- 
tion. New  design  data  are  given  for  both  a.c.  and  d.c.  motors. 

Section  9,  Batteries,  has  been  corrected  and  revised,  with 
slight  additions. 

Section  10,  Central  Stations,  has  been  thoroughly  revised 
and  largely  rewritten.  The  scope  is  the  same.  Many  cost  data 
have  been  added. 

Section  11,  Transmission  and  Distribution,  excepting  the 
underground  construction  and  mechanical  transmission,  has 
been  entirely  rewritten.  It  is  believed  now  to  be  thoroughly 
abreast  of  the  times  in  the  calculation  and  construction  of  trans- 
mission and  distribution  systems.  Many  tables  have  been 
calculated  especially  for  this  section.  Practically  all  of  the  old 
kbles  have  been  discarded.  Inductive  reactance  and  charging 
current  for  all  sizes  of  wire  and  cable  and  all  spacings  are  given 
for  25  and  60  cycles.  Tables  giving  the  stresses  in  wires  and 
cables  of  various  sizes  for  wind,  and  wind  and  sleet  conditions 
are  also  among  the  additions.  • 

Section  12,  Illumination,  has  been  corrected  and  revised. 
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Section  13,  Traction,  has  been  corrected,  revised  and  enlarged 
The  locomotive  section  has  been  entirely  rewritten,  and  mon 
space  has  been  given  to  the  method  of  constructing  speed-tirru 
curves. 

Section  14,  Electrochemistry,  has  been  thoroughly  revisec 
and  somewhat  enlarged. 

Section  15,  Telephony,  has  been  entirely  rewritten.  It  is  now 
a comprehensive  treatise  and  represents  a new  method  of  pre- 
senting the  subject. 

Section  16,  Telegraphy,  is  corrected. 

Section  17,  Miscellaneous  Applications  of  Electricity,  h 
corrected  and  somewhat  enlarged. 

Section  18,  Wiring,  is  corrected  and  brought  to  date. 

Section  19,  Standards,  is  considerably  enlarged.  Th< 
latest  changes  in  the  A.  1.  E.  E.  Standardization  Rules  have  beer 
noted,  and  standard  specifications  for  rubber  insulation,  coppei 
conductors  and  transformers  have  been  added. 

Section  20,  Tables  and  Statistics,  has  been  corrected  an<3 
enlarged  by  adding  telephone,  telegraph  and  central  station 
statistics  and  by  general  revision. 
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PREFACE  TO  THE  FIRST  EDITION 


In  the  preparation  of  the  Standard  Handbook  the  pub- 
lishers have  adapted  the  “unit”  system  to  bookmaking.  The 
entire  field  of  electrical  engineering  was  divided  into  twenty  sec- 
tions or  unite,  each  complete  in  itself.  These  twenty  sections 
were  arranged  in  what  seemed  to  be  a logical  order  and  each 
was  assigned  to  a specialist.  Each  author  was  supplied  with 
a detailed  outline  of  all  the  sections,  thus  avoiding  repetitions 
and  duplication  of  material  as  far  as  desirable.  All  of  the 
material  thus  brought  together  was  carefully  edited  to  obtain 
uniformity  of  style,  symbols,  abbreviations,  units,  etc.,  and  to 
connect  the  various  parts  by  cross-references. 

Some  repetitions  are  purposely  made  to  save  the  time  of  the 
user.  For  instance,  transformer  oil  is  treated  under  Insulating 
Materials  in  Section  4,  but  a brief  outline  of  its  important 
qualities  is  again  given  in  Section  6 under  Transformers,  with  a 
cross-reference  to  guide  the  reader  to  the  fuller  treatment  in 
Section  4. 

The  Index  embodies  some  new  features.  All  references  are 
made  to  section  and  paragraph.  In  each  section  the  para- 
graphs are  numbered  from  one  to  the  end,  and  the  section  and 
paragraph  numbers  are  set  at  the  head  of  the  page;  the  page 
number  appearing  in  an  inconspicuous  place  at  the  foot,  for  the 
guidance  of  the  printer  only.  Cross-references  are  always  made 
through  the  index  to  avoid  errors  and  to  guide  the  user  to  all 
other  parts  of  the  book  where  that  subject  may  be  treated. 

The  studied  use  of  bold-face  type  is  also  intended  to  save  time 
by  bringing  out  in  a prominent  way  the  real  subject  of  each 
Paragraph. 

Recognized  standards  have  been  followed  wherever  pos- 
able. Those  recommended  by  the  national  societies  or  organi- 
sations have  usually  been  followed.  Section  19  is  entirely 
given  up  to  Standardization  Rules  and  Reports,  including  the 
lull  report  of  the  American  Institute  of  Electrical  Engineers  of 
June,  1907,  and  that  of  the  American  Street  and  Interurban 
Railway  Engineering  Association,  ratified  in  October,  1907. 

The  publishers  cannot  hope  for  absolute  accuracy  in  this 
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first  edition  of  a work  containing  such  a mass  of  figures  &n< 
data,  although  the  greatest  care  has  been  exercised  in  its  prepa 
ration.  Any  suggestions,  criticisms,  or  corrections  from  user 
will  be  of  great  service  in  making  The  Standard  Handbook  i 
standard  in  fact  as  well  as  in  name. 

December  12,  1907. 


PREFACE  TO  THE  SECOND  EDITION 


No  new  material  has  been  added  to  this  edition  of  the  Stand 
ard  Handbook,  with  the  exception  of  directions  for  resus 
citation  from  electric  shock,  which  have  been  inserted  at  the  en< 
of  the  book.  However,  every  page  has  been  most  carefully  rea< 
and  every  possible  effort  made  to  insure  the  accuracy  of  all  datJ 
and  perfection  of  the  typographical  work.  Several  of  the  ta 
bles,  which  were  especially  prepared  for  this  book,  have  beei 
recalculated  and  others  have  been  checked  by  plotting  the  value 
and  recalculating  those  which  did  not  fall  on  a smooth  curve. 

The  success  of  the  Standard  Handbook  has  been  phenome 
nal.  The  general  interest  in  the  work  has  been  manifested  b] 
the  many  letters  received  from  prominent  men  commending  iti 
general  character  and  offering  suggestions  and  criticisms.  I 
has  already  been  adopted  for  use  as  a text-book  in  thirtj 
universities  and  colleges. 

The  publishers  take  this  occasion  to  express  their  appre 
ciation  of  its  reception  by  the  profession,  and  to  thank  thosi 
who  by  their  kindness  in  pointing  out  typographical  and  othei 
errors,  have  materially  assisted  in  the  work  of  correction. 

New  York,  May , 1908. 
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SECTION  1 


UNITS,  CONVERSION  FACTORS,  AND  TABLES 

SY8TKMS  or  UNITS 

1.  Nature  of  units.  Engineering  makes  use  of  physical  quantities 
the  broadest  sense  of  that  term,  i.e.f  including  mechanical,  chemical,  physi 
thermal  and  physiological  quantities.  In  order  adequately  to  compare 
magnitudes  of  physical  quantities  of  the  same  kind,  unit  magnitudes, 
units,  are  necessary  for  each  kind  of  physical  quantity  dealt  with. 

1 Classification  of  units.  The  subdivisions  and  species  into  wfa 
units  may  be  divided  are  indicated  in  the  scheme  shown  in  Fig.  1,  with 
planations  which  follow  in  Par.  3. 


T 
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Fio.  1. 

8(a0  Stosdsrd  units  (see  Fig.  1)  may  be  said  to  include  all  units  wh 
have  received  the  stamp  of  recognition  in  technical  literature. 

3 (as)  Empirical  units,  on  the  other  hand,  are  units  which  have  spn 
into  existence  locally,  ordinarily  without  anv  pretense  to  scientific  deri 
tion,  and  which  have  not  been  sanctioned  by  genera  1 usage.  At  vari 
times  during  recorded  history , empirics  1 units  nave  appeared.  Thus, 
the  early  history  of  electrical  units,  a unit  of  conductor  resistance  was  usee 
representing  the  resistance  of  a certain  length  of  a certain  sise  of  telegrs 
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n,  at  embodied  in  a certain  standard  resistance  coil.  Similarly,  the 
vacs  ejn.f.  of  a Daniell  cell  was  originally  an  empirical  unit  e.m.f. 

Kbi)  Systematic  nnita  are  units  of  any  definitely  related  group.  Thus 
i aaits  “pint,”  "quart,”  “peck,  3 and  “bushel”  entering  into  “ary  meas- 
>N  are  systematic  units;  because  they  stand  in  definite  quantitative  mutual 
fttisa  m a group  or  system.  Again,  the  units  "mill,”  "cent,"  "dime,” 
1 “dollar'*  entering  into  American  currency  are  systematic  units. 

Mbi)  nondescript  units  may  be  defineef  as  standard  units  which  are 
tgratsmatie,  or  do  not  enter  into  any  unit  system.  Thus,  in  Pennsylvania, 
'bwheT  of  coarse  salt,  as  a weight-unit,  is  80  lb.  avoirdupois,*  but  in 
nob  it  is  50  lb.  avoirdupois. 

((B)  Hybrid  »"**■,  in  contradistinction  to  systematic  units,  are  units 
ieh  do  not  belong  to  any  one  system,  but  which  are  derived  say  from 
fatality  of  different  systems;  from  a systematic  and  a general  unit; 
(torn  any  combination  of  standard  and  empirical  units.  Thus,  a “kilo 
»"  may  be  defined  sub  a unit  of  weight  in  the  international  metric  system; 
is  s “square  foot**  is  a unit  of  area  in  the  customary  English  system, 
t ths  " knogram-per-aquare-f  oot,”  as  a unit  of  weight  loading  of  floor-area, 
i hybrid  unit.  Occasionally  the  advantage  of  practical  convenience  in 
o«  of  a hybrid  unit  may  outweigh  the  disadvantage  of  its  unsystematic 
ristkon.  No  stigma  necessarily  attaches  to  the  use  of  a hybrid,  as  distin- 
ahed  from  a systematic  unit;  but  great  caution  has  to  be  used  in  pursuing 
r and  unfamiliar  quantitative  reasoning  processes  involving  hybnd  units, 

; numerical  errors  be  introduced  by  neglect  of  coefficients. 

Kci)  Absoluts  units  are  units  of  physical  quantities  selected  in  a compre- 
mn  scientific  system  baaed  upon  three  or  more  fundamental  physical 
pertitt,  such  as  length,  mass,  time,  energy,  specific  gravitational  foroe, 
: to  that  simple  and  fundamental  quantitative  relations  may  subsist 
ween  the  members  of  the  system  and  that  each  physical  quantity  may  have 
' aed  only  one  unit  in  the  system.  The  particular  basic  units  from  which 
yatem  of  absolute  units  is  derived  are  called  the  fundamental  units 
that  system  ;f  while  the  unite  so  derived  are  oalled  ths  derived  units  in 
retaaon  thereto.  In  a dynamical  system,  the  fundamental  units 
thrss  only  and  are:  a unit  of  length,  a unit  of  mass,  and  a unit  of 
a|  Consequently,  unless  otherwise  specified,  the  term  " absolute  units'* 
takes  as  referring  to  a scientific  system  based  on  fundamental  units  of 
ftk.  mass,  and  time.  But  whereas  only  one  eet  of  fundamental  units  has 
w into  recognition — the  length-mass- time  set  above  mentioned — several 
cm  of  this  set  have  been  used  to  some  extent;  namely,  the  ” foot-grain- 
ood”  system,  | the  “ metei^  kilogram-second  ” system,  the  “centimeter- 
A-sscoad*'  (C.O.8.)  system,  the  “meter-ton-second”  (M.T.S.) 
tea.  and  the  “quadrant-eleventh-gram-aecond"  (Q.E.8.)  system. 
'i'  the  last  three  have  come  into  extensive  practical  use.  The  C.G.8. 
tea  has  become  the  international  scientific  system,  and  the  Q.E.S. 
tea  an  international  electromagnetic  system^  in  electrical  engineering, 
r complete  electromagnetic  absolute  system  involves  five  fundamental 
% two  of  which  may  be  constants  of  the  ether. 

^Metric  units  are  units  pertaining  to  the  international  metric 
fern.  This  system,  which  was  created  in  France  in  1792,  was  adopted 
Pnaee  in  1840,  | in  Germany  in  1872,  in  Austria  in  1876  and  so  on  from 
eirifised  country  to  another;  until  at  the  present  date,  the  only  great 
taomties  which  nave  not  yet  adopted  the  metrio  system  are  the  British 
ore,  the  United  States  and  the  Russian  Empire.  The  advantage  of 
•ratem  is  its  simplicity.  It  is  a decimal  system,  using  a single  funda- 
Btolvmt  of  length  (the  meter)  and  one  of  mam  (the  gram).  The  decimal 
ttplas  of  these  are  distinguished  by  Greek  and  Latin  prefixes  common  to 
haarhse  of  the  system  (Par.  101). 


‘“The  World  Almanac,*'  1920,  New  York,  p.  84. 

tlrerrtt,  J.  D.  “C.O.8.  System  of  Units,  Macmillan  Co.,  1891,  p.  16. 
ifeietly  speaking,  a dynamical  system  of  absolute  units  may  employ 
f hared  acceleration  as  unit  acceleration,  when  the  unit  force  acts  on 
itaas,  yet,  if  the  unit  of  acceleration  be  the  unit  of  length  per  unit  of 
■ *qcared  as  in  the  C.G.S.  system,  the  system  is  called  an  absolute  kinetic 
tea. 

|M  British  Association  Report  on  Electrical  Standards,”  1868. 

' HaOock  and  Wade.  '*  Evolution  of  Weights  and  Measures  and  the  Metrio 
Sen,"  M»i»w.nUw  Co.,  New  York,  1906. 
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S(cs)  Customary  English  units  are  the  units  of  the  English  and  Aum 
can  measures,  vis.,  length  measure,  square  measure,  land  measure,  cul 
measure,  cord  measure,  dry  measure,  liquid  measure,  avoirdupois  weig 
troy  weight,  apothecaries  weight  and  Jeweler’s  weight.  Each  of  these  mei 
ures  may  be  regarded  as  a system.  The  oomplete  list  may  be  regarded  m 
congeries  of  imperfectly  connected  systems.  Empirical  and  hybrid  unite  t 
mingled  with  the  rest. 

8(di)  C.O.8.  units  are  the  units  of  that  particular  system  of  abeoU 
units  which  is  based  on  the  international  centimeter,  the  internatios 
gram  and  the  mean  solar  second.  That  is,  they  are  absolute  un 
employing  the  metric  system  in  a definite  way.  k reason  for  the  centime 
having  been  selected  in  place  of  the  meter  as  the  fundamental  unit  of  lent 
was  that  the  mass  of  the.  cubic  centimeter  of  water  (at  the  temperature 
unit  density)  is  the  gram  or  unit  mass;  whereas  the  mass  of  a cubic  meter 
water  would  be  a metric  ton  as  in  the  M.  T.  S.  system - 

8(d*)  Q.B.8.  units  are  units  pertaining  to  the  quadrant-eleventh-gra 
second  absolute  system;  t.e.,  the  system  in  which  the  unit  of  length  is  1 
cm.  or  1 theoretical  quadrant  of  the  earth  as  measured  from  a pole  to  1 
equator,  the  unit  of  mass  is  10~n  g.,*  and  the  unit  of  time  the  mean  so 
second,  or  the  1/86, 400th  part  of  the  annual  mean  daily  period  of  rei 
lution  of  the  earth  with  respect  to  the  sun.  This  is  the  system  to  which  1 
international  ohm,  volt,  ampere,  joule,  watt,  coulomb,  farad  and  hen 
belong.  The  system  was  not  intentionally  established  as  a Q.E.S.  syste 
but  the  ohm  having  been  arbitrarily  selected,  for  convenience  of  magnitui 
as  10*  C.G.8.  electromagnetic  units,  and  the  volt  similarly  as  10*  C.G 
units,  the  rest  of  the  system  necessarily  coincides  with  the  Q.E.8.  syste 
or  is  such  a system  as  would  be  produced  by  the  selection  of  the  quadrat 
eleventh-gram  and  second  as  fundamental  units,  together  with  unity  I 
the  permeability  and  unity  for  the  dielectric  constant  of  the  ether. 

8(da)  Giorgi  units  are  units  in  a combined  absolute  and  practical  systo 
devised  by  Prof.  G.  Giorgi.t  in  which  the  fundamental  units  are;  the  met 
kilogram-second-international  ohm,  and  the  further  assumption  that  X 
permeability  of  free  ether,  instead  of  being  unity  as  in  the  C.G. 8.  magne 
system,  is  n,—4vX  10-7  henry/m.  On  this  basis  the  ohm-volt-amp 
series  of  practical  units  become  also  absolute  units.  The  electric  inductivi 
instead  of  being  unity,  as  in  the  C.G. 8.  electric  system,  becomes  — 1/3 
X 10~*  farad/m.  No  distinction  arises  in  the  Giovgi  system  between  elect 
and  magnetic  units.  The  system  is  also  rectified  in  regard  to  4*  facto 
or  is  “rationalised”  in  the  Heaviside  sense;  so  that  a number  of  fundamen 
equations  in  the  system  differ  from  those  of  the  C.G. 8.  system  in  regard 
such  4v  factors. 

8(d«)  M . G.8.  units,  etc.  Units  in  an  absolute  system  whose  fundament 
units  are  the  meter-gram-second,  the  millimeter-milligram-second,  the  to> 
grain  second,  etc.  None  of  these  extraneous  absolute  systems  have  coi 
into  extensive  use. 

8(si)  B.A.  units  are  the  units  of  the  C.G.8.  system  as  established  by  i 
British  Association  for  the  Advancement  of  Science  $ in  1862.  The  elect 
static  subsystem  was  established  on  the  basis  of  the  Unit  quantity  of  el 
tricity  such  that  it  repelled  its  prototype  at  a distance  of  1 cm.  with  a foi 
of  1 dyne.  The  electromagnetic  subsystem  was  similarly  established  on  t 
basis  of  the  unit  magnetic  pole  such  that  it  repelled  its  prototype  at  a d 
tance  of  1 cm.  with  a force  of  1 dyne.  This  procedure  lea  to  the  anomald 
result  that  every  electromagnetic  quantity  has  a unit  both  in  the  elect 
static  subsystem  and  in  the  magnetic  subsystem. 

8(e«)  Heaviside  units  are  units  in  that  form  of  the  C.G.8.  system  whi 
was  first  suggested  by  Mr.  Oliver  Heaviside  in  1882. f .He  showed  that  i 
unit  electric  point  charge  and  a unit  magnetic  point  pole  had  been  respe 
ively  defined  such  that  unit  total  flux  emanated  therefrom,  the  strength 

• Maxwell,  J.  C.  ‘‘A  Treatise  on  Electricity  and  Magnetism,”  18 
Chapter  X. 

t Ascoli,  M.  "On  the  Systems  of  Electrical  Units,”  Trans.  lot.  Electri 
Congress  of  Bt.  Louis,  1904,  Vol.  I,  p.  130. 

1 ” British  Association  Report  on  Electrical  Standards,”  1863. 

I Heaviside.  O.  “The  Relations  between  Magnetic  Force  and  Eleef 
Current.”  The  Electrician,  London,  Nov.  18,  1882. 
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hi  Wd  at  unit  distance  would  be  l/(4v),  and  this,  not  unity,  should  be  the 
orce  in  dynes  that  the  prototype  would  develop  in  repulsion.  As  a conse- 
peace  of  this  unnatural  definition  of  the  B.A.  unit  charge  and  pole,  the 
usdamental  equations  of  the  B.A.  system  become  interlarded  with  4v- 
seton  in  rectilinear  problems  and  denuded  of  them  in  spherical  problems 
tore  they  should  naturally  be  expected  to  occur.  Mr.  Heaviside  proposed 
o rectify  the  system  by  changing  the  fundamental  definitions  in  the  manner 
■gissted,  and  enunciating  a new  list  of  units  in  both  the  electrostatic  and 
tsgartic  subsystems;  all  related  to  the  corresponding  B.A.  units  in  simple 
oven  or  roots  of  4ir.  He  similarly  proposed  rectifying  the  practical  or 
l-EA  system  of  units  by  adopting  a new  onm,  volt,  ampere,  etc.,  all  bearing 
one  ratio  of  simple  power  or  root  of  4*-  to  the  corresponding  existing 
ah tea  If  Mr.  Heaviside’s  proposals  had  been  formulated  and  considered 
nor  to  international  adoption  of  the  ohm-volt-ampere  series  of  units,  and 
egxiised  standards,  they  might  have  been  adopted.*  At  the  present  time 
tvery  few  physicists  employ  Heaviside's  "rational"  units  in  theoretical 
nalyas.t  • 


4.  Fundamental  principles  concerning  units  in  equations.  Many 
if  the  equations  representing  propositions  in  pure  mathematics  may  be  saAis* 
bd  by  quantities  of  any  kind.  Thus  taking  the  very  simple  equation 
2(o+6)  -2o+26 

I n dear  that  the  quantities  a and  6 may  be  of  the  same  kind  or  of  different 
tods,  and  their  respective  units  may  be  any  whatsoever,  without  affecting 
to  identity  expressed,  so  long  as  a and  6 have  respectively  the  same  meanings 
m the  two  sides  of  the  equation 
*hea,  however,  as  ordinarily  in  en- 
gineering physical  magnitudes  are 
wait  with  m an  equation;  then  three 
fionsequenees  ensue;  namely: 

(t)  The  equation  can  only  be  inter - 
pvftrf  in  terms  of  some  unit  of  the  par - 
•ndsr  physical  quantity  dealt  with. 

*his  b the  unit  off  the  equation. 

(2)  The  unit  employed  on  each  side 
tf  the  equation  must  be  the  same.  X 

(3)  If  either  side  of  the  equation  con- 

bto  a simple  sum  of  posttise  or  negative  terms;  then  each  of  these  terms  must 
mnby  the  same  unit  as  the  equation. 

For  example,  considering  the  case  of  a uniform  pipe,  discharging  water  at 
a smarm  velocity  v meters  per  sec.,  from  a reservoir  A into  a river  B 
(Fig.  2).  Let  H be  the  total  head  or  elevation  in  meters  between  the  water 
krds  A and  B at  the  two  ends  of  the  pipe,  and  let  a vertical  pressure  pipe 
» inserted  (Fig.  2)  at  any  point  P.  Then  we  have  the  well-known  hydraulic 
ndation; 


Fio.  2. 


H "/+ +A1+A1  (meters)  (1) 

ZQ 

vbers  / is  the  loss  of  bead  due  to  friction  in  the  length  of  pipe  AP,  g is  the 
•mhration  due  to  gravitation  in  meters  per  second  per  second,  v*/2g  is  the 
■s  of  bead  due  to  velocity  at  the  point  P,  hi  is  the  remaining  head  above  the 
heal  level,  and  A*  the  height  of  P above  the  reservoir  level  at  B.  Then 
■•e anting  to  the  propositions  above  stated,  each  of  the  four  terms  on  the 

?bt  hand  of  the  equation  must  be  ahead,  or  height,  in  meters,  and  both  aides 
the  equation  must  be  expressed  in  terms  of  the  same  unit.  The  left-hand 
tarn  B cannot  be  in  meters  and  the  right-hand  terms  or  any  of  them  in  feet 
• centimeters.  The  second  term  on  the  right  hand  (v*/2g)  contains  a 
jdoeity  »,  and  an  acceleration  g;  yet  the  term  as  a whole  must  be  a height, 
■ the  equation  is  correct. 

The  equation  might  evidently  be  expressed  in  terms  of  any  unit  of  length 
*?h  as  inches,  feet,  cubits,  yards,  miles  or  millimeters.  As  an  algebraic 
*Qaation  entirely  by  itself,  there  is  no  reason  for  selecting  one  unit  rather 


'Heaviside,  O.  “Electrical  Papers.”  Macmillan  Co.,  1892,  Vol.  II,  p.  575. 
tLorenta,  H.  A.  “TheTheory  of  Electrons. ” B.  G.  Teubner,  1909,  p.  2. 
t An  exception  is  found  in  an  equation  expressing  the  relation  between  dif- 
loent  units  of  the  same  species,  as  for  example,  in  the  equation  lib.  — 16  os. 
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than  another.  The  numerical  values  applying  to  any  particular  oaae  a 
ered  by  the  equation  will  vary  greatly  according  to  the  unit  selected, 
however,  any  one  of  the  terms  is  expressed  in  a particular  unit,  all  the  oil 
terms  must  adopt  the  same  unit.  In  all  cases,  however,  it  is  helpful  to  i 
reader  to  have  tne  unit  of  the  equation  written  out  at  the  end  of  ita  line, 
above,  in  order  to  assist  the  numerical  interpretation. 

HISTORICAL  SKETCH  OT  ENGLISH  UNITS 

S.  The  English  weights  and  measures  are  based  upon  old  Ron 
weights  and  measures.  * The  troy  pound  is  supposed  to  have  been  a wei 
of  silver  referred  to  as  a “ pound  sterling.”  This  pound  would  be  coined  i 
240  silver  pennies  or  "pennyweights,”  each  of  24  gr.  (barley  grain  weigh 
It  would,  therefore,  contain  5,760  gr.  Heavy  bodies  (substances  in  gi 
outside  oi  coins  or  bullion)  were  weighed  by  " avoirdupois”  weight,  authorii 
by  law  early  in  the  fourteenth  century.  Several  slightly  different  avoir 
pois  pounds  were  in  use.  Since  Queen  Elisabeth's  reign  the  avoirdui 
pound  has  been  fixed  at  7,000  troy  grains. 

I.  In  regard  to  British  lengths,  the  earliest  seems  to  have  been 
cubit  or  half  yard.  The  cubit  is  a very  ancient  measure,  and  correspond* 
a forearm  length  from  elbow  to  middle  finger-tip.  The  royal  iron  stand 
yard  was  constructed  in  the  thirteenth  century,  after  which  the  cubit  or  1 
yard  gradually  fell  out  of  use.  The  foot  was  standardised  at  one- 1 hire! 
the  yard.  The  mile  was  a relic  of  the  Roman  "millia  passuum,”  or  thousi 
paces;  the  Roman  pace  was  two  of  our  paces,  or  counted  between  the  lifts 
one  and  the  same  foot. 

( 7.  Gallon  measures  of  volume  existed  at  different  times  in  England 
six  different  forms,  such  as  the  corn-gallon,  the  ale-gallon,  etc.  Among  th< 
the  wine-gallon  of  Queen  Anne  contained  231  cu.  in.  This  gallon  was  broui 
to  America  by  the  early  colonists  and  remains  to-day  the  U.  S.  gallon. 
1824,  the  British  enacted  a new  “ imperial  gallon”  to  supersede  all  j 
existing  gallons,  and  defined  it  as  the  volume  of  10  avoirdupois  pound* 
distilled  water  at  the  temperature  of  62  deg.  fahr.  with  the  barometer 
30  in.  It  was  further  defined  as  a measure  containing  277.274  ou.  in. 
distilled  water.  There  is  thus  a difference  between  British  and  Axneric 
gallons  in  the  ratio  277.274  to  231  - 1.204  : 1;  so  that  the  British  gallc 
quarts,  and  pints  are  respectively  about  20  per  cent,  larger  than  Aroeri) 
gallons,  quarts  and  pints,  a large  discrepancy  that  has  frequently  led 
misunderstandings. 

8.  In  land  measure,  since  Anglo-Saxon  times,  a “ perch  ” or  ••poll 
was  11  cubits  in  length  — 16|  ft.,  and  such  a pole  was  tne  surveyor’s  ufl 
A length  of  40  perches  was  a furlong,  and  8 furlongs  the  statute  ml 
An  acre  of  land  was  the  area  of  a rectangular  strip  a furlong  in  length  i 
4 perches  in  breadth,  which  breadth  was  known  as  the  “acre’s  breadtl 
An  acre  therefore  included  40X4  — 160  sq.  perches.  Eight  such  strips  i 
to  end  made  the  statute  mile,  and  80  such  strips  side  by  side  made  a stati 
mile  breadth;  so  that  a square  statute  mile  contained  640  acres.  Ea 
in  the  seventeenth  century,  Prof.  Edmund  Gunter  of  Gresham  Colh 
decimalised  acre  measure  by  inventing  a 100-link  “ chain  ” of  outstretcl 
length  equal  to  4 perches  or  the  acre’s  breadth  (66  ft.).  The  acre  thus  beca 
10  sq.  chains. 

HISTORICAL  SKETCH  OT  THE  INTERNATIONAL  METRIC 
SYSTEM 

9.  Prior  to  1790,  differences  existed  between  the  weights  and  measu 
of  different  Departments  of  France.  Reform  in  the  directions  of  simi 
fication  and  unification  was  promised  in  a decree  of  the  National  Asseml 
under  the  sanction  of  Louis  AVI  in  1790.  The  metrio  system  was  actus 
developed  under  the  authority  of  the  French  Republic  in  1793,  in  the  hai 
of  a committee  of  scientists  and  engineers. 

10.  The  decimal  system,  at  the  base  of  the  metric  system,  was  origins 
extended  to  angles  and  to  time,  the  right  angle  being  divided  into  100  grad 
each  subdivided  into  100  min.  and  again  into  100  sec.  The  day  was  divid 
into  10  hr.,  each  subdivided  into  100  min.  and  again  into  100 sec.  Thede 
mal  subdivision  of  time  never  came  into  extended  effect,  and  the  dedn 
subdivision  of  angles  has  only  been  used  to  a limited  extent,  except  in  Fran 

* Watson,  Sir  C.  M.  "British  Weights  and  Measures.”  London,  1911 
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it  Ths  mstsr  vu  selected  m a length  equal  to  the  ten  millionth  part 
til*  northern  aoadrant  of  the  earth,  or  distance  from  pole  to  equator 
[the  meridian  of  Paris.  Later  measurements  have  shown  that  the  inter- 
posal standard  meter  finally  adopted  is  shorter  than  the  10-7  quadrant 
r 0.02*  per  cent.  The  advantage  of  such  a basis  for  the  meter  is  that  by 
c use  of  the  decimal  subdivision  of  angles;  by  the  substitution  of  100 
adc*  for  00  deg.,  the  kilometer  becomes  the  natural  nautical  unit  of  dis- 
nec,  or  the  hundredth  of  the  grade;  just  as  the  English  nautical  mile  is 
p sixtieth  of  a degree. 

11.  Tbs  metric  system  is  universally  used  in  all  European  countries, 
sept  Great  Britain  and  Russia.  The  quantitative  literature  of  the  scien- 
le  world  is  almost  exclusively  written  in  the  metric  system.  To  express 
aotiutive  relations  exclusively  in  the  English  units  is  to  conceal  their 
tuing,  to  a great  extent,  from  all  but  English-speaking  peoples;  and  also 
'discredit  them  scientifically,  by  implication. 

IS.  In  the  United  States,  the  metric  system  has  been  a legally  recognised 
■tearinee  July  28,  1866.  In  1893,  the  U.  8.  Office  of  Standard  Weights 
Id  Measures  was  authorised  to  derive  the  yard  from  the  meterf  at  the  ratio 
priL  - 3600/3937  meter.  The  customary  weights  are  likewise  referred  to 
k kilogram.  The  customary  weights  and  measures  of  the  United  States 
ethos  defined  in  terms  of,  and  maintained  with  reference  to,  the  inter- 
posal metric  system. 

14.  Ths  International  metric  standards,  t.e.,  the  standard  meter 
w tad  the  standard  kilogram,  are  maintained  at  the  International  Bureau 
I Weights  and  Measures  at  Sdvres,  near  Paris,  France,  in  a building  which 

beta  declared  internationally  neutral  or  outside  of  French  territory. 
lopie§  or  prototypes  of  these  standards  are  maintained  at  the  various 
lUooal  laboratories  and  are  occasionally  intercomp ared. 

ITOLUnON  OF  THE  PRACTICAL  ELECTROMAGNETIC 
SYSTEM  OF  UNITS  % 

U.  Brief  historical  outline.  In  1861  a committee  of  the  B.A.  (British 
Podation  for  ths  Advancement  of  Science)  was  appointed  to  consider 
tasdards  of  electrical  resistance.  The  committee  decided  to  adopt  a series 
f datrical  units  in  the  C.G.S.  absolute  system.  The  unit  of  resistance  in 
be  C.G.8.  magnetic  system  was  so  small  (one-billionth  of  an  ohm)  that  it 
w considered  unfit  for  practical  use  and  a unit  10*  times  greater  than  the 
).GA  unit  was  selected  as  of  convenient  magnitude.  This  decimally  derived 
■it  was  called  the  ohm  after  the  German  scientist  Dr.  Ohm.  Similarly, 
b»C.G8.  magnetic  unit  of  electromotive  force  was  regarded  as  unfit  for 
tosusendation.  and  a unit  10*  times  greater  than  the  C.G.8.  unit  was 
■keted,  and  called  the  volt*  after  the  Italian  electrician  Volta.  The  ohm 
arias  been  selected  as  a unit,  standard  resistance  coils  had  to  be  produced 
ad  adjusted — a work  of  great  labor.  In  1864  and  1865,  certain  standards 
fremtanoe  or  B.A.  olims  were  produced  and  put  into  service.  In  1872, 
w.  Latimer  Clark  produced  the  well-known  xlnc-mercury  standard  cell 
dieb  bean  his  name. 

U.  B.A.  ohm  too  small.  In  1878,  it  was  realised  that  the  B.A.  ohm 

too  small  by  over  1 per  cent.  That  is,  the  B.A.  ohm  is  now  taken  to 
* MtM  of  the  existing  International  ohm. 

IT.  In  1881  an  International  electrical  congress  at  Paris  recommended 

at  the  standard  ohm  should  be  represented  as  the  resistance  of  a uniform 
okas  of  mercury,  1 sq.  mm.  in  cross-section,  at  0 deg.  cent.,  the  length  of 
■A  t column  for  the  B.A.  ohm  being  approximately  104.9  cm.  The  Paris 
spm  of  1881  also  adopted  the  ampere,  coulomb  and  farad,  as  the  prac- 
■d  ahs  of  current,  quantity  and  capacity.  The  practical  system  based 
» the  ohm  and  volt  thus  became  virtually  the  Q.E.S.  (quadrant-eleventh- 
Vvaacond)  system,  in  place  of  the  C.G.S.  system;  t.e.,  as  though  10*  cm. 
*>>isbstituted  for  1 cm.  as  the  unit  length,  and  10~n  g.  instead  of  1 g.  as 
jf**nt  mass. 

'Aanuaire  pour  l*an  1913,  Paris.  Gauthier-Villars. 

t Tables  of  Equivalents  of  the  U.  S.  Customary  and  Metric  Weights  and 
Jhwures.  Department  of  Commerce  and  Labor,  Bureau  of  Standards, 
^sWication. 

Wolff,  p,  A.  "The  So-called  International  Electrical  Units."  Trans, 
ht  EL  Congress,  St.  Louis,  1904,  Vol.  I,  p.  148. 
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18.  In  1888,  an  international  commission  met  at  Paris  and  adoi 
a length  of  108  cm.  as  the  length  of  the  mercury  column  defining  the  ohmj 
closer  approximation  to  the  true  ohm  than  the  B.A.  ohm.  This  100- 
ohm  was  called  the  “legal”  ohm,  as  distinguished  from  the  B.A.  c 
Legal  ohms,  volts,  etc.,  have  at  the  present  date  almost  completely 
appeared.  They  represented  an  intermediate  stage  of  approximatiox 
the  present  international  unit  values. 

19.  In  1889,  an  international  electrical  congress  at  Paris  ado; 
the  joule,  the  watt,  and  the  quadrant,  as  the  practical  units  of  energy,  pc 
and  inductance,  respectively. 

80.  Edinburgh  conference.  In  1892,  a conference  was  held  in  com 
tion  with  the  B.A.  meeting  at  Edinburgh.  It  was  then  decided  to  ad 
106.3  om.  as  the  length  of  mercury  column  whose  resistance  should  emb 
the  ohm. 

tl.  In  1898,  the  international  electrical  congress  of  Chicago  ado; 
the  106.3-cm.  ohm,  which  was  called  the  international  ohm.  The  o< 
units  of  the  practical  system  adjusted  in  conformity  to  this  value  were  ca 
correspondingly  the  international  ampere,  volt,  coulomb,  etc. 
name  of  the  unit  of  inductance  was  changed  from  the  quadrant  to  the  hen 
in  honor  of  the  American  physicist  of  that  name. 

ft.  In  1900,  an  international  electrical  congress  at  Paris,  after  m 
debate,  adopted  the  maxwell  as  the  unit  of  magnetic  flux  and  the  ge 
as  the  unit  either  of  magnetio  intensity  or  of  flux-density  in  the  C.G.S.  m 
netic  system. 

98.  In  1908,  an  international  commission  at  London  considered 
order  of  sequence  of  resistance,  current  and  voltage  standards,  wi 
had  been  left  indefinite  at  preceding  congresses.  It  was  decided  that 
ohm  should  be  the  first  unit,  and  the  ampere  the  second,  as  determii 
by  the  rate  of  electrodeposition  of  silver  under  specified  conditions.  1 
volt  was  to  be  determined  from  the  ohm  and  ampere. 

DEFINITIONS  OF  FUNDAMENTAL  UNITS 

S4.  Length.  (L.)  Linear  distance  between  any  two  points.  The  uni 
length  in  the  metric  system  is  the  meter,  in  the  C.G.S.  system  the  cen 
meter,  in  the  customary  system  it  is  any  one  of  the  following: — inch,  fc 
yard,  pole,  furlong,  statute  mile,  nautical  mile. 

The  fundamental  unit  of  length  of  the  United  States  is  the  internatio 
meter,  the  primary  standard  of  which  is  deposited  at  the  Internatio 
Bureau  of  Weights  and  Measures  near  Paris,  France.  This  is  a platini 
iridium  bar  with  three  fine  lines  at  each  end;  and  the  distance  between 
middle  lines  of  each  end  when  the  bar  is  at  the  temperature  of  0 deg.  cei 
and  is  supported  at  the  two  neutral  points  28.5  cm.  each  side  of  the  centr 
1 m.  by  definition.  Two  copies  of  this  bar  (prototype  meters)  are  in 
possession  of  the  United  States  and  are  deposited  at  the  Bureau  of  Standai 

The  United  States  yard  is  defined  by  the  relation 
1 yd.  - 3600/3937  m. 

The  legal  equivalent  of  the  meter  for  commercial  purposes  was  fixed 
39.37  in.  by  the  law  of  July  28,  1866,  and  experience  having  shown  that  ( 
value  was  exact  within  the  error  of  observation,  the  United  States  Office 
Standard  Weights  and  Measures  was,  by  executive  order  in  1893,  authors 
to  derive  the  yard  from  the  meter  by  the  use  of  this  relation. 

18.  Mass.  (M.)  The  quantity  of  matter  in  a body  is  estimated  either 
its  inertia  or  by  its  weight.  In  the  metric , system,  the  unit  of  mast 
the  fram,  which  was  originally  defined  as  the  mass  of  a cubic  centime 
of  distilled  water  at  0 deg.  cent.,  although  in  practice  it  is  taken  as 
thousandth  part  of  a standard  kilogram.  In  the  customary  system, 
unit  is  ordinarily  any  one  of  the  following:  avoirdupois  grain,  ounce,  pou 
or  ton  (long  or  short) ; occasionally,  it  is  one  of  the  Troy  system  (oue 
pound).  In  the  use  of  drugs,  it  is  usually, stated  in  apothecaries  weight.  1 
mass  of  precious  stones  is  commonly  estimated  in  carats. 

18.  Time.  ( T .)  The  interval  elapsing  between  any  two  events.  In 
C.G.8.  system,  the  unit  of  time  is  the  mean  solar  second,  or  86,400th  p 
of  the  mean  solar  day.  In  the  customary  system,  it  is  either  the  second,  m 
ute,  hour,  day,  week  or  year  of  mean  solar  time. 
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IT.  Area.  (A.)  Space  occupied  in  two  dimensions.  In  the  metric  sys- 
tem, the  unit  is  primarily  the  square  meter  ; but  the  square  dekameter  or 
ire  is  used  in  land  measure;  while  square  millimeter;  square  centimeter; 
irfci  square  decimeter  are  also  used.  In  the  customary  English  system  the 
sait  may  be  the  square  mil,  the  square  inch,  square  foot,  square  yard,  square 
ehain  or  square  mile. 

18.  Volume.  ( V.)  Space  occupied  in  three  dimensions.  In  the  metric 
system,  the  unit  is  primarily  the  cubic  meter  or  stere ; but  the  cubic  deci- 
meter or  liter  is  much  used,  as  well  as  the  cubic  centimeter  and  the  cubic 
millimeter.  In  the  customary  English  system,  the  units  are  the  cubic  inch, 
fufcie  foot,  cubic  yard,  cubic  mile. 

88.  Density.  ( 6.  ) Ratio  of  mass  to  the  volume  it  occupies.  In  the  met- 
ric system  the  unit  is  primarily,  the  gram  per  cubic  meter;  but  decimal  deriva- 
dne a are  more  common.  In  the  C.G.S.  system,  the  unit  is  the  gram  per 
cubic  centimeter.  In  the  M.T.S.  system, it  is  the  ton  per  cubic  meter. 

88.  Force.  (F.)  That  which  tends  to  change  the  energy  existing  in  a 
pren  region  of  space.  In  mechanics,  force  is  that  which  t.nds  to  produce 
duoge  of  motion  in  matter.  In  the  C.G.S.  system,  the  unit  is  the  dyne,  or 
that  force  which  after  acting  on  a free  gram  during  1 sec.,  creates  therein 
s relocity  of  1 cm.  per  sec.  In  mechanics,  the  unit  force  is  the  force 
required  to  support  unit  mass  against  standard  gravity;  t.e.,  gravity  at  the 
atudard  locality ; the  weight,  at  standard  latitude  and  level,  of  a gram,  a 
titapam,  a pound,  etc.,  according  to  the  system  considered.  In  the  M.T.8. 
syitem,  the  unit  is  the  sthene,  or  the  force  which  acting  on  a metric  ton 
sccrieritcs  it  one  meter  per  second. 

SI.  The  weight  of  a body  is  the  gravitational  force  acting  upon  it. 
Its  standard  weight  is  its  weight  under  standard  gravitational  force.  Its 
local  weight  is  its  weight  under  local  gravitational  force.  In  the  C.G.S. 
system  the  unit  for  weight  is  the  dyne.  It  is  also  expressible  in  the  various 
systems  as  the  gram  weight,  kilogram  weight,  the  pound  weight,  etc. 

Important  differences  of  usage  and  terminology  frequently  exist  be- 
tween text-books  on  physics  and  text-books  on  applied  mechanics,  in  regard 
to  the  units  of  mass  and  of  force.  These  differences  are  not  essentially  con- 
sented with  English  weights  and  measures,  because  they  exist  in  the  text- 
books of  several  European  countries  where  the  metric  system  is  exclusively 
employed.  In  physics,  it  is  customary  to  regard  the  terms  gram,  milli- 

Sm,  kilogram,  pound,  etc.,  as  designating  a mass  in  the  sense  above 
ned.  The  force  exerted  gravitationally  on  such  a unit  is  called  the  weight 
of  the  unit,  and  is  derived  from  the  product  of  the  mass  and  the  gravitational 
acceleration  constant  g.  Thus  jn  an  absolute  kinetio  system,  u a body  has 
» man  of  m grams,  its  local  weight  or  gravitational  force  F is 

F = mo  (dynes)  (2) 

f being  the  local  gravitational  acceleration.  If  the  body  is  transferred  to  a 
phee  where  there  is  standard  gravitational  acceleration  go,  then: 

Fo  — moo  (dynes)  (3) 

la  applied  mechanics,  it  is  customary  to  regard  the  terms  gram,  kilo- 
frtm.  pound,  etc.,  as  designating  a weight  or  gravitational  force  in  the 
fease  above  defined ; that  is,  to  say  one  and  the  same  term,  “ kilogram  ” say, 
a toed  with  a different  meaning  in  the  two  cases  here  compared.  If  a body 
hi  a standard  weight  of  WVgrama,  then  by  (3), 

F*  {W 9/09)09  {grams  standard  weight)  (4) 

to  that  in  the  books  on  applied  mechanics,  where  a mass  has  to  appear  in 
11  equation,  it  is  represented  by  such  a term  as  W9/00.  The  same  is  true 
wny  system  of  units.  Thus  in  (3),  if  m is  a mass  expressed  in  pounds, 
?•  is  the  gravitational  constant  in  customary  measure,  then  we  might 
hdiaa  text-book  on  physics: 

F9  « mo9  (poundals)  (5) 

Thereas  in  a text-book  on  applied  mechanics  (4)  would  have  to  be  written 
F9  « (TP 9/ 00)00  (standard  pounds  weight)  (6) 
flit  centrifugal  force  of  a mass  m pounds  whirling  with  a peripheral 
’doeity  t feet  per  sec.  at  a radius  of  r feet  would  be,  according  to  (5) 

F-m(t*/r)  (’poundals)  (7) 

'Everett.  '‘C.G.S.  System  of  Units.”  Macmillan  Co.,  N.  Y. 1891,  p.  28. 
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a poundal  being  the  force  which  acting  on  a pound  mass  for  1 sec.,  derdi 
in  it  a velocity  of  1 ft.  per  eeo.  A pound  weight  is  equal  to  32.2  pound) 
But  If  we  consider  a pound  to  be  a force,  represented  by  a weight  W, 

F—  — • (*  pounds  force) 

It  is  evident  that  there  is  no  difference  between  the  two  contrasted  model 
presenting  the  facts,  provided  that  we  distinguish  carefully  betweer 
**  pound-mass  " and  a "pound -force."  If,  however,  we  use  the  same  w< 
"pound ” to  do  duty  in  the  two  cases,  contradictory  and  illogical  results  n 
be  obtained. 

It  follows  that  the  terms  gram,  kilogram,  pound,  ton,  etc.,  are  s 
ceptible  of  either  of  two  distinct  meanings ; namely,  a unit  of  mass 
matter  or  a unit  of  force  equal  to  the  gravitational  force  exerted  on  tl 
mass  by  the  earth.  Cehfusion  can  be  avoided  in  all  cases,  however,  by  uai 
distinguishing  terms,  as  "gram-mass,"  "gram  force,"  or  "gram  weight." 

tl.  Linear  velocity  (v).  Rate  of  movement  along  a line,  and  ordinal 
along  a straight  line;  also,  time  rate  of  change  of  space.  The  unit  in  I 
C.G.8.  system  is  the  centimeter-per-eecond,  in  the  metric  system  the  met 
per-seoond,  or  per  minute  or  per  hour.  In  the  customary  system,  it  woi 
be  any  of  the  customary  English  units  of  length  per  second,  minute,  he 
or  day,  etc.  Velocities  may  be  either  + or  — with  respect  to  a select 
point  on  the  line  of  motion. 

tS.  Linear  acceleration  (a).  Time  rate  of  change  of  linear  veloci 
The  C.G.S.  unit  is  the  (cm.  per  sec.)  per  sec.;  or  the  cm.  per  see.*.  T 
metric  unit  may  be  a meter  per  sec.*,  or  a meter  per  hour1,  or  any  decic 
derivative  of  the  meter,  per  square  of  the  second,  minute,  hour,  etc. 
useful  hybrid  unit  is  the  (kilometer  per  hour)  per  second.  Accelerate 
may  be  either  + or  — . 

•4.  Plane  angle  (aj$,y).  In  plane  circular  trigonometry,  the  ratio 
a circular  arc  to  its  radius.  The  C.G.8.  unit  is  the  radian,  or  1 cm.  of  i 
drawn  with  a radius  of  1 cm.  The  metric  unit  is  the  grade  or  one-hundrec 
of  the  quadrant  with  unit  radius.  The  customary  unit  is  either  the  degree 
one-ninetieth  of  the  unit-radius  quadrant — or  the  revolution  of  f< 
quadrants. 
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Jeapfc.  The  customary  unit  is  the  pound-weight  perpendicular  foot. 
U»  word  “perpendicular*’  is  omitted  from  the  unit,  care  must  be  taken  to 
Praguhh  from  a dyne-centimeter  or  a foot-pound  weight,  which  are  units 
vork  or  energy.  A torque  is  not  a work,  and  can  do  no  work  until  it 
[rssoea  through  an  angle. 

tl.  Pressure  (p).  A force  integral,  or  summation  of  a force,  ore r a 
rf«a  A pressure  may  be  either  total  or  specific.  A total  pressure,  as 
nunc  suggests,  is  the  force  integral  or  total  force  with  referenoe  to  some 
rticular  direction  or  set  of  directions.  A specific  pressure,  or  intensity 
pressure,  is  the  ratio  of  a pressure  to  the  surface  area  over  which  it  is 
phed,  or  the  pressure  per  unit  area.  Unless  otherwise  specified,  a 
easore is  ordinarily  understood  to  be  a specific  pressure.  The  C.G.S.  unit  of 
tnue  is  the  dyne  per  square  centimeter,  sometimes  called  a “bar."  • 
b metric  gravitation  unit  is  the  gram  weight  per  square  meter,  or 
ne  decimal  derivative,  such  as  the  kilogram  weight  per  square  milli- 
ter. The  standard  atmospheric  pressure  of  760  mm.  mercury 
sea-level  and  0 deg.  cent,  at  latitude  45  deg.,  is  1.01321X10*  bars  or 
11321  megabar.  f Pressures  are  thus  frequently  reckoned  in  atmospheres, 
by  sre  also  frequently  expressed  as  heights  of  a column  of  uniform  liquid. 
It.  Strain.  A change  in  the  shape  or  sire  of  a body  due  to  the  application 
[a  force  or  set  of  forces.  In  the  simplest  cases,  strains  are  (1)  voluminal 
aprcflians  or  dilations;  (2)  extensions  or  compressions  in  one  direction  with 
irrapoiKhng  lateral  compressions  or  dilations  (such  an  extension  is  called  an 
•station);  (3)  a twist  or  shear.  These  various  strains,  when  small,  are 
•wsul  m small  numerical  fractions,  in  which  the  numerator  expresses  the 
ptocioa  and  the  denominator  the  original  undistorted  value.  These  strains 
• ordinarily  independent  of  the  system  of  units  employed. 

;4I.  Struts.  The  force  or  set  of  forces  applied  to  a body,  and  which  tend 
I produce  a strain.  They  may  be  either  simple  forces,  pressure  intensities, 
risu,  or  combination*  of  the  foregoing,  ana  are  expressible  in  the  corre- 
units. 

U.  Yeung's  modulus  Of  elasticity.  The  specific  tension  which  would 
W*!  to  be  applied  to  a uniform  prism  of  a substance  in  order  to  double  its 
■ifad  length,  as  judged  from  a small  extension  under  a measured  tension. 
» a a specific  tension  or  a longitudinal  force  per  unit  area  of  prism.  The 
<-G-i  unit  is  the  dyne  par  square  centimeter.  The  metric  gravitstion 
■k  ■ the  gram-weight  per  square  meter  or  some  decimal  derivative, 
lotomary  unit  is  the  pound- weight  per  square  inch. 

II-  Moment  of  inertia  of  s body  with  respect  to  an  axis  (J).  The 
pdoet  of  the  mass  of  the  body  and  the  square  of  its  radius  of  gyration 
gb  respect  to  the  axis  considered.  It  is  therefore  the  product  of  a mass  and 
(■•sacs  squared.  The  C.G.S.  unit  is  the  g-cm.1  The  metric  unit  is 
Ipsa-maas-meter.*  A customary  unit  is  the  pound-mass-foot. * 
■ radius  of  gyration  of  a body  with  respect  to  an  axis  is  the  square  root 
PforsMaa  square  of  the  distances  of  all  the  particles  of  the  body  from  the 
|k  It  is  therefore  a length.  The  C.G.S..  unit  is  the  centimeter.  A 
Mie  suit  is  the  meter,  or  decimal  derivative.  A customary  unit  is  the  foot. 

PPTBITIONS  Or  EUCTRXO  AND  MAGNETIC  UNITS 
Ik  Electric  quantity  (Q).  The  amount  of  electricity  present  in  any 
charge  or  passed  through  a circuit  during  any  time  interval  by  an 
Ntrie  current.  The  practical  unit  is  the  coulomb,  the  C.G.S.  units  are  the 
kwdomb  end  statcovuomb. 

i®- Electric  o.m.f.  or  pressure  (1).  That  which  tends  to  make  an 
petne  current  flow.  E.m.f.  is  ordinarily  accompanied  by  a difference  of 
ptrie  potential;  but  an  e.m.f.  may  occur  without  difference  of  potential,  as 
gnample,  when  a straight  bar  magnet  is  thrust  symmetrically  into  a cir- 
■ loop  of  uniform  wire.  A brief  current  will  thus  be  set  up  in  the  wire 
to  as  e.m.f.  induced  by  the  magnet's  motion;  but  there  will  be  no  differ- 
* electric  potential  m or  around  the  wire.  The  practical  unit  is  the 
The  C.Q.8.  units  are  the  abvolt  and  statvoit. 

./Richards  and  Stull.  Carnegie  Institution  Publication  No.  7,  p.  43,  Dec., 

**• 

[tGiothier-Villars.  “Lee  RAcents  ProgiAe  du  Systdme  Metrique.’’  Paris, 
■E.  pp  30-31.  Meteorologists  commonly  call  this  1.01321  bare. 
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E.m.f.  may  be  reckoned  for  a complete  circuit  or  for  any  portion 
that  is,  each  and  every  portion  of  a closed  circuit  in  the  steady  stat* 
Ohm's  law. 

48.  Potential  difference  (U  or  V).  A condition  in  virtue  of  wla 
electric  current  tends  to  flow  from  a plaoe  of  higher  to  a place  of  lower] 
tial.  The  numerical  measure  of  the  potential  difference  is  the  work 

a unit  quantity  of  electricity  in  passing  between  the  two  points.  Tb| 
tical  unit  is  the  volt.  The  C.Q.S.  units  are  the  abvolt  and  statvolt. 

49.  Potential  gradient.  The  space  rate  of  change  of  potential, 
change  with  respect  to  distance.  . An  electric  potential  gradient  is  thd 
rate  of  change  of  electric  potential,  and  similarly  for  magnetic,  then 
gravitational  potential.  The  systematic  unit  in  the  practical  system 
▼olt  per  quadrant,  but  a hybrid  unit  such  as  volt  per  centimeter  i© 
ally  used.  The  C.G.S.  unit  is  either  the  abvolt  or  statvolt  per  cm, 

90.  Electric  current  (I).  The  rate  at  which  electricity  flows  thr<; 
conductor  or  circuit.  The  practical  unit  is  the  ampere,  which  is  a o 
of  one  coulomb  per  second.  The  C.G.S.  unit  is  either  the  abs&mp^ 
statampere. 

91.  Electric  current  density.  The  ratio  ofthe  current  flowing  tl 
a conductor  to  the  cross-sectional  area  of  that  conductor.  More  si 
the  current  density  at  a point  in  a conductor  is  the  ratio  of  the  current  t M 
a very  small  plane  element  of  section  containing  the  point  and  petpene 
to  the  current,  to  the  area  of  the  element.  The  systematic  practical  \ 
the  ampera  par  square  quadrant.  In  practice,  a hybrid  unit  is  pre 
such  as  the  ampere  per  square  centimeter  or  square  inch.  Tho  ( 
unit  is  either  the  absampere  or  statampere  per  square  centimeter. 

99.  Electric  resistance  (R).  Obstruction  to  electric  flow.  The 
of  voltage  to  current  in  a conductor  or  closed  circuit.  The  practical  v 
the  ohm.  The  C.G.S.  unit  is  either  the  absohm  or  statohm. 

93.  Electric  resistivity  (p).  The  ratio  of  potential  gradient  in  8 
ductor  to  the  current  density  thereby  produced.  Also  the  specific  resista 
a substance  numerically  equal  to  the  resistance  offered  by  a unit  cube 
substance  as  measured  between  a pair  of  opposed  parallel  faces.  Th 
tematic  practical  unit  is  the  ohm-quadrant  or  numerically  equal  1 
resistance  in  a cubic  earth-quadrant.  A hybrid  unit  such  as  the  ollXB 
is  usually  preferred.  The  C.G.S.  magnetic  unit  is  the  absohm-cm.  Se 

94.  Electric  conductance  (G).  The  conducting  power  of  a cond 
or  circuit  for  electricity.  The  inverse  or  reciprocal  of  electric  resisi 
The  practical  unit  is  the  mho.  The  C.G.S.  unit  is  either  the  abmho  < 
st  at  mho. 

99.  Electric  conductivity  (?)•  The  specific  electric  conducting  \ 
of  a substance.  The  reciprocal  of  resistivity.  The  systematic  pra 
unit  is  the  mho  per  quadrant.  A hybrid  unit,  suoh  as  the  mho  pel 
is  usually  preferred.  The  C.G.S.  magnetic  unit  is  the  abmhoper  cm. 

99.  Inductance  (L).  The  capacity  for  electromagnetic  induction 
sessed  by  an  active  circuit  either  on  itself  or  on  neighboring  circuits, 
ratio  of  the  magnetic  flux  linked  with  and  due  to  an  active  conductor  ( 
ber  of  turns  X total  flux)  to  the  current  strength  carried.  The  pra 
unit  is  the  henry.  The  C.G.S.  units  are  the  abhenry  and  stath 
The  term  "inductance”  seems  to  have  been  first  introduced  by  Heav 
as  a brief  equivalent  for  "coefficient  of  self-induction."  Inductance  m* 
divided  into  two  species;  namely,  self -inductance  and  mutual  inducti 
The  unit  is  the  same  for  both  species. 

97.  Electric  capacitance  (C).  Sometimes  called  permittance  or  c 
city.  The  power  of  storing  or  holding  an  electric  charge.  The  ratio 
electric  charge  on  a conductor  to  the  electric  potential  difference  prod 
the  charge.  The  practical  unit  is  the  farad.  The  C.G.S.  unit  is  eithc 
abfarad  or  the  statfarad.  The  term  "permittance"  was  introduce 
Heaviside. t It  should  be  noted  that  capacitance  is  used  by  a few  writ* 
synonymous  with  capacity-reactance. 


• Heaviside,  O.  "The  Electrician,"  1884,  May  3,  p.  583;  also  "Elect 
Papers,”  Macmillan  Co.,  1892,  Vol.  1,  p.  354. 

f Heaviside,  O.  "Electrical  Papers,  1892,  Vol.  II,  pp.  302  and  327. 
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M.  Psrmittivlty  is  the  specific  permittance  of  s substance  and  numer- 
fly  equal  to  the  permittance  offered  by  a unit  cube  of  the  material  as 
stand  between  a pair  of  opposed  parallel  faces.  In  the  C.O.S.  electrio 
item  it  is  equal  to  Jkt  the  dielectric  constant.  Analogous  to  electrio 
ductivity  and  magnetic  permeability.  A term  introduced  and  defined 
Heaviside.  • 

ft.  Dielectric  constant  or  specific  Inductive  capacity  (ft).  The 
lo  of  the  capacity  of  a condenser  whose  coatings  are  separated  by  a given 
bunco,  to  the  capacity  of  a similar  condenser  whose  plates  are  separated 
» vacuum.  A pure  numeric  in  any  system  of  units, 
ft.  Klastance.  The  reciprocal  of  the  capacitance  of  a condenser  or  di- 
rtric.  No  unit  for  elastance  has  been  agreed  upon  in  any  system.  The 
u “daraf’'  has.  however,  been  suggested  for  this  unit  in  the  practical 
tem.  so  that  a condenser  having  a capacity  of  one  farad  would  also  have 
elastance  of  one  daraf.  The  C.G.8.  unit  would  be  a statdaraf. 
ft.  KUstivity.  The  specific  elastance  of  a substance,  and  numerically 
lalto  the  elastance  offered  by  a unit  cube  of  the  substance  as  measured  be- 
am a pair  of  opposed  parallel  faces.  In  the  C.G.S.  electric  system  it  is 
e reciprocal  of  permittivity.  Analogous  to  electric  resistivity, 
ft.  Frequency  (f).  In  a simple  alternating-current  circuit  the  number  of 
des  executed  by  the  current  per  second.  The  unit  is  the  cycle  per  second, 
ft.  Angular  velocity  (»)  of  a simple  alternating-current  circuit.  The 
©dart  of  the  numeric  2 r and  the  frequency  / of  the  current  in  cycles  per 
nod.  The  unit  employed  is  the  radian  per  second, 
ft.  Reactance  (X).  In  a simple  alternating-current  circuit,  the  reactive 
nponent  of  the  impedance,  as  distinguished  from  the  active  component, 
Mtanee.  Reactance  may  be  divided  into  two  species  of  mutually  opposite 
|w  namely.  Inductive  reactance  or  that  species  of  reactance  developed 
in  inductance,  2-r/Z*.  and  condensive  reactance,  or  that  species  of  re- 
duce developed  in  a condenser,  1/2 v/c.  Inductive  reactance  is  denoted 
■Wn  using  the  method  of  complex  imaginary  quantities)  by  the  sign  + j or 
W - 1,  and  oondensive  reactance  by  the  sign  — j or—  y/  — 1.  The  unit  of 
fert&nce  in  the  practical  system  is  the  ohm.  The  C.G.S.  unit  is  either  the 
•ohm  or  statonm. 

If.  Impedance  (S).  The  apparent  resistance  of  an  alternating-current 
writ  or  path.  The  vector  sum  of  the  resistance  and  reactance  of  the 
ith.  The  practical  unit  is  the  ohm.  The  C.G.S:  unit  is  either  the  absohm 
r statohm. 

M.  Admittance  (Y) . The  reciprocal  of  the  impedance  of  an  alternating- 
irrent  circuit  or  path,  a complex  quantity.  Units  mho,  abmho  or  Btatmho 
«T.  Conductance  (O).  In  a direct-current  circuit,  the  reciprocal  of 
» resistance.  The  practical  unit  is  the  mho.  It\  Germany  it  is  called 
le  Siemens.  The  C.G.S.  unit  is  either  the  abmho  or  the  statmho. 

In  a ample  alternating-current  circuit,  the  conductance  in  the  active  oom- 
onent  of  the  admittance,  or  the  quantity  which  multiplied  by  the  root- 
wan-equare  impressed  alternating  voltage  given  the  active  component  of 
xrt-mean-equare  current,  or  the  component  in  phase  with  the  e.m.f.  The 
rtetical  unit  is  the  mho.  The  C.G.S.  unit  may  be  either  the  abmho  or 
Utmbo. 

Jft.  Busceptance  (B) . The  reactive  component  of  admittance  in  a simple 
nernating-current  circuit.  The  practical  unit  is  the  mho.  The  C.G.8. 
may  be  either  the  abmho  or  statmho. 
ft-  Magnetic  poles.  Those  portions  of  the  surface  of  a magnetic  source 
rime  the  magnetic  flux  enters  or  leaves  the  surface.  Magnetic  poles  appear 
dierever  there  is  an  abrupt  change  of  permeability. 

It.  Magnetic  pole  strength.  The  total  flux  entering  or  leaving  a pole 
ended  by  4v.  No  name  has  been  provided  for  this  unit.  The  product 
["  magnetic  pole  strength  and  the  length  of  the  magnet  (interpolar  distance) 
U the  magnetic  moment. 

Magnetic  flux  (A).  The  magnetic  flow  or  current  that  passes  through 
toy  magnetic  circuit.  The  C.G.S.  magnetic  unit  is  the  maxwell. 


t Heaviside,  O.  "Electrical  Papers.”  1892,  Vol.  II,  p.  329. 
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71.  Magnetic  flux-density  ((B).  The  ratio  of  the  magnetic  flux  in  an 
cross-sectional  element  of  a magnetic  circuit  to  the  area  of  that  element 
The  C.G.S.  magnetic  unit  is  the  gauss,  which  is  also  a maxwell  per  equal 
centimeter. 

71.  Magnetomotive  force  (m.m.f.).  That  which  produces  magnetj 
flux.  The  analogue  in  the  magnetic  circuit  of  electromotive  force  in  tb 
electric  circuit.  No  name  has  been  provided  for  the  unit  of  m.m.f.  eith< 
in  the  practical  or  in  the  C.G.S.  magnetic  system.  The  name  of  gilbei 
has,  however,  been  suggested  for  the  latter.  A convenient  practical  uni 
is  the  ampere-turn  which  is  4r/10  - 1.257  gilberts. 

74.  Magnetic  field  intensity  (3C)  or  gradient  of  magnetic  potentiai 
also  termed  ma  gnetixing  force.  _ The  rate  of  change  of  magnetic  potentii 
with  respect  to  distance.  In  a region  of  unit  permeability,  the  field  intenait 
is  numerically  equal  to  the  magnetic  flux  density.  The  provisional  nam 
of  the  C.G.S.  magnetic  unit  is  the  gilbert  per  centimeter.  A numerical! 
related  hybrid  unit  is  the  ampere-turn  per  centimeter. 

78.  Reluctance  ((R).  Obstruction  to  magnetic  flow.  In  a simple  ma{ 
netic  circuit,  the  ratio  of  the  m.m.f.  to  the  magnetic  flux.  A provisions 
name  for  theC.G.S.magnetic  unit  is  the  oersted.  One  gilbert  m.m.f.  actin 
on  a magnetic  circuit  of  one  oersted  reluctance  produces  one  maxwell  of  fluj 

71.  Reluctivity  (*»).  A specific  reluctance,  numerically  equal  to  th 
reluctance  of  unit  cube  of  a substance  between  any  pair  of  opposed  paralh 
faces.  The  C.G.S.  magnetic  unit  is  the  oersted-cm. 

77.  Permeance.  The  reciprocal  of  reluctanoe.  Conducting  power  fc 
magnetic  flux.  No  name  has  been  adopted  for  this  unit. 

78.  Permeability  0*).  The  reciprocal  of  reluctivity,  or  specific  perme 
ance.  No  name  has  been  adopted  for  this  unit.  In  the  dimension! 
formulas  of  the  C.G.S.  system,  if  the  electric  and  magnetic  constants  of  th 
ather  are  considered  as  mere  numerics;  both  permeability  and  reluctivit 
are  also  mere  numerics.  Also  magnetic  intensity  has  the  same  dimension 
as  flux  density;*  so  that  on  this  basis,  which  was  at  one  time  undisputed 
there  would  be  no  difference  between  gilberts-per-centimeter  and  gaussc 
except  numerically.  It  is  now  generally  admitted,  f however,  that  the  electri 
and  magnetic  constants  of  the  other  should  not  be  taken  as  mere  numeric! 
although  their  dimensional  formulas  are  not  defined.  On  the  latter  basil 
there  is  a dimensional  difference  of  some  kind  between  magnetic  intensit 
In  gilberts-per-centimeter  and  flux-density  in  gausses.  The  permeability  ca 
also  be  expressed  f$  — 1 +4  *-  < where  * is  the  susceptibility. 

79.  Names  for  the  units  in  the  C.O.8.  magnetic  and  electric  sub 
systems.  Although  the  practical  ohm-volt-ampere  series  of  units  is  uni 
versaljy  employed  in  the  great  majority  of  electrical  applications,  yet  it  i 
sometimes  desirable  to  use  the  C.G.S.  parent  system  of  units  and  nameB  fc 
such  units  have  only  been  assigned  authoritatively  in  a few  instances,  suci 
as  the  “dyne”  for  the  unit  of  force,  and  the  erg  for  the  unit  of  work.  It  ha 
been  suggested!:  that  the  C.G.S.  magnetic  units  might  be  distinguished  froi 
their  prototypes  in  the  practical  system  by  the  prefir  ab-  or  aba-  and  ala 
that  the  C.G.S.  electrostatic  units  might  be  similarly  distinguished  by  th 
prefix  abstat-  or  stat-,  as  indicated  in  the  following  table,  Par.  80. 

It  should  be  borne  in  mind  that  the  prefixes  “ab,rand  “stat”  have  nevs 
been  authorised  by  any  technical  society  or  institution,  and  terms  bearin 
these  prefixes  are  therefore  technically  irregular.  The  excuse  for  this  irregu 
laxity  is  that  no  proper  terms  exist  by  which  to  describe  these  units,  since  th 
phrases  “C.G.S.  magnetic  unit,”  or  ,TC.G.S.  electric  unit,”  are  cumbersom 
and  insufficiently  descriptive.  Their  merit  is  that  there  can  be  no  ambiguit; 
concerning  the  meaning  of  these  irregular  terms. 


• Maxwell,  J.  C.  “A  Treatise  on  Electricity  and  Magnetism.”  1881 
Vol.  II,  p.  244. 

t Rttcker.  Phil.  Mag.,  Feb.,  1889. 

1 Trans.  A.  I.  E.  E.,  July,  1903,  Vol.  XXII,  p.  529.  Franklin,  W.  8 
“Electric  Waves,”  New  York,  Macmillan  Co.,  1909,  p.  67.  Hering.C.  “Con 
version  Tables,”  New  York,  John  Wiley  A Sons,  1904.  Pender,  Harold 
“American  Handbook  for  Electrical  Engineers,”  New  York,  John  Wiley  4 
Sons,  1914. 
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DEFINITIONS  or  PHOTOMETRIC  UNITS 
81.  Luminous  flux  (F),  (light)  is  the  physical  stimulus  produced  by  ra- 
diation, which  excites  vision.  It  is  proportional  to  the  rate  of  flow  of  radiant 
energy  and  to  a stimulus  coefficient  which  depends  chiefly  on  the  spectral 
distribution  of  that  energy.  The  stimulus  coefficient  for  radiation  of  a par- 
ticular wave-length  is  the  ratio  of  the  luminous  flux  to  the  radiant  power 

Sroducing  it.  The  conventional  unit  of  luminous  flux  is  the  lumen  or  tbe 
ux  emitted  by  one  international  candle  through  one  steradian. 

88.  Luminous  intensity  (I),  or  candle-power.  The  luminous  inten- 
sity of  a point  source  of  light  is  the  solid-angular  density  of  the  luminous 
flux  emitted  by  the  source  in  the  direction  considered;  or  it  is  the  flux  per 
steradian  in  that  direction.  The  conventional  unit  is  the  candle-power,  or 
the  (candle)  lumen  per  steradian. 

88.  International  candle.  A standard  of  luminous  intensity,  con- 
ventionally equal  to  the  bougie  decimal;  maintained  between  the  national 
laboratories  ol  England,  France  and  America  through  the  medium  of  groups 
of  standard  incandescent  lamps  seasoned  and  intercompared.  The  intensity 
given  by  this  standard  is  the  conventional  unit  or  candle. 

84.  True  specific  luminous  intensity  (bo)  of  an  element  of  a luminous 
surface  is  the  ratio  of  the  luminous  intensity  of  the  element,  taken  normally, 
to  the  area  of  the  element.  The  conventional  unit  is  the  candle  per  square 
centimeter ; or  the  lumen  per  sq.  cm. 

88.  Apparent  specific  luminous  intensity,  or  brightness  (b),  of  an 
element  of  a luminous  surface,  from  a given  position,  is  the  luminous  intensity 
per  unit  area  of  the  surface  projected  on  a plane  perpendicular  to  the  line  of 
sight,  and  including  only  a surface  of  dimensions  small  in  comparison  with 
the  distance  from  the  observer.  The  conventional  unit  is  the  candle  per 
square  centimeter  of  projected  area;  or  the  apparent  lumen  persq.  cm. 
For  luminous  surfaces  obeying  Lambert's  law,  or  the  “cosine  law,"  the  true 
and  the  apparent  specific  luminous  intensities  are  equal.  In  practice,  tbe 
apparent  specific  intensity  is  ordinarily  observed.  It  has  been  proposed  to 
call  a brightness  of  one  apparent  lumen  per  sq.  cm.  one  “lambertf* 

88.  Illumination  on  a surface  (K)  is  the  luminous  flux-density  over 
the  surface,  or  the  flux  per  unit  of  intercepting  area.  The  practical  unit  is 
the  lumen  per  square  foot  or  the  foot-candle.  The  conventional  unit 
is  the  lumen  per  square  centimeter  which  has  been  termed  the  “phot”  by 
Blondel.  It  is  a cm-candle.  The  meter-candle,  or  10-4  phot,  is  sometimes 
called  the  candle-lux.  The  milliphot  (10~*  phot  *■  millitumen  per  square 
centimeter)  is  roughly  equal  to  a foot-candle,  since  1 foot -candle  ■>  1.0764 
milliphots.  # A perfectly  diflusing  surface  having  a reflection  coefficient  of 
unity,  and  illumined  with  1 phot,  would  have  a brightness  of  1 lambert. 

DEFINITIONS  OF  THERMAL  UNITS 
87.  Temperature.  The  thermal  condition  of  a body  considered  with 
reference  to  its  capability  to  communicate  heat  to  other  bodies.  Bodies 
at  the  same  temperature  do  not  communicate  heat  to  one  another  at  their 
bounding  surfaces.  The  conventional  unit  is  the  degree  centigrade. 
Other  units  in  practical  use  are  the  degree  fahrenheit,  and  occasionally  the 
degree  r4aumur. 

88.  Quantity  of  heat.  The  amount  of  heat  energy  contained  in  a body 
or  transferred  from  one  body  to  another,  by  virtue  of  which  temperatures 
are  established  or  changed.  a Since  heat  is  a form  of  energy,  a quantity  of 
heat  may  be  expressed  in  units  of  energy  of  any  kind.  Two  types  of  units 
are  employed,  one  thermal,  the  other  dynamical.  As  thermal  units  the 
C.Q.S.  unit  is  the  “lesser-calorie”  or  “therm”  or  “water-gram- 
degree  centigrade,”  the  quantity  of  heat  required  to  raise  1 g.  of 
water  1 deg.  cent.;  and  as  this  differs  slightly  with  the  temperature,  the 
interval  from  15  deg.  to  16  deg.  cent,  is  given  in  the  definition.  A larger 
decimal  multiple  of  this  unit,  called  the  “greater  calorie”  or  “kilo  gram  - 
calorie”  is  much  used  and  is  equal  to  1,000  lesser  calories.  A practical  unit 
is  the  “British  thermal  unit”  (B.t.u.),  or  the  heat  required  to  raise  1 lb. 
of  water  1 deg.  fahr.  Dynamic  units  are  the  erg,  the  joule,  the  watt-hr., 
etc. 
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H Specific  hlftt  as  the  ratio  of  the  quantity  of  heat  required  to  raise  unit 
■ia  of  the  substance  through  unit  difference  of  temperature,  to  that  ito- 
qend  to  raise  unit  mass  of  water  the  same  interval.  In  the  C.G.S.  thermal 
*7*tem  this  is  numerically  the  same  as  the  quantity  of  heat  required  to  raise 
U-  of  the  substance  1 deg.  cent,  at  the  temperature  considered.  The  unit  is 
» acre  numeric  in  any  system. 

. 90.  Thermal  conductivity . A specific  thermal  conducting  power.  It 
■ numerically  equal  to  the  flow  of  heat  occurring  through  a 1-cm.  slab  of 
the  material,  through  a cross-sectional  area  of  1 sq.  cm.,  when  the  difference 
of  temperature  between  the  surfaces  of  the  slab  is  1 deg.  cent.  The  C.G.S. 
dynamical  unit  is  the  abwatt  per  centimeter  and  per  degree  centigrade. 

It,  Thermal  resistance.  Opposition  to  the  flow  of  heat  by  conduction. 
Unit  thermal  resistance  in  a heat  conductor  permits  unit  flow  of  heat  under 
unit  difference  of  temperature.  If  the  flow  of  heat  is  measured  in  abwatts  or 
«*s  per  second,  and  the  difference  of  temperature  is  in  deg.  oent..  the  unit 
bs  been  called  the  thermal  absohm.  If  the  flow  of  heat  ia  measured  in  watts, 
the  unit  has  been  called  the  thermal  ohm. 

9L  Thermal  resistivity.  The  reciprocal  of  thermal  conductivity,  and 
assemble  in  thermal  ohm-cm.  or  absonm-cm. 

ti.  Latent  heat.  The  quantity  of  heat  required  to  change  the  physical 
•Ute  of  unit  mass  of  a substance  without  changing  its  temperature,  as  for 
maince  to  convert  1 g.  of  water  at  100  deg.  oent.  into  saturated  dry  steam 
st  100  deg.  cent.  The  dynamical  C.G.S.  unit  is  the  erg  per  gram. 

H Intropy.  A quantitative  property  of  a body  which  is  constant 
*bea  the  quantity  of  neat  contained  m it  is  constant;  but  which  increases 
« decreases  as  the  body  gains  or  loses  heat.  In  any  small  change  of  the  quan- 
tity of  heat  contained  in  the  body,  the  change  in  entropy  is  the  ratio  of  the 
fbage  in  quantity  of  heat  to  the  absolute  temperature  at  which  the  change 
tooh place.  The  C.G.8.  unit  is  the  erg  per  degree  absolute. 

N.  Coefficient  of  expansion,  at  any  temperature,  is  the  ratio  of  the 
daage  in  dimensions  of  a body  to  the  original  dimensions,  per  decree  centi- 
pede <rf  temperature  increase.  The  expansion  may  be  linear,  as  m the  case 
of  s metallic  wire;  or  it  may  be  voluminal  as  in  the  case'  of  a fluid.  In  either 
ewe  the  unit  is  a numeric  divided  by  a change  of  temperature. 

H.  Kmisstvity.  The  rate  of  emission  of  heat  from  a body  per  unit  of 
*ansce  area  and  per  degree  centigrade  elevation  of  temperature  above  its 
rerrcundingB.  The  C.G.S.  dynamical  unit  is  the  erg  per  second,  per  square 
centimeter  and  per  degree  centigrade. 

IT.  Mechanical  equivalent  of  heat.  The  value  in  mechanical  units 
°**n«gy  corresponding  to  a given  quantity  of  heat;  and,  in  particular,  the 
T“»  in  mechanical  units  corresponding  to  a unit  quantity  of  heat  such  as 
a Wswr  calorie,  a thermie  or  a B.t.u. 


DIMENSIONAL  FORMULAS 

M.  Inch  and  every  derived  unit  in  an  absolute  system  is  necessarily 
fanned  from  the  fundamental  units  of  that  system  in  one  and  only  one  com- 
“®»tioo.  The  particular  combination  of  fundamental  units  entering  into  a 
*tired  unit  expresses  its  dimensions,  and  when  presented  algebraically,  is 
cubd  the  dimensional  formula  of  the  unit.  Any  statical  or  dynamical 
in  a kinetic  absolute  system  involves  only  three  fundamental  units,  or 
dimensions  in  three  fundamental  units.  Electric  or  magnetic  units 
QTohre  five  fundamental  units. 

W.  As  a simple  example,  we  may  consider  the  unit  of  velocity.  A 
T?*oaty  is  necessarily  a length  divided  by  a time.  The  notion  of  mass  is 
revolved  in  the  concept  of  velocity.  Consequently,  if  we  denote  the  units 
length,  mass  and  time  by  L,  M,  and  T,  respectively,  the  nature  of  unit 
Tooedty  V is  expressed  by  the  formula 

V—L/T—LT'1  (velocity  unit)  (9) 
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The  dimensions  of  velocity  are  therefore  LT~l,  or  the  first  positive  power  c 
length  and  the  first  negative  power  of  time.  Since  mass  does  not  appear  i 
this  dimensional  formula  we  may  write  the  formal  dimensions  of  velocity  s 
IAM*T~l.  The  three  exponents  1,  0 and  — 1 completely  define  the  nature  c 
velocity  in  any  absolute  system  whose  fundamental  units  are  length,  mas 
and  time.  Moreover,  the  dimensional  formula  of  a unit  assigns  at  once  tb 
sise  of  a unit  when  systems  employing  different  fundamental  units  ar 
compared.  Thus  if  we  should  compare  the  unit  of  velocity  in  the  C.G.S.  syi 
tern  with  that,  say,  in  the  meter-kilogram-day  system;  then  in  the  latte 
the  unit  would  be  the  meter  per  day  while  in  the  former  it  would  be  th 
centimeter  per  second. 

100.  Taking  the  more  complex  case  of  the  magnetic  unit  of.  saj 

current-density  in  a system  whose  fundamental  units  are  those  of  both  th 
practical  and  C.G.S.  systems;  namely,  length,  mass,  time,  magnetic  aethe 
constant  ft,  and  dielectrio  ether  constant  k.  Then  the  dimensional  formul; 

of  current-density  is  L~^M^T~Xfi~^.  If  now  we  compare  the  sise  of  the  prac 
tical  unit  with  that  of  the  C.G.S.  unit  the  former  has  a unit  length  of  a quad 
rant  or  10'  cm.,  and  a mass  unit  of  10~n  g.  Consequently,  the  sise  of  th 

practical  unit  is  to  the  sise  of  the  C.G.S.  unit  in  the  ratio  (10'^”^  X (lO-^1)^- 
10-1';  so  that  the  practical  unit,  the  ampere  per  square  quadrant,  is  les 
than  the  C.G.S.  unit  or  absampere  per  square  centimeter  in  the  ratio  10~H 
For  practical  purposes,  we  should  probably  ignore  the  systematic  practice 
unit  of  current  density,  the  ampere  per  square  quadrant,  and  select  a hybrw 
unit,  say  the  ampere  per  square  centimeter  or  per  square  inch.  By  such  i 
departure  from  the  absolute  system,  however,  the  fundamental  equation 
of  the  system  involving  lengths,  areas,  or  volumes,  may  become  erroneoui 
unless  we  introduce  compensating  numerical  coefficients. 

100a.  Vector  units  and  complex  quantities.  As  is  explained  in  Sec 
2,  at  Par.  16S  and  elsewhere,  vector  alternating  quantities  are  much  use< 
in  electrical  engineering,  and  call  for  corresponding  vector  units,  as  well  a 
vector  symbols,  in  the  formulas  relating  to  such  quantities.  Strictly  speak 
ing,  such  quantities  and  units  are  not  vectors  in  the  mathematical  sense  o 
that  term,  but  are  “complex"  quantities  and  units,  because  when  two  sucl 
quantities  are  multiplied  together,  they  do  not  possess  both  a “vector  prod 
uct"  and  a “scalar  product1’  as  is  the  case  when  two  mathematical  vector 
are  multiplied.  Nevertheless,  such  alternating  quantities  may  be  calle< 
“plane  vectors"  to  avoid  conflict  with  mathematical  usage,  and  the  won 
"vector,"  which  is  much  used  in  alternating-current  literature,  may  then  to 
interpreted,  in  this  sense,  as  subject  to  the  algebra  of  complex  quantities  in  I 
plane. 

It  is  not  only  logical  but  also  very  desirable  to  distinguish  between  simph 
and  complex  quantities,  i.e.,  between  scalars  and  vectors  in  alternating-cur 
rent  formulas  employing  both.  There  are  three  wayB  in  which  this  is  done 

1.  Distinctive  symbols,  or  types  of  symbol,  are  used  to  designate  vectors 
Thus  a scalar  e.m.f.  in  volts  might  be  represented  by  E and  a vector  by  E oi 
F,  i.e.,  by  a black  letter  capital,  or  by  a gothic  capital,  of  the  same  letter 
This  method  has  the  disadvantage  of  calling  for  and  reserving  special  font* 
in  representing  vectors. 

2.  The  same  symbol  may  be  used,  but  a distinctive  mark,  such  as  an 
"under  dot,"  may  be  applied  to  symbols  representing  vector  quantities, 
Thus  a scalar  e.m.f.  in  volts  might  be  represented  by  E , and  a vector  e.m.f.  bj 
E.  In  any  formula  or  equation,  if  any  one  term  is  a vector,  all  of  its  termi 
must  be  vectors;  so  that  the  under  dot  must  be  applied  to  each  and  every 
term  of  a vector  equation.  This  method  has  the  disadvantages  that  it  ii 
difficult  to  print  or  to  Bet  up  in  type,  and  that  a page  containing  many  vector 
formulas  presents  a speckled  appearance. 

3.  No  special  symbols  or  symbol  marks  may  be  used  for  vector  quantities, 
but  the  unit  at  the  end  of  the  line  on  which  the  equation  appears  may  have  a 
distinctive  sign,  such  as  an  angle  mark  ( Z ),  to  indicate  that  the  equation 
employs  vectors.  Thus  the  equation 

E-IZi+IZt+IZi  volts  Z 

would  indicate  that  the  e.m.f .B  is  a vector,  and  can  be  represented  by  the 
polygonal  or  vector  sum  of  three  vector  elements.  In  this  case  the  unit  of  the 
equation  becomes  a “vector  volt." 

101.  The  international  metric  system.  There  are  only  three  uniti 
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isthe  metric  system — the  meter,  the  gram  and  the  liter,  with  decimal  deriva- 
tms  denoted  by  prefixes  common  to  all  parte  of  the  system,  including  all 
CG.8.  unite  and  electric  or  magnetic  unite. 


I5 
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10S.  The  Metric  Prefixes 

Mega-  — 1,000,000  — 10*  Greek  for  great 

Myria-  - 10,000- 10*  ~ 

Kilo-  - 1,000-10* 

Hecto-  - 100-10* 

Deka-  - 01-10» 

Deci-  —1/10  — 10“l  — A 

Centi-  -1/100  - lO-’-xJ, 

Milli-  - 1/1000  - 10-*  - iV&u 


Greek  for  10,000  as  in  word  myriad 
Greek  for  1,000 
Greek  for  100 
Greek  for  10 

— Latin  for  10  as  in  U.  S.  dime 

— Latin  for  100  as  in  U.  S.  cent 
Latin  for  1,000  as  in  U.  8.  mill 


s i 


a 


Greek  Micro-  - 1/1,000,000  - 10"«  - Greek  for  small 
MiUimicro  is  used  for  10"°  and  micromicro  for  10"1*. 

1M.  Examples  of  use  of  prefixes.  The  length  of  1 statute  English  mile 
k expressed  in  the  metric  system  as  1609.33  meters  or  1609.33  m.  This 
nay  also  be  expressed  as:  1 .60933  kilometers  or  1 . 60933  km. 
or  16.0933  hectometers  or  160933  centimeters 

“ 160.933  deka  meters  “ 1609330  millimeters 

M 16093.3  decimeters  “ 1 . 60933 X 10*  microns 

The  prefix  may  be  regarded  either  as  designating  a secondary 
osit  decimally  related  to  tho  primary  unit,  or  as  indicating  a 
cteafe  in  the  decimal  point  of  the  number  expressing  the  di- 
aeaaons,  without  changing  the  unit.  Just  as  the  unit  of 
American  currency,  the  dollar,  may  be  expressed  either  as  1 
dollar,  10  dimes.  100  cents,  or  1 .000  mills,  so  each  of  the  terms 
dime,  oent,  and  mill  may  be  regarded  either  as  defining  a sec- 
ondary unit  decimally  related  to  the  dollar;  or  as  changing  the 
place  of  the  decimal  in  expressing  a sum  of  money,  without 
departing  from  the  dollar  unit;  since  $10.93  — 109.3  dimes 
- 1093  cents  — 10,930  mills. 

164.  Pig.  S shows  to  scale,  a length  of  1 decimeter,  or 
sheet  ooe  hand's  breadth.  This  is  one-tenth  of  a meter. 

Undivided  into  10  parts,  each  l/100th  of  a meter  or  1 ccnti- 
Each  centimeter  is  again  divided  into  10  parts,  each 
1,1000th  of  a meter  or  1 millimeter. 

166.  If  a cube  is  formed  of  decimeter  edges,  the  volume 
of  the  cube  is  a cubic  decimeter,  and  is  called  a liter.  It  is 
about  midway  between  a dry  U.  8.  quart  and  a liquid  U.  S. 

Qwt ; to  that  a liter  may  be  regarded  for  rough  purposes  as 
x quart.  One  cubic  centimeter  of  water  weighs  1 g.  So 
that  s liter  of  water  weighs  1,000  g.  or  a kilogram,  which  is 
Rflfhly  2 lb.  avoirdupois  (2.205  lb.) 

IN.  Metric  length.  1 meter  — 39.37  U.  8.  inches  or 
fteridy  S yard  or  exactly  3 ft.  3 in.  + § in.  H-  A in.  + in. 

Common  decimal  derivatives  are  the  kilometer  (km.)  of 
K’Whlyt  statute  mile;  the  centimeter  (cm.)  roughly  finch; 
the  millimeter  (mm.)  roughly  inch. 

19T.  Metric  area.  1 so.  m.  — 1.196  sq.  yd.  or  roughly 
t square  yard,  and  decimal  derivatives,  such  as  the  square 
wsiaeter,  or  square  millimeter.  In  land  measure,  a square 
driameter  or  an  area  10  m.  by  10  m.  — 100  sq.  m.  is  called  an 
v.  A square  100  m.  by  100  m.  — 10,000  sq.  m.,  contains  100 
■serial  hectar  and  forms  the  metric  acre.  1 hectar  — 2.471 
kr*-  The  square  kilometer  contains  just  100  hectare. 

161.  Metric  volume.  1 cu.  m.,  sometimes  called  a stere. 

• 1.308  cu.  yd.  or  roughly  1|  cu.  yd. 

166.  Metric  men.  l.g.  the  mass  of  1 cu.  cm.  of  water. 

Cttamon  decimal  derivatives  are  the  kilogram,  or  the  mass 
® l liter  of  water;  the  megagram,  or  metric  ton,  the  mass 
d 1 eu.  m.  of  water.  The  metrio  ton  (1,000  kg.)  is  a little  less 
uta  the  long  ton  (0.984)  so  that  for  many  purposes  it  may 
" taken  as  a long  ton. 
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110.  Fundamental  Units 
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Value  in  1 
C.G.S. 

© 

X 

00 
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30.48 

© 

X 

05 

00 
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Practical  units 
English 

Pound  (av.) 
weight 

Foot  per  sec. 
per  sec. 

Pound  per 
square  inch 

Pound  per 
square  inch 

Pound-perp.-foot 

Abbrevi- 

ation 

dyne  per 
cm. 

Bar 

dyne  per 
sq.  cm. 

ft 

v . 

fa 

6 o 
c 
>> 

•o 

C.G.S.  units 

Dyne 
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Condennivo 


M T~x  Af  T~l  Gram  per  second  | g.  per  sec. 


117.  Photometric  Unite  ft 
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UNITS,  FACTORS , AND  TABLES  Sec.  1-118 


* N = number  of  turns.  ••  6 = temperature,  f H “ heat,  ft  Dimensional  formulas  deduced  by  Carl  Hering.  J Taken 
from  Carl  Bering's  “Conversion  Tables.”  $$  By  assuming  the  dimensional  formula  of  tftobeL2  T~\ the  dynamical  and  thermal 
formulas  become  identical;  they  are  given  in  the  last  column. 
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111.  Dty  Measure  (volume) 


Sec.  1-122 
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• A cord  ie  the  volume  of  a rectangular  parallelepiped,  8 ft.  long,  4 ft.  wide,  and  4 ft.  high  — 128  cu.  ft. 
f The  board  foot  ie  customarily  144  sq.  in.  with  a thickness  of  1 in.  Lees  than  1 in.  thick  is  customari 
for  example,  a board  t in.  or  ft  in.  thick  would  be  counted  1 in.  thick  in  board  measure. 
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60  minims  — 1 fluid  dram 0.003697  270.5 

8 fluid  drachms  — 1 fluid  ounce • fl.  os.  0.02841  35.20 

8 fluid  drams  — 1 fluid  ounce fl.  os.  0.02957  33.82 


116.  liquid  Measure;  General 


The  barrel  and  larger  unite  are  practically  confined  to  the  measurement  of  oil,  wine  or  liquor  volumes. 
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CONVERSION  TABLES 
129.  Density  * 


Grams  per 
cu.  cm. 

Reciprocal 

1 lb.  av.  per  sq.  mil.  ft 

1 lb.  av.  per  circular  mil-ft 

1 lb.  av.  per  cu.  in 

1 lb  av  pnr  ft 

2.936X10* 

2.306X10* 

27.68 

0.01602 

0.003954 

0.0005933 

0.3406X10"* 

0.4337X10"* 

0.03613 

62.43 

252.9 

1,685 

1 grain  per  cu.  in 

1 lb.  av.  per  cu.  yd 

* Tables  for  converting  deg.  Baum. A (liquid  density)  to  specific  gravity  al 
60  deg.  fahr.,and  vice  versa,  are  given  in  Circular  No.  19,  Bureau  o! 
Standards,  pp.  31-35. 

120.  Time  Intervals 


Mean  solar 

days 

hours 

mins. 

secs. 

1 mean  solar  year. . 

1 week  of  7 davs  . . 
1 mean  Bolar  day  . . 

1 aider  ial  day 

1 mean  solar  hour 

1 Biderial  hour  . . . 
1 mean  solar  minute. 

365.2 

7.0 

1.0 

0.9973 

4. 167X10-* 
4. 155X10-* 
6. 944X10“* 

8,766 

168 

24 

23.93 

1 

0.9973 

1. 667X10-* 

5.26X10* 

1.008X10* 

1.440X10* 

1.436X10* 

60 

59.83 

1 

3.156X10* 

6.048X10* 

8.640X10* 

8.616X10* 

3.60X10* 

3.590X10* 

60 

121.  Solid  Angle 


Sphere 

Hemisphere 

Spherical 
right  angle 

Steradign 

1 sphere 

1 

0.5 

0.125 

0.07958 

2 

1 

0.25 

0.1592 

8 

4 

1 

0.6366 

12. 57A 

6 . 28$ 
1.572 

1 hemisphere 

1 spherical  right  angle 
1 steradian 

122.  Force 


Grams 

Weight 

Reciprocal 

Dynes 

Reciprocal 

1 lb.,  weight  avoird 
1 poundal 

453.6 

14.  10 
0.06480 

1 

0.9072X10* 

0.0010197 

1.0197X10* 

0.002205 

0.07092 

15.43 

1 

1.102  X10-* 
980.665* 
0.9807  X10"* 

4.448X10* 
1.383X10* 
63. 55 
980 . 6651 
0.8896X10* 

1 

10* 

0.2248X  10-' 
0.7233X  10~< 
0.01573 
0.0010197 

1 . 124  X 10-* 
1 

10“* 

1 grain,  weight  . . . 
1 gram,  weight  . . . 
1 short  ton,  weight 
1 dyne 

1 sthene 

X The  internationally  accepted  conventional  value  of  gravitational  a 
celeration  at  latitude  45  deg.  and  sea-level.  This  is  usually  adopt« 
although  later  researches  have  indicated  a slightly  different  value. 
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134.  Energy 


Sec.  1-134 


UNIT8 , FACTORS,  AND  TABLES 


WuttM  I Reciprocal  Kilowatts  Reciprocal  I Erga  per  aco.  Reciprocal 


UNITS,  P ACTORS,  AND  TABLES  Sec.  1-135 
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under  t ho  gravitational  force  of  London  (g  — 981.2),  corresponding  to  740. 0 watts,  or  under  the  standard  gravitational  force  con- 
ventional for  latitude  45°  (g  —980. 665)  corresponding  to  745.7  watts,  and  similarly  for  the  metric  horse-power.  Both  values  are 

therefore  offered. 

f 34.5  avoird.  lb.  water  evaporated  per  hour  from  and  at  212  deg.  fahr.  to  steam  at  this  temperature. 


Sec.  1-138 


UNITS , FACTORS,  AND  TABLES 


188.  Torque 


Grams  perp . 

cm. 

Reciprocal 

Dynesperp. 

cm. 

Reciprocal 

1 lb.-perp.-ft.* 

1 g.-perp.-cm  ..... 
1 dyne-perp.-cro  . . 

1.356X10’ 

980.665 

1 

0.7375X10  ’ 

0.0010197 

1 

137.  Linear  Velocity 


Metric  equivalent 

Meters  per  sec. 

Reciprocal 

1 ft.-per-sec 

0.3048 

0.005080 

0.4470 

0.2778 

0.5148 

3.281 

196.9 

2.237 

3.60 

1.943 

1 ft. -per- min 

1 mile- per- hr 

1 km.-per-hr 

1 knot,  or  naut-per-hr 

138.  Linear  Acceleration 


Meters  per 
sec.  per  sec. 

Reciprocal 

Km.  perlir. 
per  sec. 

Reciprocal 

1 ft.  per  sec.  per  sec 

0.3048 

3.281 

1.097 

0.9114 

1 mile  per  hr.  per  sec. . . . 

0.4470 

2.237 

1.609 

0.6214 

Standard  gravitation  g.  . 

9.80065 

0.10197 

35.30  { 

0.02833 

1 m.  per  sec.  per  sec 

1 

1 

3.600 

0.2778 

1 km.  per  hr.  per  sec 

0.2778 

3.600 

1 

1 

139.  Conversion  of  Angles  (plane) 


Angles 

De- 

grees 

Recip- 

rocal 

Grades 

Recip- 

rocal 

Radian 

Recip- 

rocal 

1 degree 

1 

1 

1.1111 

0.900 

0.01745 

57. » 

1 grade 

0.9 

1.111 

1 

1 

0.01571 

63.0 

1 radian 

57.30 

0.01745 

63 . 66 

0.01571 

1 

1 

1 quadrant 

90° 

0.01111 

100 

0.010 

x/2- 1.571 

0.6361 

1 revolution 

360° 

0.002778 

400 

0.00250 

2x  — 6 . 283 

0.159 

x radians 

180° 

0.005556 

200 

'0.005 

x-3.142 

0.318 

x/2  radians 

90° 

0.01111 

100 

0.010 

x/2- 1.571 

0.636 

x/4  radians 

45° 

0.02222 

50 

0.020 

x/4 -0.7854 

1 273 

2x  radians 

360° 

0.002778 

400 

0.0025 

2x  — 6.283 

0.159 

140.  Linear  Mass 

Gram  per  meter  Reciprocal 

1 lb.  per  linear  yard 496. 1 0.902016 

1 lb.  per  linear  foot 1488  0.0006720 

* A torque  is  the  product  of  a force  and  a length  taken  perpendicular! 
thereto.  Its  dimensions  are  therefore  those  of  force  X —}L  where  j — 
or  — Any  element  of  angle  is  also  the  ratio  of  an  element  of  a 

length  to  the  length  of  a radius  perpendicular  thereto,  or  has  dimensioi 
iL/L—j.  The  product  of  torque  ana  the  angle  through  which  it  advanc 
Is  thus  — /L*AT,T“*xy— which  are  the  dimensions  of  work, 
the  foregoing  direction  symbols  are  neglected,  a torque  appears  to  have  tl 
same  dimensions  and  nature  as  a work,  which  is  illogical.  A torque  of  1 
foroe  acting  at  a radius  of  1 cm.  is  thus  correctly  to  be  expressed  as  a gra 
perpendicular  centimeter  rather  than  as  a gram  centimeter. 
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Sec.  1-143 


UNITS , FACTORS . AAU>  TABLES 


14S.  Storage  of  Water 

1 acre-lt.  - 325,800  U.  8.  gal.  - 43,560  cu.  ft.  - 1613  cu.  jd.  - 1234  cu.  s 
1 gal.  - 0 . 3069  X 10“  » acre- ft. 

1 cu.  ft.  -0.2298X  10-*  acre-ft. 

I cu.  yd.  -0.00062  acre-ft. 

1 cu.  m.  —0.000811  acre-ft. 


144.  Temperature 


Scale 

Free  sing  point 
of  water 

Boiling  point 
of  water 

Interval 

Fahrenheit 

32  deg. 

1 212  deg. 

180  deg. 

Centigrade 

0 deg. 

100  deg. 

R6aumur 

0 deg. 

80  deg. 

80  deg. 

1 deg.  fahr.  — 0.5556  or  (|)  deg.  oent.  — 0.4444  or  (|)  deg.  r4a. 

1 deg.  cent.  — 0.8000  deg.  r6a.  — 1.800  deg.  fahr. 

1 deg.  r6a.  — 2.250  deg.  fahr.  — 1.250  deg.  oent. 

Absolute  xero  - —273.1  deg.  cent.  - —491 .6  deg.  fahr.  — —218, 

deg.  rlaumur. 

T«6«  — 273.1  + deg.  cent,  (in  cent,  scale) 

— 491.6  -f-  deg.  fahr.  (in  fahr.  scale) 

— 218.5  -f-  deg.  r6aumur  (in  rAaumur  scale) 

145.  Mechanical  equivalent  of  heat. 

1 B.t.u.  - 1.054  Joules  - 777.5  ft-lb.  - 0.2928  watt-hr.  -0.0003927 

1 Joule  - 0.7^75  ft. -lb.  - 0.0009488  B.t.u.  - 0.0002778  watt-hr. 

1 ft. -lb.  - 1 .356  joules  - 0.001286  B.t.u.  - 0.0003766  watt-hr.  ; 

1 watt-hr.  —3,600  Joules- 2.655  ft.-lb.  —3.415  B.t.u. 

Also  see  Par.  134  on  energy  conversion  factors. 

146.  Electrical  resistivity.  Resistivity  (see  also  Par.  53  and  115)  mi 
be  defined  quantitatively  either  in  terms  of  “mass  resistivity”  p»,  or 
“volume  resistivity”  p*.  The  defining  equation  of  mass  resistivity  is 

R M gram  ohms 

Pm  L L 1 meter* 

It  u the  product  of  the  linear  resistance  in  ohms  per  meter  and  the  line 
mass  in  grams  per  meter.  R is  the  resistance  of  the  wire  in  ohms,  M i 
mass  in  grams,  and  L its  length  in  meters.  A uniform  copper  wire  of  11 
per  oent.  conductivity  1 meter  long,  at  20  deg.  cent.,  ana  weighing  1 gi 
would  have  a resistance  of  0.15328  international  ohm.  The  denning  equ 
tion  of  volume  resistivity  is 

>’-R  l - \(l  ' r)  ~T  microhm-cm.  (1 

where  R is  the  resistance  of  the  wire  in  microhms,  A is  its  uniform  cr« 
sectional  area  in  sq  cm.,  L its  length  in  cm.  and  t the  density  of  the  wii 
At  20  deg.  cent.,  a wire  of  100  per  cent,  conductivity  1 cm.  long  and  of 
sq.  cm.  in  cross-section  would  have  a resistance  of  1.7241  microhms. 

Since,  in  accurate  measurements  of  wire  conductivity,  the  length,  weig! 
and  resistance  of  the  wire  are  always  determined,  the  mass  resistivity 
more  fundamental  than  the  volume  resistivity  in  engineering.  Their  rat 
is  the  density  6 when  the  units  employed  are  identical  in  both.  The  densi! 
of  copper  is  taken  as  8.90  gm.  per  cu.  cm.  at  0 deg.  /lent,  and  8.89  at  ! 
deg  cent.,  the  temperature  coefficient  of  linear  expansion  being  17X10* 
Owing  to  the  effects  of  expansion  the  temperature  coefficients  of  the  tx 
resistivities  are  not  identical.  See  Sec.  4 for  further  discussion  and  numeric 
values  of  resistivity,  density  and  temperature  coefficients.  Factors  f 
converting  resistivity  expressed  in  terms  of  any  of  the  customary  units 
corresponding  values  in  the  other  units  are  given  in  the  following  paragrap 
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S*c.  1-150 


UNITS,  FACTORS,  AND  TABLES 


100.  Conversion  of  Logarithms.  For  converting  logarithms  to  tin 
base  oy  to  another  base  6: 

• (12: 

log  a fexlogfc  0-1  (13 

Common  or  Briggs  logarithms  are  computed  from  the  base  of  10 
while  hyperbolic  logarithms  are  oomputed  from  the  base  • or  2.7183 
Therefore 


101.  The  Greek  Alphabet 


Name 

Large 

Small 

Commonly  used  to  designate 

alpha 

A 

a 

angles,  coefficients. 

beta 

B 

0 

angles,  coefficients. 

gamma 

r 

y 

specific  gravity, 
density,  variation. 

delta 

A 

6 

epsilon 

E 

c 

base  of  hyperbolio  logarithms. 

seta 

z 

r 

co-ordinates,  coefficients. 

eta 

H 

* 

hysteresis  (Stein mets)  coefficient,  efficiency 

theta 

iota 

isses. 

e 

i 

9 

angular  phase  displacement,  time  constant 

K 

A 

K 

\ 

dielectric  constant,  susceptibility, 
conductivity. 

mu 

M 

M 

permeability. 

nu 

N 

¥ 

reluctivity. 

xi 

2 

f 

output  coefficient. 

omicron 

O 

O 

pi 

11 

r 

circumference  -+•  diameter. 

rho 

P 

P 

resistivity. 

sigma 

X 

9 

(cap.),  summation;  leakage  coefficient. 

tau 

T 

T 

time-phase  displacement,  time  constant 

upsilon 

T 

V 

phi 

* 

* 

flux. 

chi 

X 

X 

psi 

♦ 

* 

angular  velocity  in  time. 

omega 

Q 

ta 

(small),  angular  velocity  in  space. 
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Sec.  1-163 


VNIT8,  FACTORS,  AND  TABLES 


UNITS,  FACTORS , AND  TABLES  Sec.  1-154 


1M.  Natural  Taagtntf  and  Cotangent* 

Not*. — For  cotangents  use  right-hand  column  of  degrees  and  lower  line  of 
tenths 
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UNITS,  FACTORS , AND  TABLBS 
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VNJT8 , FACTORS . ^iV2)  TABLES  Sec.  1-155 


N 


10 

11 

12 

13 

14 

15 

16 

17 

18 
19 


50 

61 

52 

53 

54 


1M.  Logarithms  of  Numbers 


0 

F 

2 

3 

4 

5 

6 

7 

8 

9 

0000 

0043 

0086 

0128 

0170 

.0212 

0253 

0294 

0334 

0374 

0414 

0453 

0492 

0531 

0569 

0607 

0645 

0682 

0719 

0755 

0792 

0828 

0864 

0899 

0934 

0969 

1004 

1038 

1072 

1106 

1139 

1173 

1206 

1239 

1271 

1303 

1335 

1367 

1399 

1430 

1461 

1492 

1523 

1553 

1584 

1614 

1644 

1673 

1703 

1732 

1761 

1790 

1818 

1847 

1875 

1903 

1931 

1959 

1987 

2014 

2041 

2068 

2095 

2122 

2148 

2175 

2201 

2227 

2253 

2279 

2304 

2330 

2355 

238d 

2405 

2430 

2455 

2480 

2504 

2529 

2553 

2577 

2601 

2625 

2648 

2672 

2695 

2718 

2742 

2765 

2788 

2810 

2833 

28f6 

2878 

2900 

2923 

2945 

2967 

2989 

3010 

3032 

3054 

3075 

3096 

3118 

3139 

3160 

3181 

3201 

3222 

3243 

3263 

3284 

3304 

3324 

3345 

3365 

3385 

3404 

3424 

3444 

3464 

3483 

3502 

3522 

3541 

3560 

3579 

3598 

3617 

3636 

3655 

3674 

3692 

3711 

3729 

3747 

3766 

3784 

3802 

3820 

3838 

3856 

3874 

3892 

3909 

3927 

3945 

3962 

3979 

3997 

4014 

4031 

4048 

4065 

4082 

4099 

4116 

4133 

4150 

4166 

4183 

4200 

4216 

4232 

4249 

4265 

4281 

4298 

4314 

4330 

4346 

4362 

4378 

4393 

4109 

4425 

4440 

4456 

4472 

4487 

4502 

4518 

4533 

4548 

4564 

4579 

4594 

4609 

4624 

4639 

4654 

4669 

4683 

4698 

4713 

4728 

4742 

4757 

4771 

4786 

4800 

4814 

4829 

4843 

4857 

4871 

4886 

4900  . 

4914 

4928 

4942 

4955 

4969 

4983 

4997 

5011 

5024 

5038 

5051 

5065 

5079 

5092 

5105 

5119 

5132 

5145 

5159 

5172 

5185 

5198 

5211 

5224 

5237 

5250 

5263 

6276 

5289 

5302 

5315 

5328 

5340 

5353 

5366 

5378 

5391 

5403 

5416 

5428 

5441 

5453 

5465 

5478 

5490 

5502 

5514 

5527 

5539 

5551 

5563 

5575 

5587 

5599 

5611 

5623 

5635 

5647 

5658 

5670 

5682 

5694 

5706 

5717 

5729 

5740 

5752 

5763 

5775 

5786 

5798 

5809 

5821 

5832 

5843 

5855 

5866 

5877 

5888 

5899 

5911 

5922 

5933 

5944 

5955 

5966 

5977 

5988 

5999 

6010 

6021 

6031 

6042 

6053 

6064 

6075 

6085 

6096 

6107 

6117 

6128 

6138 

6149 

6160 

6170 

6180 

6191 

6201 

6212 

6222 

6232 

6243 

6253 

6263 

6274 

6284 

6294 

6304 

6314 

6325 

6335 

6345 

6355 

6365 

6375 

6385 

6395 

6405 

6415 

6425 

6435 

6444 

6454 

6464 

6474 

6484 

6493 

6503 

6513 

6522 

6532 

6542 

6551 

6561 

6571 

6580 

6590 

6599 

6609 

6618 

6628 

6637 

6646 

6656 

6665 

6675 

6684 

6693 

6702 

6712 

6721 

6730 

6739 

6749 

6758 

6767 

6776 

6785 

6794 

6803 

6812 

6821 

6830 

6839 

6848 

6857 

6866 

6875 

6884 

6893 

6902 

6911 

6920 

6928 

6937 

6946 

6955 

6964 

6972 

6981 

6990 

6998 

7007 

7016 

7024 

7033 

7042 

7050 

7059 

7067 

7076 

7084 

7093 

7101 

7110 

7118 

7126 

7135 

7143 

7152 

7160i 

7168 

7177 

7185 

7193 

7202 

7210 

7218 

7226 

7235 

7243 

7251 

7259 

7267 

7275 

7284 

7292 

7300 

7308 

7316 

7324 

7332 

7340 

7348 

7356 

7364 

7372 

7380 

7388 

7396 
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Logarithms  of  Numbers. — Concluded 


N 

0 

1 

R 

3 

4 

5 

1 6 1 

7 

8 

9 

55 

7404 

7412 

7419 

7427 

7435 

7443 

7451 

7459 

7466 

7474 

56 

7482 

7490 

7497 

7505 

7513 

7520 

7528 

7536 

7543 

7551 

57 

7559 

7566 

7574 

7582 

7589 

7597 

7604 

7612 

7619 

7621 

58 

7634 

7642 

7649 

7657 

7664 

7672 

7679 

7688 

7694 

7701 

59 
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SECTION  2 


ELECTRIC  AND  MAGNETIC  CIRCUITS 

ELECTRIC  POTENTIAL 

1.  The  cause  of  an  elec  trio  current  in  a circuit  is  termed  the  electro- 
motive force  or  voltage.  The  latter  name  is  derived  from  the  praotical 
unit  of  electromotive  force  called  the  volt.  The  current  between  two  points 
in  a circuit  is  due  to  a different  electric  state  or  “potential”  at  each  point; 
for  this  reason  the  electromotive  force  or  voltage  is  sometimes  called  the 
difference  of  potential. 

8.  The  electric  energy  (IF)  developed  or  absorbed  by  an  electric  circuit 
may  be  considered  due  to  the  actual  flow  of  an  incompressible  something 
which  we  call  electricity.  From  this  point  of  view,  the  quantity  of  electricity 
Q which  is  transferred  between  two  points  of  the  circuit  is  the  quantity  factor 
of  the  energy,  while  the  difference  of  potential,  or  the  voltage  E between  the 
same  points,  is  the  intensity  factor  of  the  energy  ; or 

W-QE.  (1) 

When  Q is  in  coulombs,  and  E in  volts,  W is  in  joules  (watt-seconds). 
Hence,  electromotive  force  or  voltage  may  also  be  defined  as  electrical  energy 
developed  or  work  done  per  unit  quantity  of  electricity. 

8.  Electric  Power. — Dividing  both  sides  of  the  preceding  equation  by 
the  time  which  it  takes  for  the  quantity  Q to  flow  through  a cross-section  of 
the  circuit,  we  get 

P-IE,  (2) 

where  P is  the  power,  and  I the  rate  of  flow  or  the  current.  The  e.m.f.  can 
thus  be  defined  as  the  power  developed  per  unit  of  current, 

4.  The  principal  sources  of  electromotive  force  or  difference  of  poten- 
tial are  the  following: 

(a)  Electromagnetic  induction  (see  Par.  86) ; 

(b)  Contact  of  dissimilar  substanoes  (see  Par.  8) ; 

(c)  Thermo-electric  action  (see  Par.  8); 

(d)  Chemical  action  (Sec.  20) ; 

(e)  Friction  between  dissimilar  substances  (see  Sec.  22). 

In  tne  light  of  the  modern  electrical  theory,  all  these  phenonema,  with  the 
exception  of  (a),  appear  to  be  but  special  cases  of  the  general  contaot  action. 

8.  In  a circuit  made  up  of  several  substances,  a difference  of  potential 
(e.m.f.)  exists  at  each  junction  of  two  unlike  substances.  However,  from 
the  law  of  conservation  of  energy  it  follows  that  unless  the  circuit  contain 
a source  of  energy,  the  resultant  e.m.f.  in  the  circuit  must  be  sero  and  no 
current  can  be  established.  This  phenomenon  also  takes  place  in  circuits 
made  up  of  a single  substance  whenever  the  substance  is  not  physically  and 
chemically  homogeneous.  The  following  are  the  principal  cases  of  thermal 
and  contaot  action: 

(a)  Seebeck  effect.  In  a closed  circuit  consisting  of  two  different  metals,  if 
the  two  junctions  are  kept  at  different  temperatures,  a permanent  current 
will  flow.  Thus,  if  one  junction  of  a cooper-iron  circuit  De  kept  in  melting 
ice  and  the  other  in  boiling  water,  it  will  be  found  that  a current  passes  from 
copper  to  iron  across  the  not  junction.  If,  however,  the  temperature  of  the 
hot  | unction  be  raised  gradually,  the  e.m.f.  in  the  circuit  slowly  reaches  a 
maximum,  then  sinks  to  sero,  and  finally  is  reversed. 

(b)  Peltier  effect.  When  a current  is  passed  across  the  junction  between 
two  different  metals,  an  evolution  or  an  absorption  of  heat  takes  place. 
This  effect  is  different  from  the  evolution  of  heat  (i*r),  due  to  the  resistance 
of  the  junction,  and  is  reversible,  heat  being  evolved  when  the  current 
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paces  one  way  aoroos  the  junction  and  absorbed  when  the  current  passes  in 
the  other  direction.  There  is  a definite  relation  between  the  direction  of  the 
thermo-electric  current  and  the  sign  of  the  Peltier  effect.  If  a current  be 
forced  across  a junction  in  the  same  direction  as  the  thermo-elec  trio  current 
flows  at  the  hot  junction,  the  junction  will  be  cooled,  that  is,  heat  will  be 
tborbed.  Conversely,  a current  passing  in  the  normal  direction  across  the 
cold  junction  of  a thermo-electric  circuit  evolves  heat.  In  general,  then,  a 
thermo-electric  current  absorbs  heat  at  the  hot  junction  and  gives  up  heat  at 
the  cold  junction.  Therefore,  a current  produced  in  the  same  direction  by 
external  means  must  cool  off  the  junction  which  serves  as  the  “ hot"  junction 
tad  warm  up  the  “cold**  junction. 

(e)  Thomson  effect.  In  a copper  bar,  heat  is  carried  with  the  electric 
esnsnt  when  it  flown  from  hot  regions  to  cold  ones;  on  the  other  hand, 
vhn  the  current  flows  from  cold  regions  to  hot  ones,  these  hot  parts  of  the 
bw  are  cooled.  In  iron  these  effects  are  reversed.  The  conductor  may  be 
thought  of  as  composed  of  a number  of  little  elements  of  volume,  at  the 
jasehons  between  which  occur  reversible  heat  effects,  similar  to  Peltier 
efeets  at  the  junctions  between  different  metals. 

(d)  Volta  effect,  or  contact  electrification.  When  pieoee  of  various 
astanals  are  brought  in  contact,  an  e.m.f.  is  developed  between  them. 
This,  in  the  case  of  ainc  and  copper,  sino  becomes  charged  positively  and 
copper  negatively.  According  to  the  electron  theory,  different  substances 
PQSMs  different  tendencies  to  give  up  their  negatively  charged  corpuscles, 
the  fives  them  up  very  easily;  therefore  a number  of  negatively  charged 
putidae  pass  from  it  to  copper.  Measurable  e.m.f®.  are  observed  even 
between  two  pieces  of  the  same  substance,  having  different  structures;  for 
ioilsace  between  a piece  of  cast  copper  and  electrolytic  copper.  Frictional 
dectridty  is  explained  in  a similar  way,  only  a more  intimate  contact  is 
Measly  where  the  conductivities  of  the  substances  are  small. 

I.  literature  references.  For  a detailed  treatment,  curves  and  mathe- 
matical theory  of  thermo-electric  and  contact  phenomena  see  Maxwell,  J.  C., 
" Bectricity  and  Magnetism,”  Vol.  LArts.  246  et  seq.:  Encyclopedia  Bri- 
Uaaica,  under  “ Thermo-electricity”;  Whetham,  W.  C.  D..  **  The  Theory  of 
Experimental  Electricity,”  Chap.  6;  Brooks  and  Poyser,  *'  Magnetism  and 
Bsetricity,”  Chap.  28.  For  an  explanation  of  thermo-electric  effects  in  the 
hnctage  of  the  electron  theory  see  Fournier  d’Albee,  “The  Electron 
Theory, ” Chap.  5;  Thomson,  J.  J.,  “The  Corpuscular  Theoiy  of  Matter,” 
73  and  97;  Campbell,  N.  R.,  ” Modem  Electrical  Theory,  pp.  118-124. 

T.  Ths  value  of  the  e.m.f.  at  a junction  of  unlike  substances 
upends  upon  the  kind  of  substances,  and  is  approximately  proportional  to 
tbe  temperature.  The  e.m.f.  generated  in  this  way  can  be  utilised  as  a 
“ensure  of  temperature.  For  temperature  rises  up  to  200  deg.  cent. 

«-*!<  + ***.  (3) 

“d  for  temperature  rises  above  200  deg.  cent. 

log  e — Jfca  log  l+k*  (4) 

A more  general  formula  is 

e-a+K+cf*  (5) 

Tbs  quantities  Jh,  fet,  As,  *4,  a,  b and  c are  constants. 

1 Thermocouples  and  batteries.  In  order  to  utilise  these  contact 
1*1*.,  means  must  be  devised  to  supply  energy  to  the  system  continuously. 
There  are  two  ways  of  doing  this,  namely,  by  heat  and  by  chemical  reaction. 
TV  thermocouple  is  an  example  of  the  former,  and  the  battery  an  example 
* the  latter.  For  further  discussion  of  thermocouples  see  Sec.  3.  Batteries 
“ treated  in  Bee.  20. 


KLKOTRIC  CUBRBNT8 


t An  electric  current  is  defined  as  the  rate  of  flow  of  electricity,  or  the 
usstity  of  electricity  which  flows  through  a cross-section  of  the  circuit  per 
“it  time.  If  the  current  I is  steady,  then 


'4 


(6) 


If  Q is  the  quantity  of  electricity  in  coulombs,  and  V the  time  in  seconds, 
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the  current  I la  in  amperes.  When  the  rate  of  flow  is  non-uniform,  the  in- 
stantaneous current  is 


(7) 


for  a classification  of  electric  currents  see  the  Standardisation  Rules  of  the 
American  Institute  of  Electrical  Engineers,  Sec.  24. 


10.  Steady  and  transient  states.  An  electric  circuit  may  be  in  a 
steady  or  in  a transient  state.  When  a current  is  continuous,  or  when  it 
varies  periodically  between  the  same  limits  and  according  to  the  same  law, 
the  cirouit  is  said  to  be  in  a steady  state.  For  instance,  the  mrcuit  of  an 
alternator  is  steady  as  long  as  the  load,  speed  and  field  excitation  are  kept 
constant.  The  same  cirouit  is  in  a transient  state  when  the  load  is  switched 
on  or  off,  or  when  it  is  varied  in  such  a way  that  the  same  conditions  do  not 
repeat  themselves  periodical!  v.  A transient  current  may  be  periodic,  foi 
instance  in  a rectifier,  in  which  cycles  follow  in  such  rapid  succession  that 
the  current  is  very  different  from  the  permanent  value  which  it  would  grad- 
ually assume. 

11.  ▲ direct  current  given  out  by  a chemical  battery  is  oonstant  in 
value,  or  continuous,  when  the  load  is  constant.  A current  delivered  undei 
the  same  cofiditions  by  an  electrio  generator  or  a rectifier  is  pulsating, 
that  is,  it  varies  periodically  due  to  a finite  number  of  commutator  segments, 

IS.  An  alternating  current  may  vary  according  to  the  simple  sine  law 
(Par.  162),  or  according  to  a more  complicated  periodic  law.  In  the 
latter  case  the  current  may  be  resolved,  for  purposes  of  theory  and  analysis, 
into  a fundamental  sine  wave,  and  sine  waves  of  higher  frequencies  (Par 
209).  Sometimes  a complex  alternating  current  or  voltage  is  replaced  foi 
practical  purposes  by  an  equivalent  sine-wave. 

IS.  Transient  currents  may  be  oscillating  or  non-oscillating,  ac- 
cording to  the  conditions  in  the  circuit.  Oscillations  are  due  to  periodi* 
transformations  of  the  electrostatic  energy  stored  in  the  dielectric  into  th< 
electromagnetic  energy  of  the  magnetic  flux  linking  with  the  current 
During  these  transformations  part  of  the  energy  is  converted  into  th< 
Joulean  (»*r)  heat  in  the  conductors  and  in  surrounding  metallic  objects 
including  the  iron  of  the  magnetic  circuit.  Part  of  the  energy  is  also  con- 
verted into  the  heat  caused  by  magnetic  and  dielectric  hysteresis.  Th< 
oscillations  are  thus  damped  out,  and  their  amplitude  decreases.  When  tb< 
conditions  are  particularly  favorable  for  the  conversion  into  heat  (higl 
resistance  in  senes,  or  low  resistance  in  parallel),  both  the  electrostatic  an< 
the  electromagnetic  energy  are  directly  converted  into  heat,  instead  of  bcim 
partly  converted  into  one  another.  This  conversion  into  heat  is  an  in* 
versible  phenomenon,  so  that  in  this  case  the  current  is  non-oscillating,  bu 
gradually  reaches  its  final  value.  When  it  is  desired  to  maintain  oecilla 
tions  as  long  as  possible  (wireless  telegraphy)  the  series  resistance  must  b< 
kept  down  as  low  as  possible.  When  oscillations  are  harmful  (switching  ii 
long  cables  or  transmission  lines),  extra  resistance  is  temporarily  connect** 
in  tne  circuit. 


14.a  Conductors  and  Insulators.  For  practical  purposes,  material 
used  in  electrical  engineering  are  divided  into  conductors  ana  insulators,  j 
conducting  material  allows  a continuous  cuccent  to  pass  through  it  under  til 
action  of  a continuous  e.m.f.  An  insulator  (more  correctly  called  a dialog 
trie)  allows  only  a brief  transient  current  which  charges  it  elect rostaticalli 
This  charge  or  displacement  of  electricity  produces  a counter-e.m.f.  eqta 
and  opposite  to  the  applied  e.m.f.,  and  the  flow  of  current  oeases.  The 
vision  into  conductors  $nd  dielectrics  is  not  strictly  correct,  but  is  oonveni« 
for  practical  purposes.  A substance  may  practically  stop  the  flow  of  cucreMl 
when  the  applied  voltage  is  sufficiently  low.  And  at  the  same  time  be  unstil 
able  as  an  insulator  at  high  voltages.  Some  materials  which  are  practical 
non-conducting  at  ordinary  temperatures  become  good  conductors  who 
sufficiently  heated.  For  numerical  data  and  tables  of  conducting  afl 
insulating  properties  of  the  principal  materials  used  in  practice  see  Sec.  4J 
If.  The  electronic  theory  of  conduction.  According  to  the  mode* 
electronic  or  corpuscular  theory  of  electricity,  there  is  an  indivisible  atom! 
negative  electricity,  called  the  electron  or  the  corpuscle.  Atoms  of  mat! 
consist  of  one  or  more  electrons  and  an  unknown  something  which  has  tl 
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utve  of  positive  electricity.  A negatively  charged  particle  of  matter  is 
oar  in  which  there  are  more  electrons  than  necessary  to  neutralise  its  positive 
dectririty.  A positively  electrified  body  is  one  which  has  lost  some  of  the 
electrons  it  had  in  the  neutral  state. 

11  Metals  and  other  solid  conductors  supposedly  possess  free  or 
roaming  electrons*  in  addition  to  those  associated  with  the  molecules. 
These  free  electrons  are  in  rapid  motion  as  if  they  were  the  particles  of  a gas 
inolved  in  the  metal.  When  an  e.m.f.  is  applied,  each  electron  gains  a 
tompooent  velocity  which,  on  account  of  its  negative  charge,  is  in  the  oppo- 
se direction  to  the  e.m.f.  This  drift  of  electrons  is  equivalent  to  a current. 
U their  motion  the  electrons  come  in  collision  with  the  molecules  and  give 
vp  pert  of  their  momentum.  This  loss  is  supposed  to  account  for  the 
JooKsn  (**r)  heat  set  free  in  all  conductors.  Also  see  Sec.  22. 

IT.  Electrolytes.  In  liquids  which  are  chemical  compounds  (electro* 
Irtss)  the  passage  of  an  electric  current  is  accompanied  by  a chemical 
decomposition.  Atoms  of  metals  and  hydrogen  travel  through  the  liquid 
in  the  direction  of  the.  positive  current,  while  oxygen  and  acid  radicals 
trftvd  against  the  positive  current.  Thus,  while  in  solid  conductors  elec- 
tricity travels  across  the  matter,  in  electrolytes  it  travels  with  the  matter. 
For  details  of  electrolytic  conduction  see  See.  19. 

It.  Gases  In  the  normal  state  conduct  electricity  only  to  a slight 
degree.  A gas  may  be  put  in  the  conducting  state  by  different  means,  such 
m ifthing  its  temperature,  drawing  it  from  the  neighborhood  of  flames,  arcs, 
or  dosing  metals  or  from  a space  in  which  an  electric  discharge  is  passing, 
etf.  This  conductivity  is  due  to  electrons  which  form  electrified  particles 
oiled  vp  with  the  gas  (ions).  The  prooees  by  which  a gas  is  made  into  a 
roodoetor  is  called  the  Ionisation  of  the  gas.  The  movement  of  free 
electrons  constitutes  the  current  through  the  gas.  * Also  see  See.  19. 

CONTINUOUS-CURRENT  CIRCUITS 

It.  Ohm's  law.  When  the  current  in  a conductor  is  steady  and  there 
are  so  electromotive  forces  within  the  conductor,  the  value  of  the  current  • 
U proportional  to  the  voltage  e between  the  terminals  of  the  conductor,  or 
e«r»  (8) 

■here  the  coefficient  of  proportionality  r is  called  the  resistance  of  the 
conductor.  The  same  law  may  be  written  in  the  form 

(9) 

when  the  coefficient  of  proportionality  g — 1/r  is  called  the  conductance 
rf  the  conductor.  When  the  current  is  measured  in  amperes  and  the  elec- 
tromotive force  in  volts,  the  resistance  r is  in  ohms  and  g is  in  mhos. 

When  there  is  a counter-electromotive  force  tc  within  the  conductor, 
fWi  law  becomes 

et-te  — ri,  (10) 

»-y(ci  — ee),  (11) 

when  tt  is  the  voltage  between  the  terminals  of  the  conductor. 

It.  For  cylindrical  conductors  the  resistance  is  proportional  to  the 
ngth  {,  and  inversely  proportional  to  the  cross-section  A,  or 

r-pj,  (12) 

where  the  coefficient  of  proportionality  p (rho)  is  called  the  resistivity  (or 

•petific  resistance)  of  the  material.  For  numerical  values  of  p for  various 
■sterials  see  Sec.  4. 

The  conductance  of  a cylindrical  conductor  is 

(13) 


* For  the  original  development  of  the  eleotronie  theory  and  ita  application 
to  various  electric  and  magnetic  phenomena  see  numerous  books  and  articles 
Jr  Sir  3,  J.  Thomson.  Apopular  exposition  of  the  results  will  be  found  in 
•Wider  d’Albee’s  *’  The  Electron  Theory  ” and  in  a somewhat  more  advanced 
“Modern  Electrical  Theory'’  by  N.  R.  Campbell  and  in  “The  Electron 
Theory  of  Matter  ” by  O.  W.  Richardson. 
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where  X (lambda)  is  called  the  oonduettvlty  of  the  material.  Since  g—  1/ 
the  relation  aleo  holds,  that 


For  the  calculation  of  resistance  of  non-cyiindrioal  conductors  see  t] 
author's  “Electrio  Circuit,"  Chap.  Ill,  and  the  references  given  there. 

SI.  Temperature  coefficient.  The  resistance  of  a conductor  vari 
with  the  temperature  according  to  a rather  complicated  taw.  The  resistan 
of  all  metals  and  of  practically  all.  alloys  increases  with  the  temperatui 
The  resistance  of  carbon  and  of  electrolytes  decreases  with  the  temperatui 
For  numerical  values  see  8ec.  4.  For  many  materials  the  variation  of  r 
sistance  with  the  temperature  can  be  represented  by  the  relation 

ri-r.(l+<*0  (1. 

where  ri  is  the  resistance  at  l deg.  cent.,  r.  the  resistance  at  0 deg.  cent.,  ar 
a (alpha)  is  called  the  temperature  coefficient  of  the  material.  For  numeric 
values  of  a for  various  materials  see  Sec.  4.  _ When  the  resistance  of  a materi 
increases  with  the  temperature,  a is  positive;  otherwise  it  is  negative.  F> 
other  formulas  see  Sec.  4. 

Si  Resistances  and  conductances  in  series.  When  two  or  mo; 
resistances  are  connected  in  series  the  equivalent  resistance  of  the  combin 
tion  is  equal  to  the  Bum  of  the  resistances  of  the  individual  resistors,  or 

r^e-n-Hrt+etc.  (1< 

When  conductances  are  connected  in  series,  the  equivalent  conductam 
g*q  is  determined  from  the  relation 


0* 


1_ 

Oi 


+-**+-eto.t 

0 a 


(r 


in  other  words,  when  two  or  more  conductors  are  connected  in  series,  tl 
reciprocal  of  the  equivalent  conductance  is  equal  to  the  sum  of  the  reciproca. 
of  the  individual  conductances. 


22.  When  resistances  are  connected  In  parallel,  the  equivalent  re 
sistance  rn  is  determined  from  the  relation 


— -fete.  (IS 

. , r«  r»  r* 
or  simply 

etc.  (IS 

24.  The  simple  rule  is:  Resistances  are  added  when  in  series;  con 
ductances  are  added  when  in  parallel.  In  the  case  often  met  in  practic 
when  two  resistances  are  connected  in 
parallel 


T* " rT+ri ' (20)  -A*- 

28.  Series-parallel  circuits.  In 
a combination  like  the  one  shown  in 
Fig.  1,  where  some  of  the  resistances 
are  in  series,  some  in  parallel,  and  _ 
where  it  is  required  to  find  the  equiva-  * 
lent  resistance  between  A and  B , the 


-AWWW- 


N 


Eroblem  is  solved  step  by  step,  by  com-  Fio.  1. — Series-parallel  circuit. 

ining  the  resistances  in  series,  con- 
verting them  into  conductances  and 

adding  them  with  other  conductances  in  parallel.  For  instance,  in  the  css 
shown  in  Fig.  1 begin  by  combining  the  resistances  rs  and  R into  one,  an< 
determine  the  corresponding  conductance 


1 

(R+rt)’ 

add  this  conductance  to  the  conductance  1/ro.  This  will  give  the  total  oon 
ductanoe  between  the  points  M and  N.  The  reciprocal  of  it  gives  the  equiva 
lent  resistance  between  the  same  points.  The  total  resistance  between  tal 
points  A and  B is  found  by  adding  n to  this  resistance.  < When  a network  4 
conductors  cannot  be  reduced  to  a series-parallel  combination,  the  problea 
is  solved  as  shown  in  Par.  22. 
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1C.  Power  and  energy.  When  a steady  current » flows  through  a con- 
ductor and  the  voltage  across  the  terminals  of  the  conductor  is  «,  the  power, 
or  the  energy  per  unit  time,  delivered  to  the  conductor  is 

P«=ei.  (21) 

If  the  current  is  expressed  in  amperes  and  the  potential  in  volts,  the  power 
P is  in  watts  (joules  per  second).  When  the  voltage  and  the  current  are 
variable,  their  instantaneous  values  being  represented  by  e and  i respect- 
ively, the  preceding  equation  gives  the  instantaneous  power,  that  is  the 
instantaneous  rate  at  which  energy  is  being  delivered  to  the  conductor. 

The  total  energy  delivered  to  the  conductor  during  a time  t is 

W-eit-eQ,  (22) 

where  Q is  the  total  quantity  of  electricity  (coulombs)  which  passed  through 
the  conductor.  If  Q is  in  coulombs  (ampere-seconds),  W is  in  joules  (watt- 
la).  When  the  voltage  and  the  current  are  variable  the  total  energy 
\ by 


n* 

W — I eidt, 

Jti 


(23) 


where  the  time  interval  is  ti—ti. 

17.  Joule’s  law.  When  the  conductor  contains  ohmic  resistance  only 
ud  no  counter-electromotive  forces,  we  have  i/p,  so  that  the  power 

<1  «i 

P-iV---  — (24) 

This  expression  is  known  as  Joule's  law. 

tt.  If  the  conductor  contains  a counter-e.m.f.,  for  instance, 
that  of  a motor  or  of  a battery,  the  power  is  given  by 

P-«ri  — eet-HV,  (25) 

where  tt  is  the  voltage  across  the  terminals  of  the  conductor.  In  this  expres- 
sion eri  is  the  useful  power,  and  i*r  is  the  heat  loss  in  tho  conductor.  See 
Par.  1$. 

tt.  XirchhofTs  laws.  In  an  arbitrary  network  of  conductors  (Fig.  2) 
with  sources  of  continuous  e.m.f.  connected  in  one  or  more  plaoes,  the  dis- 
tribution of  the  currents  is  such  that  two  conditions  are  satisfied,  namely, 

2»  — 0,  and  2e  — 2*>.  (26) 

The  first  equation  refers  to  any  junction  point  of  three  or  more  conductors 
*sd  states  the  fact  that  as  much  current  flows  toward  the  junction  as  away 
from  it,  because  electricity  behaves  like  an 
incompressible  fluid.  In  this  equation  all 
the  currents  which  flow  toward  the  junction 
are  taken  with  the  sign  plus  (+);  all  those 
which  flow  away  from  it  with  the  sign 
minus  ( — ),  or  nee  versa.  The  second  law 
refers  to  any  closed  circuit  taken  at  random 
in  the  network.  The  voltages  e are  the 
local  electromotive  forces  in  such  a circuit 
and  the  currents  and  the  resistances  refer  to 
the  individual  conductors  of  the  circuit. 
The  directions  of  flow  of  the  currents  can 
be  assumed  arbitrarily  to  start  with,  and  in 
writing  the  second  equation  one  follows  a 
selected  circuit  in  a certain  direction,  clock- 
wise or  counter-clockwise,  taking  as  positive 
the  currents  which  flow  in  this  direction  and 
the  e.m.fs.  which  tend  to  produce  currents 
in  the  same  direction.  The  currents  and  the 
j in  the  opposite  direetion  are  entered  in  the  equation  with  the  sign 
— — For  a given  network  of  conductors  the  total  number  of  equations  of 
tse  first  form  is  equal  to  the  number  of  junotion  points  less  one;  toe  number 
of  equations  of  the  second  kind  is  equal  to  the  number  of  independent 


E 


Fio.  2. — Network  of  con- 
ductors. 


sed  paths  in  the  network.  The  total  number  of  equations  of  both  kinds 
keqnsl  to  the  number  of  unknown  currents  so  that  these  currents  can  be 
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determined  by  solving  simultaneous  equations.  For  an  example  of  such 
equations  see  Par.  81  below. 

80.  Wheatstone  bridge.  The  combination  of  six  resistances  shown  in 
3 is  called  the  W heatstone  bridge.  The  resistances  are  denoted  by 


rt 


, c,  a,  0, 7,  the  currents  by  x, 

V , s,  (,  «,  r.  > An  electrie  battery 
of  e.m.f.  M is  connected  in  the, 
branch  BC,  and  the  value  of  a 
includes  the  internal  resistance 
of  the  battery In  practice  a 
galvanometer  is  usually  con- 
nected in  the  branch  OA,  and  a 
includes  its  resistance.  When 
the  four  resistances  b,  c,  0,  7,  are 
so  adjusted  that  no  current  flows 
through  OA,  the  bridge  is  said 
to  be  balanced,  and  the  condi- 
tion holds  that, 

&0-cr.  (27) 

81.  Unbalanced  bridge.  ** 

When  the  Wheatstone  bridge  is' 
not  balanced.  Ohm’s  law  and 
KircbhofTs  laws  give  the  follow- 
ing equations: 


Fia.  3. — Wheatstone  Bridge. 


az-C-B+E,  af-A,  f+y-s-O, 

by-A-C,  fa-B,  *+*-*-0.  (28) 

cs-J?—  A,  yf-C,  f-fx  — y-0. 

Here  E is  the  battery  e.m.f.,  and  A,  B,  C,  denote  the  potentials  of  these 
points  below  that  at  0.  These  nine  equations  contain  nine  unknown 
quantities,  vis.,  six  currents  and  three  potentials.  Solving  them  as  simul- 
taneous equations  any  of  the  unknown  quantities  may  be  determined.  For 
instance,  the  current  in  the  galvanometer  circuit  is 


(29) 


where  the  ’'determinant**  D is  given  by 

D — ohe +60(0+7) +ca(7-f- a)  +o6(ct+0)  -f-(a+l>+c)  (0y4*7«+«0)»* 

88.  Networks  of  conductors.  In  a general  case  (Fig.  2)  as  many 
Kirchhoff  equations  (Par.  89)  may  be  written  as  there  are  conductors;  the 

unknown  quantities  may  be 
the  currents,  the  resistances 
or  the  voltages;  also  any  com- 
bination of  these,  provided 
that  the  total  number  of  un- 
known quantities  is  equal  to 
the  number  of  equations.  The 
equations  are  conveniently 
solved  by  the  method  of  deter- 
minants, found  in  most  text- 
books on  algebra. 

88.  Maxwell’s  solution. 
In  some  cases  it  is  convenient 
to  oonsider,  instead  of  the  ac- 
tual currents,  fictitious  cur* 

Fxo.  4.— Method  of  simplifying  networks.  The*aetuai 

current  in  eaon  conductor  is 
equal  to  the  algebraic  sum  of  the  fictitious  currents.  For  instance,  im 
Fig.  4 the  current  in  conductor /is  the  difference  of  the  fictitious  currents 
/ and  Y.  The  Kirchhoff  equations  are  written  for  the  fictitious  currents. 


* Maxwell,  J.  C.  "A  Treatise  on  Electricity  and  Magnetism,”  Vol.  L 
Art.  347. 

For  practical  forms  of  the  Wheatstone  bridge  and  its  application  to  tbs 
measurement  of  resistance  see  Sec.  3. 


Digitized  by 


83 

Google 


ELECTRIC  AND  MAGNETIC  CIRCUITS  S©C.  2-34 


An  example  of  such  a solution  will  be  found  in  Del  Mar’s  “Electric  Power 
Conductors,"  p.  34. 

ti  Equivalent  star  and  math  (delta).  The  number  of  meshes,  and 
rossequcntly  the  number  of  equations,  may  be  reduced,  when  some  of  the 
meshes  are  in  the  form  of  a triangle,  like  abe  in  Fig.  4.  For  the  three  reeietancce 
f arming  the  triangle  may  be  eubetihited  the  three  rerietancee  a,  0,  and  y,  which 
reiiaU  from  one  point. 

The  currents  and  the  voltages  in  the  rest  of  the  network  remain  the  same, 
provided  that 

be  M co  _ oh  /om 

“"(a+fc+c)'  *-(•+»+«>»  ■’’"(a+H-c)  ' 

The  number  of  meshes  is  thus  reduced  by  one.  See  Kennelly,  A.  E.,  Elec- 
trieel  World  and  Engineer,  Vol.  XXXIV  (1809),  p.  413.  For  a discussion  of 
equivalent  star-  ana  delta-connected  impedances  for  alternating  current* 
see  his  “Application  of  Hyperbolic  Functions  to  Electrical  Engineering 
Problems,"  Appendix  E. 

ti.  In  the  practical  case  of  distributing  networks  and  feeders,  the 

determination  of  the  currents  and  voltages  at  the  junction  points  is  simplified 
by  using  the  following  laws  of  superposition  of  currents  and  voltages. 
(1)  The  true  current  at  any  point  in  the  network  is  the  algebraic  sum  of 
the  currents  which  would  flow  if  the  consumers’  currents  were  taken  in 
meccMon  instead  of  simultaneously.  (2)  The  voltage  drop  to  any  point 
is  the  network  is  equal  to  the  sum  of  the  drops  to  the  same  point  calculated 
seder  the  assumption  that  the  consumers’  currents  are  taken  in  succession, 
ud  oot  simultaneously.  Some  simplification  in  the  solution  of  the  Kirchhofl 
equations  is  possibly  due  to  the  fact  that  the  voltage  drop  along  a conductot 
is  eraafly  small  as  compared  to  the  voltage  between  it  and  the  return  con- 
doctor.  For  details  of  such  calculations  see  Teichmuller,  “ Die  Elektrischen 
Ldtuofen;"  F.  B.  Crocker,  " Network  of  Electrical  Conductors,”  Bl.  World, 
V«L  LIX  (1912),  pp.  799.  847,  901;  Alex.  Russell,  “The  Theory  of  Electric 
Chbfcs  and  Networks,*’  Chap.  4;  Nowak,  J.,  “ A Machine  for  the  Calculation 
cf  Supply  Networks,’’  The  Electrician,  Vol.  LXVIII  (1912),  d.  748;  Hersog 
and  Peldmann,  “ The  Distribution  of  Voltage  and  Current  in'  Closed  Con- 
ducting Networks.’’  Trane.  Inst.  Elec.  Congress,  St.  Louis,  1904,  Vol.  II,  p. 
W9;  also  their  book  entitled  " Die  Berechnung  Elektrischer  Leitungsnetse,” 
aadRxiha  und  Seidener,  “Starkstromtechnik,  Sec.  8. 

ELECTROMAGNETIC  INDUCTION 

M.  Faraday's  law  of  induction.  When  a magnetic  flux  ♦ within  a 
loop  of  wire  varies  with  the  time,  an  e.m.f.  is  induced  in  the  loop,  the  instan- 
taneous value  e pi  the  e.m.f.  being  proportional  to  the  rate  of  change  of  flux; 

(31) 

•bore  d«f/df  is  tbe  rate  of  change  of  flux  ♦ with  respect  to  the  time  t,  and  k 
ha  constant  Which  depends  upon  the  units  of  voltage,  flux,  and  time.  When 
fa  in  maxwells,  e in  volts,  and  time  in  seconds,  If  the  flux  is 

upceeed  in  webers,  k — 1.  The  sign  minus  determines  the  relative  directions 
of  the  flux  and  the  e.m.f.  Namely,  when  the  circuit  is  closed,  the  induced 
t«J.  tends  to  produce  a current  in  the  direction  such  as  to  oppose  the  change 
ia  tux.  This  latter  statement  follows  from  Lena's  law,  which  is  stated  by 
Maxwell*  as  follows:  If  a constant  current  flows  in  the  primary  circuit  A, 
•ad if,  by  the  motion  of  A,  or  of  the  secondary  circuit  B,  a current  is  induced 
iaf,  tbe  direction  of  this  induced  current  will  be  such  that,  by  its  electro- 
magnetic action  on  A,  it  tends  to  oppose  the  relative  motion  of  the  circuits. 
8w  the  right-hand  screw  rule  (Par.  96)  or  Fleming’s  rule  (Par.  97).  For 
Poetical  purposes  three  particular  cases  of  electromagnetic  induction  are 
aaadered  below. 

ST.  Stationary  conductor  and  variable  flux.  This  is  the  case  when 
both  the  exciting  which  produces  the  flux,  and  the  winding  in  which 

*•  « m.f  is  induced,  are  stationary,  relatively  to  one  another.  The  voltage 
i*  induced  by  a varying  magnetic  flux,  the  changes  in  the  flux  being  produced 
by  varying  either  the  magnitude  of  the  m.m.f.  (stationary  transformer)  or 

'Maxwell,  J.  C.  "A  Treatise  on  Eleotridty  and  Magnetism,’’  Vol.  II. 
Art  542. 
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the  reluotanoe  of  the  magnetic  circuit  (inductor-type  alternator).  If  th< 
flux  is  linked  with  N turns  and  varies  harmonically  with  the  time,  at  a fre- 
quency of  / cycles  per  second,  the  mart  mom  induced  e.m.f . is 

Emtx- 2rfN *,»„10-»  volts,  (32) 

where  tn«s  is  the  maximum  instantaneous  value  of  the  flux,  in  maxwells. 
The  effective  value  of  the  induced  e.m.f.  is 

E - 4.44/tf  ***#10-»  volts.  (33) 

When  the  flux  varies  according  to  a law  different  from  the  sine  law  the 

effective  voltage  is 

(34) 

where  x is  the  form  factor  (Par.  307). 

The  average  e.m.f.  induced  in  one  turn,  no  matter  what  the  law  ol 
variation  of  the  flux  with  the  time,  is 

T^TT’  (35) 

where  the  subscripts  1 and  2 refer  to  the  initial  and  the  final  instant! 
respectively. 

88.  Stationary  flux  and  moving  conductor.  When  the  exciting  m.m.f. 
which  produces  the  flux,  and  the  winding  in  which  the  e.m.f.  is  induoed,  mow 
relatively  to  each  other,  as  in  a generator,  so  that  the  conductors  cut  acroei 
the  lines  of  flux,  the  instantaneous  induoed  e.m.f.  in  a conductor  is 

s-JHBI®,  (3«) 

where  (B  is  the  flux  density,  l the  length  of  the  conductor,  • the  relative  veloc- 
ity between  the  flux  and  the  conductor,  and  k a coefficient  which  depends 
upon  the  units  selected.  When  e is  in  volts,  (B  in  maxwells  per  square  centi- 
meter (gausses),  l in  centimeters  and  • in  centimetere  per  second,  k — 10**. 

The  three  directions,  (B.  I,  and  v,  are  supposed  to  be  at  right  angles  to  each 
other;  if  not,  their  projections  at  ri^ht  angles  to  each  other  are  to  be  used  in 
the  preceding  formula.  For  practical  formulas  giving  the  e.m.f.  induced  in 
direct-current  and  alternating-current  machinery  see  Seo.  7 and  Sec.  8. 

S3.  Variable  flux  and  moving  conductor.  When  coils  or  conductor! 
are  moving  through  a pulsating  magnetic  field,  as  for  instance  in  single-phase 
motors,  the  induced  e.m.f.  is  due  to  a combined  transformer  and  generator 
action  (Par.  87  and  88),  and  is  equal  at  any  instant  to  the  sum  of  the  e.m.f 
induced  by  a constant  flux  in  a moving  coil  and  that  induced  by  a pul- 
sating flux  in  a stationary  coil.  Let  the  frequency  of  the  pulsating  field  be 
/ cycles  per  second;  that  of  the  rotating  coil  f*  cycles  per  second.  A pul- 
sating field  can  be  resolved  into  two  revolving  fields,  one  rotating  clock- 
wise, the  other  counter-clockwise.  Therefore,  the  induced  e.m.f.  is  a result 
of  the  superposition  of  two  e.m.fa.,  one  of  the  frequency/-!-/',  the  othei 
/-/.  In  the  particular  case  of  /— f*  the  e.m.f.  induced  in  the  rotating  coil 
is  of  the  frequency  2/,  the  frequency  /— f being  equal  to  scro. . 

4Q.  Force  on  a conductor  carrying  a current  In  a magnetic  field. 
Let  a conductor  cany  a current  of  i amp.  and  be  placed  in  a magnetic  field 
the  density  of  which  is  <B  maxwells  per  square  centimeter  ((B  gausses) . Then, 
if  the  length  of  the  conductor  is  l cm.,  the  forco  tending  to  move  the  con- 
ductor across  the  field  is 

F-10.2t<BZ10‘"  (kg.)  (37) 

It  is  presupposed  in  this  formula  that  the  direction  of  the  axis  of  the  oonductoi 
is  at  right  angles  to  the  direction  of  the  field.  If  the  directions  of  i and  23 
form  an  angle  a,  the  preceding  expression  must  be  multiplied  by  sin  a. 

The  force  F is  perpendicular  to  both  % and  B,  and  its  direction  is  determined 
by  the  right-hand  screw  rule  (Par.  88).  Namely,  the  effect  of  the  magnetic 
field  produced  by  the  conductor  itself  is  to  increase  the  original  flux  density 
((B)  on  one  side  of  the  conductor  and  to  reduce  it  on  the  other  aide.  The 
conductor  tends  to  move  away  from  the  denser  field. 

41.  The  attraction  or  repulsion  between  two  parallel  straight  con- 
ductors, carrying  currents  ti  and  ts  (amp.)  and  placed  in  a no^ -magnetic 
medium,  is  calculated  according  to  the  formula 

F — 2.04ti»t(^)  10~*  (kg.)  (88) 
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*uere  l/b  u the  ratio  of  the  length  of  each  conductor  to  the  axial  distance 
between  the  conductors.  The  force  is  an  attraction  or  a repulsion  according 
| to  whether  the  two  currents  are  flowing  respectively  in  the  same  or  in  the 
i opposite  directions. 

Mechanical  force  exerted  between  magnetic  flux  and  a current-carrying 
' jmductoris  also  present  inside  the  conductor  itself,  and  is  called  pinch  effect. 
Tht  force  between  the  infinitesimal  filaments  of  the  current  is  an  attraction, 
jto  that  a current  in  a conductor  tends  to  contract  the  conductor.  This 
1**^  is  of  importance  in  some  types  of  electric  furnaces  where  it  limits  the 
■nnent  which  can  be  carried  by  a molten  conductor.  The  same  stress  also 
itroAi  to  elongate  the  conductor. 

41.  Interlinkage  of  elecfric  and  magnetic  circuits.  The  most  general 
relations  between  the  electric  and  the  magnetic  quantities  are  expressed  by 
two  laws  of  circulation.  • Stripped  of  the  vector-analysis  terms  in  which 
4hese  laws  are  usually  expressed,  they  are  as  follows:  Let  II  be  the  magnetic 
tetensity  or  the  m.m.f.  gradient  at  a point  in  a medium  of  constant  permea- 
buity.  and  let  G be  the  electric  intensity  or  the  e.m.f.  gradient  at  a point. 
The  first  law  of  circulation  states  that  the  line  integral  of  II  along  a closed 
tore  is  proportional  to  the  volume  of  the  total  current  (conduction  current 
ud  displacement  current)  linked  with  this  curve.  The  second  law  of 
orcuitation  states  that  the  line  integral  of  the  electric  intensity  along  a closed 
is  proportional  to  the  rate  of  change  of  the  total  magnetic  flux  linked 
•tth  this  curve.  The  coefficients  of  proportionality  depend  only  upon  the 
«MU  used.  The  theory  of  propagation  of  electromagnetic  waves  is  based 
these  two  laws.  See  for  instance  W.  8.  Franklin’s  "Electric  Waves,” 


THE  MAGNETIC  CIRCUIT 

43.  The  simple  magnetic  circuit.  The  simplest  magnetic  circuit  is  a 
uniformly  wound  torus  ring  (Fig.  5).  The  relation  between  the  m.m.f.  (F 
_ and  the  flux  4>  is  similar  to  Ohm’s  law 

(19),  vis., 

(39) 

where  (tt  is  called  the  reluctance  of  the 
| magnetic  circuit.  The  Bamc  relation  is 

PTSt  Di  rectlon V\v  sometimes  written  in  the  form 

of  Flux_VJ_|>  4*  = (PT  (40) 

w^ere  (P=  1/(R  is  called  the  permeance 
JJ  J of  the  magnetic  circuit.  Reluctance  is 
analogous  to  resistance  and  permeance 
/ is  analogous  to  conductance  of  an  elec- 
. I \ Y yd  trie  circuit. 

/ *4.  The  m.m.f.  does  not  depend 

alone  on  either  the  current  in  the  wind- 
nagnetic  circuit,  ing  or  on  the  number  of  turns,  but  on 
the  product  of  the  two;  therefore,  the 
the  m.m.f.  is  1 amp-turn,  but  in  the  practical  system 
7 units  of  m.m.f.  If  the  flux  in  the  preceding  equations 
prs  (one  weber  =»  10*  maxwells)  the  permeance  is  expressed 
the  nature  of  inductance).  It  has  been  proposed  to  call 
unit  of  reluctance  the  yrneh,  this  being  the  word  henry 

corresponding  to  ohm  and  mho.  It  has  also  been  pro- 

JJWto  name  the  unit  of  permeance  a perm,  and  the  unit  of  reluctance  a 
•It  when  the  flux  is  in  maxwolls  and  the  m.m.f.  in  ampere-turns,  but  no 
?***  n»ve  yet  been  generally  accepted.  In  the  C.G.S.  electromagnetic 
ffwathe  unit  of  m.m.f.  is  the  gilbert,  equal  to  10/4*-  = 0.7955  amp-turn. 

* Huh  ore  the  m.m.f.  in  gilberts,  expressed  as  a function  of  ampere-turns,  is 

5-^„/_1.257n/  (41) 


Urrta;' 


Heaviside.  O.  "Electromagnetic  Theory,”  Vol.  I. 

harapetofT,  V.  "The  Magnetic  Circuit;"  McGraw-Hill  Book  Co.  Inc. 

* lork,  1912,  Chap.  I,  and  appendices. 
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where  nl  is  the  product  of  the  number  of  turns  and  the  current  in  ampere 
For  further  information  about  magnetic  unite  see  Sec.  1. 

48.  Permeability  and  reluctivity.  The  reluctance  of  a uniform  maj 
netio  path  (Fig.  5)  is  proportional  to  its  length  l and  inversely  proportion 
to  its  cross-section  A,  or 

(4: 

and 

<P-MJ.  <4 

In  these  expressions  v is  called  the  reluctivity  and  m the  permeability  of  tl 
material  of  the  magnetic  path.  For  air  ana  all  non-magnetic  substance 
¥ and  m are  assumed  to  be  equal  to  unity  per  centimeter-cube,  correspond! i 
to  centimeter  measure  for  l and  A in  (42)  and  (43),  and  the  gilbert  as  tl 
unit  of  m.m.f.  This  is  the  conventional  assumption  in  the  C.G.S.  ele 
trorxu^netic  system  and  is  the  one  generally  employed.  See  also  Par.  I 

The  method  preferred  by  the  author,  and  expounded  in  his  “ Magnet 
Circuit”  (see  footnote  reference  in  Par.  44),  is  to  take  the  ampere-turn  i 
the  unit  of  m.m.f.  In  such  coses,  with  the  maxwell  as  the  unit  of  flux,  tl 
permeability  and  the  reluctivity  of  air,  respectively,  are 

r - 0.7955  per  cm.*  - 0.3132  per  in.*  \ fA 

p — 1.257  per  cm.*  — 3.193  per  in.*  j 

This  method  has  the  advantage  of  greater  simplicity  in  calculations,  but 
not  yet  in  general  use  <see  Sec.  1;  Giorgi  system  of  units,  Par.  3(d»)). 

46.  Magnetic  field  intensity  3C  is  defined  as  the  m.m.f.  per  unit  lengl 
of  path.  In  any  uniform  field 


In  a non-uniform  magnetic  circuit 


Inversely 


■ 3CJ  or  S-fXSl. 


3C  is  also  known  as  the  magnetising  foroe  or  as  the  magnetic  potent! 
gradient. 

If  $ is  in  ampere-turns,  3C  is  in  ampere-turns  per  centimeter  (or  per  incl 
of  length.  If  9r  is  in  gilberts,  JC  is  in  gilberts  per  centimeter  (or  per  inch). 

47.  Flux  density  ((B)  is  defined  as  the  flux  per  unit  area  perpendicuh 
to  the  direction  of  the  lines  of  force.  In  a uniform  field 


In  a non-uniform  field 


A 

<4 

_ a* 

m~iT 

( i 

(B A,  or  *-y*(Bdd. 

(fii 

Inversely 


If  the  flux  is  measured  in  maxwells  and  areas  in  square  centime^ 
flux  density  is  expressed  in  maxwells  per  square  centimeter;  one  maxi 
per  square  centimeter  is  sometimes  called  a gauss.  In  this  country  1 
density  is  also  expressed  in  maxwells,  or  in  kilolines,  per  square  inch. 

It  follows  at  once  from  (40),  (43),  (45)  and  (48)  that 


which  is  the  familiar  relationship  between  flux  density,  permeability  and  roa 
netic  field  intensity.  | 

48.  Reluctances  and  permeances  in  series  and  In  parallel.  Relrid 
anoes  and  permeances  are  added  like  resistances  and  conductances  (Par.1 
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toll),  respectively.  That  is,  reluctances  are  to  be  added  when  in  series,  and 
pmmnees  are  to  be  added  when  in  'parallel . If  several  permeanoee  are  given 
eo&aeeted  in  series  they  are  first  converted  into  reluctances  by  taking  the 
reciprocal  of  each.  Similarly  if  reluctances  are  given  in  a parallel  combina- 
tion, they  are  first  converted  into  permeances  by  taking  the  reciprocal  of 
each. 

41.  Magnetization  characteristic.  The  magnetic  properties  of  a 
ample  of  steel  or  iron  are  represented  by  a saturation  or  magnetisation 
eorrs  (Fig.  6).  Magnetic  intensities  3C  in  ampere-turns  per  centimeter 

(or  per  inch)  are  plotted  as  abscissa 
and  the  corresponding  flux  densities 
<B  in  kilolines  per  square  centimeter  (or 
per  square  inch)  as  ordinates.  The 
curve  is  also  known  as  the  (B-3C  curve. 

The  practical  use  of  a magnetisa- 
tion curve  may  be  best  illustrated  by 
an  example.  Let  it  be  required  to  find 
the  number  of  exciting  ampere-turns 
for  magnetising  a steel  ring  so  as  to 
produce  in  it  a flux  of  168,000  iqax- 
wells.  Let  the  cross-section  o(  the 
rng  be  3 cm.  by  4 cm.,  and  the  mean 
diameter  46  cm.  Let  the  quality  of 
the  material  be  represented  by  the 
curve  in  Fig.  6.  The  flux  density  is 
1 08,000/(3  X 4)  — 14,000  mnxwells  per 
square  centimeter  or  14  kilogausses. 
For  this  flux  density  the  corresponding 
abscissa  from  the  curve  is  about  18 
amp^turns  per  centimeter.  The  total 
required  number  of  ampere-turns  is 
18  XrX  46  - 2,000. 

It  may  be  noted  that  it  is  much  more  convenient  to  plot  curves  of  (B 
nkttf  as  abscissae  3C  in  ampere-turns  per  unit  length,  rather  than gilberts  per 
wit  length.  For  '*  (&-3C  ’ curves  of  various  grades  of  steel  and  iron  see 
9*  4.  The  principal  methods  for  experimentally  obtaining  magnetisa- 
bos  curves  will  be  found  in  Sec.  3. 

M In  a magnetic  circuit  consisting  partly  of  iron  and  partly  of 
tk  the  ampere-turns  required  for  establishing  a certain  flux  are  calculated 
by  adding  together  the  ampere-turns  required  for  each  part  of  the  circuit. 
Let  <Si  be  the  flux  density  (gausses)  in  the  iron  and  li  the  length  (centimeters) 

the  path  in  the  iron,  <B«  the  flux  density  in  the  air  and  /«  the  length  of  the 
•*i»P  in  the  direction  of  the  lines  of  force.  Then  the  total  ampere-turns 
required  for  the  circuit  are 

Nl-XiU+XJ*  (52) 

¥bere  (ampere-turns)  is  found  from  a saturation  curve  for  the  known 
nlae  of  <B i (49)  and  3C«  «■  0.7955(B«.  If  /•  is  in  inches,  and  (B«  in  maxwells 
P*r  square  inch,  3C«  — 0.3132<B«.  The  same  method  is  applied  if  a magnetic 
dremt  consists  of  more  than  two  parts,  as  for  instance  the  magnetic  circuit 
•fan  electric  generator  or  motor  (Secs.  7 and  8).  For  numerous  practical 
Pohlems  and  solutions  see  the  author's  "Magnetic  Circuit,"  pp.  27-31, 
•*d  Chaps.  V and  VI. 

. It  Analysis  of  magnetisation  curve.  Three  parts  are  distinguished 
at  magnetisation  curve  (Fig.  6),  the  lower  or  nearly  straight  part,  the  middle 
Pwt  called  the  knee  of  the  curve  and  the  upper  part  which  is  nearly  a straight 
w*-  As  the  magnetic  intensity  3C  increases,  the  corresponding  nux  density 
^ toereases  more  and  more  slowly,  and  the  iron  is  said  to  approach  satura- 
The  percentage  of  saturation  and  the  saturation  factor  of  a ma- 
rine are  defined  in  tne  Standardisation  Rules  of  the  A.  I.  E.  E.  (Sec.  24). 

U.  Susceptibility  and  induced  magnetisation.  A magnetio  flux  in 
iroa  or  in  another  magnetic  substance  may  be  thought  of  as  due  to  two 
***•:  (l)  the  externalapplied  m.m.f.,  and  (2)  the  internal  or  molecular 
induced  by  the  applied  m.m.f.  Thus,  we  have 

3-«3C,  (53) 

JCis  the  magnetio  intensity  due  to  the  external  m.m.f.,  and  3 is  the 
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Flo.  0. — Typical  ®-3C  curve. 
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intensity  of  induced  magnetisation.  The  coefficient « is  called  the  suscepJ 
bility  of  the  material.  The  total  flux  density  in  iron  also  consists  of  ti 
parts,  vis.,  that  due  to  3C  and  to  3,  or,  in  the  C.G.S.  system, 

®-3C+4*3.  (5 

Dividing  both  sides  of  this  equation  by  3C,  gives 

(5 

where  jt  is  the  permeability  of  the  material  (Par.  55>.  Susceptibility  iaequ 
to  sero  for  non-magnetic  materials,  is  positive  for  paramagnetic  and  neg 
tive  for  diamagnetic  substances.  It  iB  seldom  used  in  practice.  * 

51.  The  permeability  GO  and  the  reluctivity  (r)  of  a material  (Pa 
45)  are  also  defined  as  the  ratios 

(B  . 3C 

<S 

Their  values  depend  upon  the  units  selected  for  ® and  3C.  In  the  C.G. 
electromagnetic  system  (B  and  3C  are  numerically  equal  for  non-magnet 
materials,  consequently  n — v—l.  When  (B  is  expressed  in  maxwells  p 
square  centimeter  (or  per  square  inch)  and  3C  in  ampere-turns  per  ue 
length,  m and  v for  air  and  other  non-magnetic  materials  have  values  given 
Par.  45,  Eq.  44. 

54.  Two  different  scales  of  permeability.  For  steel  and  iron  the  pc 
meability  m — ®/3C  is  freauently  calculated  from  the  magnetisation  cur 
(Par.  49),  and  is  usually  plotted  against  (B  as  absciss*  (see  curves  in  Sec.  4 
One  must  be  careful  to  distinguish  between  the  absolute  permeabili’ 
and  the  relative  permeability.  The  former  is  equal  to  ®/3C,  the  latter 
the  ratio  of  the  permeability  of  a sample  to  that  of  the  air.  In  the  C.G. 
electromagnetic  system  both  permeabilities  are  numerically  the  sane 
because  /« is  assumed  to  be  unity  for  the  air;  nevertheless  they  have  differei 
physical  dimensions  in  any  system  of  units. 

55.  Magnetic  calculations.  In  practioe,  calculations  of  magnel 
circuits  with  iron  are  usually  arranged  so  as  to  avoid  the  use  of  permeability 
altogether,  using  a ®-3k'  curve  directly  (Par.  49  and  50).  In  some  sped 
investigations  it  is  convenient  to  use  the  values  of  permeability  and  also  i 
empirical  equation  between  u and  (B.  For  small  and  medium  flux  densities 
may  be  expressed  as  a parabolic  curve,  of  the  form 

M-a-6(®o-<B)*10-«  (5 


Fxo.  7a. — Relation  between  directions  Fro.  7b. — Fleming's  rules, 
of  current  and  flux. 


For  numerical  values  of  the  coefficients  see  Sec.  4.  It  is  also  possible  J 
represent  the  relationship  between  ® and  3C  for  a magnetic  mateef 
empirically  by  a hyperbola  (Frdhlich’s  formula)  ' 

v>  { 

or  also  in  the  form  l 

reluctivity  p - ~ - o +03C  - -.  (flj 

The  coefficients  a and  fi  must  be  so  determined  as  to  satisfy  the  saturat| 
curve  of  the  particular  material  used. 

65.  The  right-hand  screw  rule.  The  direction  of  the  flux  produd 
by  a given  current  is  determined  as  shown  in  Fig.  7a  (see  also  Fig.  5).  If  f 


•Maxwell,  J.  C. 
Arts.  426  to  428. 
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«w*fcjBows  m the  direction  of  rotation  of  a right-hand  screw,  the  flux  is  in 
tte  direction  of  the  progressive  movement  of  the  screw.  If  the  current  in  a 
icaynt  conductor  . is  in  the  direction  of  the  progressive  motion  of  a right* 
taad  screw,  then  the  flux  encircles  this  conductor  in  the  direction  in  which 
, screw  must  be  rotated  in  order  to  produce  this  motion.  The  dots  in  the 
hare  indicate  the  direction  of  flux  or  current  toward  the  reader:  the  crosses. 
But  away  from  him. 


IT.  The  relative  direction  of  flux,  e.m.f.  and  motion  in  a generator 
pay  be  determined  with  the  right  hand  by  placing  the  thumb,  index-  and 
Biddle  fingers  so  as  to  form  the  three  axes  of  a coordinate  system  and  then 
anting  the  index-finger  in  the  direction  of  the  flux  (north  to  south)  and 
he  thumb  in  the  direction  of  motion,  the  middle  finger  will  give  the 
orection  of  the  generated  e.m.f.  (Fig;.  76).  In  the  same  way  in  a motor, 
“J*  » left  hand  and  pointing  the  index-finger  in  the  direction  of  the  flux 
«d  the  middle  finger  in  the  direction  of  the  current  in  the  armature  con- 
tactor, the  thumb  will  indicate  the  direction  of  the  force,  and,  therefore, 
resulting  motion.  These  two  rules,  indicated  in  Fig.  76,  are  known 
■ Fleming's  rales. 

haplace*!  law . In  a medium,  the  permeability  of  which  is  the  same 
“ ril  points,  the  magnetic  field  intensity  produced  at  a point  A by  an 
setnent  of  a conductor  da  (in  cm.)  through  which  a current  of  i amp.  is  flow- 

— 1Qr,  (gilberts  per  cm.)  (60) 

"bet* r m the  distance  between  the  element  da  and  the  point  A, in  centimeters 
u the  angle  between  the  directions  of  da  and  r.  The  intensity  dX,  is 
perpesdicolar  to  the  plane  comprising  da  and  r,  and  its  direction  is  deter- 
by  the  right-hand  screw  rule  givefi  above.  The  field  intensity  pro- 
^*7*  closed  circuit  is  obtained  by  integrating  the  above  expression 
wC  over  the  whole  circuit. 

ft.  The  magnetic  field  due  to  an  indefinite  straight  conductor 

arTJu* » current  of  » amp.,  consists  of  concentric  circles  which  lie  in  planes 
perpendicular  to  the  axis  of  the  conductor  and  which  have  their  centres  on 
.The  field  intensity  at  a distance  of  r cm.  from  the  a*™  of  the 

conductor  is 


3C- 


2» 
10 r 


(gilberts  per  cm.), 


(61) 


direction  being  determined  by  the  right-hand  screw  rule  (Par.  56) . 

60.  Magnetic  field  due  to  a closed 
circular  conductor.  If  the  conduc- 
tor carrying  a current  of  / amp.  is 
bent  in  the  form  of  a ring  of  radius  r 
cm.  (Fig.  8),  the  magnetizing  force  at 
a point  along  the  axis  is 

A v 2wr*I  0.2rr*J 

■&QZ  3C-  - 


8. — Magnetic  field  along  the  axis 
of  a circular  conductor. 


(v?i+F)» 

(gilberts  per  cm.).  (62) 

When  Z«0 

(63) 

and  when  l is  very  great  in  comparison 


to 


(64) 


magnetic  intensity  within  a solenoid  made  in  the  form  of 
* was  ring,  and  also  in  the  middle  part  of  a long  straight  solenoid,  is 


3C- 


|jnii  (gilberts  per  cm.)  (65) 

\he  current  in  amperes,  and  m is  the  number  of  turns  per  centi- 

*3*  length. 

determination  of  the  field  intensity  produced  by  short  coils  is 


66 
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usuallv  a complex  matter,  and  the  results  are  expressed  by  compile** 
formula.  See  references  in  Par.  74. 


62.  The  stored  magnetic  energy  in  a single  loop  of  non- magnetic  wi 
when  the  dimensions  of  the  wire  are  small  compared  to  those  of  the  loop  < 
that  the  flux  inside  the  wire  is  negligible),  is 


*P~2<p  (joules)  (I 


where  t is  the  current  in  amperes,  ♦ the  flux  linking  with  the  loop,  in  webe 
and  <P  the  permeance  of  the  magnetic  path,  in  henrys. 

63.  Effect  of  leakage.  When  the  flux  linking  with  part  of  the  turns  o 
coil  C is  not  negligible  (see  Fig.  9),  the  total  stored  energy  may  be  express 
in  the  following  forms: 


W - J ijne *e  -f  2ft j 


W 


(e 


■ i»Hn*<Pe  + Zn; 

The  last  expression  is  identical  with 

where  L is  the  inductance  of  the  coil  (Par.  67).  The  subscripts  e in  the  foi 
going  expressions  refer  to  complete  linkages*  that  is  those  which  embra 


Fia.  9. — Magnetic  field  due  to  a coil. 


all  the  turns  of  the  coil,  the  subscripts  p to  partial  linkages.  See  t1 
author’s  " Magnetic  Circuit,”  Art.  57. 

64.  The  density  of  magnetic  energy*  or  the  magnetic  energy  ston 

per  cubic  centimeter  of  a magnetic  field  is 

w/  C*  (B3C  <B*  ..  . ..  x J 

W'-  — g—  (joules  per  cubic  cm.),  (fl 

Here  X is  the  intensity,  in  gilberts  per  centimeter,  (B  is  the  flux  density] 
webers  per  square  centimeter  and  m is  the  relative  permeability;  or  if  9fl 
in  ampere-turns  per  centimeter,  then  ] 

(B* 

W'- h*3C*-  1<B3C- ^ (joules  per  cubic  cm.) 

where  m Is  the  so-called  absolute  permeability  (see  Par.  64).  To  find  i 
total  energy  of  a field  the  preceding  expressions  are  multiplied  by  the  elen 
of  the  volume  dp  and  integrated  within  the  desired  limits  of  volume, 
an  interesting  comparison  of  practical  possibilities  as  to  the  amount 
energy  stored  in  the  magnetio  form  per  unit  volume,  compared  with  ot' 
forms  of  energy,  see  Steinmets,  C.  P.,  General  Electric  Review,  1913 
536. 
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<•.  Magnetic  trMtiT*  foroe.  • Tlu  carrying  vtlfht  of  » lifting  mag- 
Mila 


P- 


A( B* 
24.64 


(kg.) 


(71) 


fare  <B  is  the  flux  density  in  the  air-sap,  expressed  in  kilolines  per  square 
■ui  meter.  and  A is  the  total  area  of  the  contact  between  the  armature  and 
he  core,  in  square  centimeters.  See  also  Sec.  5. 

: M.  Msfnstie  force  or  torquo.  The  mechanical  force  or  the  torque 
etween  two  parte  of  a magnetic  circuit  may  in  some  cases  be  conven- 
mtly  calculated  by  making  use  of  the  principle  of  virtual  displace- 
asnti.  An  infinitesimal  displacement  between  the  two  parts  is  assumed, 
tad  the  assumption  is  made  that  the  work  necessary  for  this  displacement 
i equal  to  the  change  in  the  stored  magnetic  energy,  plus  the  electrical 
■erry  added  during  the  change  from  the  source  of  the  exciting  current.  For 
ktaus see  the  author's  “Magnetic  Circuit,”  Art.  71. 


INDUCTANCK 


IT.  The  oloetromaenctic  Inductanoe,  or  the  coefficient  of  solf-in- 
toetfton  L,  is  defined  from  any  of  the  following  three  fundamental  equations: 


r 

L-ncH P.+  I np*d( 9P. 


(72) 

(73) 

(74) 


That  expressions  are  true  only  when  the  permeability  of  the  medium  is  con- 
*aa L The  first  equation  expresses  the  fact  that  tne  self-induced  voltage 
f»  proportional  to  the  rate  of  change  of  the  current  in  the  circuit,  and  L is  the 
coefficient  of  proportionality.  According  to  the  second  equation,  the  mag- 
netic energy  stored  in  a circuit  is  proportional  to  the  square  of  the  current 
(Pftr.  IS),  and  L is  the  coefficient  of  proportionality.  In  the  third  formula 
*»  expressed  through  the  permeances  <P  of  the  magnetio  paths  linking  with 
thi  circuit  (Fig.  9),  and  tne  number  of  turns  with  which  these  paths  are 
iafced.  The  subscripts  e and  p refer  to  complete  and  partial  linkages  respec- 
tively (Par.  IS).  For  practical  purposes  both  inductance  and  permeance 
ire  fipiimi  in  henrys  (Par.  44  and  bee.  1).  The  first  expression  is  conven- 
ient for  measurements  of  inductance,  the  third  one  for  calculations  in  those 
uses  where  the  Bhape  of  the  magnetic  paths  is  known  or  can  be  estimated. 

M.  Closed  macnstic  circuit.  For  a torus  ring  (Fig.  5)  uniformly 
sound  with  onelftyer  of  thin  wire  the  partial  linkages  may  be  neglected, 
to  that  nf«C  and  <Pe  —uA/l,  where  for  non-magnetic  materials  p — 1.000; 
1 is  the  cross  sect. ion  of  the  flux  within  the  ring,  and  l is  the  average  length  of 
Ik  fax.  ConeeQuently 


It  - V2A7n*MMrl0-.  _ i.257n*iM  10“*  (henrys)  (76) 


h tins  expression  rtc  is  the  total  number  of  turns,  and  ru  — nc/l  is  the  number 
dtwns  per  centimeter  length  of  the  magnetic  path;  l and  A are  in  square 
Uttuaeten;  % tr  is  the  relative  permeability  of  the  core  with  respect  to  the  air 
(hr.  14). 

k.  For  a torus  ring  of  rectangular  cross-section  wound  with  several 
Win  of  wire  the  inductance  is 


L - 0.4^(6* +|f (b + A +<))  10-*  (henrys)  (76) 

thfaa  expression  b and  h are  the  dimensions  of  the  non-magnetic  core  on 
the  wire  is  wound,  D is  the  mean  diameter  of  the  ring,  ji  is  the  total 
Jsfar  of  turns,  and  t the  thickness  of  the  winding  (all  in  centimeters), 
o fa  ^0^  (g  magnetic,  the  product  bh  must  be  multiplied  by  the  relative 


* Maxwell,  J.  C.  “Treatise  on  Electricity  and  Magnetism;"  Cambridge 
Caivemty  Pres®;  Vol.  II,  Art.  643. 
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permeability  of  the  steel.  If  the  magnetic  core  occupies  only  a part  or 
the  cross-section  bh,  use  the  expression  &M«Mr  + (l —<*)],  in  place  of  bk. 

70.  Tor  other  calculations  of  inductance  using  formula  (68)  see  1 
author’s  "Magnetic  Circuit,"  Chaps.  X to  XII. 

71.  Thin  solenoids.  For  a straight  coil  uniformly  wound  with  m tui 
per  centimeter  length,  provided  that  the  length  of  the  eoil  is  large  co 
pared  to  its  transverse  dimensions,  and  that  the  winding  consists  of  one  la] 
of  comparatively  thin  wire,*  the  inductance  is 

^ L«1.257m*M10-*  (henrys)  0 

the  notation  being  the  same  os  in  Par.  68. 

78.  The  inductance  of  a long  straight  coil  wound  with  several  lay 
of  wire,  and  with  an  iron  core  of  radius  a inside, 

L-4ni«U*r«[l+  (Mr- 1)  ^*-+“+^]l0-«  (henrys)  (! 


where  r is  the  inside  radius  of  the  winding,  and 
d its  radial  thickness:  m is  the  number  of  turns 
per  centimeter  length,  and  all  the  dimensions 
are  in  centimeters.  If  there  is  no  iron  core, 
put  a — 0. 

78.  Prof.  Morgan  Brooks  has  derived  a 
universal  semi-empirical  formula  for  the  in- 
ductance of  short  and  long  coils  without 
iron  cores.  His  formula  is  given  below  in 
two  forms,  one  (79)  for  dimensions  in  centi- 
meters, the  other  (80)  for  dimensions  in  En- 
glish units.  Both  give  results  in  henrys.  The 
notation  is  explained  in  Fig.  10. 


L 


L 


Cm*  F'F" 
6+c+R  X 10» 


(henrys) 


••■"(tSt) 

6+c+R 


t 

- XF'F" 


(henrys) 


(79) 

(80) 


In  Eq.(80)  the  conductor  length  is  in  thousands 
of  feet,  and  the  coil  dimensions  in  inches;  0.366 
is  the  conversion  factor.  F*  and  F"  are  em- 
pirical coil-shape  factors  dependent  upon  the 
relative,  and  independent  of  the  absolute 
dimensions  of  the  winding.  Values  of  Fl  and 
F 9 are  as  follows: 


Fio.  10. — See  Par.  73. 


1 06 -f  12c +2/2 


UR 


-V 


F"-0-5 

Cm  indicates  the  length  of  the  conductor  in  centimeters;  . 

Ft  indicates  the  length  of  the  conductor  in  feet,  and  Ff/1000  — thousand^ 
feet; 

N is  the  total  number  of  turns  in  the  winding,  whence 
Cm  — 2 raN,  when  a is  in  centimeters,  and 
Ft  2raN  . . . . . 

— ■ when  a is  in  inches. 

1000  12000 

Numerous  tables,  curves,  and  charts  which  simplify  the  use  of  this  fori 
for  practical  design  will  be  found  in  the  Bulletin  No.  53  of  the  Univeil 
of  Illinois,  by  Morgan  Brooks  and  H.  M.  Turner,  entitled  “Inductanof 
Coils."  For  another  empirical  formula  see  Doggett,  L.  A.,  "The  Inducts! 
of  Air-cored  Solenoids,"  Elec.  World,  Vol.  LXIII  (1914),  p.  259. 

74.  Bureau  of  Standards,  formulas  for  inductanoe.  For  a thoroj 
analysis  and  comparison  of  various  formulas  for  the  inductance  of  coil* 
reader  is  referred  to  the  following  excellent  series  of  artioles  published  in 
Bulletin  of  the  Bureau  of  Standards:  I 

" Formula  and  Tables  for  the  Calculation  of  Mutual  and  Self-inductaal 
(Revised),  E.  B.  Rosa  and  L.  Cohen,  Vol.  VIII,  p.  1;  1912;  "Calculate 
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the  Self-inductance  of  8ingle-layeT  Coils,"  Edward  B.  Rosa.  Vol.  II,  d.  161 ; 
1906;  “The  8elf-inductance  of  a Coil  of  any  Length  Wound  with  any  Number 
of  Layer*  of  Wire,"  Edward  B.  Rosa.  Vol.  IV,  p.  369;  1907;  “Self-Inductance 
of  a Solenoid  of  any  Number  of  Layers,"  Louis  Cohen.  Vol.  I V,  p.  383;  1907; 
"Construction  and  Calculation  of  Absolute  Standards  of  Inductance," 
J.  G.  Coffin.  Vol.  II.  p.  37;  1906. 

"Revision  of  the  Formulas  of  Weinstein  and  Stefan  for  Mutual  Inductance 
rf  Coaxial  Coils,"  Edward  B.  Rosa.  Vol.  II,  p.  331;  1906;  “The  Mutual 
Inductance  of  Two  Circular  Coaxial  Coils  of  Rectangular  Section/'  Edward 
B.  Rosa  and  Louis  Cohen.  Vol.  II,  p.  369;  1906.  See  also  E.  Orlich, 
“ Kapuit&t  und  Inductivit&t"  (Vieweg),  p.  74.  and  Louis  Cohen,  “ Formula 
aad  Tables  for  the  Calculation  of  Alternating-current  Problems,"  Chap.  2. 
Tl.  The  inductance  of  a concentric  cable  is  (Fig.  11) 

L — 0.4605  +0.06  + 1/'  (millihenrys  per  km.)  (84) 

vbsw 

L'-ik[1-T6(i),+Ui),+ ] (89) 

The  foregoing  expression  for  L is  true  at  low  frequencies  only.  At  high 
frequencies  an  unequal  distribution  of  currents  reduces  the  partial  linkages 
•o  that  in  general 

L - 0.4606  log »•(£)  +*(0.05+1/).  (8G) 


Fio.  11. — Cross-section  of 
concentric  cable. 


Here  k- 1 at  usual  industrial  frequencies,  and  gradually  approaches  aero 
as  the  frequency  increases  to  inanity. 

76.  N -conductor  cables.  For  the  field 
distribution  in  and  the  inductance  of  non- 
concentric  cables  see  Alex.  Russell,  “Alter- 
nating currents,"  Vol.  I;  for  the  Inductance 
of  armored  cables  see  J.  B.  Whitehead, 
“The  Resistance  and  Reactance  of  Armored 
Cables,"  Trans.  A.  I.  E.  E.,  Vol.  XXVIII 
(1909),  p.  737. 

77.  Tho  Inductance  of  a single-phase 
transmission  line  is  given  by 

L — 0.4605  logto  — + 0.05,  in  millihenrys  per 
a 

kilometer  of  one  conductor,  (87) 

where  a is  the  radius  of  the  conductors,  and  b 
is  the  distance  between  their  centres.  To  find 
the  inductance  per  mile  multiply  by  1.609. 
To  find  the  inductance  per  thousand  feet 
dmds  by  3.281.  For  tables  of  reactance  (Par.  164)  at  usual  frequencies 
spacing*  see  Sec.  11. 

71.  For  Iron  conductors  use  0.05m,-  Instead  of  0.05  in  the  above  formula, 
•here  p,  b the  relative  permeability  of  the  iron  with  respect  to  the  air.  The 
’due  of  nr  varies  witl^  the  current,  and  also  depends  upon  the  quality  of  the 
For  good  telegraph  wire  m?  is  equal  approximately  to  150. 

. 19.  For  stranded  conductors  the  actual  radius  is  too  large  to  be  used 
>*  the  formula  for  inductance.  For  all  practical  purposes,  the  equivalent 
ftAw  of  a stranded  conductor  may  be  assumed  the  same  as  that  of  a solid 
josad  conductor  of  the  same  sectional  area.  For  an  accurate  calculation 
ft  the  inductance  of  stranded  conductors  see  Dwight,  H.  B.,  Electrical 
•wirf,  1913,  Vol.  LXI,  p.  828. 

*•  The  inductance  of  a three-phase  line  with  symmetrical  spacing, 
P*  wire,  b the  same  as  the  inductance  of  a single-phase  line  per  wire,  with 
fe  same  sise  of  wire  and  the  same  spacing.  It  is  expressed  by  the  formula 
@7)  b Par.  77.  This  formula  holds  true  for  balanced  as  well  as  unbalanced 
for  balanced  and  unbalanced  line  voltages,  for  a three-wire  two-phase 
three-wire  single-phase  system,  monocyclic  system,  etc. 

W.  For  a semi-symmetrical  spacing  of  a three-phase  line,  that  b 
*wa  two  spacing*  are  equal,  and  the  third  is  different,  formula  (87)  in 
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Par.  77  holds  true  only  for  the  conductor  situated  symmetrically  with  reepee 
to  the  other  two.  The  inductanoe  of  the  other  two  wires  oannot  be  cel 
culated  in  a simple  manner.  For  practical  purposes  it  is  sufficient  to  t&k 
the  inductance  of  all  three  wires  as  equal  to  that  of  a line  symmetrical! 
spaced,  the  equivalent  spacing  being  equal  to  the  geometric  mean  of  the  thre 
actual  spacings,  or 

bn-tybibtbt.  (8S 

81.  For  the  equivalent  resistance  and  reactance  of  a three-phai 
line  with  unequal  spacings  of  wires  see  the  writer’s  “ Magnetic  Circuit* 
Art.  63.  In  this  case  the  e.m.f.  induced  in  a conductor  by  the  varying  maj 
netic  duxes  consists  of  two  components,  one  being  in  quadrature,  the  oth< 
in  phase  with  the  current  in  the  conductor.  The  first  component  correspond 
to  the  inductance  of  the  conductor,  the  other  represents  transfer  of  powi 
from  one  phase  to  the  others.  In  general,  these  components  are  differei 
for  the  three  conductors,  and  in  order  to  equalise  them  for  the  whole  liii 
conductors  are  transposed  after  a certain  number  of  spans.  This  transposi 
tion  of  conductors  is  used  on  power  lines  (Sec.  11)  as  well  as  on  telegrap 
and  telephone  lines  (Sec.  21)  to  reduce  the  unbalancing  effect  of  mutual  ll 
duction.  See  also  Par.  87  below.  The  inductance  of  two  or  more  paralU 
cylinders  of  any  cross-section  can  be  expressed  through  the  so-called  gej 
metric  mean  distance  introduced  by  Maxwell.*  For  details  also  see  Oriicl 
“ Kapaz&tit  und  Inductivit&t,”  pp.  63-74. 

88.  Mutual  inductance.  When  two  independent  electric  circuit 
(1)  and  (2),  are  in  proximity  to  each  other,  their  electromagnetic  energy  m« 
be  said  to  consist  of  three  parts:  the  part  due  to  the  linkages  of  the  flux  prl 
duced  by  the  circuit  (1)  with  the  current  in  (1);  that  due  to  the  flux  product 
by  the  circuit  (2)  with  the  current  in  (2) ; and  that  due  to  the  current  in  eat 
circuit  linking  with  the  flux  produced  by  the  other  circuit.  Employing  tl 
notation  in  Par.  67,  the  total  energy  of  the  system  is  expressed  by 

IF-  tu*Li+i»ssLt+tits£*»  (joules)  (81 

where  Li  and  Lt  are  the  coefficients  of  self-induction  of  the  two  circuits,  an 
Lm  is  called  the  coefficient  of  mutual  inductance  of  the  two  circuit 
All  three  coefficients  are  measured  in  henrys. 

84.  The  coefficient  of  mutual  inductance  is  also  defined  from  ti 
relations: 

that  is;  Lm  determines  the  voltage  ei  induced  in  the  circuit  (1)  when  the  currei 
i%  in  circuit  (2)  varies  with  the  time,  and  vice  ver»a. 

8B.  The  coefficient  of  mutual  inductance  of  two  long  coaxil 
single-layer  coils  of  the  same  length  l and  crosB-section  A,  is 

Lm  — 1 .257nmtLl  10-*,  (henrys),  (9 

where  m and  n«  are  the  numbers  of  turns  per  centimeter  length  of  the  tii 
coils  respectively;  l and  A are  measured  in  centimeters. 

86.  For  two  long  coaxial  coils  wound  in  several  layers  the  coeffidei 
of  mutual  inductance  is 

Lm  - 4ni*n*sWid*ri*(l  (henrys)  (9! 

and  if  an  iron  core  is  present 

Lm-4ni*n**W,dw,*[l+(Mr-l)o*+^  +~]  (henrys)  (9! 

For  explanation  of  notation  see  Par.  71  above.  See  also  the  referenci 
in  Par.  74. 

87.  The  coefficient  of  mutual  inductance  of  two  parallel  lix 
circuits  (Fig.  11a)  is  given  by 

Lm -0.4605  l°8i®(^~)  (milE henrys  per  km.)  (9 
where  ai  and  bi  are  the  distances  from  one  of  the  wires  of  circuit  1 to  tl 


• Maxwell,  J.  C.  “ Treatise  on  Electrioity  and  Magnetism,”  Vol.  II,  p.  32 
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conductors  of  the  other  circuit,  and  at  and  fc* 
are  the  corresponding  distances  of  the  other 
wire  of  circuit  1 from  the  conductors  of  the 
other  circuit.  For  interference  between 
transmission  and  telephone  lines  due  to 
S' “‘HJ1  inductance  see  Sec.  21.  Transposition 
of  telephone  lines  is  also  explained  in  Sec.  21. 

»«*»urement  must  be  em- 

Senti Lf11*™?1  W*  J°  determine  the  coeffi- 
cient of  mutual  inductance.  See  Sec.  3. 

HY8TXEESIS  AND  KDDT  CURUNT8 

5V»  STSJ  •*  ejSWBJSSSJBi 

»r^qsg  aaat  ^jagass. .a-Jr 

JtlwentlTity . If  the  coil  shown  in  Fig.  5 be  excited  with  Alto™**.**.. 

ampere-turns  and  consequently  the  m m f will  nnV 
ta.joroon.1  to  the  inatantaneou^alue  Jf  the  MdUn^cuVreD?^ pi^  ?^ 

Jsl  12)  tor  OQ0.cycle-  “>e  oufsed  loop '.cdl'flffk 

w *h<? ,ron  18  magnetized  the  virgin  or  neutral  eum 

ST J+2*  or  -Or)  left.  Th.^ia  cllled  rr.lduU  mSett.TLdT 

«wr»o  reduce  this  to  aero,  an  m.mf  (—Of  nr  4-rirn  *SrSS  ••  aPd.m 
«be  applied.  This  m.m.f.  is  called  the  co2rcitf  for^  PP  ^ P°lanty 

^a^.side  by  Hide  with  the  h^Ur^ieToot^af'ffX  K 
to  the  coil  is  sinusoidal  (B  to  th«  ♦ \ *>,_  ! 11  lue  voltage 


^ ^-Periodic  waves  of  current,  flu*  and  e.m.f.;  hysteresis  loop. 
<•"'  CUrr*“t-  The  alternating  current  which 

^"Juirslent  sine- waves,  and  O^y  ve^TC^)8 

'r'-tx'ZfrW  «?“P— -».«»  ‘he  current; 

/ ” t^*0!  f “ . kyetcresie  loss  in  watts, 

®n  •■■magnetising  current, 
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wherein  I is  the  total  exciting  current  and  6 the  angle  of  time-phase  displace 
ment. 

The  energy  lost  per  eyele  can  be  represented  by  the  area,  AJBd,  of  th 
loop;  see  Par.  94  below. 

93.  Hysteretic  angle.  Without  hysteresis, 
the  current  I would  Be  in  phase  quadrature  with 
E.  For  this  reason  the  angle  a — 90  — 9 is  called 
the  angle  of  hysteretic  advance  of  phase. 
a.  It  IrE  watts  loss  . 

1D  a I IE  “ apparent  watts*  ^ ^ 

In  practice,  the  measured  loss  usually  includes 
eddy  currents  (Par.  98)  so  that  the  name  “hys- 
teretic"  is  somewhat  of  a misnomer. 


94.  The  energy  lost  per  hysteresis  cycle 

(Fig.  12)  is  proportional  to  the  area  of  the  loop,  or  s 
+<B 


Energy  - cV^T 3CA(B  (Joules)  (96)  | 

“*®  Fio.  13. — Component 

wherein  V is  the  volume  of  the  iron,  (B  and  X of  exciting  current;  hy 
being  the  coordinates  of  the  loop  instead  of  <f>  and  teretic  angle. 

5 as  shown  in  Fig.  12;  and  c a constant  depend- 
ing upon  the  scale  used.  For  details  see  the  author’s  " Magnetic  Circuit 
Art.  16. 


9B.  Steinmets’s  formula.  According  to  exhaustive  experiments  1 
Dr.  C.  P.  Steinmets,  the  heat  energy  released  per  cycle  per  cubic  centimet 
of  iron  is  approximately 

W (ergs)  (9 

The  exponent  of  (B  varies  between  1.4  and  1.8  but  is  generally  taken 
1.6.  Values  of  17  are  given  in  See.  4 (see  index). 

96.  Power  loss  per  unit  weight.  The  most  convenient  way  to  exprt 
the  hysteresis  loss  is 

P‘"U10o(fd(Mf)  " ' (wotta  per  unit  weight)  (S 

wherein  / is  the  frequency  in  cycles  per  second;  (B  the  maximum  flux  dens^ 
in  lines  or  maxwells  per  square  centimeter,  and  kk  a constant;  see  Sec.  4. 

97.  Two-term  formula.  Another  empirical  formula  for  the  hysterei 
loss  is 

Pk*=fWB+ii,,B*)  (watts  per  unit  weight)  (9 


where  17'  and  17"  are  empirical  coefficients.  This  foimt 
is  more  accurate  at  medium  and  high  flux  densities  th 
the  preceding  one. 

98.  Eddy-current  losses  are  I*R  losses  (Par.  9T)  d 

to  secondary  currents  (Foucault  currents)  established 
those  parts  of  the  circuit  which  are  interlinked  with  alt* 
nating  or  pulsating  flux.  Referring  to  Fig.  14,  a bi 
shaped  conductor  is  just  entering  a non-uniform  fie 
The  advancing  side,  A,  is  cutting  more  lines  than  1 
trailing  side,  B , so  that  there  is  a difference  in  potent 
between  these  two  sides  and  electricity  will  flow  as  shoi 
by  the  arrows.  According  to  the  formula  eq.  (2* 
the  loss  is  proportional  to  the  cube  of  the  thickness  t,  I 
cause  both  e and  g are  proportional  to  t.  Hence  t 
loss  per  unit  volume  of  conductor  is  proportional  to  i 
square  of  the  thickness.  It  is  assumed  that  the  length 
much  greater  than  the  width,  and  that  the  third  dim< 

sion  is  constant. 

Referring  to  Fig.  15,  which  shows  a cross-section  of  a transformer  core,  1 
primary  current,  I,  produces  the  alternating  flux,  4>,  which  by  its  char 
generates  an  e.m.f.,  e,  in  the  core;  this  e.m.f.  then  sets  up  the  seconds 


Fio.  14. 
Eddy  currents. 
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Now,  if  the  cor®  be  divided  into  two  (b)t  four  (c),  or  n part®, 

the  e.mi.  in  each  circuit  will  be  e/2,  e/4,  e/n  end  the  conductance  g/2,  g/ 4, 

a/n  respectively.  Thus,  the  loss  per 
lamination  will  be  fl/n*)-th  part  and 
the  total  loss  (l/n*)~tn  part  of  tne  loss  in 
the  solid  core. 

99.  Effect  of  lamination.  From  the 
two  examples  given  above  it  is  seen  that 
the  eddy  currents  can  be  greatly  reduced 
by  laminating  the  circuit,  i.e.,  by  making 
it  up  of  thin  sheets  each  insulated  from  the 
others.  The  sa  me  purpose  is  accomplished 

iV 


laminated  Iron  core  is 


, \ * 
“H  1000  ), 


(watts  per  unit  weight)  (100) 


Therein  t is  the  thickness  of  the  laminations  in  mils;  / the  frequency  in  cycles 
per  second,  and  km  a factor  including  the  specific  weight  and  resistivity  of 
the  material 

A formula  for  the  lose  in  conductors  of  circular  section,  such  as  wire,  is 
P«  - ^ "T^TTi ■ ^ (watts  per  cu.  cm.)  (101) 

4p  11"* 

sherds r is  the  radius  of  the  wire  in  centimeters;  / the  frequency  in  cycles  per 
wooed  is  the  maximum  flux  density  in  lines  per  square  centimeter 

sod  f the  specific  resistance  in  ohms  per  centimeter  cube. 

A formula  for  the  lose  in  sheets  is 

Pe  — — (watts  per  cu.  cm.)  (102) 

6p  10,# 

Therein  t is  the  thickness  in  centimeters;  / the frequency  in  cycles  per  second ; 
Bms  is  the  maximum  flux  density  in  lines  per  square  centimeter,  and  p the 
resistance. 

The  specific  resistance  of  various  materials  is  given  in  Sec.  4 (see  index). 

199.  Beal  or  ohmic  resistance  is  the  resistance  offered  by  the  conductor 
to  the  passage  of  electricity.  Although  the  specific  resistance  is  the  same  for 
other  alternating  or  continuous  current,  the  total  resistance  of  a wire  is 
pester  for  alternating  than  for  continuous  current.  This  is  due  to  the  fact 
that  in  a conductor  which  is  continuously  cut  by  flux,  there  are  generated 
e.m.fs.;  these  e.m.fs.  are  greater  at  the  centre  than  at  the  circumference 
to  that  the  potential  difference  tends  to  establish  currents  which  oppose  the 
main  current  at  the  centre  and  assist  it  at  the  circumference.  The  result  is, 
that  the  main  current  is  forced  to  the  outside  thus  reducing  the  effective  area 
of  the  conductor.  This  phenomenon  is  called  skin  effect  (Par.  101). 

191.  A theoretical  formula  for  the  calculation  of  skin  effect  in  a 
solid  conductor  of  circular  cross-section  is* 


'-*['+BdS)’-i55(S)‘+H  «->•  «« 

wherein  r is  the  resistance  offered  to  an  alternating  current:  R that  offered 
t*  a continuous  current;  / the  frequency  in  cycles  per  second,  m the  relative 
permeability  of  the  conductor  and  / the  length  of  the  conductor  in  centimeters. 

It  will  be  noted  that  1 /R  is  proportional  to  the  area  of  eross-section  of  the 
maductor;  therefore,  the  skin  effect  depends  upon  the  area  of  cross-section 
«f  the  conductor  and  the  frequency  of  tne  current.  These  should  be  kept  as 
nail  as  possible,  although  skin  effect  seldom  cuts  any  great  figure  where 
mscUrste  aised  conductors  are  used  to  carry  current  at  ordinary  frequencies. 
It  is  in  iron  or  other  magnetic  materials,  where  skin  effect  becomes  really 
important.  It  must  be  considered  in  rail  returns  for  alternating-current 
•yvusa*.  Skin  effect  tables  are  given  in  Sec.  4 (see  index).  For  a detailed 


* Maxwell,  J.  C.  ‘ ‘A  Treatise  on  Electricity  and  Magnetism,”  VoL  II, 
Aft  690;  footnote  by  J.  J.  Thomson. 
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treatment  of  resistance  to  alternating  currents  and  eddy  current  losses  in 
metallic  conductors  see  Louis  Cohen,  “ Formula  and  Tables  for  the  Calcu- 
lation of  Alternating-current  Problems,"  Chap.  I.  Numerous  tables  and 
formula  will  be  found  there,  relating  to  the  resistance  to  alternating  currents 
and  eddy  current  losses  in  solid,  hollow  and  concentric  cylindrical  conductors, 
flat  conductors,  coils  and  conductors  in  slots  of  laminated  iron  armatures. 

102.  Effective  resistance  and  reactance.  When  an  alternating-current 
circuit  has  appreciable  hysteresis,  eddy  currents  and  skin  effect,  it  can  be 
replaced  by  an  equivalent  circuit,  without  these  losses,  by  using  equivalent 
resistances  and  equivalent  reactances  (Par.  104)  in  place  of  the  real  ones. 
These  equivalent  or  effective  quantities  are  so  chosen  that  the  energy  rela- 
tions are  the  same  in  the  equivalent  circuit  as'in  the  actual  one.  In  a series 
circuit  let  the  true  power  lost  in  ohmic  resistance,  hysteresis,  and  eddy 
currents  be  P,  and  the  reactive  (wattless)  volt-amperes  P/.  Then  the  effec- 
tive resistance  and  reactance  are  determined  from  the  relations 

(104) 

In  a parallel  circuit,  with  a given  voltage,  the  equivalent  conductance  and 
susceptance  (Par.  162)  are  calculated  from  the  relations 

O «WP;  e*bef/-P'.  (105) 

Such  equivalent  electric  quantities  which  replace  the  core  loss  are  used  in 
the  analytical  theory  of  transformers  and  induction  motors. 

102.  Core  lots.  In  practical  calculations  of  electrical  machinery  tbe 
total  core  loss  is  of  interest  rather  than  the  hyteresis  and  the  eddy  currents 
separately.  For  such  computations  empirical  curves  are  used,  obtained 
from  tests  on  various  grades  of  steel  and  iron  (see  Sec.  4). 

104.  The  separation  of  hysteresis  from  eddy  currents.  For  a 
given  sample  of  laminations,  the  total  core  loss  P,  at  a constant  flux  density 
and  at  variable  frequency  /,  can  be  represented  in  the  form 

P~af+bf*  (106) 

where  of  represents  the  hysteresis  loss  and  6/*  theeddy  or  Foucault-current 
loss,  o and  b being  two  constants.  If  we  write  this  equation  for.two  known 
frequencies,  two  simultaneous  equations  are  obtained  from  which  a and  b 
are  determined. 

10B.  Determination  of  constants.  It  is  convenient  to  divide  the  fore- 
going equation  by  /,  because  in  the  form 

y-a+bf  (107) 

it  represents  the  equation  of  a straight  line  between  ( P/f)  and  /.  Having 
plotted  the  known  values  of  ( P/f)  against  / as  abscissa,  tne  most  probable 
straight  line  is  drawn  through  the  points  thus,  obtained.  The  intersection 
of  this  line  with  the  axis  of  ordinates  gives  a;  b is  calculated  from  the  pre- 
ceding equation.  Knowing  a and  b,  tne  separate  losses  are  calculated  at  any 
desired  frequency  from  the  expressions  af  and  b/3  respectively. 

THS  DIELECTRIC  CIRCUIT 

106.  Dielectric  flux.  When  a source  of  continuous  voltage  E (Fig.  16) 
is  applied  at  the  terminals  of  a condenser  AB,  a quantity  of  electricity  Q 
flows  through  the  connecting  wires  and  the  same  quantity  of  eleotricity 
may  be  said  to  be  displaced  through  tho  dielectrio  between  the  condenser 
terminals,  because  electricity  behaves  like  an  incompressible  fluid.  This 
displaced  electricity  in  a dielectric  is  called  the  dielectrio  flux  and  is  moasured 
in  the  same  units  as  a quantity  of  electricity  in  a conducting  circuit;  that 
is,  in  coulombs  or  in  microcoulombe. 

107.  The  dielectric  llnx  density  and  the  potential  gradient.  The 

flux  density  D or  the  dielectric  flux  per  unit  area  is  D — Q/A  when  the  flux 
distribution  is  uniform,  or  D*=dQ/dA  when  the  flux  distribution  is  non- 
uniform.  In  these  expressions  Q is  the  dielectric  flux  and  A is  the  area 
perpendicular  to  the  electrostatic  lines  of  force.  Flux  density  is  measured 
in  microcoulombs  per  square  centimeter  or  per  square  inch. 

The  voltage  E applied  at  the  terminals  of  the  condenser  acts  upon  the 
whole  thickness  l of  tne  dielectric,  and  the  dielectric  stress  (?  is  characterised 
as  the  voltage  per  unit  thickness  (unit  length)  of  the  dielectric  in  the  direction 
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of  tli*  line*  of  force.  Thus,  in  a uniform  field tG~B/l,  and  in  a non-uniform 
M<LG~dE/dl.  The  dielectric  stress  G is  also  called  the  voltage  gradient 
or  the  electric  force.  It  is  measured  in  volts  per  inch,  kilovolts  per  mm. 


or  in  other  such  convenient  units. 


Key  j 


f— 1 

f)  v ( r\ 

\\ 

-s'). 

B 

Condenser 

S'l 

\ -+Q 

R\\ 

Fia.  16. — Circuit  containing  a 
condenser. 


In  a homogeneous  dielectric,  the  flux 
density  D at  any  point  is  proportional 
to  the  voltage  gradient  at  that  point, 
and  the  ratio  of  the  two  characterizes 
the  material;  or,  D — kG,  where  * is 
called  the  absolute  permittivity  of 
the  dielectric.  See  Par.  lit  and  134. 

108.  Electrostatic  capacity  (or 
permittance).  The  displacement  Q 
of  electricity  through  a dielectric  is  ' 
proportional  to  the  voltage  E applied 
between  the  terminals  (Fig.  10)  as  long 
as  the  safe  limit  of  insulation  is  not 
exceeded;  or 

Q-CE  (108) 

where  the  coefficient  of  proportionality 
C is  called  the  electrostatic  capacitv  or 

rrmittance  of  the  condenser.  When 
is  in  volts  and  Q in  coulombs,  C is 
in  farads.  If  Q is  in  microcoulombs, 

C is  in  microfarads. 

When  the  applied  voltage  is  vari- 
able, the  preceding  equation  is  writ- 
ten in  the  form 


9t 


r d? 
c at  • 


(109) 


vbere  Q and  E are  differentiated  with  respect  to  time  f,  and  ic  is  called  the 
Charging  or  displacement  current.  Either  this  equation  or  the  relation 
QmCE  may  be  considered  as  the  fundamental  one  defining  capacity  C. 

1*9.  Elastance.  The  same  proportionality  between  the  applied  voltage 
ud  the  displacement  of  electricity  is  sometimes  written  in  the  form 

B-SQ,  (110) 

where  5 — 1/C  is  called  the  elastanoe  of  the  condenser.  When  E is  in  volts 
aad  Q in  coulombs,  8 is  measured  in  units  which  the  author  has  termed 
' dsrafs"  (farad  spelled  backward).  When  Q is  in  microcoulombs,  5 is  in 
“magadarafs.” 

118.  Condensers  in  series  and  in  parallel.  When  condensers  are 
eoaoected  in  parallel,  the  equivalent  capacity  is  equal  to  the  sum  of  all  the 
capacities  of  tne  component  condensers,  or 

Ci-ZC.  (HD 

When  two  or  more  condensers  are  connected  in  series,  the  equivalent 
^parity  is  determined  from  the  relation 
1 

Cn 

Analogously,  for  a scries  connection  of  elastances  (Par.  109) 
u>d  for  parallel  connection  of  elastances 


-4- 


(112) 


(113) 


(114) 


bm2r 

Ul.  Far  example,  let  two  permittances  Ci— 0.2  ml.  and  Can 0.3  mf. 
• be  connected  in  parallel  with  each  other,  and  in  series  with  a third  condenser 
tor  which  Ca  — 0.4  mf.  To  find  the  total  capacity  of  the  combination  we  note 
that  the  combined  capadty  of  the  two  condensers  in  parallel  is  Ci+Cj  — 0.5 
ffil or  the  elastance  of  the  combination  is  two  megaaarafs.  The  elastance 
of  the  third  condenser  is  1/C*«=2.5  megadarafs,  so  that  the  total  elastance 
«f  the  combination  is  2 -f- 2.5  ■=  4.5  megadarafs.  Consequently  the  equivalent 
espaeity  is  1/4.5  — 0.222  mf.  This  example  shows  the  convenience  of  using 
tUatances  when  condensers  are  connected  in  series. 
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111.  The  specific  InduotlYe  capacity  of  a dielectric  (Jfc)  is  the  redo  be- 
tween the  capacity  of  a condeneer  made  entirely  of  this  dielectric  and  of  an 
identical  condenser  using  air  for  dielectrio.  It  is  also  termed  the  dielectric 
constant.  Another  name  for  specifio  inductive  capacity  is  relative  per- 
mittivity. For  numerical  values  for  various  dielectrics  see  Sec.  6. 

111.  Capacity  (permittance)  between  parallel  plates.  When  s 
condenser  consists  of  two  parallel  plates  the  distance  between  which  is  small 
compared  to  the  dimensions  of  the  plates,  the  lines  of  electrostatic  displace- 
ment are  nearly  straight  lines  normal  to  the  adjacent  surfaces  of  the  plates. 
The  capacity  of  such  a condenser  is 

(abstatfarads)  (115) 

where  A is  the  area  of  one  of  the  plates  in  sq.  cm..  I the  normal  distance 
between  them,  in  cm.  and  &/4t  the  permittivity  of  the  dielectric;  k is  the 
dielectric  constant,  which  for  air  is  unity.  If  C is  to  be  in  microfarads,  then 
in  the  preceding  formula  in  place  of  k/iv  use 

— (-j)  — 0.08842  X k X 10~*  (mf.  per  centimeter-cube)  (116) 

where  v is  the  velocity  of  light,  or  the  factor  required  to  change  from  electro- 
static to  electromagnetic  units. 

If  instead  of  taking  &/4t  as  the  permittivity,  a term  ka  called  the  absolute 
permittivity  is  introduced,  then 

C—ka^j  (microfarads)  (117) 

And  for  air,  instead  of  unity  (the  relative  permittivity),  the  absolute  per- 
mittivity is 

*#-0.08842X10— • (mf.  per  centimeter-cube)  (118) 
and  for  any  other  substance  the  absolute  permittivity  would  be  0.08842  X 
10_#As.  where  k is  the  specific  inductive  capacity  or  the  relative  permittivity 
of  the  dielectric;  see  Par.  112.  See  also  the  author's  "Electric  Circuit, 
Article  51,  for  further  elaboration  of  this  theory  of  absolute  versus  relative 
permittivities.  At  present  the  accepted  method  of  calculation  is  based  on 
the  use  of  formulae  (115)  and  (116). 

114.  The  elastance  of  a dielectric  between  two  parallel  plates  a 

short  distance  apart  is  5—  a ( 1/ A ) where  the  coefficient  <r  (sigma)  is  cadled 
the  elastlvity  of  the  dielectric.  If  jS  is  in  megadarafs  (1  daraf  is  the  recip- 
rocal of  1 farad)  and  the  dimensions  in  centimeters,  v is  in  megadarafs  p « 
eenti  meter  cube.  Elastance  is  the  reciprocal  of  permittance,  or  8 — 1/C, 
and,  likewise,  elastivity  is  the  reciprocal  of  permittivity,  or  9 — 4*7* 
Therefore 

-ft  )a~i  <“*> 

For  air,  in  practical  units, 

9 — 11.31  X 10*  mgd.  per  centimeter  cube.  (120) 

Example;  to  calculate  the  capacity  of  a plate  condenser  (Fig.  16)  built  ac- 
cording to  the  following  specifications:  The  metal  plates  are  50  cm.  by  70 
cm.  each,  placed  at  a normal  distance  of  0.3  cm.  The  dielectric  consists  ol 
three  consecutive  layers  of  insulation,  which  are  0.12  cm.,  0.07  cm.  and  0.11 
cm.  thick.  The  relative  permittivities  of  the  materials  are  2,  3 and  5 respect- 
ively. Since  elastances  are  added  in  series  (Par.  110),  the  total  elastance 
of  the  condenser  is 

5 - II 1 .3  X 10*/ (50  X 70)1(0 . 12/2  +0.07/3  +0. 11/5] 

-0.34X10*  mgd. 

Hence  the  capacity  C — — 2.94  X 10~*  mf. 

110.  Capacity  of  concentric  cables.  For  a single-conduotor  cable 
with  a grounded  metal  sheath  (Fig.  17)  the  capacity 


0.03882 k 
logi  o(6/a) 

0.024 13k 
logi#(6/o) 


(mf.  per  mile)  or 
(mf.  per  km.) 


(121) 
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where  k is  the  relative  permittivity  of  the  dielectric  (Par.  111).  The  same 
formula  applies  for  the  capacity  or  permittance  between  any  two  concentric 
cylinders,  provided  that  their  axial  length  is  considerable  as  compared  to 
their  radii  so  that  the  effect  of  the  ends  may  be  neglected. 

111.  Graded  insulation.  When  the  insulation  between  two  concentric 
rylinders  consists  of  several  concentric  layers  (Fig.  17),  the  elastance  Of  the 
able  is: 

»C~1*»2o.75(fct~1  logio(bi/a)  -fir-1  logis(5i/6i) 

+ logi*(6i/6j)+etc.l  (megad&rafs  per  mile)  (122) 


Fig.  17. — Concentric  cable.  Fia.  18. — Concentric  cable  and  lead  sheath. 


where  iu  kt  . . . are  the  relative  permittivities  of  the  layers  (Par.  112). 
The  capacity  in  microfarads  per  mile  is  the  reciprocal  of  this  expression. 
The  capacity  of  a cable  is  directly  proportional  to  its  length,  while  the  elas- 
taace  is  inversely  proportional  to  tne  length. 

117.  For  a single-phais  concentric  cable  with  a grounded  sheath 
(Fig.  18},  the  capacity  between  two  conductors,  Cab,  and  that  between  the 

outer  conductor  and  the  sheathing,  Co*, 
is  calculated  according  to  the  formulss 
given  above.  Then,  if  the  voltage  be- 
tween the  two  conductors  is  Eab  and  the 
voltage  between  the  outer  conductor  and 
the  sheathing  is2?«f,  the  charging  current 
at  a frequency  of  / Cycles  per  second  is 
I-2*f{EabC<*+EaCcdW  (amp.), (123) 
if  Cab  and  Cu  are  expressed  in  micro- 
farads. 

118.  Twin-conductor  cable  with 
grounded  sheath.  In  this  case  the 
sheath  may  be  replaced  by  a pair  of  con- 
ductors located  outside,  as  shown  in 
Fi$.  19.  The  spacing,  6,  of  these  im- 
aginary conductors  being  given  by  the 
relation* 
ba-d* 


Fw.  19. — Twin  conductor  cable 
lowing  electrical  image  due  to  the 
poonded  sheath. 


**1  the  capacity  of  a single  conductor  is 

. Cwb  0.03882& 


(mf.  per  mile). 


(124) 


(125) 


logior2q((i*— q»)i 

L r(d»+o«)  J 

The  capacity  per  mile  of  the  circuit  (two  miles  of  conductor)  is  one-half 


" Leo  Iiehtenstein. 
6 


Elek.  Zeit.  Vol.  XXV,  pp.  106  and  124  (1904). 
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of  the  preceding  value.  The  transferee  dimensions  may  be  either  in  inche* 
or  in  centimeters  because  only  their  ratio  enters  in  the  formula. 

lit.  A three-conductor  cable  may  be  treated  in  a similar  way  (Fig.  20) 
The  sheath  is  replaced  by  three  equally  spaced  conductors  of  the  same  diam 
eter  and  spaced  according  to  the  relation  6a  = ds.  The  capacity  of  a single 
conductor  is 

0.07764  k 

r3a*(d*  — a*)**i  (mf.  per  mile)  (126] 

where  the  transverse  dimensions  are  in  inches  or  in  centimeters. 


120.  The  capacity  of  a single-phase  transmission  line  per  wire,  oi 
the  permittance  between  one  of  the  wires  and  the  plane  of  symmetry  is 

_ 0.03882  . . ... 

C -;ct—  (mf.  per  mile)  (12*, 


logio(6/a) 

where  a is  the  radius  of  the  wire,  and  b the  spacing  between  the  centres 
The  capacity  between  the  two  conductors  is  equal  to  one-half  of  that  givei 
by  the  formula  above.  For  values  of  charging  current  at  standard  frequence 
see  tables  in  Sec.  11. 


Fig.  20. — Three-conductor  cable;  Flo.  21. — Overhead  conductor, 

showing  electrical  images  due  to  the 
grounded  sheath. 


121.  The  capacity  of  a single  overhead  conductor  with  ground 
return  (Fig.  21)  is 

„ 0.03882  . . 

C~\ozM2h/a)  (mf'  Per  m,le)  <128! 


122.  When  a staple-phase  line  with  metallic  return  is  suspendec 
sufficiently  near  the  ground  its  capacity  is  somewhat  increased.  Le 
the  wires  be  suspended  at  the  heights  hi  and  hi  above  the  pround ; then  cal 
culate  the  capacity  according  to  formula  in  Par.  120,  using  the  correcteti 
spacing  (see  the  author’s  "Electric  Circuit,"  Art.  61) 

6,--  J (129] 


VI  + (0.256)  a/6i6t 

When  the  hoights  of  suspension  hi  and  hi  are  greater  than  8.5  times  tb< 
spacing  b,  the  difference  between  b and  the  corrected  spacing  be  is  less  that 
1 per  cent.  The  correction  in  formula  (117)  is  still  smaller,  becauM 
logarithms  of  numbers  vary  more  slowly  than  the  numbers  themselves. 

In  formulie  (128)  and  (129)  a perfectly  conducting  pround  is  assumed 
With  dry  non-conducting  earth  the  increase  in  capacity  is  somewhat  less. 

122.  Capacity  of  a three-phase  line  with  symmetrical  spacing 
The  concept  of  the  capacity  of  a three-phase  line  is  not  definite  withou 
further  qualifications.  In  practice  a three-phase  line  is  calculated  by  re 
ducing  it  to  an  equivalent  single-phase  line  consisting  of  one  of  the  conductor 
of  the  three-phase  line  and  a ground  return.  This  equivalent  single-pbaa 
line  carries  one-third  of  the  total  power  transmitted  by  the  three-phase  lint 
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at  a voltage  E/y/z  corresponding  to  the  star  voltage  of  the  three-phase  line. 
For  such  an  equivalent  line  the  capacity  is  expressed  by  the  formula  given 
in  Par.  ISO  above,  where  a is  the  radius  of  each  wire  and  b the  spacing  be- 
tween the  wires.  This  expression  for  capacity  means  that  the  charging  cur- 
rent per  wire  calculated  from  the  formula  / -»  2-rfCE/ y/z  checks  with  that 
actually  observed  in  each  wire  of  a three-phase  line  when  a pure  sine-wave 
voltage  B is  applied  between  the  wires.  For  values  of  charging  current  see 
tables  in  Sec.  11. 

114.  With  an  unaymmetrical  spacing  let  the  actual  distances  between 
the  three  pairs  of  wires  be  fit,  6*,  and  6*.  The  capacity  can  be  calculated 
from  the  above  given  formula  using  the  equivalent  spacing 

bn  “ $/bxb*h,  (1301 


equal  to  the  geometric  mean  of  the  actual  spacings.  For  a more  detailed 
treatment  of  capacity  of  three-phase  lines  with  unsymmetrical  spacing, 
uasymmetrical  voltages  and  the  effect  of  the  ground,  see  the  author’s  " Elec- 
tric Circuit,”  Art.  06.  For  other  formuls  for  the  capacity  of  linear  con- 
dactora  and  cables  see  Cohen,  L„  “Formulas  and  Tables  for  the  Calcu- 
lation of  Alternating  Current  Problems, ” Chap.  3.  See  also  Fowle,  F.  F., 
“The  Calculation  of  Capacity  Coefficients  for  Parallel  Suspended  Wires,” 
El  World,  VoL  58  (1911),  pp.  388.  443,  and  493. 

128.  A Leyden  1st  (Fig.  22)  may  be  considered  as 
a combination  of  plate  condensers.  Thus,  using  the 
general  formula  Par.  118,  its  capacity, 


vr*+2irW 


(microfarads)  (131) 
centimeters  and  *- 


m 

I J I } where  the  dimensions  are  in 
I 0.08842 X10-**;  see  Par.  112. 

126.  Permittance  of  Irregular  paths.  In  some 
I cases  it  is  necessary  to  calculate  the  capacity  of  a 

condenser  the  dielectric  of  which  is  limited  by  trregu- 
Fw.  22. — Leyden  jar.  lar  boundaries.  The  problem  is  solved  either  by  ex- 
periment or  by  calculations.  In  performing  the  ex- 
ponent the  dielectric  is  sometimes  conveniently  replaced  by  a piece  of 
aetal  of  identical  shape  and  with  identical  terminals.  Let  the  resistance 
(A  the  metal  paths  be  R,  the  unknown  capacity  C,  the  absolute  permittivity 
of  the  dielectric  £«  (Par.  112)  and  the  resistivity  of  the  metal  p (Par. -20). 
Then 

C-*p  (132) 

la  order  to  calculate  the  permittance  without  any  experiment,  various 
auumptions  are  made  as  to  the  most  probable  paths  of  the  electrostatic 
lines  of  force,  ami  of  the  various  assumptions  one  is  selected  which  gives  the 
maximum  permittanoo.  For  details  see  the  author’s  "Electric  Circuit,” 
Aits.  54-65. 

1ST.  The  energy  stored  In  a oondenser.  The  potential  energy  stored 
m a condenser  is 

CE * Q*  EQ 


W- 


2 28  2 


in  joules  (watt-seconds)  (133) 


vfcm  the  roltage  E is  in  volts,  the  electrostatic  flux  (Par.  108)  or  charge 
Q coulombs,  and  the  capacity  C in  farads.  If  C is  in  microfarads  and  Q 
ia  nicrocoulombs,  W is  in  micro  joules. 

128.  The  density  of  electrostatic  energy,  or  the  energy  stored  per  unit 
rdtune  of  the  dielectric,  is 


D*_  GD, 
2 2 *a“  2 


(134) 


vhere  W is  expressed  in  microjoules  per  centimeter  cube,  ka  is  the  absolute 
penmttivity  of  the  dielectric  iu  microcoulombs  per  centimeter  cube,  and  G 
u the  voltage  gradient  in  volts  per  oentimeter  length  of  path;  D is  the  di- 
electric flux  density  (Par.  107)  in  microcoulombs  per  square  centimeter. 

The  total  energy  of  an  electrostatic  field  is  found  by  multiplying  W'  by 
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an  element  of  volume  at  and  integrating  within  the  desired  limits.  For  wx 
interesting  comparison  of  practical  possibilities  as  to  the  amount  of  energy 
stored  in  the  dielectric  form  per  unit  volume,  compared  with  other  forms  ol 
energy,  see  Steinmets,  C.  P.,  General  Electric  Review,  1913,  p.  536. 

129.  A system  of  charged  bodies  (Fig.  23).  The  total  charges  on 
the  individual  conductors  are  expressed  by  the  equations 

gi-Cm-fCu(vt  — etc.,)  (135) 

tft-CjPa+CnCtt  — ®i)  + Ct»(n  — n)  + etc.,/ 
where  «i,  v*,  vs,  etc.,  are  the  potentials  of  these  conductors  above  the  ground. 
The  coefficients  Ct,  Ct,  Ct,  etc.,  are  called  the  partial  capacities  of  the  con> 
ductors;  Cis,  Cm,  etc.,  are  called  mutual  capaci- 
ties. Their  computation  is  possible  in  a few 
simple  cases  only,  but  having  determined  them 
experimentally,  it  is  possible  to  calculate  from  the 
preceding  equations  the  resultant  or  equivalent 
capacity  of  the  system  under  various  operating 
conditions. 

ISO.  Maxwell's  equations  of  a charged  sys- 
tem. The  same  equation  may  be  written  in 
Maxwell's  form  ^ 

qi * Aun-f- AuPa-f- Ancj+etc.,  \ (136) 

qt  * Kt\v\  + Kttto  + Knvt+ etc.,  / 
where  the  coefficients  An,  Kn , etc.,  are  called  the 
capacities  of  the  individual  conductors,  and  the 
negative  quantities  Kit,  Kn,  etc.,  are  called  coeffi- 
cients of  mutual  induction. 

131.  Coefficients  in  Maxwell's  equations. 

The  following  relations  hold  between  the  coeffi- 
cients K and  C: 

An  * Ci + Cu  4* Ci« + etc.  i 

AM«Ci+Cti-(-CM-fetc.  V (137) 

An  — — Cu;  An*  —Cm,  etc.  J 

1S2.  The  electrostatic  energy  stored  in  the  field  is 

W * § Anvi*4*i  A»r**-fetc.-f-Ai**i®i+Ai»viv*-f-AMV***+etc.  (138) 
W is  expressed  in  joules  (watt-seconds)  if  the  potentials  are  in  volts  and  the 
capacities  in  farads. 

133.  The  dielectric  strength  of  insulating  materials,  or  the  ruptur- 
ing voltage  gradient,  is  the  maximum  voltage  per  unit  thickness  which  a 
dielectric  can  stand  in  a uniform  field,  before  it  breaks  down  electrically. 
The  dielectric  strength  is  usually  measured  in  kilovolts  per  millimeter  or 
per  inch.  The  only  oorrect  way  is  to  refer  the  dielectrio  strength  to  a uni- 
form field,  for  instance,  between  large  parallel  plates  placed  at  a short  dis- 
tance apart.  If  the  striking  voltage  is  determined  between  two  spheres  or 
electrodes  of  some  other  shape,  the  fact  should  be  distinctly  stated.  In 
designing  insulation  a factor  of  safety  is  assumed  depending  upon'  the  con- 
ditions of  operation.  For  numerical  values  of  the  rupturing  voltage  gradi- 
ents of  various  materials  see  Sec.  4. 

134.  The  critical  dielectric  flux  density  is  the  density  at  which  the 
material  breaks  down.  It  is  determined  from  the  relation 

Dmmm  * 0.0884 2W?»ox  X 10“*,  ( 139) 

where  Dm*  is  the  critical  density  in  microcoulombs  per  square  oentimeters 
Gmaw  is  the  rupturing  voltage  gradient  in  kilovolts  per  millimeter,  and 
k is  the  relative  permittivity  of  the  material  (Par.  112). 

136.  Electrostatic  corona.  When  the  electrostatic  flux  density  in  the 
air  exceeds  a certain  value,  a pale  violet  light  appears  near  the  adjacent 
metal  surfaces;  this  silent  discharge  is  called  the  electrostatic  corona.  In 
the  regions  where  the  corona  appears,  the  air  is  electrically  broken  down,  and 
ionised  so  that  it  becomes  a conductor  of  electricity.  When  the  voltage  is 
raised  still  higher  a brush  discharge  takes  place,  until  the  whole  thioknees  of 
the  dielectric  is  broken  down  and  a disruptive  discharge,  or  spark,  jumps 
from  one  electrode  to  the  other. 

The  formation  of  corona  leads  to  power  loss  which  may  be  serious  in  some 
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mam  (see  See.  11).  Moreover,  corona  facilitates  the  formation  of  nitric 
Add  sear  the  conductors,  and  may  lead  to  corrosion.  When  corona  is  allowed 
to  play  on  insulation  other  than  air,  this  insulation  may  in  time  be  charred 
tad  deteriorated.  For  these  reasons  it  is  of  importance  to  know  the  critical 
voltages  of  corona  formation  and  the  power  loes  under  various  conditions 
oi  surfaces,  barometric  pressure,  humidity,  etc.  The  problem  is  still  in  a 

I research  state.  For  numerical  data  in  application  to  transmission  lines  see 
Sec.  11;  in  connection  with  the  design  of  other  high-tension  apparatus,  Sec.  10. 

11$.  Experiments  on  oorona.  A large  amount  of  experimental  and 
theoretical  information  concerning  corona  and  other  allied  topics  will  be  found 
in  the  various  recent  volumes  of  the  Tran*.  A.  I.  E.  E.  See  in  particular 
the  valuable  papers  by  F.  W.  Peek,  Jr.,  H.  J.  Ryan,  and  J.  B.  Whitehead, 
vith  the  accompanying  discussion. 

1ST.  Dielectrlo  hysteresis  and  conductance.  When  an  alternating 
voltage  is  applied  at  the  terminals  of  a condenser,  the  dielectric  is  subjected 
to  periodic  streeeee  and  displacements.  If  the  material  were  perfectly  elastic, 

: so  energy  would  be  lost  during  one  complete  cycle,  because  tne  energy  stored 
during  the  periods  of  increase  in  voltage  would  be  given  up  to  the  circuit 
when  the  voltage  decreased.  In  reality,  the  electric  elasticity  of  solid  and 
bqmd  dielectrics  is  not  perfect,  so  that  the  applied  voltage  has  to  overcome 
some  kind  of  molecular  friction,  in  addition  to  the  elastio  forces.  The  work 
done  against  friction  is  converted  into  heat,  and  is  lost,  as  far  as  the  circuit 
u concerned.  This  phenomenon  is  similar  to  magnetic  hysteresis  (Par.  89), 
and  b therefore  called  dielectric  hysteresis.  The  energy  lost  per  cycle  is 
proportional  to  the  square  of  the  applied  voltage,  because  both  the  displace- 
ment ami  the  stress  are  proportional  to  the  voltage. 

An  imperfect  condenser  does  not  give  out  on  discharge  the  full  amount  of 
tnsrrv  put  into  it.  After  having  been  discharged  and  stood  some  time, 
aa  additional  discharge  may  be  obtained;  this  is  known  as  absorption  in 
tbs  dislectxic. 

An  imperfect  condenser,  that  is,  one  which  shows  a loss  of  power  from  one 
(sob  or  another,  can  be  replaced  for  purposes  of  calculation  by  a perfect 
condenser  with  an  ohmic  conductance  shunted  around  it.  This  conductance, 
or  "leakanee,"  as  some  authors  call  it,  is  selected  of  such  a value  that  the 
19  loss  in  it  is  equal  to  the  loss  of  power  from  all  causes  in  the  given  imperfect 
eoadenaer.  The  actual  current  through  the  imperfect  condenser  is  considered 
tbcQ  as  consisting  of  two  components — the  leading  reactive  component 
tkzough  the  ideal  condenser,  and  the  loss  component,  m phase  with  the  volt- 
tfe,  through  the  shunted  conductance.  In  this  way,  imperfect  condensers 
can  be  treated  graphically  or  analytically,  according  to  the  ordinary  laws  of 
the  electric  circuit. 

TRANSIENT  CURRENTS  AND  VOLTAGES 
198.  Transient  electric  phenomena  are  such  as  occur  between  two 
permanent  conditions;  for  instance,  when  a load  is  suddenly  changed,  an 
Appreciable  time  elapses  before  the  generators  and  the  line  adapt  themselves 
to  the  new  conditions,  and  the  currents  and  the  voltages  during  the  inter- 
mediate time  are  called  transient.  Some  electrio  phenomena  are  transient 
in  time  (for  instance,  the  short-circuiting  of  a large  alternator),  others  are 
transient  in  space  (the  distribution  of  alternating  curfent  in  solid  conduc- 
tors), and  some  are  transient  both  in  time  and  in  space  (surges  and  traveling 
saves  in  long  transmission  lines). 

119.  Theory  of  transient  phenomena.  The  subject  is  too  large  and 
advanced  to  be  treated  here  in  detail.  An  elementary  treatment  of  the 
•object  will  be  found  in  W.  8.  Franklin's  "Electric  Waves”  and  in  C.  P. 
Stemmets's  "Electric  Discharges,  Waves  and  Impulses."  Numerous 
formula  and  results  will  be  found  in  Cohen’s  "Formulae  and  Tables  for  the 
Calculation  of  Alternating-current  Problems, "Chaps.  5 and  6.  For  a more  ad- 
naeed  treatment  see  J.  A.  Fleming,  "The  Propagation  of  Electric  Currents;'* 
A E.  Kennelly,  "The  Application  of  Hyperbolic  Functions  to  Electrical 
Engineering-  Problems,  "Cnap.  6 and  foil.;  C.  P.  Steinmeta,  "Transient 
Ekctric  Phenomena  and  Osculations."  'Numerous  articles 'on  the  subject 
rill  be  found  in  the  recent  volumes  of  the  A.  I.  E.  E.,  Elektrotechnische 
ZtiLtekrift  and  Archiv  fur  Elektrotechnik. 

149.  Closing  a circuit  containing  a resistance  r (ohms)  and  an  induct- 
uecL  (henry si  in  series  with  a continuous  e.m.f.  When  the  de-energised 
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circuit  is  suddenly  connected  to  a source  of  continuous  voltage  e,  the  current 
gradually  rises  to  the  final  value  »<>  — «/r  According  to  the  law 

where  t is  time,  and  « is  the  base  of  natural  (or  hyperbolic)  logarithms 
This  expression  is  known  as  Helmholtz's  law.  When  the  source  of  e.m.f 
is  short-circuited  the  current  in  the  remaining  circuit  decreases  to  sero  ac 
cording  to  a similar  law 

i-Utr/L.  (141 

141.  Periodic  e.m.f.  When  a de-energised  circuit  containing  r and  j 
is  suddenly  connected  at  the  instant  t-  0,  to  a source  of  altematinj 
voltage  e = Em  sin  (2 rft+a),  the  current  in  the  circuit  varies  according  t 
the  law 

i^~  sin  (2-rft  + cr  — 4>)  ~~  ~~~  sin  (a-0)«~<r/L  (142 

In  this  equation  s - Vr*+(2r/L)*  is  the  impedance  of  the  circuit  and  f i 
the  phase  displacement  between  the  current  and  the  voltage,  determined  b; 
Ion  #-  — 2i r/L/r.  The  angle  a is  the  phase  displacement  between  the  voltag 
9 and  the  reference  wave  which  passes  through  sero  at  the  time  I — 0;  /i 
the  frequency.  The  first  term  in  the  expression  for  i is  the  current  corre 
spending  to  the  permanent  condition,  the  second  term  is  a transient  whir! 
rapidly  approaches  sero  with  the  time.  (See  also  Eq.  146.) 

14S.  Closing  a circuit  containing  a resistance  r (ohms)  and  a capacity 
C (farads)  in  series.  The  charging  current  is  theoretically  expressed  b 

i-Ut/(rC\  (143 

where  u is  the  current  at  the  first  instant.  This  equation  is  not  applicabl 
to  the  beginning  of  the  charge  because  it  presupposes  a sudden  jump  of  th 
current  from  sero  to  i«.  In  reality,  the  unavoidable  inductance  of  the  circui 
smoothes  down  the  initial  change  in  current. 

When  a condenser,  charged  at  a voltage  e«,  is  discharged  through  roeisi 
ance  r,  the  discharge  current  at  the  first  instant  is  theoretically  equal  t 
»'•  — e«/r,  and  then  varies  according  to  the  law 

044 

The  voltage  across  the  condenser  terminals  decreases  according  to  a si  mils 
law 

«-w-,/(rC) 

When  a de-energised  cirouit  containing  r and  C is  suddenly  connected  a 
the.  instant  1-0  to  a source  of  alternating  voltage  e sin(2v/l-l-«),  th 
current  in  the  circuit  will  vary  according  to  the  law 

t-^sin(2T./H-a  + 4)-^  sin  (a  + *)«"//^r^  (141 

In  this  equation  x — vV*  + Il/(2*/C)]*  i»  the  impedance  of  the  circuit,  and 
is  the  phase  displacement  between  the  current  and  the  voltage,  determine 
by  cot  4>  “ 2 rfCr.  The  angle  a is  the  phase  displacement  between  the  voltafl 
« and  the  reference  wave  which  passes  through  zero  at  the  time  1 — 0;  f 
the  frequency.  The  first  term  in  the  expression  for  i is  the  current  com 
sponding  to  the  permanent  condition,  the  second  term  is  a transient  whic 
rapidly  approaches  xero  with  the  time.  Compare  Par.  141. 

148.  Single-energy  and  double-energy  transients.  The  two  pn 
ceding  cases  are  examples  of  single-energy  transients,  because  the  cnerf 
is  stored  in  one  form  only  (electromagnetic  or  electrostatic),  and  the  eneig 
change  consists  in  an  increase  or  a decrease  of  the  stored  energy.  In  tl 
case  of  inductance  the  energy  is  that  of  the  magnetic  field  and  in  the  case] 
capacity  it  is  the  energy  of  the  electrostatic  field.  _ When  both  inductajM 
and  capacity  are  present,  the  energy  of  the  circuit  is  stored  In  two  form 
and  there  is  a possibility  of  periodic  transformation  of  the  magnetic  enen 
into  the  dielectric  energy,  and  vice  versa,  which  constitutes  electric  oscilil 
tions,  surges,  and  waves.  There  is  also  a possibility  of  a triple-enefj 
transient,  when  for  instance  a synchronous  motor  is  hunting  at  the  end  of 
long  transmission  line  which  possesses  inductance  and  capacity.  In  the  ial 
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eaa*  tbe  total  energy  of  the  system  is  stored  not  only  in  the  magnetic  and  the 
didectric  forms,  but  in  mechanical  form  as  well. 


144.  The  general  differential  equation  of  a circuit  containing  a 
resistance  r ohms,  inductance  L henrys  and  capacity  C farads  in 
Mriee,  is 


dH  di  l.  de 
+ C%S■d^, 


(147) 


where  e is  the  voltage  applied  to  the  circuit,  and  t is  time. 

When  the  impressed  e.m.f.  e is  constant  0),  two  conditions 

may  arise:  r*>AL/C  and  r*< 4L/C.  The  intermediate  or  critical  case 
t*»4L/C  is  of  academic  interest  only. 

14S.  Hon-oecillatory  case.  In  the  first  case  (r*>4L/C')  the  current 
in  the  circuit  is  non-oacillatory.  It  rises  from  sero,  reaches  a maximum* 
and  falls  again  to  zero  when  the  condenser  is  fully  charged;  the  current  never 
reverses.  The  voltage  across  the  condenser  gradually  rises  from  zero  to  its 
full  Tmlue,  equal  to  the  applied  e.m.f.,  but  never  exceeding  the  latter.  During 
the  discharge  both  tbe  current  and  the  voltege  across  the  condenser  gradually 
decrease  to  zero  according  to  a logarithmic  (exponential)  law.  In  practice, 
these  conditions  are  usually  harmless,  and  therefore  desirable  in  cases  where 
sataHtfaona  must  be  suppressed.  This  is  usually  done  by  increasing  the 
Tuataaoe  of  the  circuit  until  the  condition  r*>iL/C  is  fulfilled. 

HI.  Oscillatory  case.  In  the  second  case,  when  r*<  4 L/C,  the  charge 
ud  the  the  discharge  are  oscillatory.  The  oscillations  are  of  decreasing 
aapihade,  because  of  the  damping  caused  by  the  energy  consumption  in 
the  reastance.  When  the  condenser  is  charging,  the  current  is 


2e  -rt/2L  . q,  .,,0. 

’“7*  “&•  <148) 

ssd  t be  voltage  across  the  condenser  terminals  is 

(149) 

for  condenser  discharge 


sad 


2e9-rt/2L  q 

' — r*  2l‘- 


—rt/2L  f q 


< + 


r**}- 


(150) 

(151) 


la  these  expressions  q — y/ (4 L/C)  — r>;  e is  the  applied  voltage,  and  is  the 
voltage  across  the  condenser  at  the  beginning  of  the  discharge;  c is  the  base 
of  natural  logarithms. 

14T.  The  frequency  of  oscillation  and  the  logarithmic  decrement. 

Tbs  frequency  ol  oscillations  in  the  preceding  case  is 


/< 


4 xL 


(cycles  per  sec.)  (152) 


When  the  resistance  is  negligible,  that  is,  r * small  compared  with  4 L/C,  the 
frequency  of  oscillations  is  approximately  equal  to 


/. 


1 

2 icVLc' 


(153) 


Logarithmic  decrement.  Successive  half  waves  of  oscillations  de- 
crease the  more  in  amplitude,  the  greater  the  resistance.  The  ratio  of 
the  amplitudes  of  successive  half  waves,  or  the  decrement  of  the  oscilla- 
tion, is  where  ft  — 1/(2/)  is  the  duration  of  one-half  cycle. 


141.  Continuous  high-frequency  oscillations  are  conveniently  pro- 
dnesd  by  use  of  a direct-current  arc  (Duddell).  In  the  Poulsen  arc, 
tbs  anode  is  copper  and  the  cathode  carbon,  while  the  arc  is  formed  in  an 
atmosphere  of  hydrogen,  which  appears  to  increase  considerably  the  in- 
teaaty  of  the  oscillations.  Oscillations  have  been  produced  of  frequencies 
ringing  as  high  as  one  million  per  Becond  and  of  considerable  power;  they  are 
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lit.  Inottvs  e.m.f.  In  a circuit  which  contains  Inductance  only 
(Ptr.  IT)  the  current  wave  lacs  by  90  electrical  degrees,  or  a quarter  of  a 
ryde,  behind  the  applied  e.m.f.  Numerically 

£.->2r/L7  (159) 

where  E,  and  7 are  the  root-mean-square  or  the  effective  values  (ICO)  of 
the  Toltsge  and  the  current  respectively,  L is  the  inductance  in  henrys, 
tad  / is  the  frequency  in  cycles  per  second.  A similar  relation  holds  true  for 
the  amplitudes  of  voltage  and  current,  or  for  the  average  values. 

1M.  Inductive  reactanoe.  For  the  sake  of  abbreviation,  the  expression 
IrfL  is  denoted  by  x and  is  called  inductive  reactance,  so  that 


x — 2 wfL  — y 


(ohms) 


(160) 


Pml  25. — E.m.f.  and  current  waves  in  a 
dreoit  containing  resistance  and  reactance  in 
•erica 


U I is  in  henrys  and  / in  cycles  per  second,  x is  in  ohms,  being  equal  to  the 
ratio  of  the  reactive  voltage  to  the  current.  If  the  voltage  is  expressed  as 
in  Ptr.  lit,  the  instantaneous  current  is 

cos  2x/if,  (161) 

it  other  words,  the  current  wave  lags  90  deg.  in  phase  behind  the  voltage 
when  the  circuit  contains  inductance  only. 

IN.  K.m.f.  components.  In  a circuit  which  contains  resistance 
aal  Muetance  in  series,  one  portion  of  the  impressed  e.m.f.  may  br 
k,  considered  as  oonsumed  in 

resistance  drop  and  another 
in  the  counter-e.mi.  of  in- 
ductive reactance.  The  flux 
interlinked,  with  the  circuit  is 
in  phase  with  the  current 
whioh  produces  it.  The  e.m.f. 
generated  in  the  reactance  is 
proportional  to  the  rate  of 
change  of  the  flux,  and  since 
the  rate  of  change  of  the  flux 
is  greatest  when  the  value 
passes  through  sero,  the 
e.m.f.  is  in  time-quadrature 
with  the  flux  and  therefore 
also  in  time-quadrature  with 
the  current  (Fig.  25). 

lN.  E*sultant  e.m.f.  The  current  is  always  in  phase  with  the  e.m.f. 
vtieh  ia  consumed  in  resistance,  and  the  impressed  e.m.f.  is  the  resultant  of 
the  instantaneous  values  of  the  components  consumed  in  resistance  and  in 
the  inductive  reactance.  Referring  to  Fig.  25.  Er  is  consumed  in  resistance, 
I*  is  consumed  in  overcoming  the  counter-e.m.f.  of  inductive  reactance, 
u>d  E is  the  resultant  or  impressed  e.m.f. 

1IT.  Phase  angle.  The  current  is  in  phase  with  Er  but  lags  behind 
the  impressed  e.m.f.  E by  the  phase  angle  0 determined  from  the  relation 

tan0--jf--**  (162) 

If  the  instantaneous  applied  voltage  is  expressed  as  in  Par.  152,  the  in- 
**ntaneous  current  is 

*■/*«  sin(2w/l— 0)  (163) 

•heft  both  2*fl  and  0 are  expressed  either  in  radians  or  in  degrees.  For 
sumeri cal  relation  between  E and  7 see  Par.  105  below. 

W.  Capacity  reactance  or  oondensanoe.  In  a circuit  which  contains 
wctrcstatie  capacity  or  permittance  only,  Par.  108,  the  current  wavo 
Ms  the  applied  voltage  by  90  electrical  degrees,  or  is  in  leading  quadrature 
*itb  it  Numerically 

A £.-XeI  (164) 
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(ohms) 


(165) 
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is  called  oapaoity  reactance,  or  condensive  reactance.  When  inductivo 
reactance  x (Par.  164)  and  condensive  reactance  x»  enter  in  the  same  circuit, 
xc  is  considered  negative.  When  C is  in  farads,  xc  is  in  ohms.  See  Par.  641. 

169.  K.m.f.  component!.  In  a circuit  containing  resistance  and 
condensive  reactance  in  series,  the  applied  e.m.f.  may  be  divided  into 
two  components;  one  con- 

E 


sumed  in  resistance  drop  and 
the  other  in  the  condensive 
reactance.  The  current 
taken  by  the  condensive  re- 
actance is  proportional  to  the 
rate  of  change  of  the  e.m.f., 
which  is  impressed  across  its 
terminals,  ^therefore  the 
counter-e.m.f.  of  the  con- 
densive reactance  is  in  time- 
quadrature  with  the  current. 
Referring  to  Fig.  26,  I is  the 
total  current  in  phase  with  E, 
which  is  the  e.m.f.  consumed 
in  resistance;  Ee  is  the  volt- 
age necessary  to  balance  the 
counter-e.m.f.  of  the  con- 


Fio.  26. — E.m.f.  and  current  waves  in  a 
circuit  containing  resistance  and  capacity 
reactance  in  series. 


densive  reactance,  and  E is  the  total  e.m.f.  impressed  upon  the  circuit. 
It  will  be  seen  that  in  this  case  the  current  is  leading. 

If  the  instantaneous  applied  voltage  is  expressed  as  in  (169),  the  instanta- 
neous current  is 

i - 1™,  sin  (2 t/<+0).  (166) 


In  this  expression,  the  phase  angle  4>  between  the  current  and  the  voltage 
is  determined  from  the  relation 

ta"*-2,/Cr-r  <167> 

160.  Terminology.  The  following  terminology  used  in  application  of 
sine-wave  alternating-current  circuits  is  recapitulated  here  for  the  sake 
of  convenience.  An  instantaneous  value  of  alternating  current  or  voltage 
(Fig.  24)  is  connected  with  the  maximum  value  or  the  amplitude  by 
the  relation  given  in  Par.  169.  The  mean  effective  value,  also  called  the 
root-mean-square  value,  or  simply  the  effective  value  ox  an  alternating 
current  or  voltage  is  defined  in  Par.  199.  For  a sine-wave  quantity  the 
effective  value  is  equal  to  the  amplitude  divided  hy  \/2;  or  , 

E 

Et/f  « - "*“*-0.7071 Emas.  (168) 

V 2 

The  mean  or  average  value  of  a sinusoidal  alternating  current  or  voltage 
is  equal  to  the  maximum  value  divided  by  */2,  or 
op 

E. “ - 0.6306#„„.  (169) 


The  ratio  between  the  effective  and  the  average  value  is  called  the  form 
factor  (Par.  907)  and  is  equal  to  1.11  for  sine- waves. 

161.  Periodic  time.  The  interval  of  time  T in  Fig.  24.  corresponds  to 
one  complete  cycle.  The  interval  of  time  T / 2 corresponding  to  one-hal^ 
wave  is  called  an  alternation,  and  for  every  cycle  there  are  two  alternations. 


The  frequency  or  the  periodicity  of  on  alternating  current  may  be  expressed 
either  in  cycles  per  second  or  in  alternations  per  minute.  H< 


cycles  per  _ 
latter  method  is  not  common. 


However,  the| 


169.  The  phase  displacement  between  two  currents  or  two  voltages, 
or  between  a current  and  a voltage,  is  commonly  measured  itf  electrical 
degrees.  One  electrical  degree  is  1 /360th  part  of  a complete  cycle. 

169.  Vector  representation.  Alternating  currents  and  voltages  which 
vary  according  to  the  sine  or  cosine  law  can  be  represented  graphically  by 
directed  straight  lines  called  vectors  (Fig.  27).  The  length  of  a vector 
represents,  to  some  arbitrary  scale,  the  effective  value  of  the  alternating 
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quantity,  while  the  position  of  the  vector  with  respect  to  a selected  reference 
vector  gives  the  phase  displacement.  Counter-clockwise  direction  of  rotation 
is  dLwag*  considered  positive,  so  that  for  instance  in  the  diagram  (b)^  the  volt- 
age leads  the  current  by  90  deg.  By  means  of  vectors  the  relative  phase 
position  and  value  of  either  currents  or  e.m.fs.  can  be  represented  in  the 
same  manner  as  forces  in  mechanics. 

164.  Vector  diagrams  for  simple  series  circuits.  Referring  to  Fig. 
27,  diagrams  are  shown  for  circuits  containing  (o)  resistance;  (6)  inductive 

reactance;  (c)  condensive  re- 
actance; (d)  resistance  and 
inductive  reactance;  ( e ) re- 
sistance and  condensive  re- 
actance; (/)  resistance,  in- 
ductive reactance  and  con- 
densive reactance. 

166.  Ohm's  law  for 
alternating-current  cir- 
cuits. The  impedance  (in 
ohms)  is  the  ratio  of  an 
alternating  voltage  E across 
a part  of  a circuit  to  the 
current  I through  the  circuit. 
Denoting  the  impedance  by*, 
E = tl,  (170) 
where  E and  I are  the  effec- 
tive values.  This  equation  expresses  only  the  numerical  relations;  it  must 
be  remembered  that  E and  / are  not  in  phase  with  one  another. 

166.  Impodance  consisting  of  resistance  and  reactance  in  series. 
In  a circuit  containing  an  ohmic  resistance  r in  series  with  an  inductive 
jest taace  x (Par.  166)  the  impedance  is  numerically 


Fig.  27. — Vector  diagram  of  current  and 
e.m.f. ; series  circuits. 


so  that  numerically, 


(171) 

(172) 

The  phase  angle,  by  which  the  current  lags  behind  the  voltage,  is  found 
from  (be  relation 

tan  0 — or  cos  4 (173) 

16T.  Impedance  consisting  of  resistance  and  condensance  in  series. 

In  a circuit  containing  an  ohmic  resistance  r in  series  with  a condensive 
reactance  x<  (Par.  166).  similar  relations  hold,  in  whioh  z,  is  substituted 
foe  x.  The  current  leads  the  voltage  and  the  angle  4 is  to  be  considered  as 
aegative. 

166.  Impedance  consisting  of  resistance,  reactance  and  condens- 
ing in  series.  If  a circuit  contain  both  inductive  and  condensive  reactance 
(Fig.  27/),  the  impressed  e.m.f.  is 

B - VBr'  + (B,-E,)'- VU7y  + U*-Tx'y.  074) 

Dividing  E by  I,  the  impedance  is 

* = (x  — *«)*-  (ohms)  (175) 


“ 2rfL  - 
1 


(see  Par.  164) 
(see  Par.  168) 


(176) 

(177) 


t uL 

_L 

Zc“  2w fC  “wC 

1*9.  Current  components ; parallel  circuits  of  resistance  and  react- 
ance. The  current,  like  the  e.m.f.,  can  be  split  into  two  components, 
we  in  phase  and  the  other  in  quadrature  with  the  e.m.f.  It  is  convenient 
to  employ  the  e.m.f.  diagram  with  series  circuits  and  the  current  diagram 
vith  parallel  circuits.  A current  diagram  is  presented  in  Fig.  28.  It  pre- 
ampoees  a non-inductive  resistance  r connected  in  parallel  with  a pure 
uwuetive  s.  The  total  current 

I- Vf/r*+J»*  (amp.)  (178) 


zed  by  CjOO^Ic 
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If  B is  the  voltage  across  the  circuit,  then 


(amp.) 

(amp.) 

(amp.) 

In  these  expressions 

— ~ conductance 
a* 

(mho) 

b - - susceptanoe 

(mho) 

y-  - ■ admittance 

(mho) 

(179) 

(180) 
(181) 


082) 


(183] 


(184] 


lx  b 

tan  0 - — - cos  0 ■ 
Ir  Q 


085] 


I*  _ a 

I "v‘ 

170.  Resistance  and  condensance  in  parallel.  In  a circuit  conaiatini 
of  a resistance  and  a capacity  in  parallel  the  same  relations  hold  except 
that  the  current  is  leading,  and  x«  is  used  in  place 
of  x (Par.  168).  If  there  is  any  doubt  whether  the 
quadrature  current  is  caused  by  an  inductance  or  T 
a capacity,  use  the  expressions  inductive  bus-  I 
ceptance  and  capacity  (or  condensivej)  ausoep-  Iq  I v 


tance.  Fig.  28  also  shows,  in  dotted  lines,  the 
resultant  current  when  a pure  resistance  and  a 
pure  condensance  are  connected  in  parallel;  in 
such  case  the  phase  angle  0 becomes  an  angle  of 
lead. 

171.  Impedances  in  series.  In  a circuit  con- 
taining several  resistances  and  reactances  in  series, 
the  resistances  should  be  added  together  and  the 
reoctances  added  together,  so  that 


J*- 


rw  — Zr;  \ 
- 2x;  / 


(186) 

087) 


/ 

Fig.  28. — Vector  dia- 
gram of  currents;  re- 
sistance in  parallel  («) 
with  inductive  react- 
ance; (6)  with  capacity 
reactance. 


*,  = V(Zr)*  + (Zx)«. 

The  subscript  eq  stands  for  equivalent. 

172.  Impedances  cannot  be  added  algebraically,  but  must  alwayi 
be  added  geometrically,  or  vectorially.  Since 

r — s cos  0,  and  x — s sin  0,  (188] 

the  preceding  equation  gives 

» y/ (2a  cos  0)l-j-(2*  sin  0)*. 


*«*“V(2a  cos  0)2  + (Z*  sin  0)*.  (189] 

178.  Admittances  in  parallel.  In  a circuit  consisting  of  several  paralle 
branches  the  conductances  should  be  added  together  and  the  susceptancei 
added  together  (Par.  169)  so  that, 


and 


0*  - \ 
6^-26  / 


(190] 

(191] 


V*«-\/(Z0)*  + (26)». 

174.  Admittances  cannot  be  added  algebraically,  but  must  alwayi 
be  added  geometrically,  or  vectorially.  Since 

0 — y cos  0,  and  6 = y sin  0,  (192] 

the  preceding  equation  gives 

y#,  — VCZy  cos  0)*-f  (2y  sin  0)*.  (193] 

176.  Equivalent  series  and  parallel  combinations.  Let  r,  and  x, 
be  a resistance  and  a reactance  connected  in  series  and  let  r9  and  Xp  be  i 
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raiitanoe  and  a reactance  connected  in  parallel.  The  two  combination/!  are 
oiled  equivalent  when  a given  impressed  alternating  voltage  produces  the 
one  total  current  through  both*  in  magnitude  and  in  phase.  In  other 
lords,  both  combinations  must  have  the  same  impedance  a (or  admittance  y), 
sod  the  same  phase  angle  4.  The  two  resistances  and  the  two  reactances 
ire  connected  by  the  relations 

, 1 


x*x. 


tadtbo 


r. 


r\ 

r wa  nmo*  1 

Urewsr— nRwn-J 


*1 


(104) 


**'  z * 

Q b 

r.  — -=4,  • 

V*  V * 

Iff.  Calculation  of  series-parallel  circuits.  The  foregoing  relations 
tre  useful  in  determining  the  voltage  and  current  relations  obtaining  in  com* 

plex  series-parallel  circuits.  For 
example,  in  the  circuit  shown 
in  Fig.  29  the  resistance  n in 
series  with  reactance  xi  is  re- 
placed by  a conductance  (7i — 
n/zi*  in  parallel  with  a suscept- 
ance  bi  — xi/zi*,  where 

#i*-n*+xi*.  (195) 

A similar  substitution  is  made 
for  the  branch  2,  then  the 
branches  1 and  2 are  replaced 
by  one  equivalent  branch  of 
cooductance  (74 — <71 4-0*  in  parallel  with  the  susceptance  64  — bt+b*.  Now 
the  branch  <74,  64,  is  replaced  by  an  equivalent  series  combination  consisting 
d * resistance  re  — pa/ys*  in  series  with  a reactance  s«  — b«/y«s,  where 

y4*-y«*+b4*.  (196) 

Tbe  original  series-parallel  combination  is  thus  reduced  to  a simple  series 
circuit,  and  we  finally  have 

rw-r-sfN.J  (197) 

B or  vie* 


Tin.  29. — Series-parallel  combination. 


x*-**+X4. 

Knowing  rn  and  the  total  current  may  be  found  for  a given  voltage  c 
ktss,  from  the  relations  given  in  Par.  log. 


1 given  1 

— 1 — VvAAAA-i 


fw.  30. — Circle  diagram  for  series 
circuits. 


Flo.  31. — Circle  diagram  for  parallel 
circuits. 


in.  Circle  diagram;  series  circuits.  Drs.  F.  Bedell  and  A.  C.  Crehore 
developed  a circle  diagram  which  shows  the  interrelation  of  the  various 
eoanania  in  an  alternating-current  circuit  when  one  or  more  quantities  are 

nried. 
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Considering  the  series  circuit  shown  in  Fig.  30,  let  it  be  required  to  stoxi 
the  current  when  the  resistance  and  reactance  are  varied,  the  e.m.f.  beizx 
kept  constant.  With  E as  a diameter  draw  the  circle,  Obc,  then  Obe  is  tki 
e.m.f.  or  impedance  triangle  and  6 is  the  angle  of  phase  displacement  betwee 
I and  E.  _ Dividing  the  current,  I,  into  imaginary  components,  E/r  is  laid  oi 
along  OC  in  phase  with  E,  and  E/x  is  laid  on  along  OA  in  quadrature  with  £ 
Drawing  the  line  AC,  and  the  circles.  OB  A and  OBC,  the  line,  OB,  represent 
the  current,  I,  both  as  to  value  ana  phase  position.  If  xi a constant  and 
variable,  the  point,  B,  will  travel  along  the  circle,  OB  A,  while  if  r is  coi 
stant  and  x variable,  the  point,  B,  will  travel  along  the  circle,  OBC. 

178.  Circle  diagram;  parallel  circuits.  Referring  to  the  parallc 
circuit  in  Fig.  31,  let  it  be  required  to  study  the  e.m.f.  when  the  conductanc 
and  susceptance  are  varied,  the  current  remaining  oonstant.  With  / a 
diameter  draw  the  circle  06c , then  Obc  is  the  ourrent  or  admittance  trian^l 
and  0 is  the  angle  of  phase  displacement  between  E and  I.  Dividing  th 
e.m.f.  into  components,  I/b  is  laid  off  along  OA  in  quadrature  with  I;  tbei 
drawing  the  line,  AC,  and  the  circles,  OB  A and  OBC,  the  line,  OB,  represent 
the  e.m.f.,  E,  both  as  to  value  and  phase  position.  The  circle,  OBA , is  th< 
locus  of  the  point,  B,  when  6 is  constant  and  g variable,  while  the  circle,  OBC 
is  the  locus  of  the  point,  B,  when  g is  constant  and  6 variable. 


Fia.  32. — Condensance  in  parallel 
with  inductive  impedance. 


. TTi— 

0-t L 


Fia.  33. — Load  connected  to 
inductive  line. 


179.  Phase  compensation.  Condensive  reactance  connected  in 
shunt  with  an  inductive  impedance  can  be  so  adjusted  as  to  bring  the 
total  current  more  or  less  in  phase  with  the  impressed  e.m.f.  Referring  tc 
Fig.  32,  xc  and  the  impedance  t*  are  in  parallel,  where 


s.*  — r*+x«*. 

Taking  the  admittances, 

01- A;a*-0;  6i-  and  6s-  — V 

Em*  Mm*  Xs 


Id1'  X0 

In  order  that  I be  in  phase  with  E,  bi+bt  must  be  equal  to  sero,  or 

«.* 


(198) 

(199) 


(200) 


Thus,  it  is  seen  that  the  value  of  x%  depends  upon  the  resistance,  r,  as 
well  as  upon  x 


ii-E^-Eb*  i, + *Ve.« + 6,».  (201) 


/-SV (i4r.),+  { (r"4ir0  - 7.  in  »mp.  (202) 

180.  Leading  current  through  an  inductive  line  will  raise  the  e.m.f. 
at  the  receiving  end  of  the  circuit.  Referring  to  Fig.  33,  let  E be  the  voltage 
at  the  generator  end  of  a circuit,  e the  voltage  at  the  receiver  end,  and  t the 
line  current.  Let  the  load  be  of  such  a nature  that  the  current  is  leading 
with  respect  to  the  voltage  e.  Adding  to  e the  ohmic  drop  ir  in  the  line 
(Fig.  34a)  in  phase  with  »,  and  the  reactive  drop  ix  in  leading  quadrature 
with  *,  the  impressed  voltage  E is  obtained.  It  will  be  seen  that  F<  e;  but 
with  a lagging  current,  E>e  (Fig.  346). 

181.  Berios  resonance.  In  a constant-potential  circuit  which  contains 
Inductive  reactance  and  also  condensive  reactance  in  series,  it  is  possible 
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to  obtain  an  enormous  rise  in  e.m.f.  by  adjusting  the  reactances  or  the 
frequency.  Thus,  according  to  Par.  168  • 

E - 1*  - lVr*  + (x. -*«)*,  (volte)  (203) 

The  e.m.f.  across  the  condenaive  reactance  is 
e lie, 


(204) 


Fw.  34a. — Effect  of  inductance  with  Fro.  34b. — Effect  of  inductance  with 
leading  current.  lagging  current. 


Now.  i (the  total  impedance)  may  be  less  than  x#,  and  in  this  case  e (the 
drop  across  the  condenser  terminals)  will  be  greater  than/?  (the  total  impressed 
e^Lt).  If  the  frequency  is  ^ 

/■*„ >^=*  (cycles  per  second)  (205) 

*V\/LC 

w «i>«fl  have 

x.-*.,  (206) 


vhidb  condition  gives  the  highest  rise  in  voltage.  If  moreover  r (the  resist- 
ann  of  the  circuit)  is  assumed  to  be  sero« 


aod  we  have  an  extreme  case  of  voltage  resonance. 
This  is  purely  an  ideal  case,  but  in  any  event 


e 

E 


y when  /-* 


1 

2tvTc’ 


(207) 


(208) 


wherein  L is  the  coefficient  of  self-induction  in  henrys  and  C the  capacity  in 
f&r»ds  of  the  apparatus  connected  in  series.  Sometimes  the  constants  of 
U*  circuit  are  such  that  a resonance  of  one  of  the  higher  harmonics  of  the 
roltage  takes  place. 

US.  Parallel  resonance.  When  an  inductive  reactance  and  a condensive 
metsnee  are  joined  together  in  parallel,  they  can  be  so  adjusted  or  the  f re- 
gency can  be  so  chosen  that  current  resonance  will  take  place. 

Let  the  total  conductance  of  the  combination  be  a , the  inductive  sus- 
wptence  b,  and  the  condensive  suscoptance  be.  Then,  the  total  current 

I-ffy-Vg*  + (&.-b«)*  (209) 

The  current  through  the  condensive  susceptance  is 

te -Ebc,  (210) 


»o  that 


be ^ b« 

J_V»*+ (6. -!>.>»  “5" 


(211) 
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But  the  total  admittance  y may  be  smaller  than  bo,  and  in  this  case  the  totfl 
line  current  I is  less  than  one  of  its  components  i«.  A similar  relation  maj 
be  proved  for  u.  When  the  frequency  is 

/■  1 


it  follows  that 


2wVLC 


(cycles  per  second)  (2 1 2 


and 


b»  *“  be, 


(213 

(214 


I •Eg,  »«-—»«. 

The  line  current  is  comparatively  small,  but  there  is  a large^  interchange 
of  current  between  the  inductance  and  the  capacity,  in  parallel. 

Resonance  can  occur  at  only  one  frequency.  Sometimes,  m the  caa 
of  a complex  wave,  it  occurs  at  the  frequency  of  one  of  the  componen 
harmonics  instead  of  the  fundamental  frequency.  In  such  case,  either  K 

voltage  or  current  (senee  or  parall 
resonance),  the  magntude  of  the  res« 
nant  harmonic  component  is  much  exa| 
ge  rated,  as  compared  with  its  normi 
magnitude  in  a non-resonant  drcuil 
The  condition  of  resonance,  except  i 
tuned  circuits  where  it  is  specially  dc 
sired  (as  in  radio-telegraphy),  is  one  t 
be  avoided. 

188.  Consonance.  Resonance  i 
the  primary  circuit  of  a tranaformei 
caused  by  the  proper  combination  c 
inductance  and  capacity  in  the  second 
' ary  circuit,  is  called  consonance. 

184.  Alternating  currents  an< 


Fio.  35. — Complex  quantities;  axes  voltages  treated  by  means  of  com 
of  reals  and  imaginaries.  plex  (imaginary)  quantities.  If 
and  t*  (Fig.  35)  are  the  projections  d 
the  components  of  a vector  E along  two  perpendicular  axes,  then  the  vecto 
E may  be  represented  symbolically  as 

£-e+,yt  (2161 


where  

y-V-i,  ‘ (2161 

and  the  dot  under  E signifies  that  the  magnitude  as  well  as  the  directiol 
of  E is  meant. 

185.  Addition  and  subtraction  of  vectors.  Let  two  vectors  of  volt 

be  repreeented  a.  g (217 

Fi-et+jV*.  (2181 

Then  the  sum  or  the  difference  of  these  two  vectors  is 

*)‘  (21®! 

186.  Rotation  of  a Vector.  Multiplying  a vector  by  j turns  it  b] 
90  deg.  in  the  positive  direction  (counter-clockwise).  Thus, 

jE -;(e  +;>')  - - e +i«  (220] 

because  >*  — — 1 . Multiplying  a vector  by—j  rotates  the  vector  by  90  deg 
in  the  negative  direction — that  is,  clockwise. 

A vector  E may  be  also  represented  symbolically  (Fig.  35)  as 

E - E{ cos  0 +;  sin  0)  (221] 

where  E without  the  dot,  on  the  right  hand  side  of  the  equation,  standi 
for  the  magnitude  only. 

The  operator 

*7^  a,  cos  0+j  sin  0,  (222J 

where  « is  the  base  of  natural  logarithms,  turns  a vector  by  the  angle  4 
in  the  positive  direction.  Thus,  . . . , . . 

If  (cos  0+j  sin  0)=B( 008  e+j  sin  0)  (cos  0+;  sm  0)-£lcoe  (6+4)  + 
j sin  (0+0).  (223) 
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Tka  operator 


«“i*  - ©oe  # — / sin  0 


(224) 


ton*  a vector  by  the  angle  * in  the  negative  direction,  that  is,  clockwise. 

1ST.  Imped anoa  and  admittance  operators.  The  impedance 


Z-r+/x  (225) 

Focverts  the  vector  of  a current  into  that  of  a potential  difference  across  an 
impedance  (consisting  of  a resistance  r in  series  with  a reactance  x).  The 

admittance  operator 

Y-o-jb  (220) 


coamts  the  vector  of  a voltage  app  ied  across  the  terminals  of  a conduct- 
mm§  in  parallel  with  a su*cep tanoe  b,  into  the  vector  of  the  total  ourrent 
through  this  combination.  When  b stands  for  capacity  susceptance.  as  in  a 
transmission  line  (Par.  236),  Y — g+jb.  When  a current  I — i-fji'  flows 
through  the  impedance  Z — r +jx,  the  required  voltage  is 


Z-Zf  - (r+/*)(i +,*»'),  (227) 

w.  nparmting  the  read  and  the  imaginary  quantities, 

Z-(*r-»'x)+i(i'r+»x).  (228) 

lo  other  words,  B is  a vector  such  that  its  horisontal  projection  s (Fig.  35) 
Uegulto  (ir  — »'x),  and  the  vertical  projection  is  (i'r-f»x). 

The  ugle  # which  E forms  with  the  horisontal  axis  is  determined  by 

M3-  (229) 

(ir-i'z) 


tan  0 ■ 


ltt.  networks  of  conductors.  The  method  given  in  Par.  29  to  36  is 
pawafised  in  the  case  of  alternating  e.m.fs.-  by  writingKirchhoff's  equations 
iw  the  vectors  of  the  currents  and  of  the  voltages.  With  the  notation  used 
wee,  we  have 

21 -0;  ZE-Z/Z.  (230) 


ftlting  the  vertical  and  the  horisontal  projections  of  the  vectors  to  sero 
■tpuateiy  (Fig.  35),  and  using  expression  (228),  equations  (230)  become 


Z»-0;  Zi'- 0;  1 

Z(ir-»'x)-  Zs:  f (231) 

Z(*'r+4x)  — 2r.  J 

If  there  arc  * unknown  currents  or  voltages,  2n  independent  equations  of  the 
fora  (231)  may  be  written,  and  from  these  equations  2n  projections  of  n 
“known  vectors  can  be  determined.  The  problem  is  thus  similar  to  that 
rith  direct  currents,  and  the  references  given  in  Par.  26  may  be  consulted  for 
■apKfidtions  which  may  be  taken  advantage  of  in  practical  cases.  * 

136-  The  expressions  for  power  and  power  factor.  The  average 
Power  expressed  through  the  projections  of  the  vectors  is 

P — ei+«V-Z/  cos  0,  (232) 

*ho*  t and  s'  are  the  projections  of  the  voltage  B (Fig.  35).  and  i and  i ' are 
thon  of  the  current  I.  Note  that  the  power  is  not  a vector  quantity. 

The  power  factor  is  found  from  the  relation 


*kwe 


008  0 — cos  (0*  — 0<), 

$»  — tan*1  s'/s  and  0<  — tan ~l  •'/*. 


(233) 

(234) 


dse,  the  angle  0 is  found  directly  from  the  relation 

tan  0-[(«7«)-(»7OVll+(eV/eO]  (235) 

^ tan  0 is  positive,  the  current  is  lagging;  otherwise  it  is  leading — with  re- 
9**t  to  the  e.m.f.  8ee  also  Par.  196. 


*8ee  also  Campbell,  Q.  A.  “Cisoidal  Oscillations;"  Tran s.  A.  I.  E.  E.,  Vol. 
1911,  pp.  873  to  913. 
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IVON-SINUSOIDAL  or  COMPLEX  waves 


190.  Examples  of  complex  waxes.  The  curves  shown  in  Fig.  3 
illustrate  the  effect  of  the  inductance  and  the  capacity  in  a circuit  to  whic 
is  applied  an  alternating  e.m.f.,  differing  from  the  simple  sine-wave.  Tt 
curves  were  taken  simultaneously  with  an  oscillograph.  E is  ths  impress* 
e.m.f.;  I«  the  current  taken  by  an  inductanoc  coil,  and  Ie  that  taken  by 
condenser.  Fig.  37  shows  the  cirouit. 


191.  Wave  of  reactive  e.m.f.  due  to  inductive  reactance.  Assumii 

the  reluctance  of  the  iron  core  i 
the  inductance  coil  to  be  constan 
which  is  approximately  true  belo 
the  saturation  point,  the  value  • 


Fzo.  39. — Complex  alternating-current  Fio.  37. — Circuit  in  which  tix 
waves.  waves  of  Fig.  36  were  observed 


the  flux  is  proportional  to  the  current  1$. 
e.m.f.  E (see  Par.  67)  is 

T di 

e-nii-Ldt 


The  instantaneous  value  of  tl 
(23  i 


that  is,  the  curve  E will  have  its  maximum  amplitude  when  the  curve  t 
passes  through  sero.  This  is  not  exactly  true  in  this  case,  because  of 
small  loss  in  the  resistance  and  the  iron;  the  current  to  supply  this  lot 
being  in  phase  with  the  e.m.f.  E. 

192.  Wave  of  current  through  condensive  reactance.  The  condemn 
current  is  proportional  to  the  rate  of  change  of  the  e.m.f.  (see  Par.  109 
the  instantaneous  value  is 


»e-C 


,de 

dt' 


(237 


that  is,  the  curve,  Ie,  has  its  maximum  when  the  rate  of  change  of  the  curv 
B,  is  a maximum.  Were  B a sine  curve,  I would  be  also  a sine  curve  an 
would  be  in  quadrature  with  E,  but  when  the  curve  of  e.m.f.  is  not  a sit 
curve,  as  in  Fig.  36,  the  maximum  amplitude  of  the  current  will  occur  at  tt 
point  where  the  slope  of  the  e.m.f.  curve  is  a maximum. 

192.  Effects  of  Inductive  and  condensive  reactance  on  wave  fora 
These  curves  show  the  effect  upon  the  current  wave  form  of  inducts 
reactance  and  condensive  reactance.  The  curve,  2?,  is  the  wave  fori 
produced  by  the  generator;  it  contains  several  harmonics  (see  Par.  209).  Tt 
inductive  reactance  tends  to  damp  out  the  higher  harmonics,  while  tt 
condensive  reactance  emphasises  them. 

194.  Determination  of  total  complex  current  wave.  When  tt 
applied  voltage  contains  higher  harmonics  (Par.  909)  the  total  cu 
rent  through  an  impedance  is  found  by  summing  the  harmonic  current 
due  to  each  harmonic  of  the  voltage  acting  alone.  Thus,  the  reactant 
at  the  fundamental  frequency  / is  xi  — 2 x/L,  the  reactance  to  the  nt 
harmonic  is  x„— 2 *nfL,  and  tho  impedance  to  the  nth  harmonic  is 

r„-\/rs  + (2rn/L)*.  (23f 

195.  Power  and  energy.  The  general  expression  for  the  energy  aelr 
ered  to  an  alternating-current  circuit  with  any  wave  form  of  current  as 
voltage  is 

C" 

W ■■  I eidt  (joules  or  watt-seconds),  (231 

Jti 
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vfaere  e k an  instantaneous  value  of  the  voltage  in  volts,  i is  the  corre- 
qxttding  instantaneous  current  in  amperes  and  <t  — <1  — T is  the  interval  of 
tine,  in  seconds,  for  which  the  energy  is  to  be  determined.  The  average 
poser  delivered  during  the  same  interval  is 


P = 


(watts) 


(240) 


1M.  Power  factor,  sine -waves.  When  the  current  and  the  voltage 
ury  according  to  the  sine  law,  the  power  P — IE  cos  0,  where  B and  I 
•re  the  effective  values  of  the  voltage  and  the  current  respectively,  and  0 
» the  phase  angle  between  the  two,  cos  0 being  known  as  the  power  factor 
of  the  circuit.  Sec  also  Par.  188. 


ItT.  Power  factor,  complex  waves.  When  « and  i are  irregular  curves, 
the  average  power  is  found  as  the  average  ordinate  of  a curve,  the  ordinates 
of  which  are  proportional  to  the  product  ei.  If  e and  t are  resolved  into  their 
harmonica,  each  harmonic  contributes  its  own  share  of  power  as  if  it 
were  acting  alone,  so  that  the  average  power  is 

cos  0i  -\-E$It  cos  0a+etc.,  (241) 

where  7i,  Is,  etc.,  and  Pi,  Pa,  etc.,  are  the  effective  values  of  the  harmonic 
currents  and  voltages  respectively,  and  the  angles  0 are  the  respective  phase 
dbpkeements. 

Hi  The  energy  component  and  the  reactive  component  of  volt- 
•f*  or  eurTent.  In  a simple  harmonic  circuit  with  the  voltage  E,  current 
/,  tod  the  phase  displacement  0 between  the  two,  E cos  0 is  called  the  energy 
component  of  the  voltage  and  E sin  0 the  reactive  component  of  the  voltage. 
Analogously,  I cos  0 is  the  energy  component  of  the  current  and  I sin  0 is 
the  reactive  component  of  the  current.  Similar  components  are  used  in 
crania  with  non-einusoidal  currents  and  voltages,  provided  that  these  are 
first  replaced  by  equivalent  sine- waves. 

lit.  Effective  value  of  any  wave.  The  effective  value  of  a variable 
airrent  or  voltage  is  defined  as  that  continuous  value  which  gives  the  same 
i*r  loss.  Or,  if  X be  the  effective  value  of  a variable  current  1, 


J*rT-  | 

J 

CT 

i*rdt 

(joules) 

from  which 

0 

(242) 

r-4 

rr 

Jr 

(amp.) 

Thai  may  be  expressed  by  saying  that  the  effective  value  of  a current  or  voltage 
u tqm l to  the  mtuare  root  of  the  mean  equare  (r.m.*.)  of  the  variable  values.  Hot- 
wire instruments  and  electrodynamometer-type  instruments  indicate  directly 
the  effective  values  of  alternating  currents  and  voltages. 

180.  Effective  value  of  a sine-wave.  For  sine- waves  the  effective  values 

•re  given  in  Par  180.  In  terms  of  the  maximum  value,  the  effective  value 
■ 0.7071 

181.  Computation  of  effective  value  of  a complex  wave ; first  method, 
for  irregular  waves  the  following  four  methods  are  used  in  order  to 
obtain  the  effective  value  of  the  ordinates  of  a curve,  y — /(x).  Under  the 
firet  method,  plot  a curve  the  ordinates  of  which  are  equal  to  y*.  Deter- 

the  average  ordinate  of  this  curve  either  by  a planimeter  or  by  weigh* 
4g  the  paper  on  which  it  is  drawn,  and  take  the  square  root  of  the  viJue 
d this  ordinate. 

181.  Second  method.  According  to  Simpson's  rule,*  divide  the  curve 


* Simpson's  Rule  is  a formula  for  computing  the  area  comprised  between 
•given  curve,  y — fix),  the  axis  of  abscissa  ana  two  given  ordinates.  Divide 
&e  distance  between  the  given  ordinates  into  n equal  parts,  where  n is  an 
cwn  number,  and  erect  the  corresponding  ordinates.  Let  these  ordinates. 
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into  k equal  parte  by  Jfc+1  equidistant  ordinatee  y*  yi,  etc.,  y*,  where  Jbisai 
even  number.  Then  the  effective  value  is 

V •//  - ^?==[  y.*+4(yi>+y*>+etc.+y*_i>)+2(yi*+y4*+rfe+y*  _1)+y4,j^. 

(243; 

103.  Third  method.  If  the  irregular  wave  is  given  in  terms  of  it 

harmonics,  then  the  effective  value  is  

y.//-0.707lV^lil+A«»+etc.f  (244 

where  Ai,  A a,  etc.,  are  the  amplitudes  of  the  separate  harmonics. 

104.  Fourth  method.  Replot  the  given  irregular  curve  (Fig.  38)  ii 
polar  coordinates  (Fig.  39),  and  determine  the  area  Ap,  of  the  polar  curve 
with  a planimeter,  or  by  plotting  on  homogeneous  paper  of  known  area  an< 
weight,  then  cutting  out  and  weighing  again;  the  areas  are  then  proportions 
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Fio.  38. — Complex  wave  in  rec- 
tangular coordinates. 


Fio.  39. — Complex  wave  of  Fig. 
38  in  polar  coordinates. 


to  the  weights.  This  area  must  be  expressed  in  units,  y3««a,  as  taken  fron 
Fig.  38.  This  is  done  by  multiplying  the  area,  Ap,  of  the  polar  curve  bj 

the  ratiof — — ; yaw  andp«o*  are  measured  in  terms  of  the  same  units 

V pMM  / 

The  mean  effective  ordinate  is 


V#// 


_V«» 

Pmi 


in  terms  of  y*M*.  (245) 


103.  Generalisation  of  fourth  method.  The  latter  method  has  beet 

Seneralised  by  Mr.  C.  O.  Mailloux  for  determining  the  effective  value  ol 
irect  current  taken  by  an  electric  car  or  a train  during  a run.  For  i 
detailed  treatment  and  numerous  practical  applications  see  his  papei 
' ‘ Methode  de  Determination  du  Courant  Constant  Produisant  le  M#nn 
Echauffement  qu'un  Courant  Variable,"  in  the  Transactions  of  the  Inter 
national  Electrical  Congress  held  at  Turin  (Italy),  1911. 

106..  The  amplitude  factor  is  the  ratio  of  the  maximum  ordinate  to  tki 
mean  effective  ordinate,  thus 


— amplitude  factor.  (246; 

V»fJ 

107.  The  form  factor  is  the  ratio  of  the  mean  effective  ordinate  to  th< 
mean  ordinate,  thus 

— — » form  factor.  (247 

I/nmr 


including  the  two  given  ones,  be  denoted  yo,  yi,  y*.  etc.,  y*.  Then  the  ares  o! 
the  curve  is 

A » lli(y»+4(yt-f  yi+y»-f  etc.  +y*_i)  +2(yi+y4+y#-f  etc.  -f  y»-i)  +y*l. 
where  h is  the  distance  between  any  two  adjacent  ordinates.  The  greatei 
the  number  of  strips  (n),  the  more  nearly  the  foregoing  formula  represent 
the  area  of  the  given  curve. 


100 
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The  table  in  Par.  SOf  gives  the  form  factor  and  the  amplitude  factor 
for  various  mathematical  curves. 

Ml.  Table  of  Form  Factors  and  Amplitude  Factors. 


Name. 

Trace. 

Form 

factor. 

Reciprocal 
of  form 
factor. 

Amplitude 

factor. 

Reciprocal 
of  amplitude 
factor. 

Rectangle 

n 

1.00 

1.00 

1.00 

1.00 

Semi-ellipae 

.n. 

1.04 

0.96 

1.22 

0.82 

Semi-circle 

1.04 

0.96 

1.22 

0.82 

Semi-ellipse 

1.04 

0.96 

1.22 

0.82 

Sum 

.zx 

1.111 

1.414 

Thugfe 

.Zv. 

1.15 

0.87 

1.73 

0.58 

larccseune 

1.31 

0.76 

0.48 

!*▼«»*  circle  or 
irnrse  ellipse 

1.44 

0.69 

3.23 

0.31 

Ml.  Wave  analysis;  Fourier’s  series.  In  the  mathematioal  treatment 
d slteroating  waves,  it  is  most  convenient  to  work  with  those  having  sine 
ton:  therefore,  thorn  waves  differing  from  the  sins  form  are  generally  revolted 
both,  a fundamental  vine-wave  and  its  harmonics . The  general  equation  of 
alternating  wave, -as  given  by  Fourier’s  series,  is 
?"Fiain(ut+#i)4*]rs8m(2ttt+0t)+  . . . + F.sin(n«<+Al)  + etc..  (248) 

vhema  y is  the  ordinate  of  the  resultant  wave;  Y i,  Yi,  . . . Fa,  etc.,  are 
the  maximum  ordinates  of  the  first,  second,  . . nth,  etc.,  harmonics; 

•u  #*,  . . .9m,  the  constant  angles  which  determine  the  relative  time- 
ptose  position  of  the  corresponding  harmonics,  and  w — 2t/  the  angular 
▼dodty  of  the  generating  vector  of  the  fundamental  wave. 
tlO.  Wavs  analysis;  Fischer- Hinnen’s  method.  By  inspection  it 
be  said  that  waves  having  like  loops  above  and  below  the  time  axis 
•ostein  only  odd  harmonics,  while  waves  having  unlike  loops  above  and 
toov  the  axis  contain  both  even  and  odd  harmonics.  A direct  method  of 
sire  analysis  given  by  J.  Fischer- Hinnen  • is  based  on  the  following 
«*oations: 

4.-— (y«+y*+yi*  +.  . . y*»-t  - yi  - y*  - yi*  — . . . ys»-«)  (249) 
Bd  “ 

B»-  — (yi+y»+y#+  . . .yu-i-y*  — yr-yu—  . . yj»-i)  (250) 

n 

Twrdn  yi,  ys  . . . y.  are  ordinates  at  points  alone  the  base  of  the  half 
***e,  vhieh  is  divided  into  2n  equal  parts,  and  Am  ana  Bm  are  the  ordinates 

* tbe  ath  harmonics  lying  90  time-degrees  apart.  The  maximum  ordinate 

* the  «th  harmonic  is  y/ An*+Bn\  and  its  time  phase  displacement  from 
to  resultant  wave  is 

y.-tan-i(-f^-),  (251) 


„ ' Bek.  Zeit  , Vol.  XXII,  p.  996  (1901).  Also  P.  M.  Lincoln,  Elec.  Jour., 
v<*  V,  p.  286  (1908). 
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Bm  being  measured  in  terms  of  the  nth  harmonic.  Assuming  time  measured  1 
the  right  and  ordinates  measured  up  as  positive,  and  quantities  measure 
in  opposite  directions  as  negative,  positive  values  of  Bn  indicate  that  it 
nearest  intersection  of  the  nth  harmonic  with  the  axis  is  to  the  right  of  tl 
intersection  of  the  resultant  wave  with  the  axis,  and  positive  values  of  t 
indicate  that  the  nth  harmonic  is  rising  at  its  nearest  intersection  with  tl 
time  axis.  The  values  obtained  with  the  above  equations  for  the  nt 
harmonic  are  affected  by  the  harmonics  which  are  multiples  thereof,  that 
2 n,  3 n,  etc.  This  correction  is  practically  negligible  for  all  harmonics,  excel 
the  first  or  fundamental,  and  a correction  rarely  needs  to  be  carried  beyoi 
the  ninth  harmonic.  Since  wave  forms  in  practice  almost  never  conta 
even  harmonics,  they  do  not  enter  into  the  correction,  and  denoting  tl 
corrected  values  by  prime,  we  have: 


and 


A*n  **  An  — A'tn  ~ Ar$n  A* 7»  — • . . 


(25 


B'n-Bn+B'*n-B'*n+B'ln - ...  (25 

When  applying  this  to  the  first  harmonic,  An  is  the  ordinate  of  the  r 
sultant  wave  at  yo  (Fig.  40b),  and  Bn  is  the  ordinate  90  time-degrees  ther 
from  at  y*. 


Fio.  40a. — Wave  analysis,  Par.  211.  Flo.  40b.  Wave  analysis,  Par.  21 


til.  Example  of  wavs  analysis.  As  an  example,*  assume  the  wai 
given  in  Fig.  40a,  which  is  split  into  three  harmonics;  the  first  or  fundi 
mental,  the  third  and  the  fifth.  Fig.  40b  shows  the  method  of  determinia 
a given  harmonio,  in  this  case  the  third.  The  base  of  the  wave  is  divide 
into  2n  or  six  equal  parts  and  ordinates  erected.  Assume  the  ordinates! 
measure  as  follows: 


then, 


and 


yi  — 676;  y*  — 660;  y»  — 940;  y«  — 1004 ; y*  — 554;  y«  — 0. 

, w x 1004  - 600 
A*-i(yi-yi)  — 5 -114.7, 


D . . . , 076  f 654  - 940  _ 

i(yi+yi-y«)  - 3 -96.7. 


The  maximum  ordinate  is 

V (114.7)*+  (96.7)*  - 150 

and  the  phase  angle  is 

9,_tan-,(ZlL^)__5odeg.t 


(25 

'i 


H 

i 


In  a similar  manner  it  is  found  that  A*  — —92.8,  and  Bi  — 37.4.  In  ll 
example  the  wave  contains  only  the  third  and  the  fifth  harmonics;  therefq 
the  fundamental  is  determined  as  follows:  1 


Ax -yo- A't- A\ -0—1 14.7+92.8-  -21.9; 

B\  - ys  + B'»  - B'u  - 940+96.7  - 37.4  - 999.3 ; 
tfi  — tan~‘(21.9/999.3)  — 1 deg.  15  min.  (approx.) 


* Elec.  Jour.,  Vol.  V,  p.  386  (1908).  ] 

t Fifty  deg.  in  the  terms  of  the  third  harmonic,  or  50/3  deg.  in  tennfl 
the  resultant  ’j 
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War#  analysis  tables  are  available  (Published  by  John  Wiley  and 
Mae,  me.,)  by  means  of  which  an  irregular  wave  may  De  easily  analysed 
ato  its  harmonics  by  taking  a sufficient  number  of  ordinates.  For  the 
a*  of  these  tables  see  the  author's  “ Experimental  Electrical  Engineering,"  f 

foiame  II,  Chapter  31;  John  Wiley  and  Sons,  New  York,  1011. 

POLYPHASE  SYSTEMS  ^ 


til.  A polyphase  system  is  an  alternating-current  circuit  or  network 
h which  are  applied^two  or  more  e.m.fs.^  of  the  same  frequency,  but  di»- 


Fig.  41. — Symmetrical  polyphase  e.m.f*  a.  (three-phase  system). 
Fig.  42. — Symmetrical  polyphase  e.m.f's.  (quarter-phase  system). 
Pig.  43. — Unsym metrical  polyphase  e.m.f's.  (two-phase  system). 


HA.  Symmetry  of  polyphase  systems.  A polyphase  system  is  called 
Qrauaetrical  if  the  applied  voltages  are  equal  and  displaced  in  phase  by 
amounts.  The  three-phase  system  (Fig.  41)  and  the  quarter-phase 
*r*em  (Fig.  42)  are  symmetrical  systems;  the  two-phase  system  (Fig.  43) 
a sa  onsymmetrical  system. 

US.  A balanced  polyphase  system  is  one  in  which  the  sum  total  of 
instantaneous  power  in  all  the  phases  is  constant  (non-pulsating). 
Tfea,  in  a symmetrical  three-phase  system  in  which  an  equal  load  is  applied 
to  ail  the  three  phases,  the  power  is  constant,  notwithstanding  the  fact  that 
Bhyfwat  in  each  phase  is  pulsating. 


44s. — Polyphase  star  connee-  Fio.  44b. — Polyphase  ring  connec- 
tion. tion. 


US.  Balance  factor.  If  the  total  power  in  a polyphase  system  is  pul- 

wti&C.  the  system  is  called  unbalanced;  the  ratio  of  the  instantaneous 
aurimum  value  of  power  to  the  maximum  value  of  power  is  called  the 

ltohnee  factor  of  the  system. 

til.  Star  and  ring  connections.  The  two  principal  methods  of 
^Meeting  the  separate  phases  of  a polyphase  system  are  the  star  oon- 
- > o (Fig  44m).  and  the  ring  or  mesh  connection  (Fig.  446).  In  a 
^suaetrical  n-phase  system,  with  the  phases  equally  loaded,  the  relation 
xveen  the  star  voltages  E,  and  the  mesh  (or  ring)  voltages  Em  (Fig.  45a) 
■ 

Em  — 2E,  sin  — (259) 

n 

103  n r 
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IV  relation  between  the  star  currents  J«  and  the  mesh  currents  Im  (Fig. 
Sk)  u 

J.-27-sin  — — . -■  (260) 

n 

lit.  Tbres-phase  Y and  A connections.  In  a three-phase  system 
be  star  connection  is  also  called  the  Y-connection  (Fig.  46a),  and  the  mesh 
i called  the  delta  connection  (Fig.  466).  The  relations  of  the  currents 
ad  the  voltages  are  (Figs.  47a  and  476). 

B ^ mmEt rv/3~  " 1.7322?,,  and  7^  ™ ™ IT732*  (261) 


U9.  Two-phaae  star  and  ring  connections.  In  a two-phase 

intern  (Fig.  48)  the  relations  o!  the  currents  and  the  voltages  are  (Fig.  49) 

E.  VT-lAUBr.  ^__°.707U.  (262) 

*Wre  the  subscripts  m and  • refer  to  the  mesh  and  the  star  respectively 
iPar.  11T) 


Fro.  50. — Two-phase  three-wire  system. 

SM.  Two- phase  three-wire  system.  With  a two-phase  three-wire 
rrmttm  (Fig.  50)  the  current  in  the  common  or  return  wire  is  y/2  times 
the  current  in  each  phase  (Fig.  51),  and  the  voltage  between  the  phases  is 
V2  times  the  voltage  between  each  phase  and  the  common  return. 
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Ml.  Polyphase  power.  The  total  power  in  a symmetrical  vpha 
system  is  given  by  the  formula 

£=*nIJ$,  cos  4~nLJ2m  cos  *.  (2S 

In  an  unsymmetrical  or  unbalanced  system  the  total  power  is  fou. 
by  summing  up  the  power  in  the  separate  phases. 

1M.  Three-phase  power.  In  a three-phase  system  (Fig.  46),  the  pow 
P - 3 IyEy  cos  4>  “ 3Ja  a cos  0 - 1*E&V 3 oos  <t>  (watts)  (2C 


if  the  currents  are  in  amperes  and  the  voltages  in  volts. 

M8.  Two-phase  power.  In  a quarter-phase  system  (Fig.  47)  1 
power 

P**4I,E»  COS  6->4lmEm  cos  $**2y/2IJSm  cos  ^ (watts) 

114.  An  equivalent  single-phase  circuit  is  a circuit  which  is  used 
computations  relating  to  polyphase  transmission  lines  and  machine) 
For  three-phase  circuits  some  engineers 
use  a single-phase  circuit  with  a vol- 
tage equal  to  the  Y-voltageof  the  three- 
phase  system,  and  the  power  equal  to 
that  in  one  phase.  Others  use  a single- 
phase circuit  having  a voltage  equal 
to  the  delta  voltage  of  the  three-phase 
circuit,  and  transmitting  the  power 
equal  to  the  total  power  in  the  three 
phases.  Both  methods  lead  to  the 
same  result,  provided  that  the  assump- 
tions are  consistently  carried  out. 

185.  Unbalanced  polyphase  cir- 
cuits are  treated  as  separate  single- 
phase  circuits  and  then  combined  into 
one.  Assuming  a th^ee-phase  system 
with  a line  voltage  triangle  as  shown 
in  Fig.  52  and  an  unbalanced  load,  Ei, 

Ei  and  E»,  are  given.  (They  form  the 
triangle  o6c.)  Constructing  semicir- 
cles on  Eu  Ei,  and  E < as  diameters, 
the  e.m.f.  triangle  for  each  branch  is 
constructed  (Par.  155).  We  have 
Ei  Ei 


Fto.  51. — E.m.fa.  and  currents  i 
two-phase  three- wire  system. 


i . , Ei 

m\u  — -mi  and  — . — ti. 

SI  SI 


(21 


The  currents,  ii,  ti  and  it,  are  in  phase  with  the  ir  drops  in  their  respect! 
branches.  These  can  be  conveniently  combined  by  prolonging  the  ir  hi 
until  they  intersect,  and  laying  off  the  currents,  i,  from  the  intersects 
The  main  currents,  Ti,  It  and  /«,  are  found  by  taking  the  vector  sum  of  1 
branch  currents,  it  and  iu  it  and  ii,  it  and  ii,  respectively. 
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4K.  Unbalanced  st*r-oonnected  system.  Let,  in  Fig.  44a,  all  the  star 
^Tir  & be  different  from  each  other,  and  let  the  admittances  of  the 
SjBMira  between  the  two  neutral  points  be  Y\,  Fj,  etc.,  also  all  different. 
|»  be  the  potential  difference  between  the  two  neutral  points,  the  vector 
measured  in  the  same  direction  as  the  phase  voltages  P*.  Then 
^^einuti  in  the  individual  phases  are: 

i 

> etc.  / (J87) 

£°--~ j r (268) 

Haul.  ft  is  computed  from  eq.  (268)  and  then  the  currents  determined  from 
M-  <*7).  All  the  quantities  in  eq.  (267)  and  (268)  are  understood  to  be 
Marten  m complex  notation  (Pars.  184  to  187).  When  there  is  a common 
WJrtum  conductor  of  appreciable  impedance,  the  foregoing  expressions  are 
KS2  applicable,  if  the  given  n-phase  system  be  considered  as  an  (n-fl) -phase 
Vwtcm,  the  last  phase  consisting  of  the  return  conductor  for  which  P»  =■  0. 

SIT.  Three-phase,  unbalanced  star-connected  system.  Some  of 
tfheipmal  cases  of  the  foregoing  formulae  are  as  follows:  (a)  the  load  admit- 
tismi  are  balanced,  the  applied  voltages  unsym metrical,  no  common  re- 
tsn  conductor: 

£•-*2#  (269) 

mm,.  with  a return  conductor  of  admittance  Ya: 

^#-3 +ovf)  (270) 

id  When  the  load  admittances  are  unequal,  the  general  equations  (267) 
and  (288)  must  be  used,  whether  the  voltages  are  balanced  or  not. 

tt.  Resolution  of  an  unbalanced  three:phaie  system  into  two 
Ofekaesd  systema.  It  is  sometimes  convenient  to  represent  a given 
Astern  of  three  unequal  delta  voltages  as  a result  of  superposition  of  two 
balance d systems  of  voltages  of  opposite  phase  sequence.  This  is  expressed 
syabobeally  by  the  vectorial  equations: 

Ex-A+B 

Bt-Aa+Bar > (271) 

Ei  = Aa— 1 -fffa 

In  these  equations  Pu  Ps,  Ps  are  the  given  unbalanced  voltages,  and  4 and 
B are  the  component  vectors  which  together  make  vector  Ex.  The  factor 

turns  a vector  in  the  positive  direction  (counter-clockwise)  by  120 
degrees  (Par.  188).  It  will  thus  be  seen  that  the  balanced  4 "system  has 
*t»  vectors  numbered  counter-clockwise,  while  the  vectors  in  the  J?-system 
•ffe  numbered  clockwise.  Only  two  of  the  three  equations  are  independent 
Weause 

Bx  + Pt+Pi- 0 (272) 

SI9.  Determination  of  the  balanced  components.  When  Px,  Pi, 

' Pi  are  given,  we  have  from  eq.  (271) 

a Et—Pia^1 
a—a~l 

nn«-\  (273> 

• a — a' 1 

*Vn  the  principle  of  superposition  is  applicable,  that  is  in  circuits  without 
wtaration,  the  currents  may  be  determined  for  the  systems  A and  B separ- 
ately, iMnnr  the  simple  relationships  (Par.  818)  which  hold  for  a.  balanced 
, and  then  added  to  obtain  the  actual  currents.  For  details,  applica- 

> boss,  and  an  extension  to  n phases,  see  C.  L.  Fortescue,  Trans.  A.  I.  E.  E.t 
1*18,  VoL  37,  p.  1027;  J.  81epaint  Electrical  World , 1920,  Vol.  75,  p.  313. 

180.  Higher  harmonics  in  polyphase  systems.  In  a balanced  n- 
pjnse  system  the  time  angle  between  two  consecutive  star  voltages  is  2ir/n. 
" the  voltage  wave  has  a o-th  harmonic,  the  angle  between  the  phases  of 
W harmonics  will  be  2-rq/ n.  When  g = n,  3»,  5n,  etc.,  the  g-th  harmonics 
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in  all  the  voltagee  are  in  phase  with  each  other.  When  the  neutral  pod 
of  the  system  are  isolated,  such  harmonics  give  rise  to  the  so-called  o®@il&j 
ing  neutral.  With  the  grounded  neutrals,  currents  of  the  correspond! 
frequency  flow  through  all  the  phases  and  return  through  the  ground, 
the  three-phase  system  the  harmonic  voltages  in  phase  with  one  another  I 
the  3rd,  the  9th,  the  15th,  etc. 

131a.  Harmonics  in  mesh  voltages.  Harmonics  of  the  order  n,  3n, 
etc.,  even  if  present  in  the  star  voltages,  cannot  appear  in  the  mesh  voltajj 
Thus,  in  a balanced  three-phase  system,  harmonics  of  the  following  order  i 
absent  in  delta  voltages:  3rd,  9th,  15th,  etc.,  although  they  may  exist  in  H 
voltages  and  in  the  line  currents,  and  may  give  rise  to  inductive  interfere! 
and  to  other  troubles. 

1816.  Harmonics  in  mesh  and  star  currents.  In  a mesh  or  ring  (1 
446)  the  harmonic  currents  of  the  order  q ■»  n,  3n,  fin,  etc.  (Par.  130)  ar«j 
phase  with  one  another  and  may  cause  large  circulating  currents,  even  thot 
they  are  absent  in  the  line  currents.  * 

138.  7 or  further  treatment  of  the  current  and  voltage  ralattq 
with  unbalanced  loads  and  unsymmetrical  voltages  see  the  last  2 
chapters,  in  Dr.  Steinmeti’s  “Alternating-current  phenomena";  also  i 
author’s  "Experimental  Electrical  Engineering,"  Vol.  II,  Chapter  25,  a 
his  ‘Ueber  mehrphasige  Stromsyateme  bei  ungleichm&ssiger  Belaatun 
(Enke,  Stuttgart,  1900).  For  the  " V"  and  “T"  connections  of  trai 
formers,  and  for  six-phase  connections,  see  Sec.  6,  on  transformers.  Also  I 
Sec.  11,  on  Power  Transmission,  for  further  treatment  of  the  calculation 
polyphase  systems,  and  Sec.  12,  on  Distribution  Systems. 

UNIFORMLY  DISTRIBUTED  RESISTANCE,  REACTANCE,  CAPA 
ITT  AND  LEAKAGE 

833.  Uniformly  distributed  properties.  In  a transmission  line  1 
resistance,  the  reactance,  and  the  capacity  are  uniformly  distribute 

Besides,  there  may  be  appreciable  leakage  to  the  ground  or  between  t 
wires,  which  leakage  for  the  purposes  of  computation  may  also  be  aaraffl 
to  be  uniformly  distributed.  Under  such  conditions  the  current  along  t 
line  at  any  certain  instant  is  different  indifferent  places;  in  other  words,  f 
current  is  a function  not  only  of  time  t but  also  of  the  distance  • from  t 
receiver  end. 

134.  Continuous  impressed  e.m.f.  For  a direct-current  lii 

possessing  a resistance  of  r ohms  per  unit  length  and  a leakage  conductan 
of  g mhos  per  unit  length,  the  current  and  the  voltage  relations  at  a distant 
$ from  the  receiver  end  are  expressed  by  the  differential  equations, 
d*i  . , d*e 

*,-**•  and^-w.  (27 

The  solution  of  these  equations  is  of  the  form 

t-Aw-~+At«~,  (27 

(27 

where  m — \/rql  and  Ai,  At,  Bi  and  Bi,  are  the  constants  of  Integration  whi< 
are  determined  by  the  electrical  conditions  at  some  one  point  of  the  line. 

185.  Solution  of  continuous-current  case.  The  solution  of  the  for 
going  differential  equations  is  preferably  expressed  through  hyperbot 
functions,  t in  the  form 

t-Ci  Cosh  m*+Ci  Sinh  ms;  (27 

e-Z)i  Cosh  ms+Di  8inh  ms; (271 

• For  a detailed  treatment  see  V.  Karapetoff,  ' ‘Harmonics  in  Symmetric 
Af-phase  Systems,”  Electrical  World , 1918,  Vol.  71,  p.  660. 

f For  a simple  theory  of  hyperbolic  functions  see  Seaver’s  “Mathematic 
Handbook,"  Sec.  Ill;  also  somewhat  more  advanced,  "Hyperbolie  Fun 
tions,"  by  McMahon.  The  best  tables  of  hyperbolic  functions  of  rei 
hyperbolic  angles  are  probably  those  bv  Becker  and  van  Orstrand,  publishe 
by  the  Smithsonian  Institution.  Tables  of  hyperbolic  functions  of  oon 
plex  angles  over  a limited  range  will  be  found  in  the  above-mentioned  boo 
>'  McMahon,  and  also  in  the  General  Electric  Review,  Supplement,  Mai 
(910,  and  in  the  Harvard  Engineering  Journal,  Vol.  X,  No.  4 and  Vol.  Ii 
^’o.  2.  See  also  A.  E.  Kennelly,  "Tables  and  Chart  Atlas  of  Comple 
Hyperbolic  and  Circular  Functions,"  Harvard  Univ.  Press,  1914. 
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-eCt,  Cu  U\,  Dt  are  the  constants  of  integration  which  depend  upon 
i given  conditions  at  some  one  point  on  the  line.  F or  example,  if  the 
aver  current  It  and  the  receiver  voltage  Et  are  given,  the  constants  have 
e following  values: 


Ci-/*;  C*  — Et  ; Di=Et;  Dt-It 


(279) 


ita,  knowing  i and  e at  the  receiver  end,  their  values  may  be  calculated  for 
■ sending  end  or  for  any  point  on  the  line.  For  further  details  see  the  first 
chapters  of  A.  E.  Kennelly’s  “The  Application  of  Hyperbolic  Functions 
Electrical  Engineering  Problems.”  ...... 

Another  form  of  solution,  employing  the  exponential  method  instead 
si  the  hyperbolic,  will  be  found  in  the  Tranaactuma  of  the  A.  I.  E.  E. * for 
“til,  where  the  problem  discussed  is  one  of  telegraphic  transmission  over 
H aerial-wire  circuits  by  means  of  the  closed-circuit  Morse  system  widely 
«*d  in  America. 

L ttl.  Alternating  impressed  e.m.f.  Let  a sine-wave  alternating  voltage 
pe  applied  to  an  equivalent  single-phase  line  (Par.  224)  with  uniformly  dis- 
febaied  characteristics.  Let  the  resistance  and  the  inductive  reactance  of 
ftb  line  be  r ohms  and  x ohms  per  unit  length,  respectively,  so  that  the  senes 
hmedanoe  is  Z — r -Hi*  ohms  per  unit  length.  Let  the  condensivesusoeptance 
nd  the  leakage  conductance  be  b and  g mhos,  per  unit  length  respectively, 
a that  the  shunted  admittance  is  Y - g-jb  mhos  per  unit  length.  The  cur- 
m.  asd  the  voltage  relations  at  a distance  a from  the  receiver  end  of  the 
fi»  m expressed  by  the  differential  equations 
d*I  d'B 

, - M «/,  and  — - MlE  (280) 

da  d«*  * 

■hm  U-y/YZ.  In  these  expressions  I,  E and  M are  complex  quantities, 

(Pu.  iti)  and  the  magnitude  and  the  phase  of  the  ourrent  and  the  voltage 
ary  from  point  to  point,  remaining  at  the  same  time  sine  functions.  In 
atfer  words  the  current  and  the  voltage  are  sine  functions  of  time  t,  and  such 
tactions  of  * as  to  satisfy  the  above-given  equations.  The  parameter  Af 
dmeterises  the  line  and  is  independent  of  either  t or  «.  The  solution  of 
ttae  equations  is  of  the  form 

- I-Ax*-Ma  + AfMa  (281) 

(282) 

tbnc  the  constant*  of  integration  Ai,  At,  B i and  B.  are  complex  quantities 

There  constants  are  determined  by  the  electrical  conditions  at  some  one  point 
ci  the  line,  for  instance,  when  the  current  and  the  voltage  at  one  point  are 
grien  in  magnitude  and  in  relative  phase  position. 

SIT.  Solution  of  alternating-current  case.  The  solution  of  the  fore- 
loing  differential  equations  is  preferably  expressed  through  hyperbolic 
functions  (Par  S35)  of  the  complex  angle  Afs.  Namely, 

/ -Ci  Cosh  Afs+C*  Sinh  Mb;  (283) 

E-Di  Cosh  Af«+Z>*  Sinh  Af*;  (284) 

•here  the  complex  quantities  Ci,  C*.  Di,  and  Dt  are  the  constants  of  integra- 
te* which  depend  upon  the  given  conditions  at  some  one  point  of  the  line. 

For  example?  if  the  receiver  voltage  Et  and  the  receiver  current  h are 
riven  in  magnitude  and  in  phase  (at  a-0)  the  constants  of  integration  have 
the  folio  wing  values: 

Y „ n n , At 


Ci  — /*;  Ca  — F*  D\~Et;  p*  — /*  -p* 


(285) 


Tina,  knowing  / and  & at  the  receiver  end,  their  values  may  be  calculated 
for  the  sending  end  or  at  any  other  point  on  the  line. 

SS2.  The  general  relationship  between  the  currents  and  the  voltages 
it  the  two  ends  of  a line  of  the  length  l is: 

h - U Cosh  Ml  + &t(Y/M)  Sinh  Ml  (2$) 

Zt-Et  Cosh  Ml+h(M/Y)  Sinh  Ml (ffi) 

• Fowle, F.  F.  **  Telegraph  Transmission;  ” Tran$.  A.  I.  E.  E.t  1911,  Vbl. 
XXX.  Part  II,  p.  1683. 
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If  any  two  of  the  four  quantities  Ri,  Rt,  J\,  and  U are  given,  the  other  tw 
may  be  determined  from  these  two  simultaneous  equations. 

S89.  Methods  of  computation.  Numerical  computations  connects 
with  eq.  (286)  and  (287)  may  be  performed  in  accordance  with  one  of  th 
following  methods: 

(1)  Tables  and  charts  of  hyperbolio  functions  of  complex  variable*  art 
available,  but  the  intervals  are  too  large,  and  the  interpolation  is  bot-1 
tedious  and  inaccurate. 

(2)  Tables  of  hyperbolio  and  circular  functions  of  real  anoles  are  availabl 
with  much  smaller  intervals  between  consecutive  values,  making  the  inter 
polation  in  most  cases  unnecessary.  When  using  such  tables  the  follow 
ing  relationships  are  taken  advantage  of: 

Sinh"  (a+/6)  — Sinh  a Cos  6+i  Cosh  a Sin  b (28 S 

Coeh  (o+if»)-Cosh  a Cos  b+j  Sinh  a Sin  b (289 


(3)  The  hyperbolic  functions  of  the  complex  angle  Ml  are  expanded  inti 
the  infinite  eerie*, 

. Sinh  MZ«Mf+J(MQ»  + iJ0(MO*+  etc.  (290; 

Cosh  Jf/-l  + i(.flfQ*+A(Jf04+  etc.  (2911 

For  the  longest  transmission  lines  in  use  or  projected,  the  second  term  is 
small  as  compared  to  the  first,  and  the  third  is  altogether  negligible. 

(4)  Graphical  approximate  solutions,  simplified  formulae,  sets  of  curves, 
etc.,  have  been  proposed  at  different  times  for  various  problems  connected 
with  eq.  (286)  and  (287).  They  refer  only  to  specific  applications,  such  m 
power  transmission,  telephone  transmission,  radio  antenna  oscillations,  etc 

840.  References  to  other  literature.  For  further  details  and  applies 
tion  of  the  foregoing  equations  to  power-transmission  lines  and  to  the  prop, 
agation  of  currents  in  telephone  and  telegraph  lines  see  C.  P.  Steinmets 
"Theory  and  Calculation  of  Transient  Electric  Phenomena  and  Oscillations;' 
J.  A.  Fleming,  "The  Propagation  of  Electric  Currents  in  Telephone  and 
Telegraph  Conductors;"  F.  E.  Pernot,  “Electrical  Phenomena  m Parallel 
Conductors  (Wiley). 


CAPACITY  IN  ALTERNATING-CURRENT  CIRCUITS 

841.  In  addition  to  the  general  information  contained  in  Par.  158-176 
the  following  more  specific  formula  are  useful  in  practice. 

848.  Capacity  su  seep  tan  ce.  When  an  alternating-current  circuit 
contains  capacity  only,  the  relationship  between  the  current  and  the  volt- 
age (Par.  168)  may  be  also  represented  as 

It-bcEt  (292) 

where 

be=  l/xc<*=  2rfC  (293) 

The  quantity  6*  is  called  the  capacity  susceptance,  and  is  measured  in  mhos 
when  / is  in  cycles  per  sec.  and  C is  in  farads. 

848.  Capacity  and  inductance  in  parallel.  When  a capacity  C and  a 
pure  inductance  L are  connected  in  parallel,  the  equivalent  susceptance  is 

b-6.-b.-—^-2w/C  (294) 

and  the  total  current  through  the  combination  is 

J-6E  (295) 

When  bt>b<  the  current  lags  behind  the  voltage  by  90  deg.;  when  b»<be 
the  current  leads  the  voltage  by  90  deg.  See  Par.  188. 

844.  Capacity  in  parallel  with  a conductance.  With  the  notation  in 
Pars.  848  and  19,  the  admittance  (Par.  169)  of  the  combination,  in  mhos,  is 

V - Vo'  + bc* - V(l/rP)>+(2r/C)*  (296) 

Thus,  an  imperfect  or  leaky  condenser  may  be  replaced  by  a perfect  con- 
denser with  a conductance  in  parallel,  according  to  formula  (296).  When 

r is  in  ohms,  C must  be  in  farads,  and  not  in  microfarads. 

845.  Capacity  in  series  with  a resistance.  The  impedance  of  the 
combination,  in  ohms,  is 

*-  v/r.1  + (l/2./C)»  (297) 
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Ml.  Equivalent  i«riM  and  parallel  combinations  of  capacity  and 
nsistanee.  The  equations  given  in  Par.  179  hold  true,  provided  that 
the  values  of  capacity  susceptance,  admittance  and  impedance  are  used 
m given  in  Pan.  143  to  149.  The  equivalent  values  are  also  sometimes 
catted  the  effective  values  of  resistance,  conductance,  reactance  and  suscept- 
ive respectively,  although  the  term  equivalent  is  preferable. 

S47.  Combinations  of  capacity,  Inductance  and  resistance.  When 
the  effect  of  the  capacity  predominates,  the  value  of  its  susceptance  (when 
m parallel  with  the  inductance)  is  corrected  for  the  effect  ot  the  inductance 
(Par  141)  and  the  combination  is  treated  as  a resistance  end  a capacity 
only!  Similarly,  a correction  is  made  in  the  value  of  capacity  reactance 
vben  an  inductive  reactance  is  in  series  with  it.  When  the  effect  of  the 
inductance  predominates,  corrections  are  made  for  the  capacity  effect  in  the 
formulas  for  the  inductive  reactances  or  susceptance.  See  Par.  19®. 
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MEASUREMENTS  AND  MEASURING  APPARATUS 

ELKCTRIC  AND  MAGNETIC  MEASUREMENTS 
BT  T.  MALCOLM  FARMER,  M.E. 

GENERAL 

1.  The  measurement  of  any  given  quantity  is  the  comparison  o 
that  quantity  with  another  quantity  of  the  same  kind  which  has  been  chose 
as  a unit.  The  unit  may  be  a purely  arbitrary  quantity  with  no  rationi 
significance,  such  as  the  foot  and  the  pound,  or  it  may  have  a very  definit 
meaning,  as  the  centimeter  and  the  gram.  The  units  used  in  electric* 
measurements  belong  to  the  latter  class  because  they  are  based  on  the  centl 
meter-gram-second  or  C.G.S.  system.  The  C.G.S.  system  (Sec.  1 
is  the  fundamental  system  upon  which  all  physical  measurements  have  bee 
based,  on  the  theory  that  all  physical  phenomena  are  the  result  of  matte 
and  motion,  that  is,  space  (centimeters),  mass  (grams)  and  time  (seconds 

S.  Measurements  classified  according  to  precision. — Electric! 
measurements  may  be  divided,  in  a very  general  way,  into  three  dasse 
(a)  High-precision  measurements,  such  as  those  made  at  the  varioi 
national  standardising  laboratories  in  connection  with  the  establishmei 
and  maintenance  of  standards.  Every  precaution  is  observed  to  obtai 
the  highest  possible  degree  of  accuracy.  Expense  is  a secondary  consider! 
tion.  (b)  Commercial  laboratory  measurements,  where  the  objei 
is  to  secure  results  which  are  reliable  and  accurate,  but  only  to  the  degn 
Justified  by  commercial  and  engineering  requirements.  The  cost  must  \ 
a minimum,  (c)  Commercial  measurements  are  those  involved  in  tl 
production,  distribution  and  sale  of  energy.  The  scope  of  the  subject  i 
this  section  is  limited  to  the  last  two  classes. 

3.  A standard  is  a concrete  representation  of  a unit.  The  fundament 
C.G.S.  units  are  difficult  to  represent  and  early  in  the  development  of  the  a 
the  need  for  a system  of  units  which  could  be  used  in  electrical  measuremen 
was  recognised,  and  resulted  in  the  establishment  of  the  “practical"  uni 
(see  Sec.  1).  These  units  are  derived  from  the  fundamental  C.G.S.  uni 
and  can  be  represented  by  definite,  concrete  and  reproducible  standards. 

The  distinction  drawn  between  primary  and  secondary  standards 
largely  a matter  of  viewpoint.  In  general,  however,  primary  standards  mi 
be  considered  as  those  which  represent  directly  by  definition  the  unit  involve 
such  as  the  mercury  ohm,  the  silver  voltameter  and  the  saturated  cadmiu 
cell,  made  according  to  certain  specifications.  Secondary  standards  are  tl 
more  practicable  working  standards  which  are  standardised  by  compariw 
with  primary  standards  and  used  as  the  basis  of  all  ordinary  measurement 
They  include,  for  example,  the  manganin  standard  resistances  and  the  ort 
nary  Weston-type  standard  cell.  Primary  standards  are,  in  general,  mai 
mined  only  by  the  government  custodians  of  the  standards  in  the  vario 
countries;  whereas  secondary  or  working  standards,  based  on  these  prima 
standards,  serve  as  the  fundamental  basis  of  practical  measurements  in  en| 
nee  ring  and  commercial  fields. 

4.  The  precision  obtainable  in  an  electrical  measurement  depen 
upon  the  various  factors  which  enter  into  the  determination ; among  the 
are  the  correctness  of  the  principle  employed  and  the  method  used,  accurai 
of  the  standards,  number  and  magnitude  of  possible  errors,  correctness 
calculations  and  so  forth.  In  precision  measurements,  as  classified  aboi 
a precision  of  one  part  in  100,000  in  certain  classes  of  measurements  is  reg 
larly  attained.  In  commercial  measurements,  the  cost  of  such  a high  degr 
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of  precision  is  not  justified.  The  limits,  however,  are  being  gradually  raised 
ha  the  art  develops  and  greater  refinements  are  introduced.  The  table 
|PTen  in  Par.  6 indicates  the  precision  which  may  be  reasonably  expected 
ta  various  classes  of  measurements  made  by  average  observers,  under  ordi- 
nary conditions,  and  with  standard  commercial  instruments. 


5.  Table  of  Average  Precision  to  be  Expected  in  Various  Classes  of 
Commercial  Measurements 

Probable 

rCbsi  of  Measurements  and  Method  precision, 

per  cent. 

(Deflections  of  two-third  scale  assumed  in  indicating  instruments) 


Cwrrwl 

Potentiometer,  high-grade  types 

Portable  ammeter,  continuous-current 

Portable  ammeter,  alternating-current 

Switehblard  ammeter,  continuous-current 

Switchboard  ammeter,  alternating-current 

Recording  instruments 

Potential 

Potentiometer,  high-grade  type 

Portable  voltmeter,  continuous-current 

Portable  voltmeter,  alternating-current 

Switchboard  voltmeter,  continous-currcnt 

Switchboard  voltmeter,  alternating-current 

Rewarding  instruments 

High  potentials  (in  testing  of  insulators,  etc.) 

Poieer 

Portable  wattmeters 

laboratory  wattmeters  (non-portable  or  so  mi -portable) 

^^^Hboard  wattmeters 

Recording  instruments 

Evrg y (watt-hour  meters) 

Continuous-current. . 

u , - r- _.mers. . . . 

Alternating-current,  single-phase  with  transformers . . . 
Alternating-current,  polyphase  with  transformers 


0.03 

0.4 

0.5  -1.0* 
1.5 

1.0  -2.5* 
1.5  -3.0 

0.02 

0.25 

0.5  -1.5* 

1.0 

1.0  -2.5* 

1.5  -3.0 

5.0 

1.0 
0.25 
2.0 

2.0  -4.0 

2.5 
2.0 
2.5 

3.0 


frequency 

Portable  instruments 
Switchboard  instruments, 


0.5 

1.5 


Portable  instruments  (ammeter,  voltmeter,  wattmeter) 2.0 

Switchboard  instruments  (above  90  per  cent.) 1.0 

Switchboard  instruments  (below  90  per  oent.) 2.0  -4.0 


BmoUnee 

Medium:  1.0  to  10,000  ohms  with  high-grade  Wheatstone 

bridge 

Less  than  1 ohm  or  more  than  10,000  ohms  with  high- 

grade  Wheatstone  bridge 

With  portable  bridges 

Low:  By  fau-of-potentialmethod 

With  Thomson  double  bridge 

High:  (Insulation) 

Cmduetivity 

Mofnetie  measurement * 


0.1 

0.2  -1.0 

0.5  -2.0 

0.5 

0.05 

5.0 

0.25 

2.5 


I.  Classes  of  errors.  There  are  two  general  classes  of  errors  in  any 
had  of  measurements,  a,  systematic  and  6,  accidental.  The  former  class 
tffeeta  each  result  in  a series  of  similar  observations  in  the  sam»  manner, 
is  for  example,  an  error  in  the  standard  used.  The  latter  class  includes  those 
over  which  the  observer  has  no  control,  such  as  observational  errors  in  reading 
w indicating  instrument.  Accidental  errors,  unlike  systematic  errors,  are 
u likely  to  be  positive  as  negative  and  therefore  tend  to  eliminate  themselves 

* Depends  upon  capacity  and  whether  used  with  instrument  transformers. 
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from  the  mean  value  m the  number  of  readings  is  increased.  Where  th 
necessary  degree  of  reliability  is  not  obtained  in  a single  measurement, 
number  of  observations  are  made,  from  which  the  most  probable  true  vain 
may  be  obtained,  together  with  its  probable  error.  These  latter  quantitk 
may  be  derived  in  different  degrees  of  precision  by  various  mathematic 
methods  involving  the  theory  of  probabilities  and  the  method  of  least  square 
In  all  ordinary  electrical  measurements  it  will  usually  be  sufficiently  correi 
to  assume  that  the  true  value  is  equal  to  the  average  of  the  various  valu< 
obtained  (eliminating  systematic  errors)  plus  or  minus  the  average  errol 
The  average  error  is  the  average  of  the  differences  between  the  average  vain 
and  each  individual  value.  It  should  be  noted,  however,  that  according  t 
the  theory  of  probability,  the  precision  of  the  result  does  not  increase  direct! 
but  only  as  the  square  root  of  the  number  of  observations  made  (see  Par.  41 
to  439). 

7.  Certain  general  precautions  which  should  be  observed  in  electric 
measurements,  and  certain  sources  of  error  which  should  be  avoided,  ai 
indicated  in  the  following  paragraphs. 

(a)  The  probable  limit  of  accuracy  of  the  standards,  instrutnenl 
and  methods  should  be  known. 

(b)  As  a general  proposition,  in  other  than  rough  determinations,  or 
measurement  should  not  be  relied  upon.  Several  readings  should  b 
taken,  and  the  conditions  should  be  altered,  wherever  possible,  in  order  t 
avoid  accidental  errors. 

(c)  Indicating  instruments  should  be  of  such  a range  that  the  quantit 
under  measurement  will  produce  a reasonably  large  deflection,  on  the  scab 
The  percentage  observational  error  decreases  in  direot  proportion  as  tb 
magnitude  of  the  deflection  increases. 

(d)  The  possible  presence  of  external  or  stray  magnetic  fields,  bot 
direct  and  alternating, ^should  always  be  borne  in  mind.  Such  fields  may  b 
produced  by  current  *in  neighboring  conductors,  or  by  various  classes  < 
electrical  machinery  and  apparatus,  structural  iron  and  steel  in  buildingst  ett 
These  fields  introduce  errors  by  combining  with  the  fields  of  portable  md. 
eating  instruments,  galvanometers  and  other  instruments  utilizing  a magneti 
field,  and,  in  the  case  of  alternating  fields,  by  inducing  small  e.m.fs.  in  tb 
loops  fofmed  in  bridges,  potentiometers,  etc. 

(e)  In  measurements  involving  high  resistances  and  galvanometer 
such  as  bridges  and  potentiometers,  possible  "leakage”  or  shunt  circuij 
should  be  eliminated.  This  is  done  by  providing  a "guard"  circuit  tb 
principle  of  which  is  to  keep  all  points  to  which  the  current  might  flo1 
improperly,  at  the  same  potential  as  the  highest  in  the  apparatus.  8« 
further  discussion  under  potentiometers  (Par.  49  to  51). 

(f)  Temperature  changes  in  various  parts  of  bridge,  potentiometer  an 
similar  circuits  should  be  avoided  because  of  thermo  e.m.fs.  produced  * 
the  junction  of  dissimilar  metals.  Such  effects  are  often  proauced  if  tb 
observer’s  hand  comes  in  contact  with  the  metal  parts  of  the  galvanomet* 
key,  switches,  etc. 

(g)  Instruments  with  covers  made  of  glass  and  hard  rubber  should  not  b 
rubbed,  especially  with  a dry  dust  cloth.  The  induced  electrostati 
charge  on  the  moving  element  is  often  sufficient  to  change  the  deflectio 
materially. 

(h)  At  potentials  of  500  volts  and  above,  the  electrostatic  attractio 
between  moving  and  fixed  parts  may  become  serious.  This  is  prevented  b 
keeping  the  two  parts  at  the  same  electrostatic  potential.  When  grounc 
ing  is  permissible,  this  can  be  done  by  connecting  the  circuit  to  eartn  at  tb 
point  where  the  instrument  is  connected,  care  being  taken  that  the  movin 
coil  end  of  the  instrument  is  on  the  ground  side.  In  very  high  potential  woe 
this  electrostatic  attraction  becomes  very  troublesome,  so  that  the  instrij 
ments  must  be  connected  in  circuit  at  a grounded  part  of  the  line,  or  el# 
be  thoroughly  insulated  from  ground  and  the  moving  element  connected  t 
the  cmo  or  to  an  electrostatic  shield  around  the  instrument. 

GALVANOMETERS  AND  DETECTORS 

8.  Galvanometers  are  used  extensively  in  all  classes  of  electrical  mea 
urements.  Strictly  speaking,  the  term  applies  to  many  other  instruments  f< 
measuring  current,  such  as  voltmeters  and  ammeters,  but  it  is  ordinaril 
understood  to  apply  to  those  instruments  which  are  used  to  measure  v« 
small  electrical  quantities. 
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9.  Chnw  of  galvanometers . There  are  two  general  elaaeee:  (1) 
moving  magnetic  noodle;  (2)  moving  coll.  In  the  former  clam,  a small 
&od  (usually)  permanent  magnet  is  suspended  at  the  centre  of  a coil  of  wire 
through  which  flows  the  current  to  be  measured,  producing  a deflection.  In 
■wring  coil  galvanometers,  a coil  of  relatively  fine  wire  is  suspended  at  the 
centre  of  a permanent  or  electromagnetic  field;  the  current  to  be  measured 
levs  through  this  coil,  producing  a deflection.  Moving-magnet  instru- 
ments are  most  prominently  represented  by  the  tangent  galvanometer  and 
ibe  Kelvin  galvanometer;  moving-coil  instruments  by  D’Arsonval  and 
dcctrodynamometer  type  galvanometers. 

19.  Direct-currant  typos  of  galvanometers  are  represented  by  the 
following:  Tangent  galvanometers,  sine  galvanometers,  t.he  Kelvin  type, 
D'Arsonvsl  type,  ballistic  type,  differential  galvanometers,  electrodyna- 
mooeters  and  electrometers.  These  are  described  briefly  in  the  following 
paragraphs.  The  first  two,  though  obsolete,  are  of  great  historical  im- 
portance. 

11.  Tangent  galvanometers.  In  this  instrument  the  magnetic  needle 
to  suspended  or  pivoted  above  the  centre  of  a circular  scale,  over  which 
mows  the  pointer  attached  to  the  magnet.  The  ooil  carrying  the  current  is 
is  s plane  perpendicular  to  that  of  the  scale,  so  that  the  direction  of  the  field 
*bka  it  produce#  is  in  the  plane  of  the  magnet,  the  earth's  magnetic  field 
taog  the  directing  force.  The  current  is  approximately  I **  5rH  tan  a/m 
(tag.),  where  r — radius  of  coil  in  centimeters;  H « horizontal  component 
d wrtVs  field  in  gausses;  »*  number  of  turns  in  coil;  and  a— angle  of 
defection. 

it.  The  sine  galvanometer  is  similar  to  the  tangent  galvanometer,  the 
eaeatial  difference  being  that  the  coil  is  moved  as  the  needle  deflects,  so 
tbt  they  are  finally  in  the  same  plane  and  sin  a replaces  tan  a in  the  formula. 

IS.  Kelvin  galvanometer  (astatic  type).  In  this  instrument  there  are 
t*o  magnetic  needles  or  sets  of  needles,  of  slightly  different  strengths,  at 
oppoate  ends  of  a light  quarts  rod  and  oppositely  directed.  Each  is  at  the 
ttfttre  of  a pair  of  coils  through  which  flows  the  current  to  be  measured,  these 
pun  being  oppositely  wound  so  that  the  moment  exerted  on  the  two  needles 
* ia  the  same  direction.  Thus  the  moving  system  is  almoet,  but  not  quite, 
utstie.  The  controlling  force  is  the  earth’s  field  modified  as  desired  by  means 
of  a movable  permanent  magnet.  This  galvanometer  must  be  calibrated 
opisst  a standard.  It  is  one  of  the  most  sensitive  types  of  galvanometers 
novo,  instruments  with  a current  sensibility  of  the  order  of  1 X 10-l>  am* 
P”w  having  been  built  and  used  in  research  work. 

The  Broca  galvanometer  is  a modern  form  of  the  Kelvin  galvanometer. 
The  magnets  are  two  steel  wires  suspended  vertically  close  together  and 
tith  consequent  poles  at  the  center,  making  a moving  system  which  has  very 
**all  inertia  ana  is  highly  astatic. 

M.  Moving  coil  or  D’Arsonval  galvanometers  consist  of  a coil  of 
aw  wire  suspended  between  the  poles  of  a permanent  horse-shoe  magnet. 
Tbs  coil  is  usually  suspended  by  a phosphor-bronze  or  steel  wire,  or  flat 
*hP,  which  not  only  conducts  the  current  to  the  ooil  but  provides  the  con- 
bottng  force.  Current  is  conducted  from  the  coil  by  a helix  of  fine  wire  at 
fe  bottom.  The  strength  of  the  field  in  the  region  occupied  by  the  coil  is 
ivnastd  by  mounting  a soft  iron  core  in  the  oentral  space  enclosed  by  the 
til.  the  pole  pieces  being  shaped  to  give  a uniform  field  throughout  the  space 
® *tich  the  coil  moves.  While  the  D’Arsonval  galvanometer  cannot  readily 
«*wd  to  make  absolute  measurements,  but  requires  calibration,  its  many 
WTiatiges  have  made  this  the  most  generally  usod  type  of  galvanometer 
>3  the  electrical  laboratory.  It  is  practically  independent  of  the  earth’s 
or  other  external  fields;  its  period  can  be  made  short,  which,  with  its 
**d-beat  qualities,  makes  it  a much  faster  instrument  than  other  types;  it 
a comparatively  rugged,  simple  to  use  and  one  instrument  can  be  employed 
& wide  range  of  work. 

The  Kintiioven _ string  galvanometer  is  of  the  moving-coil  type,  but  the 
^ a a single  wire  suspended  between  the  poles  of  a powerful  electro- 
Its  deflection  is  measured  with  a microscope. 

U.  Ballistic  galvanometers  are  used  to  measure  quantity  of  electricity 
wdombs);  such,  for  example,  as  the  discharge  from  a condenser  or  the  in- 
charge  in  a secondary  circuit.  Ballistic  galvanometers  may  be  of  the 
sonag-magnet  or  the  D’  Arson val  type.  In  order  that  the  instrument  may 
“•  peneetiy  ballistic  the  quantity  to  be  measured  must  be  completely  db*> 
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charged  through  it  before  the  suspended  system  has  moved  appradabh 
The  period,  or  time  of  vibration,  must  therefore  be  long  compared  with  to 
time  of  discharge.  This  is  accomplished  by  increasing  the  inertia  of  th 
moving  system. 


16.  Deflection  of  ballistic  galvanometers.  The  magnitude  of  th 
first  deflection  is  a measure  of  the  quantity  discharged  into  the  instrumeni 
In  an  instrument  in  which  there  is  no  damping  (Par.  16)  such  as  the  movinf 
magnet  type,  the  quantity  may  be  calculated  directly  from  the  constant 
of  the  instrument.  Thus 


Q ■ 

or  for  small  angles,  5 deg.  or  less, 


2Ht  sin  (l)a 
wG 


Q 


Ht  sin  a 
wG 


(coulomb)  .1 

(coulomb)  0 


where  quantity  of  electricity  in  coulombs.  If  — field  strength  in  gauaset 
G — constant  computed  from  the  coils,  period  in  seconds,  a « angle  c 
deflection. 


17.  Ballistic  galvanometer  constant.  In  practice,  ballistic  gal  van 

ometers  are  usually  standardised  and  the  formula  becomes  very  eimpk 
Q — kd  where  d — deflection  and  k — quantity  per  unit  deflection  or  gam 
nometer  constant.  The  constant  is  determined  with  a standard  condense 
or  mutual  inductance.  The  deflection  obtained  upon  suddenly  discharge 
a charged  condenser  through  the  galvanometer  is  d — and  henc 

k - CE/d,  where  Q - quantity  o f electricity  in  coulombs,  B - potentialto  wbid 
the  condenser  had  been  charged  in  volts,  and  capacity  of  condenser  it 
farads.  When  a mutual  inductance  is  used,  the  deflection  is  d ~Q ■» MI/\ 
and  k — MI/dR,  where  Q -quantity  of  electricity  in  ooulombe,  M — coefficien 
of  mutual  inductance  in  henrys,  /■■steady  or  Ohm's  law  value  of  current  i 
primary  of  mutual  inductance  in  amperes,  and  R ■■  resistance  of  seconder 
circuit  (including  the  mutual  inductance)  in  ohms. 

18.  A differential  galvanometer  is  one  provided  with  two  independer 
coils  or  sets  of  coils  by  means  of  which  two  currents  may  be  compare 
simultaneously.  This  method  provides  a means  of  measuring  a current  witt 
out  making  the  circuit  common  with  that  of  the  comparison  standard.  I 
D'ArsonvsI  instruments,  the  two  coils  are  wound  side  by  side  on  the  saro 
frame  and  are  connected  in  opposition,  so  that  when  the  two  currents  bdaj 
compared  are  adjusted  for  sero  deflection,  their  ratio  is  usually  unity.  Th 
actual  ratio  can  be  determined  experimentally. 

19.  Electrometers.  In  the  electrometer,  a piece  of  thin  aluminium  i 
suspended  by  a metallic  suspension  over  four  quadrants  of  sheet  metal  whic 
are  insulated  from  each  other  and  from  the  frame  or  support.  Opposil 
quadrants  are  connected  to  each  other  and  the  two  sets  are  connected  respe< 
tively  to  the  two  sides  of  the  circuit  to  be  measured.  If  a charge  from 
condenser  is  placed  on  the  moving  vane,  one  end  will  be  repelled  and  th 
opposite  end  attracted,  producing  a deflection  which  will  be  a measure  < 
the  potential  applied  to  the  stationary  quadrants.  This  instrument  is  « 
tremely  sensitive,  and  while  it  is  one  of  the  earliest  types  of  electrical  measui 
ing  instruments  it  is  still  used  extensively  in  research  work,  especially  whet 
the  available  energy  is  extremely  small,  as  in  measurements  of  radial 
energy. 

SO.  Galvanometers  as  detectors.  The  majority  of  galvanometers  &i 
used  as  detectors  only,  that  is,  in  xero-deflcction  methods  where  the  kind  of  seal 
or  proportionality  of  deflections  docs  not  enter  into  the  determination.  I 
such  cases  a very  short,  straight  scale  is  sufficient  and  space  may  be  econc 
mised  by  placing  the  galvanometer  on  the  wall  above  the  table,  with  tk 
scale  directly  underneath.  The  beam  of  light  is  properly  directed  b 
suitable  prisms  and  mirrors. 

11.  Reflecting  galvanometers  may  be  read  with  a telescope  and  seal 
or  with  a lamp  ana  scale.  In  the  former,  the  scale  is  reflected  from  to 
plane  mirror  (attached  to  the  moving  system)  to  the  telescope  through  whk 
movements  are  observed.  In  the  latter,  an  image  of  a narrow  beam  of  ligk 
(issuing  from  a narrow  slit  in  a vessel  enclosing  a lamp,  or  from  a portion  i 
an  incandescent  lamp  filament)  is  thrown  on  to  the  scale  by  the  mirror.  I 
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See*  3^22 


oder  to  pet  a sharp  image,  either  the  mirror  is  made  concave  (with  a 1- 
a.  focus  if  the  scale  is  the  osaal  distance  of  1 m.  away),  or  a lens  is  used. 
R*.  1 shows  the  general  arrangement. 

».  Galvanometer  scales.  When  readings  are  to  be  taken,  care  should 
be  exercised  that  they  are  proportional  to  the  angular  deflections.  On  a 
anight  scale  the  deflection  in  millimetres  is 

d~  A tan  2 a (3) 

•here  A — distance  from  mirror  to  scale  in  millimetres  and  a — angle  through 
vhieh  the  moving  coil  turns.  If  the  angle  is  small,  d is  proportional  to  a. 
The  error  becomes  about  0.5  per  cent,  at  a — 5 deg.  Obviously  a curved 
wale  will  eliminate  this  er- 
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ror,  sod  by  properly  adjust- 
iif  the  curvature  the  read- 
ings may  be  made  propor- 
tional  to  the  angle  or  to  any  o 
desired  function  of  the  angle.  0- 

tl.  The  sensitivity  of  a ft  l L 
pJranometer  is  expressed 
in  one  of  several  ways,  the  1 

numerical  expression  of 
vbich  is  called  the  galva-  Fio.  1. — Lamp  and  scale.  Telescope  and 
Master  constant.  In  in-  scale, 

tonents  of  the  D’Arsonval 

type,  the  sensitivity  depends  upon  the  moment  of  inertia  of  the  moving 
tyntsiL,  the  torsional  moment  of  the  suspension,  the  field  strength,  and  the 
Maher  of  turns  and  the  area  of  the  coil. 

M.  Different  forms  of  galvanometer  constants.  The  various  con- 
•tants  are  usually  defined  as  follows: 

(a)  The  ampere  constant  is  the  current  in  microamperes  (millionths 
of  aa  ampere)  which  will  produce  1 mm.  deflection  on  a scale  1 m. 
distant 


(b)  The  megohm  constant  is  the  number  of  megohms  in  series  with  the 
gahrsaometer  through  which  one  volt  will  produce  1 mm.  deflection  on  a 
■eak  1 m.  distant. 

(e)  The  volt  constant  is  the  potential  in  microvolts  (millionths  of  a 
roh).  across  the  galvanometer  terminals  which  will  produce  a deflection  of 
1 nan,  on  a scale  1 m.  distant.  Or  it  may  be  expressed  as  the  deflection  in 
naffimeters  which  will  be  produced  by  one  microvolt. 

(d)  The  coulomb  constant  refers  to  ballistic  galvanometers  (Par.  17) 
sad  is  the  quantity  in  microcoulombs  (millionths  of  a coulomb)  which  wall 
produce  1 mm.  deflection  on  a scale  1 m.  distant. 


II.  High  current  sensitivity  is  desirable  for  high-resistance  measure- 
ants,  such  ss  insulation  resistance.  High  voltage  sensitivity  is  desir- 
sble  for  measurements  involving  small  potentials,  such  as  low-resistance 
bridges,  potentiometers,  etc.  High  coulomb  sensitivity  is  desirable  in 
magnetic  tests. 

M.  Damping.  This  term  is  applied  to  those  forces  which  collectively 
bring  the  moving  system  to  rest  after  it  has  been  set  in  motion.  In  order 
toihorten  the  period  and  facilitate  readings,  damping  sometimes  is  intention- 
ally produced  mechanically  with  air  vanes,  or  more  generally  by  electrical 
aeans.  The  latter  means  include:  (a)  use  of  a metal  frame  on  which  the 
Bering  coil  is  wound  and  in  which  eddy  currents  are  produced;  (b)  use  of  a 
doied  loop  of  copper  wire  attached  to  the  coil  and  in  which  eddy  currents 
■ty  produced;  (c)  use  of  the  generator  action  of  the  swinging  coil  when  its 
tanit  is  closed.  The  latter  is  the  more  convenient  method  for  general  pur- 
?«**,  because  the  damping  can  be  readily  changed  by  means  of  resistances 
® sense  or  in  parallel  with  the  galvanometer. 

If.  Critical  damping  is  that  condition  of  damping  where  the  moving 
tyriem  comes  to  aero  position,  or  equilibrium,  but  does  not  pass  through  it, 
® the  shortest  time  after  deflection.  A galvanometer  is  aperiodic'  when  it 
a critically  damped. , It  is  dead  beat  when  the  coil  deflects  to  its  final 
nation  or  reading  without  oscillaik  n. 

H.  The  period  of  a galvanometer  is  the  time  in  seconds  required  for 
complete  oscillation,  or  the  time  between  two  successive  passages  through 
the  *ero  or  mid-position. 
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II.  Galvanometer  shunts  are  combinations  of  resistances  so  amncs 
and  so  connected  to  the  galvanometer  that  the  constant  of  the  latter  may  b 
quickly  changed.  Ordinary  resistance  boxes  may  be  used  as  shunts  for  gal 
vanomrters  when  the  resistance  of  the  galvanometer  circuit  is  not  too  small 
In  the  latter  case  the  box  is  connected  as  shown  in  Fig.  i 
thus  increasing  the  resistance  R9  of  the  galvanometer  cii 
cuit.  The  readings  of  the  galvanometer  must  be  multi 
‘ 1 plied  by  a factor 

*~*£-  t4 


R 9 


Fio.  2.— Galva- 
nometer shunt. 


wherein  Rg  is  the  resistance  of  the  galvanometer  circui 
and  R . is  that  of  the  shunt.  In  special  galvanomete 
shunts, 

etc.  5 

9 99  999  9999 
then  100,  1,000,  10,000  respectively. 

SO.  The  Ayrton  or  universal  shunt  is  so  arranged  that  it  can  be  umm 
with  any  galvanometer.  When,  in  Fig.  3,  the  movable  oontact  * is  at  6 
I'*  — Ir*b/(r,b+r9),  where  J'f  — current  through  galvanometer,  I — curren 
from  battery,  r«,6  — resistance  between  a and  b,  and  r«»  resistance  of  galva- 
nometer. If  the  contact  x is  moved  to  c, 


(amp.) 


<6 


Fio.  3. — Universal  gal- 
vanometer shunt. 


It  will  be  noted  that  is  not  in  this  equation;  hence  if  the  galvanomete 
constant  is  obtained  with  the  shunt  all  in  ( x at  b),  the  shunt  ratio  at  an] 
other  position  of  x is  rae/rab  and  is  independent 
of  the  galvanometer  resistance. 

SI.  Alternating-current  types  of  galvanom- 
eters include  the  following:  Electrodynamom- 
eters, or,  as  they  are  more  commonly  known, 
dynamometers;  vibration  galvanometers,  ther- 
mogalvanometers, electrostatic  galvanometers,  al- 
ternating-current detectors,  barretters  and  bolom-  ’ 
eters. 

SS.  Dynamometer-type  instruments  are 
used  extensively  in  measurements  of  alternating 
currents  because  they  measure  mean  effective 
values  and  can  be  calibrated  on  direct  current. 

They  can  be  used  for  a wide  range  of  measure- 
ments of  current,  e.m.f.  and  power,  from  ex- 
tremely small  values  to  very  large  ones. 

SS.  The  operative  principle  of  the  dynamometer  is  the  electrody- 
namic action  between  a movable  coil  (or  coils)  suspended  between  two  oi 
more  fixed  coils,  all  of  which  are  energised.  The  Rowland  electrodyna- 
mometer* is  typical  of  this  class  of  instruments.  It  consists  simply  of  two 
fixed  coils  mounted  close  together,  between  which  is  suspended  a small 
coil  of  very  fine  wire.  Each  fixed  coil  consists  of  two  separate  windings  oi 
different  current  capacities  brought  out  to  separate  terminals.  For  e.m.f. 
measurements  the  moving  coil  and  the  fine  wire  fixed  coils  are  connected  in 
series;  for  current  measurements,  the  moving  coil  is  connected  across  a non- 
inductive  shunt  in  the  current  circuit;  for  power  measurements,  the  moving 
coil  is  connected  across  the  circuit  to  be  measured  W'hile  the  proper  fixed 
coil  is  connected  in  series  with  it. 

S4.  Dynamometers  are  made  astatic,  or  independent  of  external  fields, 
by  having  two  set a of  moving  coils,  oppositely  wound,  one  above  the  other, 
with  a common  suspension.  There  may  be  one  or  more  pairs  of  fixed  coils. 
In  heavy-current  instruments,  the  fixed  coils  are  wound  with  cable  composed 
of  many  fine  strands  laid  up  in  braided  form.  This  reduces  the  eddy  currents 
which  otherwise  would  be  set  up  and  w hich  would  influence  the  moving  coil. 

* Rowland,  II.  A.  "Electrical  Measurements  by  Alternating  Currents;  ” 
Leeds  and  Northrup  Catalogue  No.  74,  1911;  p.  294. 

n120  i 

Digitized  by  VjOO? LC 


MEASURING  APPARATUS 


Sec.  3*35 


II.  Vibration  galvanometers  * can  be  used  only  with  alternating  cur- 
rent*. There  are  two  types,  the  coil  and  the  toft-iron  magnet.  In  the 
former,  the  moving  element  ia  a single  wire  or  narrow  coil  of  very  fine  wire 
impended  between  the  poles  of  a permanent  magnet.  An  exceedingly 
mall  mirror  is  attached  at  the  centre  of  the  wire  or  coil.  When  the  natural 
period  of  this  moving  system  coincides  with  that  of  the  current  to  be  measured 
it  will  resonate  and  be  sensitive  to  extremely  small  currents,  the  indication 
sring  the  width  of  the  spot  of  light  on  the  screen  or  scale.  The  instrument 
a ‘'tuned”  or  adjusted  to  resonance  by  changing  the  effective  length  of  the 
rospension  or  its  tension.  The  Einthoven  galvanometer  (Par.  14)  makes  a 
very  sensitive  vibration  instrument. 

In  the  soft-iron  magnet  type,  a very  small  piece  of  soft  iron  is  suspended 
by  a silk  fibre  between  the  poles  of  a permanent  horse-shoe  magnet.  Ad- 
jacent is  a coil  carrying  the  alternating  current  to  be  measured,  which  pro- 
duces a field  perpendicular  to  that  of  the  permanent  magnet.  The  tempo- 
rarily magnetuea  needle  vibrates  in  synchronism  with  the  period  of  the  alter- 
nating current  and  with  an  amplitude  proportional  to  the  strength  of  the 
current  The  effective  period  of  the  moving  system  is  ad- 
bated  to  resonance,  by  shunting  more  or  less  of  the  per- 
naoent  field  by  means  of  a movable  keeper  across  the 
babs  of  the  magnet.  Obviously  these  instruments  can  be 
used  only  for  detector  purposes,  that  is,  in  xero-method 
nctturements.  such  as  inductance  and  capacity  measurements 
Wheatstone  bridge,  f They  are  extremely  sensitive,  be- 
capable  of  detecting  currents  of  the  order  of  1 X 10"*  amp. 

«d  are  applicable  to  frequencies  up  to  1,000  cycles  per  sec. 

M.  Thermo-galvanometers  utilise  the  heating  effect  of 
m electric  current  and  are  independent  of  frequency.  They 
cube  constructed  with  practically  no  inductance  or  elec- 
twtttic  capacity,  and  are  therefore  used  extensively  in 
bub-frequency  measurements.  One  of  several  forms  is  the 
Ouddril  type.  Fig.  4,  in  which  a moving  coil,  suspended  be- 
tween the  poles  of  a permanent  magnet  as  in  D’Arsonval 
pbaaometera,  includes  a bismuth-antimony  thermocouple 
Pbced  immediately  near  an  electric  heater  through  which 
pases  the  current  to  be  measured.  The  instrument  can 
be  wed  for  a wide  range  of  measurements  by  changing  the 
better.  H can  be  used  on  frequencies  up  to  the  order  of 
100,000  cycles  per  sec. 

*T.  Electrostatic  galvanometers  utilise  the  force  of  re- 
pulsion between  two  bodies  carrying  electrostatic  charges 

the  same  polarity.  One  or  more  very  thin  metal  vanes 
suspended  by  a fine  wire  between  two  or  more  stationary 
Tu«,  to  shaped  (circular  discs  with  opposite  quadrants 

sway)  that  when  excited,  the  movable  vanes  swing  outward  from  the 
bed  vines  between  which  they  are  interleaved.  These  instruments  require 
appreciable  current  and  can  be  calibrated  on  direct  current,  thus  pos- 
9®®ag  characteristics  which  make  them  valuable  for  measuring  e.m.fs. 
*bere  the  current  capacity  is  very  small  or  nil. 

n.  Alternating-currant  detectors.  Other  methods  of  determining  the 
edition  of  balanoe  in  sero-method  alternating-current  measurements  are 
*bown  in  Figs.  5 and  6.  The  former  indicates  the  scheme  of  a synchronous 
oounutator.  % A commutator,  C,  and  two  slip-rings^  r and  r1,  are  mounted 
« the  shaft  of  a small  synchronous  motor.  The  bars  in  the  commutator  are 
tvrow.  and  equal  in  number  to  the  poles  of  the  motor  and  equally  spaced. 
Two  brushes,  a,  a1,  connected  to  the  galvanometer  are  so  spaced  as  to  bridge 
bars  simultaneously.  These  brushes  are  mounted  on  a disc  which  can 
» rotated  about  the  shaft.  The  bars  are  connected  alternately  to  the  two 


'Wenner  F “Characteristics  and  Applications  of  Vibration  Galvan- 
ometer*;" Trans.  A.  I.  E.  E..  1912,  Vol.XXXI,  p.  1243 
t Row,  E.  B.  and  Grover,  F.  W.  “Measurement  of  Inductance  by  Ander- 
**’*  Method  Using  Alternating  Current  and  a Vibration  Galvanometer;” 
Bureau  of  Standards  Bulletin,  Vol.  I,  1905,  p.  291. 

1 See  alio  Frederick  Bedell,  “Use  of  Synchronous  Commutators  in  Alter- 
2a*®*-ettrrent  Measurements;”  Jour.  Franklin  Institute , Oct.,  1913,  p.  386. 
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rings  which  in  turn  are  connected  through  the  brushes,  b,  bl,  to  the  alternati 
current  being  measured.  It  is  apparent  that  the  connections  to  the  g 
▼anometer  are  reversed  every  half  cycle,  so  that  the  indication  is  a steady  a 
the  value  of  which  may  be  made  anything  from  sero  to  a maximum  by  ahj 
ing  the  angular  position  of  the  brushes.  Thus  the  most  sensitive  poahi 
can  be  readily  found,  irrespective  of  the  phase  relation  between  the  cum 
in  the  circuit  being  measured  and  the  motor  armature.  The  variation 
contact  resistance  at  high  speeds,  and  possible  presence  of  thermo  e.m. 
may  cause  trouble  where  the  resistances  or  potentials  are  very  low,  as 
low-resistance  bridge  measurements.  * 


39.  A synchronous  reversing  key  whioh  overcomes  the  latter  difficul 
is  indicated  in  Fig.  6.  A cam,  C,  mounted  on  the  shaft  of  a small  synchrono 
motor  is  so  designed  that  it  moves  the  lever,  /,  up  and  down  in  such  a mann 
that  the  pair  of  contacts,  a and  a1,  at  the  end  of  tiie  lever  make  alternate  co 
tact  with  the  pairs  of  stationary  contacts,  c and  cl,  once  per  cycle.  The  nui 
ber  of  projections  on  the  cam  of  course  will  correspond  with  the  number 
pairs  of  poles  on  the  motor.  The  contacts  are  arranged  as  shown  diagrai 
matically  at  the  right  of  Fig.  6,  from  which  it  will  be  seen  that  the  connect^ 
to  the  galvanometer  are  reversed  every  half  cycle,  so  that  a steady  deflectM 
is  obtained  in  the  direct-current  galvanometer.  AH  the  contacts  are  su| 


Fia.  6. — Synchronous  reversing  key. 


ported  on  a solid  disc  which  can  be  rotated  around  the  shaft,  and  hence  r< 
versal  can  be  made  at  any  point  on  the  wave  as  in  the  case  of  the  synchronou 
commutator.  The  contacts  are  all  made  of  platinum,  the  cam  is  hardene 
steel  and  the  lever  l is  kept  in  contact  with  the  cam  at  all  times  by  means  < 
a spring.  The  roller  r is  necessary  to  insure  contact  at  the  low  portion  c 
the  cam. 


• Sharp,  C.  H.  and  Crawford,  W.  W.  “Some  Recent  Developments  «] 
Exact  Alternating-current  Measurements;"  Tran$ . A.  I.  E.  E.,  1910,  Vol 
XXIX,  p.  1518. 
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See*  8-40 


A 1 bamter*  is  a bridge  arrangement  (Par.  14S)  in  which  the  change  in 
narts&ce  with  the  passage  of  current  of  a high  temperature  coefficient  wire 
■ elflised  to  measure  currents  of  telephone  magnitude  and  frequency. 

<1.  A bolometer  is  an  instrument  devised  by  Prof.  S.  P.  Langley  with 
rbeh  extremely  small  temperature  changes  (order  of  0.0001  deg.  fahr.) 
my  be  measured.  A very  thin  strip  of  platinum  or  other  metal  is  exposed 
to  the  radiation  from  a suitable  source  heated  by  the  current  to  be  measured. 
Use  strip  forms  the  arm  of  a balanced  Wheatstone  bridge  and  the  change  in 
mstanee  corresponding  to  the  change  in  temperature  is  indicated  by  the 
(drosometer  deflection. 

coNTmuous-x.M.r.  mzabursmznts 

tt.  Standards  of  o.m.f.  The  legal  unit  of  e.m.f.  in  the  United  States 
is  the  International  volt  adopted  by  Act  of  Congress  in  1894;  in  practice 
the  prefix  is  generally  omitted.  This  unit  is  the  e.m.f.  which,  when  applied 
to  & eooduetor  having  a resistance  of  one  international  ohm,  will  produce  a 
wnent  of  one  international  ampere.  The  Act  also  states  that  the  volt 
is  represented  sufficiently  well  for  practical  use  by  1000/1434ths  of  the 
uai.  between  the  poles  or  electrodes  of  the  voltaio  cell  known  as  Clark's  cell 
« s temperature  of  15  deg.  cent,  and  prepared  in  the  manner  described  in 
as  accompanying  specification."  The  Clark  cell  has  since  been  superseded 
the  Weston  cell  as  the  standard  of  e.m.f.  The  value  of  the  latter  as 
••Wed  by  the  Bureau  of  Standards,  Jan.  1,  1911  is  1.0183  at  20  deg.  oent., 
is  now  the  standard  of  e.m.f.  in  this  country, 
tt.  The  Clark  call  was  the  first  form  of  voltaic  cell  to  meet  the  require- 
msto  of  a reliable  standard  of  e.m.f.,  namely,  reproducibility  and  reasonable 
Pnamenee.  The  elements  are;  positive  electrode,  metallic  mercury; 
Hgtire  electrode,  amalgamated  sine;  electrolyte,  saturated  solution  of  sine 
•®phale  and  mercurous  sulphate.  Its  e.m.f.  in  terms  of  fundamental  or 
JU  units  was  originally  taken  as  1.434  international  volts  at  15  deg.  cent., 
jfcjifae  having  been  made  legal  in  1894  as  stated  above.  Later  and  more 
yftd  determinations  have  shown,  however,  that  1.4328  is  a more  correot 
■fna  The  e.m.f.  of  the  Clark  cell  changes  with  temperature  in  accordance 
"Kith*  formula; 

X-1.4328[l-0.00077(f°  C.-15)]  (7) 

•kre  B « international  volts  at  any  temperature,  t deg.  cent. 

44-  Objections  to  Clark  cell.  As  the  electrical  art  developed  and  more 
precise  working  standards  became  necessary,  the  defects  in  the  Clark  cell 
*ere  Doted.  The  most  conspicuous  of  these  are  large  temperature  coefficient, 
temperature  lag  and  difficulty  in  obtaining  the  temperature.  This  cell 
therefore  been  superseded  by  the  Weston  cells,  which  are  practically  free 
too  these  objections. 

J*.  Weston  cells,  f There  are  two  forms  of  Weston  cells,  the  saturated 
*■»  sad  the  unsaturated  cell.  The  elements  are:  positive  electrode, 
Bet*lhe  mercury;  negative  electrode,  amalgamated  cadmium;  electrolyte, 
vtaioQ  of  cadmium  sulphate  and  mercurous  sulphate. 

44.  Wscton  normal  cell.  In  this  cell  the  electrolyte  is  saturated. 
Tais  form  is  the  official  standard  because  it  is  more  permanent  and  can  be 
Jptodueed  with  greater  accuracy  than  when  the  electrolyte  is  unsaturated. 

carefully  made  according  to  the  official  specifications,  cells  will  agree 
•Kb  «ch  other  within  a few  parts  in  100.000.  The  e.m.f.  changes  slightly 
*Kh  temperature  according  to  the  following  formula: 

£-1.0183[l -0.000041«°  C.  — 20)1  (8) 

•bm  g m international  volts  at  any  temperature,  t deg.  cent. 

47.  The  unaaturated  Weston  cell,  on  the  other  hand,  has  practically 
fctapersture  coefficient  (0.00001  per  deg.  cent.).  Although  it  is  not  so 
as  a fundamental  standard  as  the  Weston  normal  cell,  and  each  cell 
be  standardised,  it  is,  nevertheless,  more  convenient  for  general  use. 
«*  the  form  furnished  by  the  Weston  Electrical  Instrument  Co.  The 
•*«n  recommend  that  these  cells  be  not  subjected  to  temperatures  below 


, ‘Cohen  and  Shepard,  "Telephone  Transmission  Measurements,"  Jour. 

E.,  1907.  Vol.  XXXIV,  p.  603. 
t 8m  Circular  No.  29,  Bureau  of  Standards,  1910. 
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4 deg.  cent,  or  above  40  deg.  cent.,  and  that  no  current  greater  than  0.000 
amp.  be  passed  through  them. 

48.  Comparisons  of  continuous  electromotive  forces  with  a stand 
ard  cell.  Electromotive  forces  may  be  compared  with  a standard  cell  b 
several  methods.  The  more  typical  methods  are  based  on  the  followiz 
principles. 

(a)  .In  the  substitution  method,  the  current  flowing  through  a hit 
resistance  (not  less  than  15,000  ohms)  is  measured  with  a high-senaibilit 
galvanometer,  first  with  the  standard  cell  in  the  circuit  and  then  with  tl 
unknown  e.m.f.  substituted  for  the  standard  cell.  The  resistance  being  tl 
same  in  the  two  cases,  the  deflections  are  proportional  to  the  e.m.fs.  E — of/, 
where  E ™ unknown  e.m.f.,  e — standard  cell  e.m.f.,  d — deflection  wit 
standard  cell  and  d'  — deflection  with  unknown  e.m.f. 

(b)  The  equal  deflection  method  is  a modification  of  the  above,  i 
which  the  deflections  are  kept  the  same  in  the  two  cases  by  changing  tl 
resistance.  Then  E — er'/r,  where  r — total  resistance  of  the  circuit  , includix 
the  galvanometer,  with  the  standard  cell  in  the  circuit  and  r'  - total  resistant 
with  the  unknown  e.m.f.  This  method  is  better  than  (a)  because  it  is 
constant  deflection  method  and  the  result  depends  on  the  known  values  < 
two  resistances,  rather  than  observed  deflections. 

(c)  In  Wheatstone's  modification  of  the  equal  deflection  method,  tl 
galvanometer  resistance  does  not  have  to  be  known.  The  deflection,  d,  i 
noted  when  the  unknown  e.m.f..  E,  and  a known  high  resistance  are  in  circui 
Additional  resistance,  r/,  is  added  and  the  deflection,  d',  again  noted.  Siro 
larly  with  the  standard  cell  of  potential  difference,  *;  the  resistance 
adjusted  until  the  same  deflection,  d,  is  obtained  and  then  an  amount  4 
resistance,  r,  is  added  until  the  deflection  d'  is  again  obtained.  The  unlcnow 
e.m.f.  is  B — er'/r. 

(d)  In  the  condenser  discharge  method  a condenser  is  charged,  fin 
from  the  unknown  e.m.f.,  then  from  the  standard  cell,  and  discharged  i 
each  instance  through  a ballistic  galvanometer.  The  deflections  will  t 
proportional  to  the  e.m.fs.,  hence  E^ed'/d  as  in  (a).  Obviously,  if  the  ui 
known  e.m.f.  is  much  smaller  or  much  larger  than  the  standard  cell,  tl 
deflection  can  be  made  about  equal  to  that  of  the  standard  cell  by  using 
larger  or  a smaller  condenser.  In  that  case  the  ratio  of  the  capacities  shoul 
be  known,  and  then  E — ed'C'/dC,  where  C — capacity  of  condenser  used  wit 
the  unknown  e.m.f.  and  C'  — capacity  of  condenser  used  with  the  standar 
cell.  This  method  has  the  advantage  that  practically  no  current  is  it 
quired,  which  is  advantageous  in  making  measurements  of  voltaic  cells  c 
very  small  capacity  or  rapid  polarisation. 

(e)  The  principle  of  the  opposition  or  potentiometer  method  is  thr 
of  opposing  the  e.m.f.  of  the  standard  cell  against  an  equal  difference  < 
potential  which  bears  a known  proportion  to  the  unknown  e.m.f.  Thi 
method  is  the  most  aocurate  and  by  tar  the  most  generally  used,  because  i 
is  both  a zero-deflection  and  a zero-current  method,  the  result  dependin 
only  on  the  ratio  of  two  resistances  which  can  be  very  accurately  determine* 
Potentiometers  are  instruments  employing  this  principle  (Par.  49). 

49.  Description  of  Leeds  and  Northrup  potentiometer,  low  resist 
ance  type.  Fig.  7 shows  the  arrangements  of  the  circuits.  The  figures  fc 
the  second  decimal  place  and  beyond  are  obtained  from  a slide  wire  at  the  en 
of  the  circuit,  CB,  along  which  a contact  moves.  A special  dial  is  also  pit 
vided  for  the  standard  cell  (at  the  left)  and  separate  contacts  are  provide 
for  the  standard-cell  e.m.f.  and  the  unknown  e.m.f.,  so  that  no  settings  hav 
to  be  disturbed  when  checking  the  secondary  current  in  the  potenuomet* 
circuit.  .The  essential  part  of  the  instrument  consists  of  15  nve-ohm  coil 
AC,  connected  in  series  with  the  extended  wire,  CB,  the  resistance  of  whie 
from  0 to  1,100  scale  divisions  is  6.5  ohms.  Thus  when  the  ourrent  froi 
the  battery,  B,  is  adjusted  by  the  rheostat,  R,  to  0.02  amp.,  the  fall  of  potei 
tial  acrosseach  5-ohm  coil  in  AC  is  0.1  volt  and  across  CB,  0.11  volt.  Sine 
the  latter  is  divided  into  1,100  parts,  the  e.m.f.  may  be  measured  to  0.000 
volt.  At  point  5 in  AC,  a wire  is  permanently  attached  connecting  to  on 
point  of  the  double  switch,  U.  Wnen  this  switch  is  thrown  to  the  left,  th 
standard  cell  is  connected  through  the  galvanometer  to  point  5 and  th 
sliding  contact  T which  moves  over  the  dial  at  the  left  consisting  of  19  resist 
ance  coils.  Between  a and  A is  a resistance  which  is  adjusted  to  such 
value  that  with  0.02  amp.  flowing,  the  potential  drop  between  5 and  a i 
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Fio.  8. — Paul  potentiometer. 

IL  Wolff  potentiometer,  high  resistance  type.  Fig.  0 shows  the 
ikpm  of  connections  in  the  latest  model.  The  total  resistance  is  20,000 
and  there  is  no  slide  wire,  all  resistances  being  comprised  in  the  form 
<4  5 dials,  having  steps  of  1,000,  100,  10,  1 and  0.1  ohm  respectively.  These 
read  0.1,  0.01,  0.001,  0.0001  and  0.00001  volt  respectively.  Instead  of  ob- 
taining a balance  by  moving  along  the  main  circuit  the  contacts  connected 
to7*?,”  as  in  the  slide  wire  form,  the  final  balance  is  obtained  by  adding  or 
•attracting  resistance  in  the  main  circuit  between  these  two  contacts;  the 
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three  low  dials  are  so  arranged  that  a corresponding  change  is  automatical]: 
made  in  the  external  part  of  the  main  circuit  and  the  total  resistance  is  kep 
constant.  A separate  dial  is  provided  for  the  standard-cell  adjustment 
together  with  a separate  resistance  which  can  be  altered  to  acoommodal 
different  cells  without  affecting  the  measuring  cirouits.  The  total  range  o 
the  instrument  is  1.0  volts. 


52.  Cars  and  use  of  potentiometers.  The  following  notes  apply  t 
the  use  of  potentiometers  in  ordinary  work. 

(a)  The  accessories  should  be  suitable  for  the  particular  type  of  it 
strument,  that  is,  high  or  low  resistance,  and  for  the  class  of  measuremen 
to  be  made.  The  galvanometer  should  bo  sufficiently  sensitive  to  give  a pel 
ceptible  deflection  when  there  is  an  unbalance  equal  to  the  smallest  seal 
division  in  the  potentiometer  curcuit.  A low-resistance  galvanometer,  c 
the  order  of  100  ohms,  should  be  used  with  a low-resistance  potentiometei 
and  a high-resistance  galvanometer  of  600  to  1,000  or  more  ohms,  wiin  i 
high-resistance  potentiometer.  Similarly,  the  resistance  of  the  volt  bo 
(Par.  5S)  for  low-resistance  potentiometers  should  be  as  low  as  the  permii 
sible  power  loss  in  the  resistance  coils  will  permit.  This  is  usually  aboti 

5.000  ohms  for  150  volts.  For  high-resistance  instruments,  the  resistance  i 

1.000  ohms  or  more  per  volt. 

(b)  The  first  trials  for  balance  should  always  be  made  with  a resistant 
in  series  with  the  galvanometer.  This  is  usually  provided  in  the  instrumen 
with  facilities  for  readily  cutting  it  out  of  circuit  when  an  accurate  balance 
being  obtained.  The  resistance  protects  the  galvanometer  and  also  tk 
standard  cell  from  the  effects  of  excessive  currents. 

(c)  Trouble  is  sometimes  experienced,  especially  in  damp  weather,  due  t 
current  * ‘leaking  to  ground1'  from  the  potentiometer  circuits  in  a mannt 
which  produces  a false  deflection.  This  can  be  obviated  by  providing 
“guard  circuit."  In  one  scheme  of  this  kind  all  of  the  apparatus  is  place 
on  small,  hard-rubber  pillars  each  of  which  in  turn  rests  on  a small  met 
plate.  These  are  connected  together  and  to  the  positive  "x"  binding-po« 
by  fine  bare  wire.  Thus  all  points  to  which  current  might  "leak”  over  tl 
surface  are  kept  at  the  highest  external  potential  to  which  the  potentiomeb 
is  connected.  When  the  surfaces  become  noticeably  moist,  conditions  ca 
be  improved  by  carefully  wiping  with  a cloth  moistened  with  grain  alcohc 

(d)  Calibration  and  checking.  The  essential  requirement  is  that  tl 
ratio  of  the  resistance  of  each  step  to  that  resistance  between  the  stands! 
cell  terminals  shall  be  the  same  as  the  ratio  of  the  corresponding  potential 
For  example,  if  the  standard  cell  e.m.f.  is  1.0183  volts  and  the  resistant 
between  its  terminals  is  101.83  ohms,  the  resistance  of  the  various  ete] 
should  be  adjusted  to  10  ohms  per  0.1  volt.  If  the  standard  cell  resistant 
is  102.848  ohms  the  potentiometer  is  still  accurate  if  the  resistance  throughoi 
the  circuit  is  adjusted  to  10.1  ohms  per  0.1  volt. 
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It.  Volt  boxes.  When  the  potential  to  be  measured  is  greater  than  the 
**■1®  of  the  potentiometer  (usually  1.5  volts)  a volt  box  is  used.  It  consists 
d t number  of  resistance  coils  connected  in  series,  with  taps  brought  out  to 
fcndixif  posts.  Fig.  10  Bhows  the  diagrammatic  arrangement,  in  two  forms. 
In  (A),  the  potentiometer  is  connected  to  the  posts  marked  “ 4*  ” and  “ — - ” 
Vbes  the  potential  to  be  measured  is  between  1.5  and  15  volts,  it  is  connected 
to  the  “ + ” and  "15”  posts,  between  which  the  resistance  is  just  ten  times 
thtt  between  "4”  and  ” — . ” Hence  only  one-tenth  of  the  unknown 
potential  is  applied  to  the  potentiometer,  the  readings  of  which  must  therefore 
' be  multiplied  by  10.  Similarly,  when  the  potential  is  between  15  and  150 
rolls,  it  is  connected  to  the  4 ” and  “ 150”  posts,  and  the  ratio  becomes 
100.  In  (2?),  Fig.  10,  the  potential  to  be  measured  is  always  connected  to 
one  pair  of  posts,  designated  " + ” and  “ — and  the  potentiometer  connec- 
tions are  shifted  to  obtain  the  desired  ratio.  Theoretically  the  former 
fKtbod  is  the  better  because  the  resistance  in  parallel  with  the  potentiometer 
h constant  and  the  sensibility  is  therefore  constant.  In  the  latter  came, 
the  sensibility  varies,  being  a minimum  with  the  lowest  ratio,  or  when  the 
linraum  amount  of  resistance  is  in  parallel  with  the  potentiometer.  On  the 


To " am.f.  To  * V e.m*£. 


Fio.  10. — Volt  boxes. 


other  hand,  the  unknown  e.m.f.  is  always  connected  to  a high  resistance,  and 
«nce  there  is  no  danger  of  burning  out  the  volt  box;  this  occasionally  happens 
**b,the  first  form,  (d),  due  to  accidental  connection  with  the  wrong 
feninals. 

Ik  Deflection  potentiometers.  Precision  measurements  obviously 
eu  be  made  only  with  very  steady  sources  of  e.m.f.  If  the  e.m.f.  is  not 
^euy,  and  a higher  precision  than  that  obtainable  with  secondary  standards 
^barters)  is  desired,  a deflection  potentiometer  may  be  employed.  In 
tsa  instrument  the  greater  part  of  the  e.m.f.  is  measured  by  balancing 
*WMt  the  potentiometer  current  in  the  regular  manner,  and  the  remainder 
8 obtained  from  the  indication  of  the  calibrated  galvanometer,  which  is 
p*ftrably  of  the  portable  type.  The  Brooks  deflection  potentiometer* 
u of  this  type. 


II.  Voltmeters  for  continuous  e.m.fs.  Indicating  instruments 
voltmeters  are  used  in  ordinary  commercial  measurements.  They 
essentially,  low-sensibility  galvanometers  pro- 
with  scales  over  which  moves  a pointer  attached 
to  the  moving  system.  The  scale  is  calibrated  in 
tow  by  comparison  with  an  indicating  instrument  of 
sensibility,  or  by  means  of  a potentiometer. 

^rtically  all  direct-current  voltmeters  employ  the 
jQKiple  of  D’Arsonval  galvanometers  as  shown  in 
. ht  11.  They  consist  essentially  of  a light  rectan- 

coil  of  fine  copper  wire  wound  upon  an  alu-  Fia.  11. — Diagram, 
eaj|un  frame,  pivoted  in  jeweled  bearings  and  ca-'  Weston  d.c.  volt- 
Pwfcof  rotating  in  the  annular  space  between  the  soft*  meter. 

658  core  and  the  pole-pieces  of  the  permanent  mag- 

The  aluminium  frame,  being  a closed  secondary  circuit,  acts  as  a 
or  damper  when  the  coil  is  deflected;  the  instrument  is  thus  made 
••d  beat.”  The  pole-pieces  are  so  shaped  that  the  magnetic  field 
JJWb  is  uniform  throughout  the  space  in  which  the  coil  moves.  The 
**“  ftrength  varies  widely  in  different  makes  of  instrument,  ranging  from 
™ V>  3,000  lines  per  square  centimeter  in  the  air  gap  and  1,000  to  6,000 


'Bureau of  Standards  Bulletin;  Vol.  II,  p.  325;  Vol.  IV,  p.  275;  Yol.  VIH, 
PP  395  and  419. 
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lines  per  square  centimeter  in  the  steel.  A light  tubular  pointer  attach! 
to  the  coil  mores  over  a calibrated  scale.  The  current  is  introduce 
into  the  coil  by  two  spiral  springs  which  also  provide  the  controlhi 
force.  Since  the  field  strength  and  the  gradient  of  the  controlling  fore 
are  uniform,  the  deflection  is  strictly  proportional  to  the  current  pasmi 
through  the  coil,  and  the  scale  divisions  are  uniform.  A large  amount* 
resistance  is  connected  in  series  with  the  moving  coil  in  order  to  make  ti 
current  small.  Thus  the  same  instrument  can  be  made  suitable  for  a wi< 
range  of  voltages  by  changing  the  amount  of  series  resistance.  This  r 
sistanoe  is  made  of  wire  having  a low  temperature  coefficient  in  order 
neutralise  as  much  as  possible  the  effect  of  the  large  coefficient  of  the  copp 
in  the  coil. 

56.  Voltmeter  characteristic!  (continuous  current).  The  use 

resistance  of  portable  voltmeters  of  this  type  varies  from  50  to  150  ohr 
per  volt  and  the  current  sensibility  from  7 to  20  milliamperes  at  full-sea 
deflection.  The  resistance  of  the  moving  coils  is  about  75  ohms.  Tl 
torque  varies  from  2 to  6 millimeter-grams  at  maximum  current,  with 
ratio  of  torque  to  weight  (in  grams)  of  1 to  5.  The  temperatui 
coefficient  is  usually  negligible,  being  of  the  order  of  0.01  to  0.02  per  cen 
per  deg.  cent,  at  full  scale. 

57.  Laboratory  standard  voltmeters  (continuous  current).  & 

called  laboratory  standard  voltmeters  are  similar  to  portable  instrument 
except  that  they  are  larger,  have  a longer  pointer,  a longer  and  more  op< 
scale  and  are  made  with  greater  care.  They  are  only  semi-portable  and  m 
intended  primarily  for  standardising  purposes. 

68.  Switchboard  voltmeters  (continuous  current)  are  usually  of  ti 
D'Arsonval  type.  The  construction  is  the  same  as  that  of  portable  instn 
ments,  except  that  they  are  more  substantial  and  rugged,  especially  I 
regards  the  moving  system,  in  order  to  withstand  the  harder  conditions  i 
continuous  service  and  excessive  fluctuations.  They  are  mounted  in  ire 
cases  to  protect  them  as  much  as  possible  from  the  normal  stray  fields  d« 
lo  the  bus  bars. 

69.  Kffect  of  stray  fields.  The  general  effect  of  stray  fields  on  the  stan< 
ard  types  of  portable  and  switchboard  instruments  is  shown  in  the  table  i 
Par.  60.  These  errors  are  usually  only  temporary  and  disappear  withtfa 
stray  field.  When  the  field  is  very  strong,  as  under  short-circuit  conditioa 
in  a neighboring  conductor,  demagnetisation  of  the  instrument  magnet 
may  result  in  a permanent  error.  Shields  are  lilcely  to  be  of  little  value  und< 
such  conditions  because  the  iron  becomes  saturated. 


60.  Kffect  of  Stray  Magnetic  Fields  on  Continuous-ourrent  Volt 
meters  and  Millivoltmeters 


Stray  field, 
lines  per  sq.  cm.* 

Error  at  two- thirds  full-scale  deflection,  per  cent 

Shielded 

Unshielded 

5 

0.5  to  1 . 0 

2 

10 

0.75  to  1.75 

3 . 5 to  5.5 

15 

1.0  to  3.0 

6.0to  7.5 

20 

1 . 25  to  3 . 25 

7.5  to  10 

61.  The  measurement  of  very  small  continuous  potentials  may  b 

effected  by  some  of  thp.  methods  outlined  in  Par.  48. 

A potentiometer  is  most  convenient,  high  resistance  for  high  resistance  source 
such  as  small  galvanic  cells  and  low  resistance  for  low  resistance  sources  such  a 
thermocouples. 

61.  Ground  detectors.  Those  of  the  direct-current  type  are  usual): 

special  forms  of  voltmeters.  In  one  form,  there  are  two  coils,  differentially 
wound  on  the  moving  system.  One  end  of  each  coil  is  connected  to  groun< 
and  the  two  free  ends  are  connected  respectively  to  the  two  sides  of  tb 


* The  field  produced  at  a distance  of  30  cm.  (12  in.)  from  a conductor  carry 
ing  3,000  amp.  is  about  20  lines  per  square  centimeter. 
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mtem.  When  there  is  no  ground  or  fault  on  the  system,  the  pointer  stands 
it  the  centre  of  the  scale,  in  normal  equilibrium.  When  a ground  or  fault 
current  flows  through  the  coil  connected  to  the  ungrounded  side. 
Producing  a deflection.  In  another  form  of  detector  n standard  voltmeter, 
filhout  the  series  resistance,  is  connected  to  the  centre  of  a resistance  shunted 
rxm  the  line,  with  the  remaining  terminal  connected  to  ground. 

ALTERNATINO-E.M.F.  MEASUREMENTS 

U.  Measurements  of  alternating  e.m.f.  In  alternating  e.  m.  fs. 
,v.  un  three  vaiuos  to  be  considered;  the  maximum,  the  average  and  the 
' n.  >t-m«*nn-square”  or  mean  effective  value  (Sec.  2).  The  last  value  is 
usually  required,  being  the  value  of  the  equivalent  continuous  e.m.f. 
' r - the  st  indard  of  e.m.f.  is  the  standard  cell,  the  measurement  of  alternat- 
or potential*  involves,  like  continuous  potentials,  comparison  with  the  stand- 
ud  cell.  The  comparison  may  be  more  or  less  a direct  one,  as  in  precision 
•usurements,  or  it  may  be  indirect  by  means  of  secondary  standards 
in  turn  have  been  standardised  by  direct  comparison. 

(4.  Precision  measurements  of  alternating  e.m.f.  Obviously  an 
Sterna  ting  e.m.f.  cannot  be  compared  directly  with  the  standard  cell,  the 
of  which  is  unidirectional  and  constant.  The  comparison  is  made 
Indore  by  a substitution  or  "transfer”  method.  A galvanometer  of  the 
n**ttrj<iyr.  i:iometcr  type,  or  an  electrostatic  galvanometer,  is  connected  to 
tb*  liternating  potential  to  be  measured  and  the  deflection  noted.  It  is 
-v  ted  to  an  adjustable  continuous  potential  which  is  manipulated 
jai  Piictly  the  same  deflection  is  obtained.  The  continuous  potential  is 
' - ‘ .red  with  the  standard  cell  by  means  of  a potentiometer,  in  the 
minner.  A double-throw  double-pole  switch  is  usually  arranged  so 
'bat  thy  transfer  from  alternating  current  to  continuous  current  can  be 
.a  dy  made,  without  allowing  the  deflection  to  change  appreciably,  the 
is  potential  having  been  previously  adjusted  to  about  the  proper 
ri-K.  Two  readings,  direct  and  reversed,  are  taken  on  continuous  current 
r same  reading  as  the  alternating  deflection;  the  average  of  these  twm  is 
as  the  true  value,  thus  eliminating  the  effect  of  stray  magnetic  or 
tleeiroitatic  fields.  It  ia  obvious  that,  on  account  of  this  indirect  method, 
<i  m.f,  measurements  cannot  be  made  with  the  degree  of 
»n«aoQ  obtainable  in  measurements  of  continuous  f.m.fs. 

W.  Secondary  standards.  The  dynamometer  type  instruments  which 
wed  as  secondary  standards  of  alternating  current  are  adapted  to 
* ’n  f.  measurements  by  constructing  the  windings  of  a large  number  of 
fcnis  of  fine  wires,  instead  of  a few  turns  of  heavy  wires.  See  Par.  99. 

W.  Classification  of  alternating-current  voltmeters.  The  volt- 
in  general  use  may  be  divided  into  five  types,  as  follows;  dyna- 
mometer, soft-iron  vane,  induction,  hot-wire  and  electrostatic. 

*7.  Dynamometer  type  voltmeters  (alternating  current)  depend  upon 
Bi  reaction  between  a fixed  and  a moving  coil  connected  in  scries.  The 


F 


^o.  12. — Diagram,  Weston  Fia.  13. — Diagram,  Kelvin  balance. 

•yssmometer  type  a.c.  volt- 

Mer. 

^VMJM-nt  of  the  movable  coil  is  a measure  of  the  current  flowing  through  the 
a*«»od  therefore  proportional  to  the  e.m.f.  impressed  at  the  terminals.  In 
form  (Weston  model  18),  a single  coil  moves  within  two  parallel  fixed 
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coils  as  shown  in  Fig.  12,  where  F.  Fr  are  the  fixed  coils  and  M is  the  movii 
coil,  to  which  a pointer  P is  attached.  The  deflection  is  approximately  pr 
portional  to  the  square  of  the  current.  The  scale  is  oompressed  at  the  upp 
end  instead  of  extended  because  the  coil  moves  beyond  the  uniform  part  of  tl 
field.  The  Thomson  Inclined  Coil  voltmeter  is  similar,  except  that  t] 
plane  of  the  fixed  coils  makes  an  angle  of  about  45  deg.  with  the  snaft  of  tl 
moving  coil  for  the  purpose  of  making  the  scale  more  uniform. 

In  the  Westinghouse  type  Q,  the  Kelvin  balance  principle  is  um 
This  principle  is  shown  in  Fig.  13,  where  there  are  two  coils,  MM\  attach 
to  opposite  ends  of  a beam  which  is  supported  at  the  middle  and  free  to  men 
Each  coil  moves  between  a pair  of  fixed  coils,  F F and  F'  F\  and  all  of  t! 
coils  are  connected  in  series  in  such  a manner  that  the  moments  of  all  t 
forces  on  the  movable  system,  taken  about  the  beam  axis,  are  cumulatii 
thus  tending  to  produce  rotation.  In  the  Kelvin  balanoe  the  controllL 
or  opposing  force  is  a weight  moved  along  a graduated  scale  attached 
the  beam  supporting  the  movable  coils;  the  moment  of  this  weight  abo 
the  beam  axis,  when  the  moving  system  is  balanced,  varies  aa  the  aqua 
of  the  e.m.f.  In  the  Westinghouse  instrument  the  ©oils  are  arranged  vi 
tically  and  the  controlling  foroe  is  a spiral  spring.  The  amount  of  coi 
presaion  of  this  spring  necessary  to  balance  the  electromagnetic  forces, 
indicated  by  a pointer  moving  over  a scale,  is  a measure  of  the  e.m.f.  Sing! 
coil  instruments  are  direct  reading  and  hence  fluctuating  e.m.fs.  can  be  mo 
easily  read  on  them  than  on  the  torsionhead  instruments,  but  the  latter  a 
astatic  and  therefore  practically  independent  of  stray  fields. 

•8.  8 oft- lron-vane  voltmeters  (alternating  current)  utilise  the  i 
action  between  a temporarily  magnetised  piece  of  soft  iron  and  the  magnet 
ing  field.  In  the  Thomson  inclined  coil  instrument  of  this  type  t 


Fia.  15. — Diagram,  West 
soft-iron  type  a.c.  voltmete 


plane  of  the  energising  coil,  C (Fig:.  14),  makes  an  angle  with  the  shaft, 
which  carries  a member,  i,  comprising  a rectangular  piece  of  very  thin,  w 
iron.  This  piece  of  iron  is  so  attached  to  the  shaft  that  rotation  is  produc 
by  the  tendency  of  the  iron  to  become  parallel  with  the  field  established 
the  coil.  In  Weston  instruments  of  this  type  (model  155),  the  reacti 
which  produces  the  deflection  takes  place  between  two  pieces  of  soft  ii 
bent  in  the  arc  of  a circle  and  placed  concentrically,  one  of  which,  F*  (Fig.  1 
is  movable,  and  the  other,  F,  is  stationary.  When  the  surrounding  coil, 
is  energised,  the  pieces  of  iron  become  magnetised  in  like  manner,  so  that  1 
resulting  force  is  one  of  repulsion.  The  stationary  piece  F is  made  tri&ngu 
in  shape,  with  the  pointed  end  in  the  direction  of  rotation,  for  the  purp< 
of  making  the  Beale  more  uniform.  Air  damping  is  obtained  by  means  o 
light  aluminium  vane,  V,  in  an  enclosing  chamber,  C.  This  type  has  ( 
great  advantages  of  low  price,  ruggedness,  open  scale  and  small  weight. 

69.  Induction-type  voltmeters  (alternating  current)  utilise  the  pr 
ciple  of  induction  watt-hour  meters  (Par.  201),  or  the  rotative  tendency  o 
free  cup  of  thin  metal  when  placed  within  a so-called  revolving  magne 
field.  Actual  rotation  of  the  movable  element  is  prevented  by  an  opposi 
spiral  spring,  so  that  the  deflections  become  a measure  of  the  current  in  1 
energising  coils.  The  Westinghouse  type  P voltmeter  is  an  import! 
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maple  of  this  type,  for  which  is  claimed  a very  high  ratio  of  torque  to 
night  of  moving  element,  rugged  and  simple  construction,  extremely  long 
«*fe  and  compactness.*  The  ar- 
angement  of  the  circuits  is  shown  in 
Fig.  16.  The  primary  winding,  P, 
riaeh  is  connected  to  the  line  circuit, 

■daces  a current  in  the  secondary 
lading,  S,  opposite  in  phase  to  the 
pimary  current.  The  secondary  cur- 
net  passes  through  two  auxiliary 
•oils,  A A',  wound  in  opposite  direc- 
tions on  the  poles.  The  field  pro- 
duced by  these  coils  will  be  displaced 
86  deg.  in  time  phase  from  the  field 
produced  by  the  primary  winding  and 
fpproximately  at  right  angles  thereto 
^hspsee,  thus  producing  the  necessary 
[iMating  field  to  cause  the  cup,  C,  to 
had  to  rotate.  Incidentally,  the  in- 
weot  frequency  error  of  induction 
tope  instruments  is  largely  neutralized 
bp  this  combined  transformer  and  in- 
duction motor  action,  the  effect  of  fre- 
<pmcT  changes  being  opposite  in  the 
two  ewes. 

n.  Sot-wire  voltmeters  t (alter- 
Mtiag-eurrent)  utilise  the  expansion 
»d  contraction  of  a wire  carrying  a Fia.  16. — Diagram,  Wcstinghouse 
current  proportional  to  thee.m.f.  to  be  induction-type  a.c.  voltmeter. 
■ewuTed.  Fig.  17  shows  the  princi- 
pal features  of  the  Hartmann  and  Braun  voltmeter.  The  current  flows 
through  the  platinum-iridium  alloy  wire,  AB,  which  expands  under  the 

heat  produced.  This  ex- 
pansion reduces  the  tension 
on  the  fine  phosphor- 
bronze  wire,  CF,  which  in 
turn  allows  the  silk  fibre, 
HE,  attached  to  the  spring, 
S,  to  be  pulled  to  the  left. 
This  fibre  passes  around  a 
small  pulley  on  the  shaft  of 
the  moving  system  and 
thus  produces  a deflection 
of  the  pointer.  Damping 
is  effected  by  the  alu- 
minium disc,  D,  moving  be- 
tween the  poles  of  the  per- 
manent magnet,  M.  The 
hot  wire,  AB,  is  in  series 
with  a large  non-inductive 
resistance,  R,  so  that  the 
current  is  proportional  to 
the  e.m.f. 

71.  Electrostatic  volt- 
meters (alternating-cur- 
rent) are  similar  to  elec- 
trostatic galvanometers 
(Par.  37)  or  electrometers, 
Rfc  17. — Diagram.  Hartmann  & Braun  hot-  except  that  they  are  de- 
wire type  a.c.  voltmeter.  signed  for  measuring  larger 

potentials  and  are  provided 

*MscGahan,  P.  “Induction  Type  Indicating  Instruments;"  Tran*. 
U-  E.  E.,  1912;  Vol.  XXXI,  p.  1566. 

t Pierce,  A.  W.  and  Tressier,  M.  E.  "Hot-wire  Instruments;"  Tran*. 
L l E.  £.,  1912;  Vol.  XXXI,  p.  1591. 
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with  scales  which  make  them  direct  reading.  They  axe  made  in  a great  variet 
of  forms,  for  both  portable  and  switchboard  use,  but  are  used  commercial] 
much  more  in  Europe  than  in  this  country.  The  principle  of  their  operation  I 
shown  in  Fig.  18,  in  whichmm'  is  a thin  aluminium  vane  suspended  or  pivots 
between  two  pairs  of  fixed  vanes,  ff*.  The  deflection  through  moderate  rang* 
is  proportional  to  the  square  of  the  potential  and  is  controlled  either  by  a spin 
spring  or  by  gravity.  Damping  is  produced  magnetically,  by  air  vanes,  <1 
by  immersing  the  elements  in  oil.  For  ordinary  commercial  voltages  a nutt 
ber  of  sets  of  vanes  are  arranged  one  above  the  other  in  a vertical  positioi 
and  connected  in  parallel,  thus  multiplying  the  effect  (Fig.  10).  For  high* 
voltages,  one  set  of  vanes  is  sufficient  and  they  are  usually  placed  in  a vextid 
plane  with  the  moving  element  mounted  on  a horizontal  shaft.  In  til 
weatinghouse  electrostatic  voltmeter,  the  moving  system  is  not  coi 
nected  to  the  circuit;  Fig.  20  shows  the  arrangement  of  the  parts.  Whe 
potential  is  applied  to  A and  A',  the  hollow  cylinders  C and  C'  become  opp< 
sitely  charged  by  induction.  The  resultant  attraction  produces  a defleetio 
because  of  the  shape  of  the  fixed  plates,  P and  P'.  The  condensers  K an 
K'  are  each  formed  by  two  flat  plates  and  are  connected  in  series  with  J 
and  A ' to  increase  the  range.  For  lower  ranges  these  condensers  are  shori 
circuited,  so  that  ranges  of  30,000,  60,000  and  100,000  volts  are  available  i 
the  same  instrument  and  on  oqe  scale.  The  elements  are  entirely  immerse 


in  oil  which  permits  a relatively  compact  construction,  increases  the  torqc 
because  of  the  greater  specific  inductive  capacity  of  the  oil  and  provide 
damping. 

72.  Alternating- current  switchboard  voltmeters  are  made  in  all  < 

the  types  described  above  (Par.  66  to  70),  although  in  this  country  th 
dynamometer,  soft-iron  vane  and  induction  types  are  in  most  general  us* 
They  are  similar  in  general  to  the  portable  instruments,  due  regard  bein 
given  to  the  more  severe  requirements  of  switchboard  service. 

72.  Calibration  of  alternating-current  voltmeters.  The  dyna 
moms  ter  type  of  voltmeter  gives  the  same  indication  on  continuous  curren 
as  on  alternating  current  and  may  therefore  be  calibrated  with  continuou 
currents,  direct  and  reversed  readings  being  taken.  The  inductance  l 
instruments  of  commercial  ranges  is  so  small  that  the  readings  are  independeo 
of  standard  frequencies. 

The  soft-iron-vane  type  of  voltmeter  should  theoretically  be  used  onl] 
on  alternating  current  because  hysteresis  occurs  to  some  degree  in  the  van< 
Practically,  however,  the  hysteresis  is  so  small  that  there  is  very  little  diffei 
ence  between  the  respective  indications  with  increasing  and  decreasin 
potential.  Provided  with  a steady  source  of  e.m.f.,  under  suitable  contro 
these  instruments  may  bo  calibrated  with  continuous  current  by  taking  th 
average  of  the  "up”  and  "down”  potential  readings  corresponding  to  th 
various  points.  Care  should  be  taken  that  the  potential  is  increased  o 
decreased  only  to  the  desired  value  and  not  beyond  it.  Theoretically,  *n 
struments  of  the  soft-iron  type  are  not  independent  of  frequency  or  wave 
form;  practically,  however,  the  variation  is  not  measurable  throughou 
commercial  ranges. 
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Bat-wire  voltmeters  are  theoretically  and  practically  independent  of 
eftttiei  in  frequency  and  wave  form,  and  can  therefore  be  calibrated  with 
continuous  current.  They  are  especially  suitable  for  high-frequency 
■nsurements. 

Induction-type  voltmeters  are  affected  by  changes  of  frequency. 
Tley  most  therefore  be  calibrated  on  alternating  current  of  the  frequency 
tpr  which  they  have  been  adjusted,  in  comparison  with  some  secondary  stand- 
| mi  which  can  in  turn  be  calibrated  with  continuous  current  as  described 
•dir  precision  measurements.  Errors  which  result  from  ordinary  varia- 
mm  in  commercial  wave  forms  are  negligible. 

Bectrostatie  voltmeters  are  independent  of  changes  both  in  frequency 
asd  in  wave  form,  and  may  therefore  De  calibrated  with  continuous  current 
whete  the  range  will  permit. 

Tt  The  affect  of  stray  fields  on  alternating-current  voltmeters  is 

werjr  marked  in  some  types  of  instruments.  The  error  will  vary  with  the 
defection  and  with  the  direction  of  the  superposed  field.  In  the  case  of 
wshidded,  single-coil  dynamometer  instruments,  the  error  caused  by  a 
■ifnetic  stray  field  of  five  lines  per  square  centimeter  may  vary  from  25 
per  cent,  at  quarter  scale  to  5 per  cent,  or  10  per  cent,  at  three-quarters 
■ah;  with  a field  of  10  lines  per  square  centimeter  these  figures  may  become 
To  per  cent,  and  25  per  cent.,  respectively.  Soft-iron-vane  instruments  are 
l am  affected,  a stray  field  of  10  lines  per  square  centimeter  causing 
t^ottlOper  cent,  error.  Hot-wire  and  electrostatic  instruments  are  not 
Shielded  dynamometer  instruments  are  available  in  which  the  error 
rithnny  fields  of  20  lines  per  square  centimeter  is  only  1 or  2 per  cent. 

71.  Itoasurement  of  small  alternating  e.m.fs.  The  single-coil 
dynamometer  type  voltmeter  is  practically  the  only  one  available  for  potentials 
of  ka  than  25  volts.  Since  the  deflections  in  this  type  of  instrument  are 
Proportional  to  the  square  of  the  potential,  the  lowest  value  that  can  be 
BTOBored  with  a 7.5-volt  instrument  is  about  2.5  to  3 volts.  By  separately 
natiu  the  fixed  coils  the  sensibility  will  be  greatly  increased,  because 
tig  deflections  will  then  be  direetly  proportional  to  the  potential  impressed 
tt  tig  moving  coil.  The  “unipiwot”  dynamometer  type  instrument 
(rid)  with  separate  binding  posts  for  fixed  and  moving  coils  is  intended  to 
w wed  in  this  manner,  full  scale  deflection  being  obtained  with  1 volt. 

for  the  accurate  measurement  of  potentials  of  the  order  of  0.25  volt 
^dleee.  dynamometer  instruments  must  be  of  the  suspension,  reflecting  type. 
C&re  should  be  taken  that  the  excitation  is  in  phase  with  the  potential  being 
measured  and  that  the  current  through  the  instrument  remains  proportional 
w the  potential.  This  current  is  I **Efy/ wherein  2?=*  impressed 
^lage  being  measured,  R =*  resistance  of  instrument,  L «=  inductance  and 

2*  X frequency.  When  R is  large  the  inductance  is  negligible,  but  when 
a becomes  small  as  in  very  low  reading  instruments,  it  may  have  to  be 
Jttaidered  in  the  measurement.  In  that  case,  the  instrument  can  be  cali- 
bnted  as  an  ammeter  on  continuous  current  and  the  alternating  e.m.f. 
computed  with  the  above  formula.  For  similar  reasons,  the  temperature 
cadent  may  become  significant. 

W.  Measurement  of  large  alternating  e.m.fs.  Theoretically,  any 
ueruating  potential  can  be  measured  with  any  of  the  voltmeters  described, 
i efficient  series  resistance  is  used.  In  a practical  sense,  the  large  energy 
’’ttsomption  and  the  insulation  difficulties  limit  their  use  to  measurements 
* * fcw  thousand  volts,  and  then  only  for  testing  purposes.  In  connection 
•at  commercial  generation  and  transmission,  potentials  up  to  about  33,000 
r-™  are  almost  universally  measured  in  this  country  by  means  of  step-down 
:2<nunent  transformers  (shunt  type)  connected  to  ordinary  voltmeters. 

The  measurement  of  potentials  higher  than  33,000  volts  is  usually  required 
in  connection  with  high-voltage  tests.  The  various  methods  of  making 
measurements  are  as  follows: 

Batto  of  the  stop-up  power  transformer,  in  connection  with  an 
<3r&mry  voltmeter  on  the  low  tension  side.  This  method  requires  an  accu- 
knowledge  of  the  transformer  ratio  under  various  conditions  of  load  and 
information  which  is  often  difficult  to  obtain. 

J>)  Stop-down  instrument  transformers  (shunt  type)  with  an 
-'aatry  voltmeter.  This  method  requires  an  accurate  knowledge  of  the 
“Mrformer  ratio  at  various  potentials,  with  the  voltmeter  as  the  secondary 
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load.  The  method  is  simple,  convenient  and  accurate,  but  the  power  c 
sumption  and  the  cost  of  the  transformer  become  prohibitive  at  l 
potentials. 

(c)  Electrostatic  voltmeter.  Commercial  instruments  are  availa 
up  to  about  200,000  volts.  They  require  no  appreciable  power  and  are  qi 
satisfactory.  The  principal  objections  are  the  high  cost  of  large  sisea  ana 
lack  of  dead-beat  qualities. 

(d)  Test  coll.  Where  the  source  of  the  high  potential  to  be  meaau 
is  a testing  transformer,  an  ordinary  low-reading  voltmeter  can  be  oonncc 
to  a few  turns  of  the  high  tension  winding  brought  out  to  separate  termio 
These  turns  should  be  at  the  grounded  end  of  the  winding.  The  ra 
under  all  conditions,  will  be  that  of  these  turns  to  the  total  turns  in  the  hi 
tension  winding,  if  the  transformer  has  been  well  designed.  This  method 
generally  sufficiently  accurate  and  is  very  convenient. 

(e)  Spark  gaps.  The  sparking  distance  between  two  terminals 
atmospheric  air  is  a standard  method  of  measuring  high  potentials.  1 
maximum  length  of  gap  which  a given  potential  will  break  down  depei 
in  this  case,  on  the  maximum  value  and  not  upon  the  virtual  or  effect 
value  which  is  the  value  obtained  in  the  other  methods.  The  maxim 
value,  however,  is  the  important  one  in  tests  of  insulators  and  insulati 
materials.  When  the  wave 
form  is  not  a sine  curve  the 
maximum  value  may  devinte 
materially  from  the  theoretical 
value,  which  is  the  virtual 
(voltmeter  reading)  value  mul- 
tiplied by  VI. 

77.  Needle  - point  and 
sphere  spark  gaps.  The0t 
needle-point  gap  was  for  many 
years  the  standard  method  of 
measuring  high  voltages,  but 
it  is  unsatisfactory  for  very 
high  potentials  because  of 
variations  due  to  atmospheric 
pressure,  humidity,  proximity 
of  surrounding  objects  and 
sharpness  of  the  needle-points. 

Spheres  are  now  used  instead 
of  needle  points  for  the  higher 
values.*  A gap  with  carefully 
machined  and  polished  spheres 
gives  very  reliable  and  con- 
sistent results  due,  probably, 
to  the  fact  that  the  gap  breaks 
down  before  corona  forms  and 
perhaps  also  to  the  lesser  di- 
electric spark  lag.f  The  A.  I.  E.  E.  Standardization  Rules  (Sec.  24)  recoi 
mend  the  use  of  the  sphere  gap  for  voltages  above  50  kv.  and  preferably  doi 
to  30  kv.  The  needle  gap  may  however  be  used  from  10  kv.  to  50  kv. 

78.  A.  I.  E.  E.  standard  sparking  distances  in  air,  with  need! 
point  and  sphere  gaps  are  given  in  Sec.  24. 

79.  Ratio  of  shunt-type  instrument  transformer.  When  a vs 
accurate  measurement  (within  2 per  oent.)  of  a high  potential  is  to 
made  with  an  instrument  transformer  of  the  shunt  type,  the  nominal  rat 
cannot  be  relied  upon  as  being  sufficiently  correct  ana  the  true  ratio  shot 
be  determined  by  a direct  measurement.  In  the  accurate  measurement 
power  and  energy  the  phase  angle  should  also  be  known  (Par.  179).  F 
the  accurate  determination  of  the  ratio  of  instrument  transformers  of  t 
shunt  type,  the  following  methods  are  typical. 

(a)  Direct  measurement  of  the  primary  and  the  secondary  voltsi 

* Farnsworth,  S.  W.  and  Fortescue,  C.  L.  "The  Sphere  Spark  Gay 
Proe.  A.  I.  E.  E.,  1913.  Vol  XXXII,  No.  2,  p.  301.  See  Fig.  21. 

T Minton,  J.  P.  "Effect  of  Dielectric  Spark  Lag  on  Spark  Gaps,”  Gen* 
Electric  Review  (1913),  Vol.  XVI,  p.  514. 
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mknbty  with  two  similar  voltmeters.  Fig.  22  shows  diagrammatically 
m eoanections  for  this  method.  The  voltmeters  Vi  and  Vi  are  similar,  and 
jfc  resistance  R is  adj  us  ted  until  the  two  deflections  are  about  alike.  The  two 
' neters  are  then  connected  in  parallel  on  the  secondary  of  the  transformer 
the  indication  of  Vt , corresponding  to  the  previous  indication  of  Vi, 
loted.  The  ratio  is  given  by: 

(^)£  « 
R — resistance  in  series  with  Vj;  re « resistance  of  voltmeter  Vj; 
■first  reading  of  Kt;  X}-*  second  reading  of  V*. 


Vis.  22. — Connections — ratio  of  Fia.  23. — Connections — ratio  of 

shoot  type  transformers.  shunt  type  transformers. 


(h)  Opposition  method.  The  secondary  voltage  is  reversed  and  con- 
petted  is  opposition  to  a part  of  the  primary  voltage,  the  ratio  being  measured 
in  teres  of  two  resistances.  Fig.  23  shows  the  scheme.  The  resistance*  r 
is  Tined  until  the  detector,  T,  indicates  sero  or  a minimum  deflection.  The 
<kn»d  ratio  is  evidently  expressed  by  (/2+r)/r. 

The  detector  may  be  either  a telephone,  receiver,  a dynamometer  instru- 
wat,  or  a synchronous  reversing  key  with  direct-current  galvanometers 
(Fir.  19).  The  telephone  receiver  is  not  sensitive  at  commercial  frequencies, 


Single  Phase  Detector  Three  Phase  Detector 

Fio.  24. — Diagram,  Westinghouse  a.c.  ground  detector. 

Jj  if  harmonics  are  present  the  precise  balance  point  for  the  fundamental 
k^iwncy  is  difficult  to  locate.  When  using  a dynamometer,  the  fixed  coils 
**  connected  in  series  with  R (not  r)  and  the  moving  coil  in  place  of  T. 
a rectifier  is  used,  it  is  connected  directly  in  place  of  T. 

(*)  Comparison  with  standard  transformer.  H.  B.  Brooks*  proposes 

'Brooks,  H.  B.  Electrical  World,  Nov.  1,  1913,  p.  898. 
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a simple  and  convenient  method  of  comparing  two  transformers  by  roes 
of  a wattmeter. 

80.  Alternating-current  ground  detectors  are  usually  elects 
static  instruments.  Fig.  24  shows  diagrammatically  the  principle  of  Wei 
inghouse  detectors.  The  stationary  vanes  are  connected  through  cc 
densers  to  the  main  lines,  and  the  movable  vane  is  connected  to  grout 
In  the  single-phase  detector,  a charge  will  be  induced  on  each  end  of  the  mt 
able  vane,  opposite  in  sign  to  that  on  the  corresponding  stationary  vai 
setting  up  foroes  of  attraction.  When  the  system  is  free  from  groun 
these  attractive  forces  are  equal  and  opposed  to  each  other;  hence  the  me 
ing  system  stands  at  sero.  A ground  on  either  phase  wire  produces  an  t 
balanced  condition  and  a deflection  away  from  the  grounded  conductor, 
the  three-phase  detector,  the  vanes  are  sectors  of  spheres,  the  movable  vs 
being  mounted  on  a universal  bearing. 

81.  General  Electric  ground  detectors  operate  oh  a principle  si  mi 
to  that  last  described.  Four  quadrants,  or  fixed,  flat  vanes  are  cross-c( 
nected  and  mounted  between  them  is  a moving  vane  connected  to  groui 
Opposite  sets  of  fixed  vanes  are  connected  to  the  two  sides  of  the  line  circi 
and  the  action  is  the  same  as  described  in  Par.  80.  The  throe-phi 
detector  is  similar,  consisting  of  three  pairs  of  fixed  quadrants  mount 
120  deg.  apart  on  a common  base  plate,  and  a flat  moving  vane  with  thi 
corresponding  sectors. 

CONTINUOUS-CURRENT  MEASUREMENTS 

88.  Absolute  measurements  of  current.  The  fundamental  unit 
current,  as  derived  from  the  centimeter,  gram  and  second,  is  defined 
terms  of  the  dimensions  of  the  conductor  and  the  strength  of  the  magne 
field  produced  by  the  current.  Absolute  measurements  of  current  are  the 
fore  made  with  instruments  so  carefully  constructed  that  the  current  £ 
be  calculated  from  their  dimensions. 

88.  Instruments  for  absolute  measurement  of  current.  Abeoh 
determinations  have  usually  been  made  with  two  classes  of  instruments, 
the  first,  the  deflection  of  a magnetic  needle  at  the  centre  of  a coil  is  measun 
and  the  current  is  calculated  from  the  dimensions  of  the  coil,  the  strength 
the  earth's  field  and  the  torsion  of  the  suspension.  The  best  known  exam] 
of  this  class  is  the  tangent  galvanometer  (Par.  11).  This  method  involv 
of  course,  any  error  in  the  determination  of  the  earth's  field.  In  the  otl 
class  of  instruments,  the  needle  is  replaced  with  a suspended  coil.  When  t 
length  and  the  radius  of  both  movable  and  fixed  coils  are  in  the  ratio 
\/3  : 1 , when  the  centres  coincide  and  when  the  dimensions  of  the  fixed  c 
are  large  compared  with  those  of  the  movable  coil,  it  has  been  shown 
Gray  that  the  torque  exerted  by  the  moving  system  is  expressed  by 

_ 4r*Nnr*I  . . . 

T-  . (dyne-cm.)  (1 

VD'+L* 

where  N ■»  number  of  turns  in  fixed  coil,  n — number  of  turns  in  movable  c< 
D ■»  diameter  of  fixed  coil  in  centimeters,  L ■■  length  of  fixed  coil  in  centimete 
r — radius  of  movable  coil  in  centimeters,  and  /“current  (coils  in  eerie 
Hence  by  measuring  the  torque  (weighing  it),  the  current  can  be  determin 
directly  in  C.G.S.  units. 

84.  Practical  unit  and  standard  of  current.  It  would  be  qu 

impracticable  to  make  ordinary  measurements  in  terms  of  the  fundamen 
unit,  by  the  methods  indicated  above  (Par.  88  and*83).  The  Act  of  Congn 
of  1894  which  legalized  certain  practical  units  of  electrical  measure  defin 
the  practical  unit  of  current,  or  the  international  ampere,  as  one-ten 
of  the  fundamental  C.G.S.  unit.  This  Act  also  defined  the  standard  ui 
of  current  as  the  rate  of  deposition  of  silver  at  the  cathode  of  a silver  vo 
ameter  (Par.  86)  constructed  and  operated  under  certain  prescribed  con* 
tions,  the  ampere  being  the  current  which  will  deposit  0.001118  g. 
silver  per  sec.  in  a standard  voltameter. 

86.  Methods  of  measuring  continuous  currents.  The  seve 
methods  of  measuring  continuous  currents  may  be  classified  as  folloi 
voltameter;  potentiometer;  and  ammeters. 

,86.  Voltameter  method  of  current  measurement.  When  a c« 
tinuous  current  is  passed*  through  an  electrolyte,  the  latter  is  decomposed 
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tttte  which  is  proportional  to  the  current  strength,  and  an  apparatus  for 
■ttsoring  current  by  such  means  is  called  a voltameter.  In  the  silver 
wttamstr,  the  cathode  or  negative  electrode  is  always  platinum,  the  anode 
or  positive  electrode  is  pure  silver,  and  the  elec- 
trolyte is  silver  nitrate.  Fig.  25  shows  the  general 
form.  The  anode  is  usually  a silver  rod  projecting 
into  a platinum  bowl,  which  rests  in  turn  on  a cop- 


into  a platinum  bowl,  which  rests  in  turn  on  a cop- 
per plate.  In  cheaper  forms,  plates  of  silver  and 
platinum  are  supported  in  a glass  jar.  The  solution 
is  usually  about  15  per  cent,  (by  weight)  silver  ni- 
trate, and  the  effective  area  of  the  anode  is  about 
60  sq.  cm.  per  ampere.  In  order  to  prevent  disin- 
tegrated silver  on  the  anode  from  dropping  on  the 
cathode,  the  anode  is  surrounded  with  pure  filter 
paper  or  a porous  cup  made  of  unglazcd  porcelain: 
in  other  cases,  merely  a shallow  glass  dish  is  placed 
beneath  the  anode.  Recent  investigations  at  the 
Bureau  of  Standards*  have  shown,  however,  that 
the  chemical  activity  of  filter  paper  results  in  an 
Fie.  25. — Silver  excessive  deposit  of  silver  and  that  the  porous  cup 

voltameter.  is  much  more  suitable.  The  average  current  in 

amperes  is  computed  from  the  formula 

/"0.001118f  (11) 

If —weight  of  silver  deposited  in  grams,  1 — total  time  in  seconds 
0.001 1 18  — electrochemical  equivalent  of  silver  (Sec.  10). 

•J.  Tbs  copper  voltameter  is  used  to  measure  very  large  currents. 
Tie  anode  is  electroiytically  pure  oopper,  the  cathode  is  either  copper  or 
rhhnorn,  and  the  electroly te  is  a solution  of  pure  oopper  sulphate  in  the 
Wwtkm  of  10  g.  of  crystals  to  40  cu.  cm.  distilled  water.  Two  anodes  may 
*«ed  in  order  to  utilise  both  sides  of  the  cathode  (Fig.  26)  and  the  current 


phm  in  parallel.  The  current  density  should  not  exceed  1 amp.  ^ 
P*«Ware  centimeter  of  cathode  area. 

ft.  In  the  gas  or  water  voltameter  the  electrodes  are  *<35  Os 
t*o  plates  made  of  platinum,  and  the  electrolyte  is  a 10  per 

solution  of  sulphuric  acid.  In  the  electrolysis  of  this  solu-  5 s fl  ? 
to®*  hydrogen  gas  is  formed  at  the  cathode  and  oxygen  gas  r.  i 

the  anode.  The  total  gas  formed  collects  above  the  liquid,  - r = “ 

is  measured  volumetricaily  in  a closed  graduated  tube  form-  -41  z~ 

■*  the  upper  part  of  the  containing  vessel.  4-  r - 

ft*  Potentiometer  method  of  measuring  continuous 
Wrrsnts.  Although  the  silver  voltameter  is  the  legal  standard  4 -£= 

2 measurement  of  current,  its  use  is  practically  limited  to  ~4rz: 

JjJwnee  measurements  or  primary  standardisation.  It  is  J 

“wm  used  in  commercial  measurements  because  it  is  much  Fio.  26. — 
convenient  to  measure  current  in  terms  of  the  volt  and  the  Copper 
®a*  Even  in  measurements  of  the  highest  precision,  current  voltameter. 
* determined  from  the  fall  of  potential  across  a standard  resist- 

(Par.  113),  the  potential  being  measured  with  a potentiometer  (Par.  46 
«),t9,  86,  61).  The  potentiometer  method  is  not  only  more  convenient 
M the  voltameter  method,  but  it  is  much  more  rapid  and  at  least  equal 
« accuracy,  because  it  depends  only  on  the  measurements  of  a difference  of 
£ta*ud  and  a resistance,  both  of  which  can  be  determined  with  a very  high 
Mee  of  precision. 

ft.  Indicating  continuous-current  instruments  which  indicate 
•T**t  directly  by  the  deflection  of  a pointer  over  a marked  scale  are  called 
Modern  continuous-current  ammeters  are  almost  universally 
■Me  miUivoUmeters  of  the  D'Arsonval  type  connected  to  the  terminals  of 
Instance  (shunt)  which  in  turn  is  connected  in  series  with  the  main  circuit 
■Me  current  is  to  be  measured.  The  deflections  of  the  instrument  will  be 
*®P<*tioiial  to  the  fall  of  potential  across  the  shunt,  and  therefore  to  the  cur- 
flowing  through  it.  A millivoltmeter  may  be  made  an  ammeter  of  any 
ft*dty  by  simply  changing  the  resistance  of  the  shunt. 
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•1.  D’Artonval  type  of  eonttnuoua-eurrent  immttor.  The  pr 

dole  of  these  instruments  has  been  described  under  “e.m.f.  measurement 
(Par.  5f).  They  are  usually  designed  to  have  a full  scale  deflection  with 
to  200  millivolts  (thousandths  of  a volt)  at  the  terminals.  The  resistance 
the  moving  coil  is  much  lower  (0.5  to  5.0  ohms)  than  that  of  voltmeters, 
order  to  make  the  millivolt  constant  high. 

92.  Continuous-current  ammeters  of  the  switchboard  typo  i 
intended  for  continuous  operation  and  the  shuDt  loss  should  therefore  be  1c 
They  are  designed  for  50  to  75  millivolts  at  full  scale  deflection.  High-grs 
portable  ammeters  are  designed  for  100  to  200  millivolts  at  full  scale  deft 
lion,  in  order  to  permit  the  use  of  resistance  in  series  with  the  moving  c t 
thus  redudng  the  temperature  error,  which  is  more  important  than  the  Tan 
shunt  loss. 

93.  Shunts  for  continuous-current  ammeters.  In  switchbos 
ammeters  and  the  lower  grade  portable  ammeters  of  25-amp.  ratings  a 
less,  the  shunt  is  within  the  instrument  case.  Above  25-amp.  ratings,  I 
shunt  is  usually  separate  from  the  instrument  and  means  of  connection  l 
provided  by  special  flexible  leads,  which  are  inoluded  in  circuit  when  t 
instrument  is  calibrated,  since  they  form  a part  of  the  resistance  of  the  ent 
instrument  circuit.  Obviously,  these  leads  should  never  be  alter 
without  recalibrating  the  instrument.  In  high-grade  ammeters  the  shun 
are  separate  for  all  capacities. 

94.  Construction  of  ammeter  shunts.  Ammeter  shunts  are 

constructed  as  to  have  a resistance-  which  will  be  constant,  as  nearly 
possible,  under  all  conditions.  The  resistance  metal  has  a low  temperate 
coefficient,  and  the  temperature  is  kept  low  either  by  connecting  oevei 
strips  in  parallel  and  making  the  current  density  low,  or  by  making  the  ct 
rent  density  high  and  using  short  lengths  of  the  resistance  metal  with  hca 
copper  terminals  designed  to  dissipate  the  heat  by  conduction  and  radiatic 
The  former  method  is  most  generally  used,  the  stripe  being  silver-solder 
into  relatively  heavy  copper  or  brass  terminals  which  are  connected  into  ti 
circuit  to  be  measured.  The  resistance  metal  should  also  have  a low  thers 
e.m.f.  (Sec.  2)  in  junctions  with  copper. 


99.  Reduction  of  temperature  errors  in  continuous -currei 
ammeters.  Because  of  the  large  temperature  coefficient  of  copper,  it 
very  undesirable  to  con- 


nect the  moving  coil  of  the 
instrument  directly  to  the 
shunt.  Temperature  er- 
rors are  reduced  to  a negli- 
gible value  by  connecting 
sufficient  resistance  having 
a low  temperature  coeffi- 
cient (manganin  or  similar 
metal)  directly  in  series 
with  the  moving  coil  as 


Fio.  27. — Temperature 


nperature  compensation  i 
iilivoltmeters. 


shown  in  Fig.  27,  or  by 
arranging  a compensating 
circuit  as  shown  in  Fig.  28, 
where  C — moving  coil,  Rm 
— low-coefficient  resistance 
wire,  and  Re  — oopper  re- 
sistance wire. 


94.  The  calibration  of  D'Arsonval  type  ammeters  is  effected  1 
adjustment  of  the  resistance  of  the  shunt,  the  resistance  of  the  millivl 
meter  circuit,  or  both.  Formerly  each  instrument  and  shunt  were  adjust 
together,  but  it  is  becoming  customary  to  adjust  all  of  the  instruments 
a given  type  to  deflect  full  scale  with  tne  same  potential  in  millivolts  at  1 
terminals.  The  shunts  for  these  instruments  are  all  similarly  adjusted 
give  the  same  potential  drop,  thus  making  all  shunts  and  instruments  d 
given  type  interchangeable.  The  shunts  should  be  adjusted  by  vary! 
the  main-line  resistance  between  the  potential  taps  and  not  by  adjust! 
resistance  wire  connected  in  series  with  the  instrument  leads.  In  calibratl 
switchboard  instruments  and  the  lower  grade  portable  instruments,  % 
potential  terminals  are  attached  to  the  main  current  terminals  and  adjui 
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sat  is  effected  by  reducing  the  cross-section  of  the  resistance  strips  which 
p been  purposely  left  too  large.  In  instruments  of  higher  grade,  the  poten- 
bi  terminals  are  connected  to  the  resistance  strips  inside  the  main  terminals; 
proximate  adjustment  is  obtained  by  trial,  ana  after  soldering  the  tap  wire 
fe  the  resistance  strip,  * final  adjustment  is  obtained  by  varying  the  cross- 
or  by  cutting  back  a tongue-shaped  piece  of  the  strip  whose  end 
* to  the  tap  wire. 

ALTERNATING-CURRENT  MEASUREMENTS 

VT.  Measurements  of  alternating  currents.  There  are,  in  the  case 
d ihernating  currents,  three  values  to  consider,  the  maximum,  the  average 
»ad  the  mean  effective  or  root-mean-square;  the  last  is  the  value  usually 
feared.  Alternating  currents,  like  alternating  e.m.fs.,  can  only  be  compared 
the  standard  bv  means  of  a “transfer”  instrument,  that  is,  one  in  which 
the  effect  produced  by  a current  is  the  same  whether  the  current  is  continuous 
a alternating.  Having  determined  the  indication  produced  by  the  alter- 
ing current  to  be  measured,  the  value  of  a continuous  current  which  will 
poduee  the  same  deflection  is  obtained  in  terms  of  the  standard. 
mI8.  Precision  measurements  of  alternating  current  are  made  with 
"transfer”  instruments  (Par.  64)  which  are  usually  of  the  reflecting,  suspen- 
ds, dectrodynamometer  class.  The  principle  of  these  instruments  is 
fewftwl  in  Par.  St  to  34.  P.  G.  Agnew  has  developed  a tubular  water- 
BKfeddeetrodynarooxneter  having  a capacity  of  5,000  amperes  and  an  accur- 
*7  of  405  per  cent.  • 

J*.  Secondary  standards  for  alternating-current  measurements, 
•feptod  for  direct  observation,  must  obviously  be  capable  of  calibration 
w continuous  current.  There  are  several  instruments  which  fulfil  this 
wgarement. 

*he  Siemens  electrodynamometer  consists  of  two  stationary  coils 
”®aectcd  in  series,  with  a moving  coil  suspended  between  them  by  a silk 
The  deflecting  force  or  moment  is  opposed  by  a spiral  spring,  which 
“ tviftad  by  hand  (in  the  so-called  torsion  head)  until  the  moving  coil  is 
back  to  the  scro  position.  The  amount  of  this  twist,  as  indicated  on 
1 over  which  moves  a pointer  attached  to  the  torsion  head,  is  a measure 
tie  current.  The  final  relation  of  the  fixed  and  moving  coils  is  therefore 
‘k&Ji  the  same.  The  current  in  amperes  is  J — fcV'l,,  where L — twist  of 
wdo  head  in  degrees  and  A* a constant  determined  by  calibration  on  con- 
current.  The  instrument  is  sensitive  to  stray  fields,  from  both 
feed  and  alternating  current.  The  presence  of  such  fields  can  be  detected 
^passing  current  through  the  moving  coil  only;  a deflection  under  such  oon- 
ptkma  indicates  a stray  field.  Its  effect  may  be  reduced  to  a negligible 
tontity  by  turning  the  whole  instrument  until  no  deflection  is  noted. 

M8.  The  Kelvin  balance  (Par.  67)  is  an  electrodynamometer  type 
■ instrument  which  is  astatic  and  in  which  the  forces  of  attraction  and 
torifera  are  actually  weighed  as  in  an  ordinary  balance.  Kelvin  current 
Kkaoes  we  troublesome  to  use  unless  the  current  is  extremely  steady,  a 
which  rarely  exists  with  alternating  currents;  they  have  therefore 
■ra  practically  superseded,  in  this  country  at  least,  by  other  and  more 
■febfe,  convenient  instruments  of  the  dynamometer  type,  of  which  the 
'minghouse  “precision”  ammeter  is  an  example. 

Tbs  Westinghouse  "precision”  ammeter  is  practically  a Kelvin 
■hate,  of  relatively  small  dimensions,  in  a vertical  instead  of  a horizontal 
The  electromagnetic  forces  are  opposed  by  a helical  spring  which 
Itvbted  by  means  of  a torsion  head  as  in  the  Siemens  dynamometer.  The 
tolar  movement  of  the  torsion  head  necessary  to  keep  the  moving  system 
‘the  zero  position  is  a measure  of  the  current.  The  actual  value  of  the 
toent  is  equal  to  the  square  root  of  the  deflection,  multiplied  by  a constant. 

[ JM.  Types  of  alternating-current  ammeters.  The  four  principal 
of  commercial  ammeters  are  as  follows:  dynamometer,  soft-iron  vane, 
[fraction,  and  hot  wire.  They  sire  similar  to  the  voltmeters  of  the  same  types 
CT  to  TO),  except  that  the  windings  consist  of  relatively  few  turns  of 

.'Agnew,  P.  G.  “A  Tubular  Electrodynamometer  for  Heavy  Currents.” 
Reprint  No.  184,  Bureau  of  Standards,  June  17,  1012. 
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coarse  wire  instead  of  a large  number  of  turns  of  fine  wire,  the  ampere-tu 
being  about  the  same  in  both  cases.  Hot-wire  ammeters  with  ratings 
more  than  1 or  2 amp.  are  usually  small  current  instruments  connected 
non-inductive  shunts,  as  already  described  in  principle  (Par.  90).  I 

102.  Measurements  of  large  alternating  currents.  The  only  tj 

of  ammeter  which  is  generally  used  in  the  direct  measurement  of  Uu 
alternating  currents  is  the  hot-wire  ammeter,  because  it  can  be  used  wl 
shunts.  While  shunts  are  made  for  capacities  of  1,000  amp.  and  over,  1 
accuracy  with  shunts  of  very  large  capacity  depends  upon  the  care  tal 
in  the  design  to  eliminate  the  eddy-current  and  skin-effect  errors.  The  m 
common  method  is  to  use  current  transformers  of  the  series  type,  to  s\ 
down  the  current  to  a small  value,  usually  5 amp.,  which  is  convenient 
measure  with  standard  instruments.  i 

103.  Series-type  instrument  transformers  (also  known  as  eun 

transformers)  serve  two  purposes;  the  convenient  measurement  of  large  d 
rents,  and  the  insulation  of  instruments  and  apparatus  from  high-volt* 
circuits.  They  are  similar  to  so-called  power  transformers,  except  that  1 
latter  are  connected  in  shunt  across  the  line  and  the  secondary  potent 
remains  substantially  constant  irrespective  of  the  connected  load.  Sei 
transformers  are  connected  in  series  with  the  primary  line,  and  the  second^ 
current  remains  substantially  constant  for  a wide  range  of  loads.  The  lc 
consists  of  instruments  or  other  devices  which  are  connected  directly  in  set 
with  the  secondary  winding.  , ^ 3 

104.  Measurement  of  ratio  of  series  transformers.  The  n 

of  series-type  instrument  transformers  may  be  determined  by  measuring 

rimary  ana  secondary  currents  directly  with  current-measuring  instrunM^ 

ut  obviously  such  a 
method  is  much  less  ac- 
curate than  null  or  ‘'sero” 
methods.  The  principle 
of  the  latter  is  the  same 
as  that  of  the  potenti- 
ometer. A non-inductive 
resistance  in  the  second- 
ary circuit  is  adjusted 
until  the  potential  drop 
across  it  is  eaual  to  that  Fia.  29. — Connections  for  measuring  ratio  oi 
in  a non-inductive  re-  series  type  transformers, 

sistance  in  the  primary 
circuit.  The  ratio  of  the  two  resistances 
is  equal  to  the  ratio  of  transformation. 

The  differences  among  the  various  null 
methods  are  largely  in  the  manner  of  de- 
termining the  balance  and  in  measuring 
the  phase  angle.  Fig.  29  shows  the  scheme 
of  a method  used  at  the  Bureau  of  Stand- 
ards, * where  a reflecting  dynamometer  is 
used  as  the  detecting  instrument.  Rl  and  T_,  ,}ri 

R*  are  the  resistances  in  the  primary  and  *ia*  . 30-  Connections  ' 

secondary  circuits,  respectively.  The  fixed  Measuring  ratio  of  senes  ty 
coil  of  a dynamometer,  Di,  is  connected  transformers, 
in  scries  with  the  primary;  then,  with  the 

switch  S thrown  to  the  right,  Rt  is  adjusted  until  sero  deflection  is  obtain* 
The  component  of  the  potential  drop  in  Rt,  which  is  in  phase  with  that 
Ri,  is  thus  equal  in  magnitude  to  the  drop  in  R'.  Since  the  phase  angle 
always  very  small,  the  ratio  of  Rt  to  R i may  be  taken  as  the  transform 
ratio.  The  phase  angle  is  then  determined  by  measuring  the  component 
the  Rt  drop  which  is  90  deg.  from  the  R\  drop,  by  means  of  another  dyi 
mometer,  D t,  the  fixed  coils  of  which  are  excited  by  a current  displaced 
deg.  in  phase  from  the  primary  current. 

Fig.  30  shows  the  scheme  of  a method  used  at  the  Electrical  Testi! 
Laboratories. t Ri  and  Rt  are  the  primary  and  secondary  resistanei 

• Bureau  of  Standards  Bulletin,  Vol.  VII,  1913,  No.  3,  p.  423. 

t Sharp,  C.  H.  and  Crawford,  W.  W.,  Traru.  A.  I.  E.  E..  1910,  Vol.  XXI 
p.  1517. 
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[wpeetively,  and  C is  the  detector  which  in  this  case  is  a synchronously  driven 
[wmsing  key  (Par.  88)  connected  to  a Paul  “ uni  pivot”  galvanometer.  The 
amed&ry  of  a mutual  inductance,  M,  is  in  the  detector  circuit  and  the  pri- 
mary of  the  inductance  is  in  series  with  the  secondary  circuit  of  the  trane- 
fermer.  After  the  value  of  Rt  has  been  found  which  will  make  the  "in* 
saw”  potential  drops  balance  each  other,  the  quadrature  drop  in  Rt  is 
ihneed  by  the  e.m.f.  in  the  secondary  of  the  variable  mutual  inductance, 
bowing  the  value  of  this  inductance,  the  value  of  the  phase  angle  may  be 
ferula  ted. 

1M.  Ratio  of  series-type  instrument  transformers.  Theoretically, 
tbe  ratio  of  transformation  should  be  the  same  as  the  ratio  of  the  secondary 
'fcxrni  to  the  primary  turns,  and  the  secondary  current  should  be  in  exact 
phase  opposition  to  the  primary  current.  Actually  neither  of  these  condi- 
tions exists  because  of  the  current  required  to  excite  the  core  and  supply  the 


In  many  commercial  measurements  these  errors  can  be  neglected,  but 
Nb  accurate  measurements  of  current,  power  and  energy,  the  true  ratio 
[tadd  be  known.  In  power  and  energy  measurements,  the  phase  angle 
kmh  between  the  actual  vector  position  of  the  secondary  current  and  the 
theoretical  position  which  is  180  deg.  from  the  primary  current)  should  also 
be  known.  See  Par.  179. 

1M.  Measurements  of  small  alternating  currents.  The  methods 
foenbed  for  measuring  small  alternating  e.m.fs.  (Par.  75)  may  be  used 
tor  unlar  measurements  of  current.  Portable  ammeters  of  the  soft-iron- 
to*  type  are  made  with  ratings  as  low  as  50  or  75  milliamperqp  at  full  scale; 
the  impedance  of  such  instruments  is  much  higher  than  that  of  dynamometer 
fcatraments.  The  dynamometer  type,  when  separately  oxcited,  can  be  used 
to  measure  currents  as  low  as  10  milliamperee,  with  fair  accuracy;  one  form 
Bade  by  Paul  has  a maximum  range  of  20  milliamperea.  For  very  small 
omenta,  reflecting  dynamometers  are  the  most  suitable. 

W.  Measurements  of  high-frequency  alternating  currents. 
High-frequency  currents  are  best  measured  by  methods  involving  the  heating 
«®«et  of  the  current.  In  the  Fleming  thermoelectric  ammeter  for  relatively 
large  currents  the  high-frequency  current 
flows  through  a number  of  very  fine  copper  wires 
stretched  between  the  two  terminals.  These 
wires  are  separated  in  space  and  each  carries 
about  2.5  amp.,  additional  wires  being  added  up 


ba-  31. — Diagram,  Paul  high- 
frequency  galvanometer. 


Fio.  32. — Diagram,  high-frequency 
ammeter. 


® smp.  of  total  capacity.  At  the  middle  of  the  centre  wire  is  placed  a 
h*nao junction  connected  to  a sensitive  galvanometer,  whose  indications 
proportional  to  the  mean  effective  value  of 'the  high-frequency  current, 
rorisstru merits  used  in  Radiotelegraphy  see  8ec.  21. 

Beall  higta-frequency  currents  are  sometimes  measured  with  the  ther- 
Bqplvanometer  described  in  Par.  86.  In  a high-frequency  galvanometer 
■■•by  Paul,  Fig.  31,  a thermo  junction  may  be  formed  with  an  iron  wire, 
t tad  a eureka  wire,  5,  looped  together  in  such  a way  that  the  high-frequency 
•wrest  traverses  the  junction  from  one  side  while  a sensitive  galvanometer  u 
to  the  other.  Similar  instruments  in  which  the  measured  current 


fen  sot  flow  through  the  joint  are  stated  to  be  superior  because  of  the  absence 
* the  Peltier  effect*  (Sec.  2). 


'Douse.  C.  M.  The  EUetriciant  London;  Aug.  19,  1910;  p.  765. 
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Another  practical  method  of  measuring  small  high-frequency  currents 
indicated  in  Fig.  32,  where  a and  a/  are  two  fine  wires  of  different  m&teris 
stretched  between  two  terminals.  The  wires  leading  to  the  galvanomet* 
are  of  the  same  materials,  but  so  connected  that  a ' and  b are  alike,  and  a ac 
6'  are  alike.  Thus  there  are  two  therm* 


Fiq.  33. — High  frequency 
current  measurements — 
bridge  method. 


couples  in  series.  Obviously  the  connectioi 
should  be  at  the  same  potential,  and  this 
adjusted  on  continuous  current  with  dire 
and  reversed  readings.  In  a bridge  metho 
the  current  is  measured  by  the  change  in  r 
sistance  of  a carbon  lamp  (with  a very  snu 
filament)  in  one  arm  of  a bridge,  Fig.  33;  i 
ductance  coils,  o and  a'  prevent  the  hig 
frequency  current  from  flowing  through  Xi 
bridge. 

108.  Measurement  of  rectifier  current 

Either  of  two  values  of  the  current  from 
rectifier  may  be  required,  the  average  vain 
or  the  root-mean-square  value.  In  conne 
tion  with  storage-battery  charging,  the  avera, 


value  corresponds  to  the  equivalent  c.c.  v&l 
and  a permanent-magnet  type  of  measuring  instrument  should  be  use 
On  the  other  hand,  the  power  taken  by  incandescent  lamps  varies  as  tl 
square  of  the  current,  ana  the  equivalent  c.c.  current  should  be  measur* 
with  instruments  which  indicate  the  mean  effective  value  such  as  hot-wire 


dynamometer  ammeters. 


109.  Measurements  of  telephone  currents.  Telephone  currents  mi 
be  measured  with  a form  of  potentiometer*  or  with  a barretter  (Par.  40)  b 
since  telephone  currents  are  of  constantly  vanring  amplitude  and  f requeue 
measurements  made  by  this  and  the  above  methods  are  usually  of  little  vale 
Telephonic  intensities  are  usually  compared  by  ear  with  a telephone,  usii 
artificial  standardised  cables.  Where  quantitative  measurements  are  r 
quired,  a high-sensibility  oscillograph  can  be  used.f 


RESISTANCE  MEASUREMENTS 

110.  Resistance  standards  in  general.  The  practical  unit  of  reehf 
ance,  the  ohm,  is  represented  by  a column  of  mercury  having  certain  dimei 
sions  (Sec.  1).  This  standard  is  obviously  difficult  to  construct,  maintai 
and  use;  and,  in  general,  will  be  found  only  in  the  laboratories  of  tl 
national  custodians  of  the  fundamental  electrical  standards. 

Secondary  standards  are  therefore  employed  4?  actual  measurement 
These  are  made  with  metal  of  high  specific  resistance,  in  the  form  of  wirej 
ribbon.  Manganin  (a  copper-nickel-manganese  alloy')  is  most  ufl 
because,  when  properly  treated  and  aged,  it  meets  the  necessary  requiremei 
These  requirements  are:  permanent  electrical  and  physical  characterise 
loyr  thermo  e.m.f.  in  junctions  with  copper;  small  temperature  .coefficient 
resistance;  and  relatively  high  specific  resistance.  The  complete  standi 
must,  in  addition,  be  unaffected  by  immersion  in  oil,  or  by  change* 
atmospheric  conditions.  ^ I 

111.  Classes  of  resistance  standards.  In  general,  resistance  s**ndi 

may  be  divided  into  two  classes:  standards  of  resistance,  or  thdlp* 
primarily  for  the  measurement  of  resistance;  and  current  standafd** 
those  intended  primarily  for  the  measurement  of  current.  S 

US.  General  construction  of  standards  of  resistance.  Stal'd* 
of  resistance  have  very  small  current  capacity.  They  are  made  in  two  I01 
the  Reichsanstalt  and  the  N.B.S.  (National  Bureau  of  Standards) . % \ 1 
former  is  shown,  partially  in  section,  in  Fig.  34.  The  N.B.S.  form  is  sha* 
Fig.  35.  The  distinctive  features  of  thelatter  form  are  that  it  is  imrrfl 
in  oil  and  hermetically  sealed.  This  prevents  the  absorption  of  mcnstui 

* Drysdale,  C.  V.  "Alternating-current  Potentiometer  for  Measuu 
Telephone  Currenta,"  London  Electrician,  Aug.  1.  1913. 

T Gati,  B.  Report  of  Second  International  Conference,  European  T 
phone  and  Telegraph  Administrations;  1910. 

X Bureau  of  Standards  Bulletin,  Vol.  V,  1908,  p.  413. 
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the  ihetlae  and  the  consequent  expansion  of  the  fine  wire  used  in  the  larger 
reriftances.*  Both  forms  are  intended  to  be  hung  from  mercury  cups  by 
means  of  lugs,  and  suspended  in  an  oil  bath  in  order  to  measure  the  tempera- 
ture more  accurately.  The  N.B.8.  form  is  made  only  in  eises  larger  than 
1 ohm. 


111.  Current  standards  are  made  in  two  forms,  the  Reichsanstalt  and 
Air-oooled.  The  Reichsanstalt  standards  are  made  in  two  types,  the  small 
partem  for  moderate  currents,  and  the  large  pattern  (in  low  resistances) 
for  large  currents.  The  small-pattern  form  is  similar  in  appearance  to  Fig. 

nd  less,  separate  potential  taps  are  provided. 


34  except  that  for  1 ohm  ana  less,  separate  potential  taps  are  provii 
They  are  suspended  from  mercury  cups  in  an  oil  bath  for  cooling  purposes. 

The  current  ratings  assigned  by  Otto  Wolff  and  the  Leeds  and  Northrup 
Company  to  small-pattern,  Reichsanstalt  form  of  standards  are  as  follows: 
^hen  used  for  resistance  measurements  0.3  and  1.0  watt,  for  stiil-air-eooling 
ud  oil-cooling  respectively.  When  used  for  current  measurements  with  a 
temperature  nse  of  10  deg.  cent.,  2.5  and  10  watts  for  still-air-cooling  and  oil- 
toofing  respectively.  Large-pattern  low-resistance  current  standards  have 
ctpsatiea  from  100  watts  to  2,500  watts  and  over. 

114.  Air-cooled  current;  standards  employ  sufficient  material  to  permit 
•f  use  in  air  without  excessive  temperature  rise.  While  they  are  not  as 
•feurate  or  as  reliable  as 
the  Reichsanstalt  form, 
they  are  amply  satisfactory 
hr  much  commercial  work, 
mpecially  where  oil  baths 
*ould  be  inconvenient, 
ify-  36  shows  a Leeds  and 
! Nwthrup  Co.  resistance,  of 
*00002  ohm,  and  2,000 
top.  capacity,  for  which 
' * accuracy  of  0.04  per 
is  claimed. 

111.  Measurements  of 
factor  resist  stnee. 

is  no  sharp  dis tine- 
bet  ween  materials 
only  called  conduct- 
ed those  called  in- 
Resistances  of 

rmer  class  may,  however,  be  relatively  high  or  relatively  low,  and 
methods  of  measurement  are  especially  applicable  to  each  class. 
The  fall-of -potential  method  consists  simply  in  noting  the  voltage 
ith  a known  current  flowing  through  the  resistance,  and  calculating 
' tance  from  Ohm’s  law,  R — E/J.  This  method  is  not  suitable  for 


Fia.  36. — Leeds  A Northrup  air-cooled  standard 
resistance. 


lu  of  Standards  Bulletin,  Vol.  IV,  1907,  p.  121. 
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re ry  high  or  very  low  resistances  and  the  accuracy  depends  upon  the  measure 
ment  ol  two  unknown  quantities  with  indicating  instruments.  Furthermor 
the  current  required  to  give  a readable  drop  may  cause  overheating.  Th 
method  should  therefore  be  used  with  caution  and  only  where  accuracy  i 
subordinate  to  simplicity  and  convenience.  The  potential  should  b 
measured,  when  possible,  between  points  well  within  the  current  connec 
tions,  especially  when  the  resistance  is  low  and  the  current  is  high.  Great* 
accura  y can  be  obtained  by  substituting  a standard  resistance  in  place  o 
the  ammeter,  and  noting  the  drop  across  it,  and  across  the  unknown  resist 
anoe,  in  succession.  The  latter  is  then  equal  to  the  ratio  of  the  two  reading 
multiplied  by  the  standard  resistance.  The  accuracy  will  be  greatest  wbei 
the  two  resistances  are  nearly  equal. 

117.  Bridge  methods  are  the  most  accurate  for  resistance  measurement 
because:  (a)  they  are  sero  methods;  (b)  comparison  is  made  directly  witl 
standardised  resistances,  the  accuracy  of  which  can  be  made  very  high.  Th 
principal  types  of  bridges  are  known  as  Wheatstone,  slide-wire,  Carey 
Foster  and  Kelvin. 


118.  Wheatstone  bridge.  The  Wheatstone  bridge  is  most  generalli 
used  for  the  measurement  of  all  but  the  highest  and  the  lowest  resistancei 
Fig.  37  shows  the  theoretical  arrangement  of  a Wheatstone  bridge  | 
r,  n,  and  n are  accurately  known  resist-  1 

ances  and  r,  is  the  resistance  to  be  meas- 
ured. When  using  the  bridge,  the  various- 
resistances  arc  adjusted  until  the  galva 

nometer,  G,  shows  no  current  flowing;  l 9 i 


Fia.  37. — Diagram  of  Wheatstone 
bridge. 


Fio.  38. — Wheatstone  bridge-1 
Postoffice  form. 


then,  r»—  (ri/r*)r.  The  battery  switch,  Si,  should  always  be  closed  befor 
the  galvanometer  switch,  Si,  in  order  to  protect  the  galvanometer  from  th 
momentary  rush  of  current.  The  galvanometer  and  the  battery  may  b 
interchanged  without  affecting  the  result  (Sec.  2,  Par.  80). 

119.  Forms  of  Wheatstone  bridges.  These  bridges  are  made  in 
variety  of  forma.  In  most  forms  the  resistances,  r,  r\  and  n,  consist  of 
number  of  resistance  coils  or  units  carefully  adjusted  to  various  multiple 
of  10  and  so  arranged  that  they  can  be  conveniently  connected  in  and  out  c 
the  circuit  by  means  of  plugs  or  switches.  The  resistances,  n and  r*  (Fig.  31 
are  commonly  called  the  ratio  arms  and  r the  rheostat  arm.  A very  earl 
form,  which  is  still  in  use  in  small  portable  sets,  is  the  Postoffloo  patten 
shown  diagrammatically  in  Fig.  38.  Coils  are  cut  out  by  short-circuitin 
them  with  plugs,  so  that  there  may  be  several  plug-contact  resistances  of  a 
unknown  and  variable  amount  in  a given  arm.  In  the  Improved  form,  show 
diagrammatically  in  Fig.  30,  this  objection  is  overcome  by  arranging  th 
coils  of  the  rheostat  arm  on  the  "docade”  plan  in  which  there  are  nine  1-oht 
coils  in  the  “units”  division,  nine  10-ohm  coils  in  the  “ tens"  division,  et 
Any  number  of  coils  in  a given  division  can  be  connected  in  circuit  ^ 
changing  only  one  plug.  In  many  later  types,  the  ratio-arm  coils  are  ah 
connected  on  the  decade  plan,  which  in  addition  to  eliminating  plug-contw 
resistance  errors,  permits  interchecking  the  coils.  Furthermore,  the  deca<l 
arrangement  permits  the  use  of  sliding-brush  or  dial  construction  inatei 
of  plugs. 
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IH.  Um  of  Wheatstone  Bridges.  Such  bridges  are  best  suited  for 
aeasunog  resistances  of  the  order  of  about  1 ohm  to  100,000  ohms.  Accur- 
acies of  the  order  of  0.05  per  cent,  are  obtainable  with  a first-class  bridge 
a tee  unknown  resistance  is  intermediate  in  value  between  the  limits  last 
arned.  The  maximum  precision  is  obtained  when  the  four  arms  ace 
fqual;  hence  this  condition  should 
liwajrs  be  approached  as  nearly  as  pos- 
sible by  keeping  n/r*  small,  and  n and 
**  as  nearly  equal  to  r as  convenient. 

A galvanometer  with  100  ohms  to  500 
obms  resistance  will  be  satisfactory  for 
nearly  all  classes  of  work.  The  resist- 
ance coils  will  dissipate  about  1 watt 
without  overheating,  but  care  should  be 
taken  that  the  current  does  not  become 
eioeaive  when  the  ratio  becomes  large. 

111.  The  slide- wire  bridge  is  one 
«the  earliest  forms  of  the  Wheatstone 
widge.  It  is  convenient  and  rapid 
rhers  many  similar  measurements  are 
to  be  made.  It  differs  from  the  stand- 
Wheatstone  bridge  in  the  respect 
that  balance  is  obtained  by  varying  the 
n/rj,  instead  of  the  resistance  r 
(ng.  37).  This  is  accomplished  by 
Bering  the  contact,  bf  Fig.  40,  along  a 
ae,  which  forms  the  resistance  ri 
+r*.  This  wire  should  be  uniform  in 
(T0®-*ction  and  homogeneous,  so  that 
Ue  reactance  per  unit  length  will  be 
ttestut.  At  exact  balance,  the  ratio 
« the  lengths  o6/bc  — n/ri  and 

as  before.  The  precision  is  a 
aanmam  when  the  sliding  contact  is 
« tie  centre.  When  the  slide  wire  is 
“tort,  the  precision  decreases  rapidly 
viti  settings  toward  either  end.  The 
«ogth  may  be  increased,  in  effect,  by 
inserting  equal  resistances  at  n,  n , 
jbich  increases  the  sensibility,  but  also 
ksreasea  the  permissible  difference  be- 
i*wb  r and  r*. 

12S.  The  Carey-Foster  bridge  is  particularly  adapted  to  the  compart- 
•»  of  low  resistances.  The  distinctive  feature  is  the  elimination  of  the 
fceiaet  resistance  and  other  unknown  resistances,  in  the  arrangement  shown 
9 Fig.  40,  by  taking  two  readings.  The  bridge  is  first  balanced  with  the 
, 'oatart  at  x.  The  resistances  r and  r.  Are  then  interchanged  and  a balance 
[ Ruined  at  zi.  If  the  resistance  of  the  slide  wire  per  unit  length  is  p,  then 

r*— r”p(xi  — x).  This  method 
is  especially  suitable  for  com- 
parison of  standard  resistances 
with  each  other  and  for  tempera- 
ture coefficient  determinations. 

1SS.  The  Kelvin  double- 
bridge is  especially  suitable  for 
measurements  of  low  resistances. 
It  is  the  most  generally  used 
form,  even  in  the  most  precise 
work,  because  of  its  accuracy 
and  convenience.  The  principle 
is  shown  in  Fig.  41.  The  resist- 
ed the  connection  between  r and  r*  is  made  negligibly  small  and  the 
assumes  the  form  of  the  Wheatstone  bridge  (Fig.  37)  with  the  addi- 
*»  of  an  extra  pair  of  ratio  arms,  a and  0.  When  a balance  is  obtained: 
d 

(12) 
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Fio.  39. — Wheatstone  bridge — 
Improved  "decade”  form. 


Fio.  40. — Carey-Foster  bridge. 
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In  practice,  n/r*  is  kept  equal  to  a/0  and  the  resistance  d is  made  negligib 
small.  Then  r*  — (n/rt)r,  as  in  the  Wheatstone  bridge. 

In  the  Wolff  bridgfe,  Fig.  42,  the  ratios  n/r*  and  a/0  are  automatical 
adjusted  simultaneously,  by  sliding  contacts  on  the  four  dials.  In  the  Lee 
and  Northrop  bridge,  Fig.  43,  both  r and  the  ratio  ri/rt  are  adjusted. 


Fia.  41. — Diagram  of  Kelvin  double  bridge. 
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125.  Conductivity  standards.  The  present  official  standard  of  the 
1 I E.  E.  if  the  International  Annealed  Copper  Standard,*  defined  as 

Iktllovs: 

Mats- re  festivity  at  20  deg.  cent.: 

0.15328  ohm  (meter,  gram) 

875.20  ohms  (mile,  pound) 

Volume- resistivity  at  20  deg.  cent,  and  8.S9  density: 

1.7241  microhms  (cm.*) 

0.67879  microhms  (in.*) 

10.371  ohms  (mil,  foot) 

For  earlier  standards  of  copper  resistivity,  see  Sec.  4. 


Fia.  43. — Kelvin  double  bridge — Leeds  & Northrup  form. 


Hi.  Methods  of  measuring  conductivity.  Conductivity  may  be 
tetenaiaed  by  calculation  from  the  measured  resistance  or  by  <Urect 
comparison  with  standards  of  conductivity.  When  the  conductivity  is 
to  be  calculated  from  the  resistance,  the  specimen  must  have  a uniform 
ewe-cedion.  The  resistance  of  a definite  length  is  carefully  determined, 
the  temperature  being  noted.  Then  the  resistance  of  a piece  of  copper  having 
IDO  ps  cent,  conductivity  and  the  same  weight  and  length  as  the  specimen 
(w,  for  volume  basis,  the  same  cross-section  and  length)  is  calculated  from 
toe  stated  definition  or  the  standards.  The  ratio  of  these  two  resistances  is 
to*  conductivity  of  tho  soecimen.  The  direct  comparison  methods  employ 
conductivity  bridges  which  are  adaptations  of  the  Kelvin  bridge.  They  are 
htended  for  commercial  work,  where  speed  combined  with  moderate  accuracy 
is  important. 


Fig.  43a. — Diagram,  Hoopes’  conductivity  bridge. 


W.  In  the  Hoope’s  conductivity  bridge,  t the  conductivity  of  a speci- 
als of  wire  is  read  directly  from  a graduated  scale.  The  principle  is  shown 
43a  where  rm  is  the  specimen  to  be  measured,  r a standardised  wire  and 
are  the  double  ratio  coils.  All  four  of  the  latter  are  made  equal, 


'Standardisation  Rules,  A.  I.  E.  E.,  Dec.  1914  and  Bureau  of  standards 
No.  31,  Copper  Wire  Tables;  2d  edition.  1913. 
t Hoopes,  Wm.  *rA  New  Apparatus  for  Making  Direct  Measurements 
^Beetnal  Conductivity,"  Electrical  World  and  Engineer , Nov.  14,  1903. 
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about  300  ohms  eaoh,  in  order  to  eliminate  the  effect  of  contact  reautam 
at  a,  b,  c and  d.  When  the  bridge  ia  balanoed,  the  resistance  between 
and  d on  r is  equal  to  that  between  a and  b on  r#.  The  unknown  specimf 
r*  is  cut  to  a certain  definite  length  and  oarefully  weighed.  The  contac 
d,  on  the  standard  is  then  set  at  the  point  indicated  on  the  carefully  graduate 
scale  H%  which  corresponds  to  this  weight.  Then  the  resistance,  cd,  is  eau; 
to  that  of  a piece  of  wire  having  100  per  cent,  conductivity,  a length  equal  1 
100  parts  in  the  scale  I and  the  same  weight  jper  unit  length  as  r*.  Conta> 
b is  shifted  until  a balance  is  obtained  and  the  conductivity  is  read  direct' 
from  scale  I,  100  scale  divisions  corresponding  to  100  per  oent.  conductivit; 
One  standard  is  provided  for  every  three  sises  of  wire  in  the  America 
(B.  A 8.)  gage.  The  standards  are  usually  of  the  same  material  as  that  beio 
tested,  so  that  the  temperature  does  not  have  to  be  observed. 

118.  Resistance  of  rail  joints.  The  testing  of  rail  bonds  consis 
in  determining,  either,  (a)  the  ratio  of  the  resistance  of  a given  length  of  raj 
including  a bonded  joint,  to  that  of  the  same  length  of  continuous  rai 
or  (b)  the  length  of  solid  rail  which  has  the  same  resistance  as  the  join 
The  resistance  of  rail  bonds  is  usually  expressed  in  the  latter  manner,  whetb* 
measured  in  that  way  or  by  the  former  method.  Three  methods  are  en 
ployed:  millivoltmeter,  bridge,  and  opposition. 

119.  Millivoltmeter  method  of  measuring  rail  bonds.  In  the  mill 
voltmeter  method,  simultaneous  readings  are  taken  with  2 millivoltmeter 
one  connected  across  the  bond  and  the  other  across  a definite  length  of  rai 
If  the  current  fluctuations  are  not  too  rapid,  only  one  instrument  is  nece 
sary,  provided  there  is  a suitable  arrangement  of  keys  to  change  the  coi 
nections  in  quick  succession. 


ISO.  In  the  Roller  bond  tester  the  principle  of  the  slide  wire  form  i 
Wheatstone  bridge  is  employed  (Fig.  44).  Balance  is  obtained  by  movii 

the  contact  B back  and  fort 


Fio.  44. — Diagram,  Roller  bond  tester. 


At  balance,  ab /be  ■«  (n + s»l 
(n+n);  where  resistant 
of  bond  and  be  — resistance  < 
the  standard  length  of  ra 
The  resistances  n and  r*  hai 
the  effect  of  extending  the  slic 
wire  and  providing  great* 
accuracy  (see  Par.  111).  I 
the  actual  instrument,  the  did 
wire  takes  the  form  of  a cird 
and  the  scale  is  graduated  1 
give  the  resistance  directly  i 
terms  of  the  number  of  feet  i 
the  solid  rail  being  tested. 

111.  The  Conant  bon 


tester  is  an  example  of  tl 
class  in  which  the  drop  across  the  Joint  is  opposed  to  that  across  a length  < 
solid  rail,  the  outer  contact  on  the  latter  (c,  Fig.  44)  being  moved  along  un( 
the  two  potentials  are  just  equal  and  opposite.  The  detector  is  a telephoi 
receiver  in  series  with  a make  and  break  device  operated  by  a clock. 


131.  Insulation  resistance.  The  resistance  of  insulating  materia 
ia  usually  measured  by  deflection  methods.  In  the  case  of  resistant 
of  the  order  of  1 megohm  and  less,  a Wheatstone  bridge  may  be  used,  bi 
the  accuracy  will  be  low  because  of  the  extreme  ratio  required  (Par.  113 
and  the  low  insulation  resistance  of  the  bridge. 

Two  general  classes  of  deflection  methods  are  used:  (1)  direct  deflectio 
and  (2)  leakage.  The  direct-deflection  methods  involve  a simple  applicatic 
of  Ohm*s  law,  the  current  being  measured  with  a voltmeter  used  as  an  an 
meter  or  with  a galvanometer. 

133.  Direct-deflection  method  (insulation  resistance).  Wh< 

the  resistance  is  of  the  order  of  1 megohm,  an  ordinary  voltroeN 
will  give  results  which  are  sufficiently  accurate  for  most  purposes.  Tv 
readings  are  taken,  one  with  the  voltmeter  directly  across  the  battery  J 
generator,  and  the  other  with  the  resistance  to  be  measured  connected  i 
series  with  the  voltmeter.  The  resistance  is  (d—di)/di;  where  r*1 
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teatfanee  of  voltmeter  (the  greater  the  resistance  per  volt,  the  higher  the 
jrvcmon),  d — deflection  of  voltmeter  in  first  reading,  d»  — deflection  in  sec- 
ad  reading.  Obviously  a portable  galvanometer  with  series  resistance  may 
be  used  as  a voltmeter. 

Whan  the  rest  stance  la  moderately  high,  a high-resistance  reflecting 
D'Arsonval  galvanometer  is  employed.  Fig.  45  is  a simplified  diagrammatic 
tfrsngement  for  measuring  the  insulation  of  a {cable.  The  measurement 
;ii  mA  u follows:  after  the  galvanometer  shunt,  s,  is  set  at  the  highest 
riloe  (Par.  St  and  SO)  and  r*  is  short-circuited,  the  main  circuit  is  closed. 
The  shunt  is  then  decreased  until  the  largest  readable  deflection  is  obtained. 
A reading  is  taken  after  1 min.  This  procedure  is  then  repeated  with  the 
n&ndard  resistance  r,  (usually  0.1  or  1 megohm)  in  circuit  and  the  specimen 
ahort-dreuited.  The  resistance  of  the  specimen  in  megohms  is:  R — G/d\g\ 
where  dim  first  reading,  a—  multiplier  corresponding  to  the  shunt  setting 


a 


(that  is,  1, 10, 100,  1,000  or  10,000)  and  G=»  galvanometer  megohm-constant 
(Pu.  14)  as  obtained  from  the  second  measurement.  The  constant  is 
y*6r,;  where  deflection,  a—  shunt  multiplier,  standard  resistance 
u>  megohms.  The  conductor  is  preferably  negative  to  the  sheath  or  water. 

IK  Leakage  method  of  measuring  Insulation  resistance.  Very 
hxh  resistances  such  as  the  resistance  of  porcelain  and  glass,  and  surface 
Mediae  resistance  of  line  insulators,  are  best  measured  by  the  method 
of  kskasB,  also  known  as  the  loss-of-charge  method.  This  method  is  based 
oo  the  theory  that  if  the  insulation  resistance  of  a condenser  is  infinite,  it 
win  retain  a charge  indefinitely;  whereas  if  the  resistance  between  the  oon- 
waser  terminals  (either  the  internal  resistance  or  a resistance  connected 
“tweafly)  is  finite,  the  rate  of  lose  of  the  charge  (or  leakage)  will  be  a meas- 
of  that  resistance.  The  principle  of  this  method  is  shown  in  Fig.  46 
ri*re  the  resistance  to  be  measured,  r,  is  connected  in  parallel  with  a con- 
fcuer  C.  Key  a is  closed  and  immediately  opened,  thus  charging  the  eon- 
fcawr.  Key  b is  closed  immediately  after  a is  opened  and  the  deflection, 
4.  of  the  ballistic  galvanometer  noted.  The  process  is  repeated,  a being 
open  a definite  time,  t seconds,  before  6 is  closed  and  a second  deflection 
■«  obrenred.  The  resistance  in  megohms  is  then: 

r— -t—  (megohms)  (13) 

2.303  C log,, 

C is  the  capacity  of  the  condenser  in  micro-farads. 

TW  insulation  resistance  of  the  condenser  is  usually  not  infinite, 
unwetion  should  be  made  by  measuring  the  resistance  of  the  condenser  in 
uunflar  manner,  r being  disconnected.  If  n is  the  resistance  of  the  condenser 
“d  n the  resistance  obtained  above  in  Eq.  15,  the  corrected  value  ia 

(megohms)  (14) 

Jtt.  Measurement  of  specific  resistance  (resistivity)  of  solid 
“•dating  materials.  This  is  obtained  by  calculation  from  the  resist- 
***  between  two  similar  metallic  electrodes  of  known  area  in  intimate  con- 
**  with  the  opposite  and  parallel  faces  of  a specimen  of  the  material, 
fiffil  makes  convenient  and  satisfactory  electrodes  if  backed  with 
"°ttiag  paper  and  sufficient  weight  to  insure  good  contact. 

1*.  Tbs  specific  resistance  of  liquid  Insulating  materials  may  be 
•Ppforimately  determined  by  pouring  a specimen  into  a round  glass  cylinder 
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or  graduate  in  which  two  circular,  closely  fitting  disc  electrodes  are  supports 
One  of  the  electrodes  should  be  movable  so  that  the  resistance  of  columi 
of  several  different  lengths  can  be  measured.  The  first  measurement  shoul 
be  taken  as  the  zero  or  base  reading  and  the  results  checked  by  calculatio 
of  the  increase  in  resistance  and  the  corresponding  increase  in  the  spadn 
of  the  electrodes  at  different  settings. 


137.  Precautions  in  measuring  insulation  resistance.  In  the  me* 

urement  of  the  insulation  resistance  of  specimens  having  electrostatic  cap* 
ity,  sufficient  time  should  be  allowed  for  the  specimen  to  become  charge 
that  is,  until  the  deflection  becomes  constant,  at 

/2\  minimum  value  Thin  iirmaIIv  takea  nlju*e  nitkin 


minimum  value.  This  usually  takes  place  within 
min.,  except  in  long  lengths  of  cable.  In  order  1 
eliminate  uncertainties  in  this  connection,  it 
customary  to  specify  1-minute  “electrification.” 

As  the  apparent  insulation  resistance  varies  wil 
the  testing  potential,  one  hundred  volts  is  usual] 
prescribed  as  the  minimum  pressure  that  should  1 
used. 

Leakage  over  the  surface  of  wire  or  other  spec 
mens  may  be  a source  of  much  trouble  in  dan 
weather.  In]  wires  and  cables,  the  lead  or  brai 
should  be  removed  for  2 or  3 in.  from  the  ends  as 


Fio.  46. — Leakage  the  exposed  insulation  coated  with  hot,  clet 
method  of  measuring  paraffine;  or,  just  before  measuring,  these  prepart 
insulation  resistance.  ends  may  be  carefully  dried  with  an  alcohol,  Bunsi 
or  other  flame  free  from  carbon.  As  a further  pr 


caution,  a "guard”  circuit  may  be  arranged  as  showm  by  the  dotted  lines 
Fig.  45.  This  consists  of  a few  turns  of  fine  copper  wire  twisted  arout 
the  insulation  close  to  the  copper  conductor  and  connected  to  the  battel 
side  of  the  galvanometer.  In  the  case  of  solid  specimens,  the  twisted  wi 


is  replaced  with  a ring  of  tin-foil  as  shown  in  Fig.  97. 

Specimens  having  electrostatic  capacity  should  be  put  in  a neutr 
condition  by  rapidly  reversing  the  current  a number  of  times,  beginning  i 
a low  rate  of  reversals  and  gradually  increasing.  Where  the  capacity 
high  it  may  be  advisable  gradually  to  decrease  the  applied  voltage  at  tl 
same  time. 


The  aide  of  the  circuit  which  contains  the  galvanometer  should  be  wt 
insulated  throughout.  The  battery  also  should  be  insulated  as  tboi 
oughly  as  possible;  this  is  a relatively  easy  matter  when  dry  cells  are  use 
The  important  point  is  to  insure  that  all  current  passing  through  the  spe< 
men,  and  only  that  current,  passes  also  through  the  galvanometer. 


of  1,000  ohms)  and  a megohm  sensitivity  (Par.  S3  and  34)  of  several  hundfl 
megohms.  The  temperature 
should  always  be  noted,  be- 
cause of  the  large  coefficient 
which  most  insulating  mate- 
rials have. 

138.  Measuring  the  insu- 
lation resistance  of  circuits. 

The  insulation  resistance  of  a 
“dead'*  circuit  is  conveniently 
madeby  the  vohmeter  method  Flo.  47.— Insulation  resistance  of  “live’ 
When  there  is  no  source  of  circuits, 

e.m.f.  available,  various  port- 
able instruments  described  be- 
low are  especially  applicable  and  convenient.  (Also  see  Sec.  21.) 

When  the  circuit  is  “ alive”  the  fpllowing  method  may  be  used.*  Fi 
47  represents  diagrammatically  a system  with  lamps  and  motors  connect* 
The  resistances  Xi  and  X*  represent  the  insulation  resistance  from  the  pot 
tive  and  negative  sides  respectively  to  ground. 


(ohma)  a 

at  a i 


* Northrup,  E.  F.  “Methods  of  Measuring  Electrical  Resistance 
McGraw-Hill  Book  Co.,  p.  210. 
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Fig.  48. — Evershed  Megger. 


line  resistance  of  voltmeter;  Z>  — deflection  (scale  divisions)  corre- 
■o&ding  to  circuit  voltage,  E;  di  — deflection  corresponding  to  Vi:  dt  — de- 
flection corresponding  to  V*. 

fr  Should  the  system  be  continuous  current,  a D’Arsonval-type  volt- 
is  preferable;  if  it  be  alternating  current,  an  electrodynamometer- 
type  instrument  should  be  used.  This  method  in  general  will  measure  1 

E megohm  with  sufficient  accuracy  to  check  specifications.  If  the  reshtanoe 
is  over  1 megohm  a galvanometer  method  is  more  accurate. 

Portable  Instruments  for  the  direct  measurement  of  insula- 
resistance  are  classed  either  as  testing  sets  or  ohmmeters.  Testing 
■so  range  from  a simple  Wheatstone 
bridge  with  self-contained  galvanometer 
and  battery,  to  elaborate  cable-testing  sets 
•Inch  include  a small  Wheatstone  bridge, 
a standard  0.1  megohm  resistance  for  m- 
Nbtiou  tests  by  the  series  galvanometer 
aethod,  and  a standard  condenser  for 
anaeitv  measurements. 

Ohmmeters  indicate  the  resistance 
*j*ujy.  In  instruments  of  the  Sage 
type,  the  principle  of  the  de-wire  bridge 
u employed.  A scale  beneath  the  slide 
i*  calibrated  directly  in  ohms,  so  that 
balance  is  obtained,  the  resistance 
i*  read  off  directly.  The  range  can  be  extended  by  means  of  a number  of 
.r  r?'t  ratio  arms,  a separate  scale  being  provided  for  each.  _ Where  alter- 
patiag  current  is  necessary,  as  in  measuring  electrolytes,  an  induction  coil 
i*  introduced  in  the  battery  circuit  and  a telephone  replaces  the  usual  galva- 
nometer. Ohmmeters  are  specially  convenient  for  quantity  (factory) 
testing. 

The  Evershed  " Megger  ” is  an  ohmmeter  which  indicates  the 
distance  by  the  movement  of  a pointer  over  a calibrated  scale.*  The 
Principle  employed  is  indicated  in  Fig*  48,  where  A is  a coil  in  series  with  the 
tmiitancc  to  be  measured  nd  B,  Bi  are  coils,  which,  with  the  resistance  R , 
w connected  to  a hand-driven  generator  £>.#  All  three  coils  are  rigidly 
coopJed  together  and  are  connected  to  the  circuit  by  fine  oopper  strips 
thich  exert  no  controlling  force.  When  the  generator  is  actuated  a current 
Sows  through  coils  B,  B\  proportional  to  the  e.m.f.  generated.  If  the  ex- 
ternal circuit  is  open,  B and  Bi  are  deflected  to  the  position  where  theleast 
flux  from  the  permanent  magnets  M Mi  will  inter- 
sect them,  that  is,  opposite  the  pap  in  the  C-shaped 
iron  piece  about  wmch  the  coils  A and  B i move. 
The  pointer  then  stands  at  “infinity”  on  the  scale. 
If  now  a finite  resistance  is  connected  across  the 
terminals,  the  current  flowing  in  A will  produce  a 
d«  lecting  torque  toward  the  position  shown  in  the 
fit:  ure,  and,  as  the  system  moves,  the  coils  B and  Bi 
exert  an  opposing  torque  of  constantly  increasing 
magnitude.  Hence  the  system  comes  to  rest  at  a 
point  where  the  two  forces  are  balanced,  the  position 
depending  upon  the  amount  of  the  external  resist- 
ance. 

140.  Measurement  of  the  resistance  of  elec- 
trolytes. Electrolyte  resistances  are  more  difficult 
to  measure  than  metallic  resistances  because  of  the 
counter  e.m.f.  of  polarisation.  The  several  methods 
in  use  are  based  on  the  method  first  proposed  by 


rw.  49. — RMifiUncfl 

' dmrolytea — Bridge 
3Khod. 


Kohlrausch,  that  is,  a simple  bridge  arrangement  m 
which  alternating  curront  is  employed  instead  of 
direct  current. 

A standard  Wheatstone  bridge  may  be  used,  but 
^de-wire  type  is  found  more  convenient,  especially  if  the  slide  wire  is  a 
- '-a-  wound  spirally  on  a marble  cylinder.  When  such  slide-wire  resist- 
u a separate  piece  of  apparatus,  a bridge  may  be  easily  made  up  and 
■si  is  indicated  in  Fig.  49  where  R is  a non-inductive  resistance  box  and  r* 

'Biddle,  J.  G.  Circular  No.  740;  Philadelphia,  Pa.,  1910. 
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the  electrolyte.  If  the  slide* wire  scale  is  divided  into  1,000  parts,  the  resist* 
ance  of  the  electrolyte  is,  at  balance, 

Ta  “ ( (Ib60-o)  } R * (oh™*)  (16) 

If  the  source  is  alternating-current  power  of  commercial  frequencies 
an  alternating-current  galvanometer  (reflecting  electrodynamometer)  may 
be  used,  the  fixed  coils  being  connected  in  series  between  the  source.  S,  and 
the  bridge  and  the  moving  coil  in  place  of  D (Fig.  49).  A Vreeland  oscilla- 
tor  (Par.  246)  is  verv  satisfactory  as  a source  of  energy  because  the  wave 
form  is  a pure  sine  curve  and  the  frequency  is 
sufficiently  high  for  a telephone  at  S. 

141.  Specific  resistance  of  electrolytes. 
Where  the  specific  resistance  or  resistivity  is  re- 
quired, a column  of  the  liquid  of  known  dimen- 
sions must  be  isolated.  Fig.  50  shows  a satisfac- 
tory method.*  The  glass  tube  is  about  20  cm. 
long,  1 cm.  internal  diameter  and  open  at  both 
ends.  The  electrodes  are  of  gold  or  platinum,  tbs 
lower  one  being  fixed  in  position  and  perforated, 
while  the  upper  one  is  adjustable.  The  average 
cross-section  must  be  carefully  determined,  prefer- 
ably by  volumetric  measurement  with  mercury. 
The  temperature  is  readily  kept  constant  by 
stirring  the  liquid  in  the  containing  vessel. 

142.  Internal  resistance  of  batteries.  This 
measurement  involves  difficulties  because  of  polar- 
isation. One  simple  direct-current  method  is 

Fio.  50. — Specific  resist-  as  follows.  The  e.m.f.  of  the  cell  or  battery  is 
ance  of  electrolytes.  first  measured  on  open  circuit.  The  circuit  is 
then  closed  through  a known  resistance  and  the 
e.m.f.  measured  again  quickly  before  polarisation  begins.  The  resistance  is 

Rm- (ohms)  (17) 


where  R — known  resistance,  E and  2?i  — voltage  before  and  after  closing 
circuit,  respectively. 

This  method  assumes  that  the  internal  resistance  will  remain  constant 
under  all  conditions,  which  is  not  always  the  case,  especially  in  dry  cells. 
In  a modification  of  this  piethod,  both  readings  are  taken  with  the  circuit 
closed,  but  with  two  slightly  different  values  of  R.  Then 


(Ey-Et)RiRi 
EiRx  — EiRt 


(ohms) 


(18) 


where  R\  and  Ei  are  the  first  resistance  and  e.m.f.,  respectively,  and  At 
and  Et  are  the  corresponding  values  with  the  second  resistance. 

In  general,  such  direct -current  methods  should  be  used  only  with  primary 
batteries  of  very  low  resistance  and  with  secondary  or  storage  batteries. 
Alternating-current  methods  are  more  reliable. 

148.  Alternating-current  method  of  measuring  Internal  resistance 
of  batteries.  The  Kohlraunch  bridge  shown  in  Fig.  49  can  be  used  in  this 
method,  by  inserting  the  cell  or  battery  in  place  of  the  electrolyte  cell. 
Without  resistance  R'  connected,  the  resistance  of  the  cell  will  be 


r*m  (lOOO-o)  R 


(ohms)  (19) 


If  the  resistance  R'  is  connected,  the  resistance  of  the  cell  with  a current 
corresponding  to  R'  flowing,  will  be 


aR'R 


(ohms) 


(20) 


* (1000 -a)R-Ra 

144.  Effective  resistance  of  alternating-current  ciroults.  The  passage 

of  alternating  current  through  a circuit  is  opposed  by  the  ohmic  resistance, 


* Northrup,  E.  F.  “Methods 
McGraw-Hill  Book  Co., 
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tbo  by  the  resistance-equivalent  of  all  the  energy  losses  exoept  the  loss 
dee  to  ohmic  resistance,  and  by  the  reactanoe.  The  "ohmic  resistance" 
is  the  resistance  to  the  passage  of  continuous  current  and  is  therefore 
measured  with  continuous  current  by  the  methods  previously  described. 

148.  The  effective  or  alternating-current  resistance  is  that  value 
of  resistance  which  represents  the  total  energy  loss.  It  includes  in  addition 
to  the  ohmic  resistance,  the  effect  of  any  other  source  of  lost  energy,  such  as 
iron  losses  in  a magnetic  circuit,  dielectric  losses,  and  induced  currents  in 
a neighboring  circuit.  This  effective  resistance  produces  a potential  drop 
which  is  in  phase  with  the  current.  The  simplest  method  of  determining 
it  is  from  the  relation:  W «» I*R,  where  W «■  watts  measured  with  a wattmeter, 
r- current  (amperes)  and  R — alternating-current  resistance  (ohms). 

141.  Measurement  of  effective  resistance.  When  the  power  is  small, 
current  lane  and  power  factor  low,  an  ordinary  electro-dynamometer  (Par. 
tl)  may  still  be  used.  The  exciting  current  must  be  in  phase  with  the  current 
through  the  unknown  resistance  in  order  that  the  reading  obtained  with  the 
mowing  coil  across  the  resistance  will  be  W = I*R.  This  condition  may  be 
established  in  several  ways:  (a)  by  connecting  the  fixed  coils  across  a series 
oon-indoctive  resistance  in  the  circuit  (first  compensating  for  induotance 
if  necessary,  see  Par.  169);  (b)  by  connecting  the  fixed  coils  to  a phase 
ihifter  (Par.  SIS)  which  is  first  adjusted  ft  he  moving  ooil  being  connected 
to  a non-inductive  resistance  in  series  with  the  resistance  to  be  measured) 
until  a maximum  deflection  is  obtained.  A more  sensitive  method  is  to 
connect  a condenser  in  series  with  the  fixed  coils  and  adjust  the  phase  shifter 
f»  kto  deflection.  The  dynamometer  can  be  calibrated  on  a non-inductive 
resistance  or  on  continuous  current. 

14T.  Wheatatone-brldge  methods  of  measuring  effective  resistance 
■ay  also  be  used  by  providing  facilities  for  obtaining  a balance  for  both  re- 
asttnee  and  inductance.  The  two  "ratio"  arms  should  be  non-inductive, 
tad  the  " rheostat " arm  should  contain  both  a variable  resistance  and  a 
variable  inductance,  so  that  complete  balance  may  be  obtained.  The 
detector  must  indicate  both  states  of  balance  and  should  be  an  electro- 
dnamometer  instrument  or  a synchronously  driven  reversing  key  (Par.  89). 
When  using  the  former  instrument,  a resistance  balance  is  obtained  with  the 
fixed  coils  excited  from  the  same  circuit,  that  is,  in  series  with  the  bridge 
or  scroes  a shunt.  Inductance  balance  is  obtained  with  the  fixed  coils 
excited  from  a circuit  90  deg.  from  the  first,  the  moving  coils  being  conneoted 
across  the  bridge  in  the  usual  manner. 

148.  The  measurement  of  reactance  and  impedance  of  an  alter- 
nating-current circuit  may  be  effected  very  simply  with  an  ammeter,  a volt- 
meter and  a wattmeter,  as  indicated  by  the  following  relations,  where  Z ■» 
Impedance  in  ohms,  X — reactance  in  ohms,  R -*  alternating-current  resist- 
wee  in  ohms,  W — power  in  watts,  I — current  in  amperes,  B — total  poten- 
tial-drqp  in  volts,  cos  9 — power-factor  — W/EI. 

(.)  Z-J,  W)  Z-  ^ £tg),  (e)  X-p  tan*,  (d)  X-Z  sin  « (21) 


POWB  KKASURUIKHTS 

149.  General  considerations.  When  a quantity  of  electricity,  q , is 
patted  through  a circuit  against  a difference  of  potential,  e,  the  work  done, 
that  is,  the  amount  of  energy  expended,  is  qe.  Power  is  the  rate  of  expend- 
ing energy  and  at  any  instant  is  edq/dt**  te,  because  dq/dt  — i , where  t and 
« are  the  instantaneous  values  of  current  and  potential,  respectively.  Power 
expressed  in  watts  is  the  energy  expended  per  second,  or,  W « QE/t,  where 
Q -quantity  in  coulombs.  If  — potential  in  volts  and  t — time  in  seconds. 

lit.  Continuous-current  power.  In  a circuit  supplied  by  a battery 
or  a continuous-current  generator,  energy  is  expended  at  a uniform  rate; 
hsace,  *&q/dt  * QE/t  — IB,  where  Q — quantity  m coulombs,  JJ«»e. m.f.  in 
vfllts,  ( ■ time  in  seconds  and  /■■current  in  amperes.  The  power  in  such 
circuits  is  usually  determined  by  measuring  the  current  and  the  potential, 
rfstultaaeously.  Wattmeters  may  of  course  be  used,  but  they  are  somewhat 
k»  accurate  than  permanent-magnet  instruments. 


153 
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151.  Pul-ting  power.  Where  there  are  instantaneous  variation 
in  the  current  and  the  potential,  the  power  varies  from  instant  to  ins  tan 
The  average  power  will  be  the  average  of  the  products  of  corresponding  instai 
taneous  values  of  current  and  potential  and  it  can  be  measured  with  strict  a 
curacy  only  with  watt-meters  of  the  dynamometer  type.  In  rectifier  circuit 
the  power  consumption  of  a storage  battery  or  a motor  can  be  approximate! 
measured  with  a voltmeter  and  an  ammeter  of  the  permanent  magnet  typ 
Such  instruments  would  give  a more  nearly  correct  result  than  dynamomet 
instruments.  On  the  other  hand,  the  reverse  will  be  the  case  with  a load  of  L 
candescent  lamps  or  heating  devices.  The  error  will  depend  upon  the  wa1 
shape  and  the  character  of  the  load.  The  safe  method  is  to  use  a dyn 
mometer-type  wattmeter. 

162.  Alternating-current  power.  The  power  in  an  alternatinq-cu 
rent  circuit,  at  any  instant,  is  the  product  of  the  current  and  potential 
that  instant.  When  the  load  consists  only 
resistance,  the  current  wave,  J,  and  the  note 
tial  wave,  E,  are  in  phase  as  shown  in  Fig.  S 
and  the  power-factor  is  100  per  cent,  or  unit 
If  the  products  of  the  instantaneous  values 
current  and  potential  are  plotted,  the  curve 
is  obtained.  The  average  value  of  this  cur 
is  the  power  equivalent  of  a continuous  cu 

Fia.  51. — Relation  of  cur-  rent  producing  the  same  effect.  Also,  IF 
rent,  e.m.f.  and  power  in  El,  where  W = ave  age  watts,  E — mei 
a.c.  circuit.  effective  volts  and  I = mean  effective  amperi 

These  values  of  potential  and  current  arc  i 
dicatcd  by  instruments  in  which  the  deflections  are  proportional  to  tl 
square  of  the  current. 

153.  When  the  power-factor  U lees  than  unity,  due  to  the  fact  th 
the  circuit  contains  inductance  or  capacity  (or  the  equivalent),  the  curre 
and  the  potential  will  not  be  in  phase.  In  the  case  of  an  inductive  load,  tl 
current  will  lag  behind  the  potential,  as  shown  in  Fig.  52.  The  pow 
curve  then  will  not  be  all  on  one  side  of  the  axis,  but  a part  will  be  negati\ 
If  the  current  lags  sufficiently,  Fig.  53,  the  power  curve  will  be  positive  hi 
of  the  time  and  negative  the  other  half;  the  average  power  will  then  be  *e 
(or  sero  power-factor).  This  difference  in  phase,  or  time  relation  betw*e< 
the  current  and  the  potential,  is  called  the  phase  angle  and  is  usually  e 
pressed  in  degrees,  an  entire  cycle  being  360  deg.  If  the  current  and  tl 


Fia.  52. 


F'io.  63. 


Fios.  52  and  53. — Relation  of  current,  e.ra.f.  and  power  in  a.c.  circuit. 


voltage  are  sinusoidal,  the  average  value  of  the  power  is  W — EI  cos 
where  0 iB  the  phase  angle.  Therefore  if  the  current  and  the  potential  a 
not  in  phase,  it  is  necessary  to  know  the  value  of  the  phase  angle  if  the  pow 
is  to  be  determined  from  the  current  and  the  potential.  Fortunate) 
power  can  be  measured  directly  with  wattmeters,  which  not  only  aut 
matically  integrate  the  power  curve,  but  take  into  account  the  factor,  cos 
154.  Precision  measurements  of  power  must  be  made  with  an  instri 
ment  which  is  equally  accurate  on  continuous  and  alternating  currents,  i 
order  that  it  may  be  calibrated  on  continuous  current.  Such  measuremen 
are  most  accurately  made  with  reflectlhg  electrodynamometers  i 
which  deflections  are  measured  by  means  of  a mirror,  with  a lamp  and  seal 
(See  Par.  33,  64  and  97.)  The  fixed  coils  are  often  divided  into  several  set 
tions,  which  may  be  connected  in  various  series  and  parallel  combinatloi 
to  give  large  deflections  over  a wide  range  of  power  intensities.  Instrument 
erf  this  type  made  by  the  General  Electric  Company  have  current  caps* 
ities  from  5 amp.  to  125  amp.  and  above,  with  corresponding  sensitivith 
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of  10  and  200  waits  respectively  at  full  scale  deflection,  with  a 50-cm. 
(If  7 in.)  scale  at  100  cm.  (39.4  in.)  distance. 

Ul.  The  Westinghouse  “precision”  wattmeter  is  similar  to  the  cor- 
responding ammeter  (Par.  99).  except  that  the  moving  coils  are  wound 
with  fine  wire  and  are  connected  across  the  line  instead  of  in  series  with  the 
5ied  coil.  There  are  usually  two  or  three  current  ranges,  and  the  series 
resistance  for  the  moving  coil  is  mounted  in  a separate  box.  It  therefore 
can  be  used  with  a wide  range  of  voltages,  from  10  volts  up.  < Although  con- 
aderable  metal  is  used  in  the  construction  of  this  instrument,  it  is  so  arranged 
that  the  eddy-current  error  is  not  appreciable  at  commercial  frequencies. 

1M.  The  Duddell-Mather  type  of  wattmeter  as  mode  by  Paul  is  a 

carefully  constructed,  semi-portable,  secondary  standard  in  which  the  current 
element  comprises  four  fixed  coils  connected  in  series,  and  the  potential  or 
moving  element  consists  of  four  coils  connected  in  series,  all  astatically 
arranged.  The  moving  element  is  suspended  by  a silk  fibre  and  a spiral 
©ring  furnishes  the  controlling  force.  It  is  a torsion-head  instrument  like 
the  Westinghouse  wattmeter. 


117.  Commercial  indicating  wattmeters  arc  made  in  two  general 
forms,  the  electrodynamometer  type  and  the  induotion  type. 

Id.  The  Weston  model-16  and  the  General  Electric  type  Pa  inatru- 
maats  are  well-known  examples  of  the  electrodynamometer  olass.  Fig. 
54  taws  the  general  arrangement.  The  current  or  senes  element  con- 
mt$  of  two  fixed  coils  wound  with  heavy  wire  or  strip,  which  are  connected 
in  series  with  each  other  and  with  the  main  circuit.  The  potential  or 
sstmt  element  is  a moving  coil  mounted  on  a shaft  supported  between 
jewel  bearings  and  placed  between  the  two  fixed  coils.  This  coil  connate  of  a 
Urge  number  of  turns  of  fine  wire,  as  in  voltmeters;  it  is  connected  in  senes 

with  a relatively  large  amount  of 
non-inductive  resistance,  across  the 
main  circuit.  The  controlling  force 
comprises  one  or  more  spiral  springs 


Fia.  54. — Diagram,  electrodynamom- 
eter type  wattmeter. 


Fia.  55. — Diagram,  WestinghouBe 
induction  type  wattmeter. 


1H.  The  inclined-coil  type  of  wattmeter  (General  Electric  Company) 
i>  similar  in  principle  (Par.  168),  but  the  centre  lines  of  the  fixed  coils  and 
ihe  moving  coil  make  an  angle  of  about  45  deg.  with  each  other,  instead 
of  90  deg.,  the  object  being  to  make  the  scale  more  open,  or  more 
amforinly  graduated. 


140.  The  Westinghouse  portable  wattmeter  is  the  most  important 
'ample  of  induction-type  wattmeters.  The  principle  is  exactly  the  same 
w that  of  the  induction  watthour  meter  (Par.  901) ; but  instead  of  allowing 
the  moving  element  to  rotate,  the  torque  is  opposed  by  a spiral  spnng  and 
hwwe  the  deflection  is  proportional  to  the  power.  Fig.  55  shows  the  sche- 
matic arrangement,  where  A A'  are  the  current  or  series  coils,  PP'  the  po- 
tential or  shunt  coils  and  SS'  the  compensation  coils  by  means  of  which, 
together  with  the  adjustable  resistance,  R,  the  exact  quadrature  relation  is 
obtained  as  in  watt-hour  meters.  This  type  is  also  made  in  polyphase  form 
by  having  two  seta  of  current  and  potential  elements  acting  on  a common 
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moving  disc,  dr  drum,  as  in  the  polyphase  watt-hour  meter.  It  is  obwioui 
that  instruments  of  this  type  are  limited  to  the  frequency  for  which  they  are 
designed. 

161.  The  Whitney  wattmeter  operates  on  the  dynamometer  principle 
(Par.  168)  except  that  it  is  a torsion-head  instrument,  the  moving  element 
being  kept  in  a fixed  position  by  twisting  the  torsion  head  to  which  the 
control  spring  is  attached.  The  pointer  attached  to  this  head  moves  over 
the  scale.  This  method  permits  using  a very  long  scale,  extending  around  s 
full  circle. 

16S.  Wattmeters  for  switchboard  use  employ  both  the  electrodynamio 
and  the  induction  principles.  Weston  instruments  are  similar  to  the  por- 
table electrodynamometcr  instrument  (Par.  188).  The  General  Electric 
edgewise  type  "H"  instruments  are  dynamometer  types  while  type  I 
is  of  the  induction  type.  Westinghouse  switchboard  instruments  are 
also  induction  type. 

168.  The  calibration  of  wattmeters  of  the  dynamometer  type 

should  be  done  with  continuous  current.  It  is  customary  to  make  such  tests 
at  a fixed  potential  usually  100  or  200  volts,  and  to  vary  the  current  to  give 
the  required  watts.  The  potential  is  held  constant  at  the  desired  value  by 
means  of  one  standard  (standard  voltmeter  or  potentiometer)  and  the 
current  is  read  on  another  standard  (standard  ammeter,  or  potentiometer 
with  standard  resistance).  It  is  more  convenient  to  obtain  the  potential 
and  the  current  from  separate  sources,  because  the  process  of  adjustment  of 
one  circuit  will  not  affect  the  other.  In  the  case  of  instruments  of  lane 
capacity  this  method  economises  energy,  because  only  three  or  four  volts 
are  neoessary  for  the  current  circuit. 

164.  Calibration  of  induction-type  wattmeters.  These  instruments 
must  be  checked  on  alternating  current  of  the  frequency  for  which  they  are 
designed.  This  check  is  made  by  comparison  with  a secondary  standard, 
which  in  turn  is  checked  on  continuous  current.  Polyphase  instru- 
ments may  be  checked  as  single-phase  instruments  by  connecting  the 
current  circuits  in  series  and  the  potential  circuits  in  parallel.  In  the  case 
of  induction-type  instruments  stray  magnetie  flux  from  one  element  may 
affect  the  other,  in  which  case  the  calibration  should  be  made  on  a polyphase 
circuit. 

168.  The  induotance  error  In  wattmeters  may,  under  certain  condi- 
tions, become  very  important.  While  the  theory,  of  the  electrodynamometcr 
type  of  wattmeter  assumes  that  the  potential  circuit  is  non-inductive,  this 
is  not  strictly  true  in  the  actual  instrument  because  of  the  inherent  induct- 
ance of  the  coils.  Ordinarily,  however,  the  non-inductive  series  resist- 
ance is  sufficiently  large  to  make  the  effect  of  this  inductance  negligible 
at  ordinary  frequencies  and  power-factors.  But  with  low  power-factors, 
the  lag  angle  in  the  potential  circuit  may  have  to  be  considered.  The  power 
in  an  alternating-current  circuit  is  W — El  cos  0,  where  W — power,  I — current, 
B~  e.m.f.  and  cos  6 — power-factor  of  circuit.  When  the  power-factor  is 
unity,  I and  E are  in  phase,  but  the  potential-circuit  current  lags  slightly 
behind  B,  thus  producing  the  effect  of  a small  power-factor.  If,  for  example, 
the  lag-angle,  0,  is  2 deg.,  cos  0—0.9994 — a negligible  error.  If  the  line 

Sower-factor  is  50  per  cent.,  the  lag  angle  in  the  wattmeter,  0,  is  (60  — 2)  —58 
eg.  The  cosine  of  60  deg.  is  0.50  while  the  cosine  of  58  deg.  is  0.53,  thus  intro- 
ducing an  error  of  6 per  cent.  (See  Par.  169  for  compensation  and  Par.  ITt 
for  correction  for  inductance.) 

166.  The  stray-field  error  in  unshielded,  non-astatic,  electrodyna- 
mometer wattmeters  may  be  anything  from  sero  to  25  per  cent,  with 
an  alternating  magnetic  field  of  5 lines  per  square  centimeter,  and  from  sero  to 
75  per  cent,  at  10  lines,  depending  upon  the  direction  of  the  field  and 
the  coil  deflection.  A shield,  properly  made  and  placed,  is  extremely 
effioient,  reducing  the  effect  of  a field  of  20  lines  per  <quare  centimeter  to 
practically  sero,  without  introducing  eddy  current  or  other  errors. 

Wattmeters  of  the  Kelvin  balance  type,  in  which  the  ooils  are  asta- 
tcially  arranged,  are  practically  immune  from  these  troubles  except  in  an 
intense  field  which  is  not  uniform  throughout  the  space  occupied  by  the 
moving  system;  suoh  a condition  may  arise,  for  example,  when  the  watt- 
meter is  close  to  a conductor  carrying  a very  large  current.  Induction- 
type  instruments  employ  much  stronger  field  strengths  and  are  not  appreci- 
ably affected  except  by  very  strong  fields. 
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Iff  Wattmeter  connections  to  line.  Care  should  be  taken  so  to 
eosoect  a wattmeter  into  the  main  circuit  that  the  moving-coil  end  of  the 
potential  circuit  and  the  current  coil  are  on  the  same  aide  of  the  circuit 
being  measured.  Otherwise  there  may  be  sufficient  electrostatic  attraction 
between  the  two  windings  to  produoe  an  error;  or,  if  the  potential  is  sufficiently 
hfh,  the  insulation  between  the  windings  may  be  broken  down.  The 
latter  may  be  guarded  against  by  connecting  the  binding  post  at  the  moving- 
coil  end  of  the  potential  circuit  to  the  proper  current  post  with  fine  fuse  wire. 

Iff.  Correction  for  wattmeter  losses  or  energy  consumption. 
Where  small  quantities  of  power  are  being  measured,  the  losses  in  the  cir- 
cuits of  the  instrument  itself  should  be  taken  into  account.  It  will  be  noted 
in  Fig.  56  that  the  instrument  is  measuring  its  own  current  circuit  loss,  or 
series  PR  loss.  If  the  instrument  loss  cannot  be  neglected,  it  is  better  to 
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Fia.  57. — Electrodynamometer  arrange- 
ment for  measuring  small  amounts  of 
power. 


rmaeet  the  potential  circuit  to  the  load  side  (5  instead  of  a)  and  inolude  the 
potential  circuit  loss  in  the  measurement  instead  of  the  current  circuit  loss, 
hcesose  the  former  not  only  remains  constant  but  is  more  easily  calculated. 
Wattmeters  are  often  arranged  to  correct  or  compensate  automatically  for 
tksloes  bymeana  of  a few  turns  on  the  fixed  coil,  connected  in  series  with  the 
poteatial  circuit  and  in  opposition  to  the  fixed  coil.  This  arrangement  can- 
sot  be  used  with  shunt-type  instrument  transformers  nor  when  checking  the 
nttaeter  with  separate  sources  of  e.m.f.  and  current.  A separate  connec- 
tion is  usually  provided,  however,  for  this  purpose.  In  general  it  is  safer 
always  to  use  this  “independent"  connection,  making  allowance  for  the 
poteatial  loss,  when  necessary,  by  calculation. 

lit.  If eagurement  of  very  small  amounts  of  power.  Where  the 
power  is  extremely  small,  only  a few  watts,  reflecting  electrodynamometers 
moat  accurate.  This  is  especially  true  when  the  power-factor  is  Ipw,  the 


N-  W. — Power  in  single-phase  Fia.  59. — Power  in  single-phase 

circuit,  three-voltmeter  method.  circuit,  three-ammeter  method. 


potential  high  and  the  current  low,  or  vice  versa,  as  for  example  the  losses 
u tetaniating-eurrent  conductors,  in  dielectrics,  instrument  circuits  and  mag- 
**■  circuits.  The  fixed  coils  may  be  connected  directly  in  series  with  the 
?***  circuit  or  to  a non-inductive  shunt  in  the  circuit.  At  low  potentials, 
terse*  resistance  in  the  moving-coil  circuit  may  not  be  sufficient  to  elimi- 
tetethe  effect  of  inductance  but  this  oan  be  accomplished  by  shunting  the 
^•■Unee  with  a condenser  as  shown  in  Fig.  57.  When  the  potential  cir- 
***  ■short-circuited  at  a,  6,  the  oapacity  C or  resistance  R%  is  adjusted  until 
» no  deflection  with  full  current  in  the  fixed  coil  (Iri**.  « CRt*) . Cali- 
■tfoa  is  of  course  made  with  continuous  current. 
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17 a.  Measurement  of  power  in  a single-phase  circuit.  One  watt- 
meter connected  as  shown  in  Fig.  56  will  read  true  watts.  The  power  may 
also  be  measured  without  the  use  of  a wattmeter,  by  three  voltmeters  or 
three  ammeters.  , , . , . 

In  the  “three-voltmeter  method,  a known  non-inductive  resistance. 
R,  is  connected  in  series  with  the  load  as  shown  in  Fig.  58,  where  B,  B\  and 
Et  are  points  where  voltmeter  readings  are  to  be  taken.  The  power  in 
watts  is 

tP-— (watta)  (22) 


Similarly,  in  the  “three-ammeter”  method.  Fig.  59,  the  power  in  watts  is 
TT  — ~ ~)  (watts)  (23) 


171.  Two-phase,  four-wire  circuit  (not  interconnected).  Two 

wattmeters  are  connected  as  shown  in  Fig.  60,  the  conditions  being  equivalent 

| , to  two  single-phase  circuits.  The  total 

j L/tr\J  I power  is  obviously  the  arithmetical  sum 

wggg  Ljpt  of  the  readings  of  the  two  instruments. 

P l7*-  Two-phase,  three- wire  circuit 

S fyy — , — Two  wattmeters  should  be  connected 

I as  shown  in  Fig.  61,  the  total  power  being 

Vin  60  — Power  in  two-Dhase  the  abt'braic  sum  of  the  two  readings. 
Fio.  60.  rower mtwo-pnas  , connectlon  is  correct  for  all  condi- 

foU^^f6  °lrCUlt  notl  mtercon"  tions  of  load,  balance  and  power-factor, 
nectea; . One  wattmeter  may  be  used  as  in  Fig.  62, 

provided  there  is  no  load  across  the  outer  conductors  and  the  phases  are 
balanced  as  to  load  and  power-factor. 

17S.  Two-phase,  four-wire,  interconnected  circuit.  Three  watt- 
meters  can  be  used,  connected  as  in  Fig.  63,  the  total  power  being  the  alg+ 


Fig.  61. — Power  in  two-phase 
three- wire  circuit. 


Fig.  62.  — Power  in  two- 
phase,  three-wire  circuit. 


braic  sum  of  the  three  readings.  This  connection  is  correct  under  all  con 
ditions  of  load,  balance  and  power-factor.  Two  wattmeters,  one  in  eac^ 
phase,  -will  give  the  true  power  only  when  the  load  is  balanced. 

174.  Three-phase,  three-wire  circuits.  Two  wattmeters  may  be  used 
connected  as  in  Fig.  64,  the  total  power  being  the  algebraic  sum  of  the  tw< 


Fig.  63.  — Power  in  two-phase,  F i a . 6 4 .—Power  in  three-phas« 
four-wire  interconnected  circuit.  three- wire  circuit,  two  wattmeter* 


readings  under  all  conditions.  If  the  load  is  balanced,  each  instrument  wi! 
indicate  half  the  total  power  at  unity  power-factor  and  at  50  per  cent,  powei 
factor  one  instrument  will  indicate  the  total  power,  the  other  instrumen 
reading  aero.  At  less  than  50  per  cent,  power^factor,  one  instrument  wi, 
read  negative.  (See  Par.  209  for  method  of  verifying  power-factor.) 
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1TI.  ThrM<phM«,  three-wire  circuit*,  balanced  load.  When  the 
ked  is  balanced  the  power  may  be  measured  with  one  wattmeter  by  the  follow- 
ing methods. 


(a)  With  “■tar"  box  orarti- 
5dal  neutral  as  shown  in  Fix.  65. 
n»e  total  power  is  three  times 
the  reading  of  the  wattmeter. 

Tbe  resistance  in  each  leg  of  the 
ftar  box  should  be  non-inductive 
xnd  small  compared  with  that 
of  the  potential  circuit  of  the 
wattmeter,  so  that  the  cur- 
rent taken  by  the  latter  will  not 
disturb  the  potential  at  tho  neu- 
tral point,  0. 

(b)  With  “Y”  box  as  shown 
in  fig.  66.  The  total  power  is  three  times  the  wattmeter  reading. 


Fig.  65. — Power  in  three-phase,  three- 
wire  circuit,  ono- wattmeter,  with 
“star”  box. 


_ The 

_ arrangement  is  similar 
to  (a),  one  leg  of  the 
star  box  being  replaced 
with  the  potential  cir- 
cuit of  the  wattmeter 
itself.  The  other  two 
legs  have  the  same  im- 
pedance as  the  poten- 
tial circuit  of  the  watt- 
meter. 

(c)  With  a *T'  re- 
actance  coil  as  shown 
The  total  power  is  twice  the  wattmeter  reading.  The  im- 


fis.  66. — Power  in  three-phase,  three-wire  circuit, 
one  wattmeter,  with  "Y"  box. 


in  fig.  67. 

ptdanee  of  the  reactance 
coil  arast  be  small  com- 
pared  with  that  of  the  po- 
tential circuit  of  the  watt- 
actor,  so  that  the  current 
taken  by  the  potential  cir- 
cuit wifi  not  disturb  the 
potential  atO. 

176.  Three-phase, 
four-wire  circuits.  Three 
wattmeters  are  used  as 
tl»wu  in  Fig.  68.  The 
total  power  is  the  algebraic 
om  of  the  three  readings. 

Tlua  method  is  correct 
«sder  all  conditions  of  load,  balance,  and  poweT-factor.  A 

“star”  system  with 


Fia.  67. — Power  in  three-phase,  three-wire 
circuit,  one  wattmeter,  with  “T”  reactance  coil. 


. 6 8 . — Power  in  three-phase, 
four-wire  circuit. 


three-phase, 
a grounded 
neutral  is  virtually  a four-wire  sys- 
tem and  the  power  should  be  meas- 
ured with  three  wattmeters.  Ob- 
viously, if  the  load  is  balanced, 
one  wattmeter  can  be  used,  the 
total  power  being  the  indication  of 
the  wattmeter  multiplied  by  three. 
The  current  coil  should  dc  con- 
nected in  series  with  one  conductor 
or  phase  wire  and  the  potential 
coil  between  that  conductor  and 
the  neutral. 

177.  *'N”-phMe  circuit.  In 
any  system  whatsoever,  of  “n” 
phases,  the  true  power  may  be 
measured  by  connecting  a watt- 
meter in  each  phase,  the  current 
coil  being  in  series  with  the  line 


. i , ..  ..  . . lTO,us  wrieu  wiwi  uic  uuo 

the  potential  ooil  connected  between  that  line  and  any  common 
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point  P of  the  system,  which  may  or  may  not  be  the  neutral.  The  tots 
power  for  any  load  condition  is  the  algebraic  sum  of  the  readings  of  all  of  th 
wattmeters  so  connected.  • 

178.  Power  measurements  on  high-voltage  circuits  should  preferabl; 
be  made  with  series-type  and  shunt-type  instrument  transformers.  It  th 
instrument  wattmeter  is  connected  directly  to  the  circuit  with  series  re 
sistance  in  the  potential  oirouit,  the  circuit  should  be  grounded  at  th 
instrument  in  order  to  avoid  errors  of  electrostatic  attraction,  and  also  poe 
tibb  injury  to  the  instrument  or  the  observer.  The  current-capacity  limi 
of  commercial  wattmeters  is  about  200  amp,  beyond  which  series  tram 
formers  with  5-amp.  instruments  are  used,  irrespective  of  potential. 

178.  Corrections  where  instrument  transformers  are  used  in  accu 
rate  power  measurements.  In  every  case  the  true  ratio  and  phase  angl 
should  be  known  (Par.  79  and  Par.  104,  105).  The  general  effect  of  the  phas 
changes  in  the  instrument  transformers  is  to  make  the  angle  between  th 
ourrent  and  the  potential  in  the  wattmeter  larger  or  smaller  than  that  be 
tween  the  current  and  the  e.m.f.  of  the  circuit  being  measured. 

If  cos  0 — true  power-factor  and  cos  0i  — apparent  power-factor  (*.«.,  power 
factor  in  the  wattmeter  obtained  from  the  ratio  of  the  watts  and  volt-ampere 
in  the  wattmeter),  true  watts  — (cos  0/ cos  <h)  X wattmeter  reading.  Th 
apparent  power-factor,  cos  0*  — cos  (6±a±0±y),  where 
0 — phase  angle  in  main  circuit, 
a — equivalent  phase  angle  in  wattmeter, 

0 — equivalent  phase  angle  in  current  transformers, 
y — equivalent  phase  angle  in  voltage  transformers. 

The  angles  a,  0 and  y are  given  positive  (+)  signs  when  they  tend  to  d* 
crease  and  negative  ( — ) signs  when  they  tend  to  increase  the  phase  angl 
between  the  current  and  voltage  in  the  instrument,  t 

180.  Power-factor.  The  power-factor  of  a circuit  is  the  ratio  of  the  trn 
power  in  watts,  as  measured  with  a wattmeter,  to  the  apparent  power  ok 
tamed  from  the  product  of  the  current  and  the  potential,  in  amperes  an 
volts  respectively.  In  the  ordinary  continuous-current  circuits,  the  powei 
factor  is  obviously  unity  but  in  rectifier  circuits,  for  example,  it  may  b 
slightly  less  than  unity.  In  alternating-current  circuits,  the  powei 
factor  is  usuallyjess  than  unity  because  the  current  and  the  potential  ar 
not  in  phase.  When  the  wave  form  is  sinusoidal  (and  only  then),  the  power 
factor  Lb  also  equal  to  the  cosine  of  the  angle  of  lag. 

181.  The  power-factor  of  single-phase  circuits  is  obtained  froi 
wattmeter,  voltmeter  and  ammeter  readings,  by  the  relation  W/EI  — cc 
0 where  W — watts,  E — volts  and  I — amperes. 

188.  The  power-factor  of  polyphase  circuits  which  are  balanced  j 
the  same  as  that  of  the  individual  phases.  When  the  phases  are  nc 
balanced,  the  true  power-factor  is  indeterminate.  For  all  practici 
purposes,  however,  it  is  sufficiently  correct  to  assume  the  power-factor  to  fc 
that  obtained  by  methods  whioh  give  the  average  of  the  power-factors  of  t h 
separate  phases.  In  the  wattmeter-voltmeter-ammeter  method,  th 
power-factor  is,  for  a two-phase,  three-wire  circuit  W/^2  {El),  (I  i 

middle  wire,  E between  outer  wires)  and  for  a three-phase,  three- wire  circui 
the  power-factor  is  IF/ \/3  {El),  wherein  JP  — watts,  volts  and  I* 
amperes.  In  the  two- wattmeter  method,  the  power-factor  of  a two-phas* 
three- wire  circuit  is  obtained  from  the  relation  IFj/lFi  — tan  0,  where  W 1 
the  reading  of  a wattmeter  connected  in  one  phase  in  the  same  manner  as 
single-phase  circuit,  and  Wi  is  the  reading  of  a wattmeter  connected  with  il 
ourrent  coil  in  the  first  phase,  in  series  with  the  first  wattmeter,  and  th 
potential  coil  across  the  second  phase.  Obviously,  if  the  load  is  steady,  or 
wattmeter  is  sufficient.  If  the  phases  are  not  balanced,  the  readings  snouJ 
be  repeated  with  the  instruments  in  the  second  phase,  the  true  power-fact* 
being  taken  as  the  average  of  the  two  results.  In  a three-phase,  thro* 
wire  circuit,  the  power-factor  can  be  calculated  from  the  readings  of  tw 

* Bedell,  F.  “Direct  and  Alternating-current  Testing.'*  D.  Van  Nostran 
Company  (1912),p.  228. 

i Robinson,  L.  T.  “ Electrical  Measurements  in  Cirouits  Requiring  Currer 
Potential  Transformers.”  Traiu.  A-  I.  E.  E.,  1909,  Vol.  XXVIII,  p.  100, 
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Fio.  i 


9. — Diagram,  Weston  single-phase 
power-factor  meter. 


nttmeter*  connected  in  the  standard  method  for  measuring  power,  as  follows: 
({Ifi-FFO/CWi-i-  TF*)l\/3  — tan  9,  where  W\  is  the  larger  reading,  which  is 
tiwtys  positive,  and  Tr  * is  the  smaller  reading  which  may  be  either  positive 
or  negative. 

US.  Power-factor  meters  are  instruments  which  indicate  directly  the 
power-factor  of  the  circuit.  Commercially  t here  are  two  general  classes,  those 
involving  the  principle  of  electrodynamometer  wattmeters  and  those 
bued  on  the  principle  of  induction  wattmeters.  The  essential  features  of 
» Weston  single-phase  power-factor  meter  of  the  first  class  are  shown  in  Fig. 
69.  It  will  be  noted  that  the 

funngenient  is  similar  to  that  XXV''  r 

in  wattmeters,  except  that 
there  are  two  coils,  M , M1,  in 
the  moving  system  instead  of 
one.  One  coif,  31,  is  connected 
Kvass  the  line  and  in  series 
with  a resistance  R,  while  the 
other  coil,  3f>,  ia  connected  in 
■enea  with  an  inductance  L. 

The  current  in  the  coil,  3#1, 
will  therefore  be  about  90  deg. 
o«t  of  phase  with  that  in  coil 
f when  the  power-factor  is 
waity,  the  reaction  between 
the  find  cods,  Pt  F1,  and  the 
Bpnag  coil  M will  be  a maximum  while  that  between  FF1  and  3ft  will  be  a 
**»»um.  The  torque  exerted  on  Af  will  cause  the  moving  system  to  take 
ue  position  of  minimum  torque,  that  is,  where  the  plane  of  3f  will  be  parallel 
to  that  of  FF1;  the  corresponding  mark  on  the  scale  will  therefore  be  100. 
““ilarly,  at  sero  power-factor,  coil  3ft  will  exert  all  of  the  torque  and  cause 
u*  moving  system  to  take  a position  where  the  plane  of  M1  will  be  parallel 
to  that  of  FF1',  the  corresponding  indication  is  therefore  aero.  Theoretically, 
we  indications  will  be  affected  Dy  the  frequency,  because  the  current  in  L 
fcptads  upon  the  frequency,  but  by  proper  design  of  the  reactor,  L,  the 
duet  of  moderate  variations  in  frequency  can  be  eliminated. 

Is  the  polyphase  meter.  Fig.  70  (for  balanced  circuits  only),  the  in- 
ductance L is  not  required  and 
the  instrument  is  therefore  entirely 
independent  of  the  frequency. 
There  are  three  coils  in  the  moving 
system,  one  connected  across  each 
phase.  The  principlo  of  operation  is 
exactly  the  same  as  in  the  single- 
phase  instrument,  the  moving  sys- 
tem taking  up  a position  where  the 
resultant  of  the  three  torques  will  be 
a minimum,  which  position  will  vary 
with  the  average  power-factor  of  the 
circuit. 

184.  In  Westlnghouse  power- 
factor  meters,  the  dynamometer 
Fw.70. — Diagram,  Weston  polyphase  Principle  described  in  Par  188 I is 
power-factor  meter.  used  in  some  types.  In  others  the 

induction  principle  is  employed  tn 
untune  manner  that  is  applied  in  synchroscopes  (Par.  188-ffl). 

Uf.  General  Electric  power-factor  meters  employ  the  electrodyna- 
aoweter  principle  (Par.  188)  in  polyphase  instruments.  No  single-phase 
ia*nunenta  are  made  by  this  company. 

ENERGY  MEASUREMENTS 

. HI.  The  practical  unit  of  electrical  energy  is  the  watt-hour,  which 
» the  energy  expended  in  1 hr.  when  the  power  or  rate  of  expenditure 
a I watt. 

187.  Energy  is  usually  measured  in  watt-hours,  with  watt-hour 
■•Wrs  (often  incorrectly  called  integrating  or  recording  meters).  All 
**ri-hour  meters  are,  in  reality,  small  motors  in  which  the  speed  is  propor- 


11 


161  f 

Digitized  by  VjOOQ LC 


Sec.  8-188 


MEASURING  APPARATUS 


tional  to  the  power  and  the  revolving  element  operates  a registering  roec. 
anism  on  which  the  energy  consumption  is  recorded.  Meters  for  coi 
tinuous  current  are  usually  of  the  type  which  utilise  the  electrodynam 
principle  of  direct-current  motors,  while  those  for  alternating  eurrei 
utilize  the  principle  of  induction  motors. 

188.  Continuous-current  watt-hour  meters.  Continuous-currer 
meters  may  be  divided  into  two  classes,  the  commutator  type  and  tl 
mercury  motor  type. 


189.  Commutator-type  meters  are  similar  in  principle  to  shunt  motoi 
The  essential  features  are  Bhown  in  Fig.  71.  The  moving  element  consis 


Fio.  71. — Diagram,  commutator- 
type  watt-hour  meter. 


of  an  armature,  a,  a commutator,  c,  ai 
a light  metal  disc,  d,  all  mounted  on 
steel  shaft  which  rotates  in  a jew 
bearing.  The  armature  is  connect* 
to  the  external  circuit  by  means  of  vei 
li^ht  silver-tipped  brushes.  In  sen 
with  the  armature  is  a light-load  cot 
pensation  coil,  *,  and  a resistance, 
The  field  coils  are  indicated  at/,  /. 

190.  Characteristics  of  commi 
tator-type  meters.  The  essenti 
differences  between  this  type  of  wat 
hour  meter  and  a two-pole  shunt  mot 
are  as  follows:  (a)  entire  absence  • 
iron  in  the  magnetic  circuits;  (b)  tl 
armature  element  is  connected  aero 
the  circuit  and  carries  a very  smi 
current,  while  the  field  element  is  i 
series  with  the  circuit  and  carries  tl 
main  current;  (c)  the  speed  increw 
as  the  field  strength  increases  which 
opposite  to  the  effect  in  a shunt  motel 


191.  The  principle  of  operation  of  commutator-type  meters 

as  follows.  The  torque  is  proportional  to  the  current  in  the  armature  coi 
and  to  the  field  strength.  Since  there  is  no  iron  in  the  magnetic  circuit,  tl 
latter  is  always  proportional  to  the  field  current,  hence  tne  torque  is  pn 
portional  to  the  two  currents  (as  in  a dynamometer  wattmeter).  The  cm 
rent  in  the  armature  being  proportional  to  the  line  potential,  and  the  fid 
current  equal  or  proportional  to  the  line  current,  the  torque  is  proportion 
to  the  power.  In  order  to  make  the  speed  proportional  to  tne  power, 
mechanical  load  must  be  provided,  in  wliich  tne  counter-torque  will  be  pr* 
portional  to  the  speed.  This  load  usually  takes  the  form  of  a circular  die 
d (Fig.  71)  of  thin  copper  or  aluminum  which  revolves  between  the  pol 
of  one  or  more  permanent  horseshoe  magnets,  with  poles  very  close  togetbe 
The  eddy  currents  induced  in  the  disc  react  with  the  permanent-mftgn* 
field,  producing  a counter-torque  which  will  always  be  proportional  to  tl 
speed.  As  the  load  current  increases,  the  torque  of  the  motor  element  il 
creases  and  the  speed  increases,  because  there  is  practically  no  count 
e.m.f.  in  the  armature,  *.  But  as  the  speed  increases,  the  counter-torqi 
of  the  disc  or  generator  element  also  increases  and  a speed  is  finally  reach< 
where  the  two  torques  balance  each  other  and  the  speed  remains  constan 
Thus,  theoretically,  the  speed  will  always  be  proportional  to  the  power  in  tl 
circuit.  Each  revolution  represents  a definite  amount  of  energy,  and  t 
connecting  the  shaft  to  a suitable  recording  mechanism  similar  to  that  o 
gas  and  water  meters,  the  total  energy  consumed  is  automatical] 
registered. 


192.  Effects  of  friction  and  temperature  in  commute tor-typ 
meters.  In  practice,  certain  conditions  prevent  the  speed  from  beii 
always  proportional  to  the  load,  the  principal  factors  being  friction  an 
temperature.  Bearing  friction  is  reduced  to  a minimum  by  using  polish* 
sapphire  or  diamond  jewels,  with  either  a polished  cone-shape  shaft-eo 
or  a steel  ball.  Thus  the  contact  surface  is  reduced  practically  to  a poin 
The  weight  is  reduced  by  using  hollow  shafts  and  very  light  aluminum  * 
non-metallic  frames  for  the  armature  windings.  Commutator  frictfol 
is  reduced  to  a minimum  by  making  the  commutator  diameter  small,  an 
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wing  round  brushes  so  that  contact  is  made  practically  at  a point.  The 
gears  in  the  registering  mechanism  are  made  as  light  as  possible.  The  effect 
of  friction  is  smaller  as  the  torque  is  increased;  hence  the  ratio  of  torque  to 
wight  is  made  as  large  as  possible  by  making  the  armature  spherical,  which 
give*  the  maximum  torque  for  the  minimum  amount  of  wire  (weight) . 

IIS.  Compensation  for  friction  in  commutator-typo  motors. 
Frietion  cannot  be  entirely  eliminated  and  its  effect  is  marked  at  light  load, 
ucttritsting  the  use  of  a compensating  device.  This  usually  consists 
of  & few  turns  of  fine  wire  on  the  field  coil,  which  are  connected  in  series 
with  the  potential  circuit.  These  turns  are  wound  in  a separate  coil  and  tho 
uooimt  of  compensation  can  be  adjusted  for  each  meter  individually  either 
by  titering  the  position  of  the  coil  with  respect  to  the  field  coils,  as  in  General 
uectnc  and  Westinghouse  meters,  or  by  changing  the  number  of  turns  as 
m Columbia  and  Duncan  meters. 


194.  Compensation  for  temperature  in  commutator-type  meters. 

Temperature  affects  the  performance  of  meters  by:  (a)  changing  the  resist- 
une  of  potential  circuit;  (b)  changing  the  resistance  of  the  drag  disc;  and 
jf)  changing  the  strength  of  the  permanent  magnets.  These  changes  pro- 
a combined  or  resultant  effect,  which  is  compensated  for  by  using  for 
the  aeries  resistance  in  the  potential  circuit,  one  or  more  materials  so  com- 
bued  that  the  final  temperature  coefficient  of  resistance  counteracts  the  other 
cffttti  when  the  air  temperature  changes. 

1H.  The  morcury-motor-typo  meter  is  most  prominently  represented 


the  direct-current  meter  made  by  the  Sangamo  Electric  Company. 
72  shows  diagrammatically  the  circuits  and  scheme  of  operation. 
D is  a solid  copper  disc  floating  in  mercury  _ 


1 copper  < „ 

F & float  which  supports  the ' shaft  and 
eliminates  a jewel  bearing;  H is  a lami- 
®at«d  iron  core  and  C is  a chamber  filled 
with  mercury.  The  flux  produced  in  the 
«*w,  R,  by  the  shunt  coil,  traverses  the 
« it  two  points  which  are  diametri- 
cally opposite.  The  line  current  passes 
from  h to  Li  through  the  mercury  and  dia- 
metrically through  the  disc.  This  disc 
bring  cut  by  flux,  a torque  is  produced 
which  is  proportional  to  the  current  and 
themmi. 

IN.  Compensation  for  friction  in 
mcrcury-motor-type  meter.  The  fric- 
tion due  to  the  disc  rotating  in  the  mercury 

a compensated  in  two  ways.  One 

method  is  shown  in  Fig.  72.  A high  resist- 
ance. r,  is  connected  in  shunt  with  the 
innature,  D,  and  the  o.m.f.  circuit  is  com- 
pleted by  the  sliding  contact,  P.  When 
the  Aider  is  at  6,  practically  all  of  the  shunt  current  will  pass  through  D 
because  of  the  resistance,  r,  thus  adding  to  the  torque.  When  the  slider 
a at  Oj  practically  none  of  the  e.m.f.-coil  current  will  traverse  the  arma- 
t«re.  In  the  second  method,  a circuit  consisting  of  two  wires  of  dis- 
imilar  metals,  which  form  a thermocouple,  is  connected  in  parallel  with 
tbc  mercury  chamber  terminals,  L,  Li.  This  couple  is  surrounded  with  a 
b'afing  coil  connected  in  series  with  the  potential  circuit.  The  e.m.f. 
Produced  by  the  couple  causes  current  to  flow  through  the  disc  thus  producing 
the  necessary  torque  to  overcome  the  effect  of  friction  at  light  load.  The 
faereaaed  mercury  friction  at  high  speed  is  compensated  by  a series 
(or  half  a turn),  f,  on  the  core  H.  The  drag  or  counter-torque  is 
Attained  with  a separate  disc  and  permanent  magnets  (not  shown)  in  the 
oaaal  manner. 

ill.  Speed  adjustments.  The  speed  at  all  loads  is  equally  affected 
by  shifting  the  drag  magnets  diametrically  with  respect  to  the  meter  shaft, 
Amt  altering  the  retarding  torque.  This  torque  is  a minimum  with  the  mag- 
dote  to  the  shaft  and  a maximum  with  magnets  near  the  edge  of  the 
The  speed  at  light  load  is  adjusted  independently  as  indicated  m 
?«r.  lit.  ^ 


Fio.  72. — Diagram,  Sangamo 
mercury-motor- type  watt-hour 
meter. 
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198.  Typical  Data  Applying  to  Modem  110-Volt,  B-amp.  or  10 
amp.,  Direct-current  Watt  hour  Meters  * 


G.  E.  Co. 

C-6, 

5 amps. 

f 

Is  | 
1*2 
£ gw 

A 

2 • 
a 2* 

a - g 

gas 
<2  2 

I i 

Bo 

0- 

°Q 

Speed,  full  load,  r.p.m 

46 

41.7 

25 

36.7 

3< 

Torque,  full  load,  mm.-grm 

170 

140 

55 

180 

9< 

Weight,  moving  element,  grm 

97 

80 

sx 

130 

9< 

Ratio,  torque  to  weight 

1.75 

1.75 

18 

1.39 

l.< 

Drop,  current  circuit,  volts  at  rated 

1.15 

1.0 

0.03 

0 U 

current. 

Loss,  current  circuit,  watts  at  rated 

5.75 

5.0 

0.3 

. 5.1 

current. 

Loss,  potential  circuit,  watts  at  110 

5.1 

4.5 

5.0 

5.0 

2 .( 

volts. 

Resistance,  armature,  ohms 

Resistance,  compensating  coil,  ohms. . . 
Resistance,  series  resistance,  ohms 

825 

05 

1,185 

315 

1,8501 



2,6« 

454 

1,540 

800 

450 

3,001 

Resistance,  potential  circuit,  total  ohms 
Ampere-turns,  field 

2,430 

300 

2,300 

600 

2,300 

910 

6,111 

701 

Ampere-turns,  armature 

800 

1,500 

2,10 

199.  Three- wire  circuits  are  metered  with  two,  two- wire  meters  < 

the  kind  described  (Par.  188  to  Par.  198),  or  a three- wire  meter.  Tb 
latter  which  is  usually  made  in  the  commutator  type,  is  the  same  as  th 
two- wire  meter  except  that  the  two  field  coils  (which  should  be  alike)  at 
separated  electrically,  and  one  is  connected  in  each  outer  wire  in  such  amanD< 
that  their  fields  are  cumulative  as  before.  When  the  load  is  exactly  balance* 
the  conditions  are  obviously  the  same  as  in  a two- wire  meter,  and  whe 
unbalanced  the  two  field  strengths  add  together  so  that  the  speed  is  pn 
portional  to  the  total  current,  t 

500.  The  metering  of  heavy-current  circuits  by  means  of  standar 
meters  becomes  troublesome  because  of  the  large  conductors  required  in  1 b 
fields.  While  such  meters  have  been  made  in  capacities  upto  20,000  amp 
they  are  very  costly  and  not  satisfactory  at  light  loads.  Watthour  metei 
have  been  developed  by  some  manufacturers,  along  standard  lines,  for  opei 
ation  with  shunts.  In  order  to  develop  sufficienttorque  without  an  excel 
sive  shunt  loss,  it  is  necessary  to  employ  shunts  having  small  drop,  larg^e  fiel 
coils  on  the  meters  and  relatively  large  leads  from  meter  to  shunt.  Whei 
the  meter  has  to  be  some  distance  from  the  shunt,  the  leads  may  have  to  fa 
nearly  as  large  as  the  wires  in  the  main  circuit,  in  order  to  keep  down  tfa 
resistance. 

Another  way  to  avoid  the  use  of  large  meters  is  to  connect  ‘seven 
smaller  meters  in  parallel.  Care  should  be  taken  to  make  the  resistanc 
of  the  several  branches  equal,  if  the  meters  are  of  the  same  capacity;  or.  j 
the  meters  are  of  different  capacities,  inversely  proportional  to  the  capaci 
ties  of  the  meters.  This  will  insure  that  none  of  the  meters  are  overloads 

501.  Alternating-current  watt-hour  meters.  Alternating-curren 
energy  is  almost  always  measured  with  induction  type  meters.  Con 
mutator  meters  are  seldom  used  on  alternating-current  circuits  for  the  ver 
practical  reason  that  induction  meters  are  not  only  more  accurate,  bu 
much  less  expensive  in  first  cost  and  in  maintenance. 


• From  Electrical  Metermnn’s  Handbook,  N.  E.  L.  A.,  1912,  to  whic 
readers  are  referred  for  further  data.  See  also  Fitch,  T.  T.  and  Huber,  C.  * 
“A  Comparative  Study  of  American  Direct-current  Watthour  Meters. 
Bureau  of  Standards  Bulletin,  1913,  Vol.  X,  p.  101.  (Reprint  No.  207.) 
t The  8angamo  Co.  has  recently  developed  a three-wire  mercury  meter  (« 
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Mt.  Induction-type  watt-hour  meters  operate  on  the  principle  of  the 
routing  magnetic  field  of  the  induction  motor.  The  essential  features  of 
tbe  principal  makes  of  watt-hour  meters  are  shown  in  the  diagrammatic 
dceteh,  Fig.  73..  P is  the  potential  ooil;  S the  series  coil,  and  C a compensat- 
ing rod.  A metallic  disc  is  free  to  revolve  between  the  poles.  The  alter- 
nating magnetic  fluxes  from  these  poles  will  establish  currents  in  the  disc 
about  as  indicated  by  the  arrows  in  the  sketch  at  the  right,  which  shows 
a portion  of  the  disc  and  the  poles.  The  potential  winding,  P,  has  many 
tarns  and  is  therefore  highly  inductive,  while  the  series  winding,  S,  is  prao* 
tically  non-inductive; 
thus  the  fluxes  produced 
by  these  two  circuits  are 
practically  90  time-de- 
grees apart.  Each  flux 
ii  in  phase  with  the  cur- 
rent which  produces  it: 
and  the  e.m.f.  {generated 
is  the  disc,  which  is  cut 
by  the  flux,  is  in  time 
quadrature  with  the  gen- 
eating flux.  Therefore, 
u it  is  assumed  that  the 
fcaes  due  to  P and  S, 

Hspectively,  are  in  quad- 
HUre,  the  eddy  currents 
pwiaeed  by  P will  be  a 
®*Mwua  at  the  same  instant  that  the  flux  from  S is  a maximum,  and  vic4 
“To-  Thus  a torque  will  be  produced  which  is  proportional  to  the  instan- 
tuieoas  product  of  the  eddy  currents  in  the  disc  and  the  flux  from  the  pole 
under  which  the  current  is  flowring.  This  torque  is  proportional  to  the  power 
pad  in  the  load  circuit  providing  the  time-phase  difference  of  the  currents 
Q eofls  P and  S is  exactly  90  deg.  at  unitv  power-factor.  The  necessary 
reading  action  or  counter- torque  is  obtained  with  permanent  magnets  on 
wit  same  disc  as  described  under  direct-current  meters  (Par.  191). 
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practically  all  meters  is  that  in  which  a flux  is  produoed  at  the  potent) 
pole  face,  slightly  out  of  phase  with  the  main  flux.  Thus  eddy  currents  w 
be  produced  in  the  disc  which  will  be  in  phase  with  a small  component  of  tJ 
main  flux,  giving  rise  to  a slight  torque  which  can  be  made  sufficient  to  ove 
come  the  friction  torque.  This  "out-of-phase”  flux  is  produced  in  varioi 
ways  in  different  meters.  A common  method  is  to  place  a short-circuit* 


by  unbalancing  the  flux  of  the  two  potential  poles  by  means  of  magnet 
shunts. 

505.  Adjustments  of  induction- type  meters.  Facilities  are  usual 
provided  for  conveniently  adjusting  the  meter  accuracy  at  light  and  full  loa 
The  position  of  the  light-load  compensation  coil  can  be  changed  wii 
conveniently  located  screws,  and  the  light-load  speed  thus  altered.  Spe< 
adjustment  at  all  loads  is  obtained  by  shifting  the  drag  magnets  wil 
respect  to  the  axis,  as  in  direct-current  meters,  or  by  shunting  the  fli 
by  means  of  a movable  soft-iron  keeper  bridging  the  air  gap.  T1 
power-factor  or  lag  adjustment  is  made  at  the  factory  and  if  properly  doi 
should  never  require  readjustment. 

506.  Typical  Data  Applying  to  Modern  110-volt  Single-phase  W 

cycle,  0-amp.  Induction-type  Watt- hour  Meters* 


r 

G.  E. 

Westing- 

Fort 

San- 

Co. 

1-10 

house 

0-A 

Wayne 

K-4 

gamo 

H 

M 

bia  C 

Speed,  full  load, 

r.  p.  m 

Torque,  full  load, 

36 

25 

36.7 

40 

36.7 

30 

mm . -grams 

Weight,  moving  eel- 

46.6 

36 

45 

40 

115 

80 

ment,  grams 

Ratio  torque  to 

26.3 

15 

21 

15.6 

46 

30 

weight 

Drop,  current  circuit 

1.77 

2.32 

2.14 

2.5 

2.5 

2.W 

volts  at  5 amp. . . . 

0.3 

0.12 

0.1 

0.1 

Loss,  our  rent  circuit, 

watts  at  5 amp. . . 

0.98 

0.75 

0.59 

0.5 

0.5 

Loss,  potential  cir- 

cuit, watts  at  110 
volte 

2.5 

1.6 

1.75 

1.85 

1.25 

1.5 

Power-factor,  poten- 

tial circuit,  per 
cent 

18 

17 

35 

70 

507.  Measurement  of  energy  in  alternating-current  circuit* 

The  energy  consumption  in  alternating-current  circuits  is  measured  wit 
watt-hour  meters  connected  in  exactly  the  same  manner  as  are  wattmetei 
for  the  measurement  of  power.  (See  Figs.  60  to  68.)  In  three-wire,  twe 
phase  or  three-phase  systems,  polyphase  meters  may  be  used.  Sue 
meters  comprise  merely  two  Bin^le-phase  meters  in  one  case,  with  a commo 
shaft,  and  connected  to  the  main  circuit  in  the  same  manner  as  two  singl< 
phase  meters. 

Four-wire  systems,  unless  balanced,  require  three  single-phsi 
meters.  A three-phase  system  with  a grounded  neutral  should  t 
considered  a four- wire  system  requiring  three  meters,  unless  it  is  complete! 
balanced. 

508.  The  total  energy  in  a three-phase  circuit  is  the  algebraic  sui 
of  the  indications  of  two  single-phase  meters,  just  as  the  total  power  i 
the  algebraic  sum  of  the  readings  of  tw'o  wattmeters  (Par.  174).  If 
polyphase  meter  is  used,  the  summation  is  automatically  performed,  an 

* From  "Electrical  Meterman’s  Handbook,”  N.  E.  L.  A.,  1912,  to  which  tl 
reader  is  referred  for  further  data. 
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"tea  om  element  tends  to  run  backward  (power-factor  lees  than  50  per 
sent),  it  simply  reduces  the  torque  of  the  other  one,  so  that  the  actual  speed 
a Sill  proportional  to  the  net  jpower  in  the  circuit. 

901.  Polyphase  meter  connections.  Obviously  it  is  extremely  impor- 
tiat  that  the  various  circuits  of  a polyphase  meter  are  properly  connected. 
If,  for  example,  the  current-coil  connections  are  interchanged  and  the 
be  power-factor  is  50  per  cent.,  the  meter  will  run  at  the  normal  100  per  oent. 
power-factor  speed,  thus  giving  an  error  of  100  per  cent. 

A test  for  correct  connections  is  as  follows:  If  the  line  power-factor  is 
over  50  per  cent.,  rotation  will  always  be  forward  when  the  potential  or  the 
current  circuit  of  either  element  is  disconnected,  but  in  one  case  the  speed 
wiQ  be  less  than  in  the  other.  If  the  power-factor  is  less  than  50  per  cent, 
the  rotation  in  one  case  will  be  backward. 

When  it  is  not  known  whether  the  power-faotor  is  less  or  greater  than  50 
per  cent.,  this  may  be  determined  by  disconnecting  one  element  and  noting 
be  speed.  Then  change  the  potential  connection  from  the  middle  wire  to 
be  other  outside  wire  and  again  note  the  speed.  If  the  power-factor  is 
over  50  per  cent.,  the  speed  will  be  different  in  the  two  cases,  but  in  the  same 
direction.  If  the  power-factor  is  less  than  50  per  cent.,  the  rotation  will  be 
m opposite  directions  in  the  two  cases. 

til.  Use  of  instrument  transformers  with  watt-hour  meters, 
^ben  the  capacity  of  tho  circuit  is  over  200  amp.  series-type  instrument 
uurformers  are  generally  used  to  step-down  the  current  to  5 amp.  If  the 
fwtarthl  is  over  440  volts,  series  transformers  are  almost  invariably  used, 
tfreyeetive  of  the  magnitude  of  current,  in  order  to  insulate  the  meter  from 
the  hne  ; in  such  cases,  shunt-type  transformers  are  also  used  to  reduce  the 
voltage  to  110  volts.  The  ratio  and  phase-angle  errors  of  these  trans- 
formers (Par.  79  and  Par.  104)  should  be  taken  into  account  where  high  accur- 
acy i*  important,  as  in  the  case  of  a large  installation.  These  errors  can  be 
hxgdy  compensated  for  by  adjusting  the  meter  speed.  The  per  cent,  error 
corresponding  to  various  phase  angles  is  given  in  Par.  179. 

911.  The  accuracy  of  a watt-hour  motor  is  the  percentage  of  the  total 
^«gy  passed  through  a meter  which  is  registered  by  the  dials.  The  watt- 
indicated  by  the  meter  in  a given  time  are  noted,  while  the  actual 
"sits  are  simultaneously  measured  with  standard  instruments.  On  ac- 
count of  the  time  required  to  get  an  accurate  reading  from  the  register, 
*{ it  customary  to  count  revolutions  of  the  rotating  element  instead  of  the 
r®t»tcr.  The  accuracy  of  the  gear  ratio  between  tne  rotating  element  and 
wfirst  dial  of  the  register  can  be  determined  by  count.  Since  the  energy 
■^presented  by  one  revolution,  or  the  watt-hour  oonstanti  has  been  assigned 
by  the  manufacturer  and  marked 
**  the  meter*  the  indicated 
ntt-hours  will  be  KkXR,  where 
At » watt-hour  constant  and  R = 
be  number  of  revolutions.  (See 
Testing  Formulae,  Par.  Sit.) 
til.  Laboratory  testa.  Ob- 
the  source  of  energy  for 
®*ter  testing  should  be  as  steady 
a posable.  Storage  batteries 
**  largely  used  for  direct-current 
®*t ers;  and  special  alternators, 

*tcne  speed  can  be  controlled, 
used  for  alternating-current 
The  testing  load  may 
**  banks  of  lamps,  to  which  the 
fceter  and  standard  instruments  are  connected. 

A better  method  is  to  separate  the  eurrent  and  the  potential  circuits 
connect  them  to  independent  sources,  the  former  being  a relatively 
^te-current,  low-voltage  source  and  the  latter  a high-voltage,  low-current 
*«jrce.  Conditions  are  more  easily  adjusted  by  this  method  and  in  large 
^ers  a saving  of  energy  is  effected. 

^bere  separate  sources  are  used  for  the  current  and  the  potential  coils, 
rheostats  are  convenient  for  adjusting  the  current,  and  nigh-resistance 
TOostats  connected  '‘potentiometer”  style  are  convenient  for  controlling 
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the  voltage,  aa  indicated  in  Fig.  75.  Resistance  in  the  potential  circuit  o( 
alternating-current  meters  will  alter  the  quadrature  phase  relation,  and  there* 
fore  voltage  regulation  should  be  obtained  with  a variable  ratio  auto-trans- 
former,  an  induction  regulator  or  by  field  control. 

513.  Power-factor  variation,  in  meter  testing,  can  be  obtained  bj 
several  methods.  In  the  two- alternator  method,  two  generators  an 
mounted  on  a common  base,  with  a common  shaft.  The  stationary  memben 
(armature  or  field)  are  made  movable  about  the  shaft  with  respect  to  the  bast 
and  to  each  other.  Thus  with  the  potential  coil  of  the  meter  connected  t< 
one  machine,  and  the  current  coil  to  the  other,  any  phase  relation  can  b 
obtained  by  adjusting  one  movable  member  with  respect  to  the  other. 

In  the  transformer  method,  a transformer  with  a large  number  of  steps 
or  a variable-ratio  auto-transformer,  is  connected  across  one  phase  of  i 
polyphase  circuit  and  the  potential  coil  of  the  meter  is  connected  in  such  i 
manner  that  any  phase  relation  can  be  obtained.  Thus,  referring  to  Fig.  76 
the  current  coil  of  the  meter 
is  connected  in  series  with  V 
conductor  a of  a three-  I 
phase  circuit,  and  the  no-  ° I 
tential  coil  is  connected  to  0 * 
o and  to  p,  the  latter  being 
a tap  on  a transformer  con- 
nected across  phase  be.  It 
is  apparent  that  any  phase 
angle  between  the  current 
ana  the  potential  can  be  _ 
obtained  m a range  from  0 

Fia.  76. — Power-fae-  deg.  to  60  deg.  by  moving  Fia.  77. — Power-fac 
tor  variation — trans-  the  connection  point  c tor  variation — trani 
former  method.  along  the  transformer  former  method. 

■ winding.  Angles  from  60 

deg.  to  90  degy  lead  or  lag,  can  be  obtained  by  changing  the  transformer  t 
either  of  the  other  two  phases  and  the  meter  connection  from  o to  x or  i 
These  changes  can  be  instantly  made  with  suitable  switching  arrangement) 
A similar  arrangement  can  be  made  for  a two-phase  circuit,  Fig.  77.  1 
is  also  convenient  to  introduce  such  a transformer  between  the  taps  o,  p an 
the  meter,  for  the  purpose  of  compensating  for  the  variations  in  the  voltai 
between  o and  p,  and  keeping  the  voltage  constant  at  the  meter.  Tw 
variable-ratio  auto-transformers  arranged  in  this  manner  make  a oonveniec 
phase  shifter. 

In  the  re actanee-ooil  method,  a reactance  coil  is  introduced  in  tl 
current  circuit,  the  reactance  being  varied  by  moving  an  iron  core  in  ar 
out  of  the  coil.  It  is  difficult  to  obtain  low  power-factors  with  this  metht 
unless  a separate  low-potential  current  circuit  is  used,  and  then  there 
danger  of  wave-form  distortion. 

514.  Measurement  of  meter  torque.  The  torque  is  measured  und 
normal  conditions  at  full  load  by  measuring  the  force  in  grams  exerted  at 
edge  of  the  disc,  or  at  the  end  of  an  arm  attached  to  the  shaft.  This  for 
may  be  measured  by  means  of  weights,  a calibrated  watch  spring,  or  1 
utilising  the  principle  of  the  pendulum.*  By  measuring  the  radius  of  tl 
disc  or  the  arm  in  millimeters,  the  torque  is  obtained  in  millimeter-gran 
the  usual  unit. 

S10.  Measurement  of  watt-hour  meter  losses.  The  losses  in  the  win 

ings  of  c.c.  meters  are  calculated  from  the  resistances,  as  determined  with  cc 
tinuous  current  by  standard  methods.  The  losses  in  alternating-currt 
meters  are  measured  directly  with  wattmeters,  but  great  care  is  requir 
because  of  the  very  small  amount  of  power  and  the  small  power-factor. 

116.  The  standards  for  direct-current  meter  tests  may  be  ammeti 
and  voltmeters,  in  portable  or  special  laboratory  types,  or  potentiomote 
in  alternating-current  meter  tests,  use  is  made  of  indicating  wattmet* 
The  time  in  measuring  the  meter  speed  is  usually  determined  with 
watches,  reading  to  tenths  of  seconds.  Where  a large  number  of  met) 
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m bong  adjusted,  it  is  customary  to  use  standardised  or  master  watt- 
; i*ir  meters  and  thus  eliminate  the  measurement  of  time  and  watts. 

HT.  Service  tests  of  watt- hour  meters.  There  are  two  general  methods 
of  making  tests  on  meters  where  they  are  installed;  (a)  with  indicating 
>*trumenta  and  a stop-watch  and  (b)  with  standard  watt-hour  meters 
hr.  IIS). 

In  the  indicating-instrument  method,  the  time  of  a given  number  of 
VTolutiona  at  a known  load  is  duly  noted.  The  load  on  direct-current 
[ wtera  is  measured  with  an  ammeter  and  a voltmeter.  In  a modified 
brm  of  this  method,  the  load  is  an  accurately  standardised  resistance  and 
cdy  a voltmeter  is  required,  the  watts  being  W — E*/R,  where  IT  — watts, 
£*rolt  and  R = ohms  resistance  of  load.  In  the  case  of  alternating- 
current  meters,  the  load  is  preferably  measured  with  a wattmetor. 

SIS.  The  rotating-atandard  method  of  watt-hour  meter  testing 

b the  most  used,  because  only  one  observer  is  required  and  it  is  more  accurate 
nth  fluctuating  loads.  Rotating  standards  are  watt-hour  meters  similar 
to  standard  house-type  service  meters,  except  that  they  are  made  with  extra 
eve,  ire  usually  provided  with  more  than  one  current  and  one  potential 
ruie,  end  are  more  portable.  A pointer,  attached  directly  to  the  shaft, 
Bom  over  a dial  divided  into  100  parts,  so  that  fractions  of  a revolution  are 
tuily  mad.  This  standard  meter  is  used  by  connecting  it  in  series  with  the 
ortertobe  tested;  the  accuracy  of  the  latter  is  determined  by  the  “switch" 
»c\hod  or  the  “eye-and-ear”  method. 

«ths  “switch**  method  the  register  only  (in  direct-current  standards), 
or  the  entire  moving  element  (in  alternating-current  standards),  is  started 
« the  beginning  of  a revolution  of  the  meter  under  test,  by  means  of  a 
ratable  switch,  and  stopped  at  the  end  of  a given  number  of  revolutions. 
Tbe  accuracy  is  determined  by  direct  comparison  of  the  number  of  whole 
revolutions  of  the  meter  un- 
to test  with  the  whole  revo- 
Itniocs,  and  a fraction,  of  the 
tUndird. 

la  the  “eye  and  ear** 

®*hod,  the  number  of 
revolutions  of  the 
•toadird  is  compared  with  a 
number  of  revolutions, 
s fraction,  of  the  meter 
teat.  The  revolutions 
tbs  standard  are  counted 
ear  by  means  of  a tele- 
receiver  and  an  elec- 
I torsi  contact  on  the  shaft, 

**ile  those  of  the  test  meter 
| w observed  by  eye. 

ttt.  A Wheats  tone- 
(nflf  method  for  testing 
*1*  watt-hour  meters 

cannot  be  conven- 
er cut  out  of  service,  and 
"'w  a load  which  fluctuates 
towivdy,  such  as  a railway 
has  been  developed  by 
Jtons.  Ingalls  and  Cowles.  • 

**  connections  are  shown 
1 Rt-  78,  where  a and  b are  two  fixed  standard  resistances  or  shunts,  forming 
was  of  the  bridge.  The  third  arm  ia  shown  at  c.  A rotating  standard 
'Van  adjustable  fixed  resistance  d and  a carbon  rheostat  e constitute  the 
totth  arm.  When  e is  adjusted  until  the  portable  galvanometer  shows  sero 
the  ratio  of  watts  passing  through  the  two  meters  is  a/ (a + 6). 


'Ingalls,  C.  H.  and  Cowles.  J.  W.  “ Wheatstone-bridge  Rota  ting-standard 
toW  of  Testing  Large-capacity  Watthour  Meters;”  Trans.  A.  I.  E.  E.t 
Vol.  XXXI,  p.  1ML 
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550.  General  precautions  to  be  observed  in  testing  watt-hour  m«t«] 

are  as  follows:  (a)  The  test  period  should  always  be  sufficiently  long  an 
a sufficiently  large  number  of  independent  readings  should  be  taken  1 
insure  the  desired  accuracy.  In  service  tests,  the  period  preferably  shoul 
be  not  less  than  30  sec.  and  the  number  of  readings  not  less  than  three.  1 
laboratory  tests,  100-sec.  periods  and  five  readings  are  preferable.  (1 
Capacity  of  the  standards  should  be  so  chosen  that  readings  will  be  taken  i 
reasonably  high  percentages  of  their  capacity,  in  order  to  make  observation 
or  scale  errors  as  small  as  possible,  (c)  Where  indicating  instruments  a 
used  on  a fluctuating  load,  their  average  deflections  should  be  estimated  : 
such  a manner  as  to  include  the  time  of  duration  of  each  deflection,  as  well  j 
the  magnitude,  (d)  Instruments  should  be  so  connected  that  neither  tl 
standards  nor  the  meter  being  tested  are  measuring  the  potential-circuit  lo 
of  the  other,  that  the  same  potential  is  impressed  on  both,  and  that  the  san 
load  current  passes  through  both,  (e)  When  the  meter  under  teat  has  n< 
been  previously  in  circuit,  sufficient  time  should  be  allowed  for  the  temper 
ture  of  the  potential  circuit  to  become  constant,  preferably  not  less  than  1 
rain.;  this  is  important  with-direct-current  meters,  especially  in  the  case  » 
rotating  standards.  In  some  types  of  the  latter,  special  provision  is  made  f< 
rapid  heating,  (f)  Guard  against  the  effect  of  stray  fields  by  locating  tl 
standards  and  arranging  the  temporary  test  wiring  in  a judicious  manner. 

551.  Meter  eonstants.  The  following  definitions  of  various  mete) 
constants  are  taken  from  “Code  for  Electricity  Meters.’* • 

Register  constant  is  the  number  by  which  the  register  readings  must  1 
multiplied  to  obtain  the  registration.  They  are  ordinarily  used  only  c 
large-capacity  meters  and  are  marked  on  the  register. 

Gear  ratio  is  number  of  revolutions  of  the  rotating  element  per  revoli 
tion  of  the  first  dial  hand. 

Watt-hour  constant  is  the  registration  reduced  to  watt-hours  per  revolt 
tion  of  the  rotating  element.  It  nas  a definite  value  for  each  type  and  rat« 
capacity  of  meter. 

Watt-second  oonstant  is  the  registration  reduced  to  watt  seooo<! 
per  revolution  of  the  rotating  clement.  It  is  equal  to  watt-hour  constaf 
multiplied  by  3,600. 

Test  constant  is  the  constant  assigned  by  the  manufacturer  for  use  i 
the  test  formula  for  his  meter. 

SSS.  Testing  formulas.  The  accuracy  of  a watt-hour  meter  is  the  pe 
centage  of  the  total  energy  passed  through  a meter  which  is  registered  on  ill 
dials.  Accuracy  in  per  cent.  — meter  watt-hours  X 100/  true  watt-hours.  Tl 
value  of  one  revolution  having  been  assigned  by  the  manufacturer,  the  met 
watt-hours  — KkXR,  where  Kk  — watt-hours  per  revolution  or  watt-hour  cot 
stunt  and  R — revolutions  in  8 seconds.  The  corresponding  power  in  wat 
isP  — (3,600 XRXKk)/S**  meter  watts  and  100 X meter  watta/actual  watts 
per  cent,  accuracy.  This  is  the  standard  formula  for  watt-hour  meters. 

SSS.  Manufacturers’  formulas  for  meter  watts.  When  the  te 
constant  K differs  from  the  watt-hour  constant,  Kk,  the  formula  is  change 
accordingly  as  follows: 


Manufacturer 

i 

K in  terms  of  Kk  1 

1 



Manufacturers’  formull 
for  meter  watts 

K — 3,600  Kk. ... 

W-RXK/S 

W — 60  X P X K/S 
W-100XPXP/S 

W — 3,600  XRXK/S 

W-PXP/5 

W-RXK/S 

Duncan 

/C-  60  Kk 

Fort  Wayne 

P-  36  Kk 

General  Electric 

K — Kk 

Sangamo  

K — 3,600  Kk 

Westinghouse 

K — 3,600  Kh 

Kk  — watt-hour  constant,  K — test  constant  (marked  on  meter,  usually  ^ 
disc),  P — number  of  revolutions  in  S seconds,  W — meter  watts. 

S24.  Average  accuracy  of  watt-hour  meters.  The  accuracy  of 
meter  varies  with  the  load,  but  it  is  often  desirable  to  assign  a value  for  tl 

• “Code  for  Electricity  Meters.”  A.  E.  I.  C.  and  N.  E.  L.  A.,  1912  e« 
pp.  95  and  96. 
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, anon  accuracy  for  all  loads.  Such  a value  obviously  must  be  based  on 
miroitrary  rule.  The  "Code  for  Electricity  Meters"  recommends  the 
Moving:*  When  feasible,  test  the  meter  at  10  per  cent,  and  100  per  cent, 
wpcity  of  meter  and  at  the  normal  load.  Multiply  the  accuracy  at  normal 
bid  by  three,  add  (to  this)  the  accuracies  found  at  each  of  the  other  two 
bids  and  divide  the  sum  by  five.  This  result  is  to  be  taken  as  the  average 
amracy.  The  " normal  load  " shall  bo  taken  as  the  percentage  of  the  total 
■tag  of  the  connected  load  indicated  in  the  table  in  Par.  225. 

225.  Table  of  Normal  Loads  of  Watt-hour  Meters f 
'ftr  cent  of  connected  load  which  is  equal  to  the  "normal  load"  in  calcula- 


tion of  average  accuracy  (Par.  224) 

Rendence  and  apartment  lighting 25  per  cent. 

Elevator  service 40  per  cent. 

Factories  (individual  drive)  churches  and  offices. ...  45  per  cent. 

Factories  (shaft  drive)  theatres,  clubs,  entrances, 

hallways  and  general  store  lighting 00  per  cent. 

Saloons,  restaurants,  pumps,  air  compressors,  ice 

machines  and  moving  picture  theatres 70  per  cent. 

Sign  and  window  lighting  and  blowers 100  per  cent. 


2M.  Watt-hour  meter  specifications.  Probably  the  most  extensive 
sad  authoritative  specifications  for  the  performance,  installation,  testing  and 
sustenance  of  watt-hour  meters  in  the  United  States  are  those  included  in 
be  Cods  for  electricity  Meters’ ’ prepared  by  the  Electrical  Testing 
Ishootories  under  the  joint  direction  of  the  Meter  Committees  of  the  A . E. 
1 CViandthe  N.  E.  L.  A.  It  is  the  basis  of  the  rules  issued  by  most  of  those 
public  utility  commissions  which  have  adopted  regulations  covering 
tbe  subject  of  electricity  meters.  While  scientific  accuracy  and  correct 
twbmeal  principles  are  the  basis  of  the  code,  the  commercial  phase  of  meter 
practice  is  not  neglected.  It  covers  the  entire  field  of  representative  Amer- 
ku  meter  practice  including  definitions,  standards,  specifications  for  meters 
uri  auxiliary  apparatus,  installation  tests  and  maintenance. 

hT.  Ampere-hour  meters  measure  only  quantity,  that  is,  coulombs 
w ampere-hours,  and  therefore  where  they  are  used  in  the  measurement  of 
d'ctneal  energy,  the  potential  is  assumed  to  remain  constant  at  a " declared" 
and  the  meter  is  calibrated  or  adjusted  accordingly.  Meters  of  this 
Trpe  may  be  divided  into  two  general  classes:  electrochemical  (Par.  228) 
u»d  electromotor  (Par.  221). 

III.  Electrochemical  ampere-hour  meters  are  essentially  vol- 
toBwtcn,  because  the  quantity  is  measured  by  the  amount  of  chemical 
•compomtion  of  a substance  caused  by  the  passage  of  all  or  a part  of  the 
bad  current.  In  the  Edison  chemical  meter,  now  obsolete,  two  sino 
ifktes  were  immersed  in  a jar  containing  a sine  sulphate  solution  and  con- 
[ *«ted  in  parallel  with  a shunt  which  in  turn  was  in  series  with  the  load. 

, TW  energy  consumption  was  obtained  by  measuring  the  decrease  in  weight 
1 4 tie  anode  (positive)  plate;  1.224  grams  represented  one  ampere-hour. 

■ ®.  Modern  types  of  electrochemical  ampere-hour  meters.  The 
(banal  modern  types  utilise  the  electrolysis  of  either  water  or  mercury, 
a*  Bastion  meter  is  an  example  of  the  former  in  which  the  change  of  the 
h|tb  of  a column  of  water,  as  it  is  decomposed,  is  a measure  of  the  quantity 
■ ekctricity.  A little  caustic  soda  is  added  to  decrease  the  resistance  and 
*bfw  of  oil  is  floated  on  top  of  the  water  to  prevent  evaporation  and  facili- 
reading.  A scale  at  the  side  of  the  tube  is  calibrated  to  read  kilowatt- 
bca according  to  a "declared”  voltage. 

Tb*  Wright  meter  is  the  principal  example  of  the  mercury  type. 
**tallie  mercury  is  carried  into  a mercurous  nitrate  solution  from  a platinum 
u»ode  and  deposited  in  a platinum  cup  cathode,  from  which  it  flows 
: tube.  The  height  of  this  column  is  a measure  of  the  energy  con- 

a graduated  scale  being  placed  at  the  side  of  the  tube.  The 
fetrodes  are  connected  in  parallel  with  a shunt,  so  that  only  a small  portion 
* be  load  current  posses  through  the  solution.  Provision  is  mode  for 


* Page  99,  1912  Edition. 

t “Code  for  Electricity  Meters;"  A.  E.  I.  C.  and  N.  E.  L.  A.;  1912  ed.,  p. 
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easily  emptying  the  mercury  from  the  tube  into  the  anode  receptacle  wh 
the  former  becomes  filled.  This  type  of  meter  has  been  highly  develop 
and  inherent  errors  due  to  variation  in  temperature,  concentration  of  t 
solution,  level  of  mercury,  effect  of  vibration,  etc.,  are  largely  eliminat 
in  the  latest  forms. 


S30.  The  principal  advantages  of  electrolytic-type  ampere-boi 
instruments  are  tneir  low  first  cost  and  their  simplicity,  which  results 
low  maintenance  cost.  These  are  important  items  to  power  compand 
serving  very  small  customers,  especially  where  the  rates  are  low;  and  m 
outweigh  the  disadvantages,  the  principal  among  which  are  elimination 
the  potential  element  ana  relatively  low  accuracy. 

S81.  Electromotor  ampere-hour  meters  are  similar  to  watt-hc 
meters,  except  that  the  field  is  produced  by  permanent  magnets  instead 
electromagnets.  The  rotating  element  is  geared  to  a register  which  in  cs 
bra  ted  in  watt-hours  for  a given  assumed  voltage.  There  are  two  genei 
types,  the  electromagnetic  and  the  mercury  flotation.  The  former 
not  made  or  used  very  much  in  this  country. 

The  Chamberlain  and  Hookham  meter  is  an  example  of  the  elects 
magrietic  type.  It  employs  a flat  (pan-cake)  armature  winding  mounted  i 
an  aluminum  disc  which  also  serves  as  the  drag  element.  Connection  is  mat 
to  tiie  circuit  through  a commutator  and  brushes  in  the  usual  manner.  T1 
armature  is  connected  to  a low-resistance  shunt  which  is  in  series  with  tl 
load. 

The  mercury  type  meter  is  well  represented  by  the  Sangamo  met 
which  is  practically  the  same  as  the  Sangamo  direct-current  watt-hour  mel 
(Par.  195),  the  electromagnet  being  replaced  by  permanent  magnets. 

939.  Maximum  demand  meters.  Some  methods  of  selling  eneri 
involve  the  maximum  amount  which  is  taken  by  the  customer  in  any  peri' 
of  a prescribed  length,  that  is,  the  maximum  deman 
Many  types  of  meters  tor  measuring  this  demand  ha 
been  developed  but  space  permits  only  a brief  deecrij 
tion  of  a few  types.  * 

The  Wright  demand  meter  is  a time-lag  g< 

thermal  instrument.  It  consists  of  a hermetical 
sealed  U-shaped  glass  tube  (Fig.  79),  partly  filled  wi 
a liquid.  One  leg  R is  connected  near  the  top  to 
smaller  graduated  tube  T.  Around  the  top  of  the  tub 
B,  is  wound  a resistance  wire  through  which  the  curre 
flows.  The  resultant  heating  of  the  air  forces  the  liqu 
up  the  tube 'A  and,  if  sufficient,  over  into  the  gradual* 
tube.  The  air  heats  up  gradually  and  the  neeeesa 
time  lag  is  thus  obtained.  According  to  the  makers, 
the  overload  continues  5 min.,  80  per  cent,  of  the  lot 
will  be  indicated;  10  min.,  95  per  oent.;  and  30  min.  1< 
per  cent. 

933.  The  General  Electric  Type  W meter  is  tins* 
lagged.  It  utilises  the  principle  of  the  induction  wat 
hour  meter.  The  torque  of  the  moving  element 
opposed  by  springs  and  a powerful  drag  on  the  drt 
disc.  This  arrangement  provides  the  neoeesary  tin 
lag.  Two  sweep-hands  are  provided  on  a dial.  Oi 
is  geared  to  the  moving  element,  while  the  other  is  moved  by  the  first  oi 
and  left  at  the  last  position  reaohed  by  it.  This  second  pointer  indicat 
therefore  the  maximum  energy,  until  it  is  reset.  General  Electric  type  f 
and  Westlnghouse  type  BO  meters  are  also  time-lagged. 

334.  Integrating  demand  meters  measure  an  integrated  value  i 
the  quantity,  usually  kilowatt  hours.  In  the  General  Electric  type 
meter  the  kilowatt-hours  indicated  on  a watt-hour  meter  pre  printed  on 
paper  tape  at  intervals  of  any  desired  length.  The  hourly  intervals  ai 
also  indicated.  It  is  separately  mounted  and  can  be  electrically  connect! 
to  any  standard  make  of  watt-hour  meter.  The  Westlnghouse  type  B 
is  similar  in  principle.  The  General  Electric  type  G meter  produces 


• For  a more  complete  discussion  see  Farmer,  F.  M. — * ‘Electrical  Mea 
urements  in  Practice,”  McGraw-Hill  Book  Co.  1917. 
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femtini 

feints — . 

radicate  the  demand 


imuous*  graphic  record  which  shows  at  a glance  the  maximum  of  all 
intervals  during  the  day  and  when  it  occurred.  Type  M meters  merely 


C TJItVB- DBA  WIN O INSTBUMBNT8 

S3S.  Curve-drawing  or  recording  Instruments  are  essentially  indi- 
[rating  instruments  so  arranged  that  a permanent,  continuous  record  of  the 
ndication  is  made  on  a chart.  They  are  made  for  recording  all  electrical 
knantities  that  can  be  measured  with  indicating  instruments:  current,  poten- 
tial, power,  frequency  and  power-factor.  Here  the  fundamental  principles 
ve,  in  general,  those  of  standard  indicating  instruments,  with  the  addition 
of  a suitable  recording  mechanism.  The  two  general  classes  are  those  in 
■stueh  the  record  or  chart  is  made  directly  by  the  moving  element  and 
those  in  which  it  is  made  by  a separate  mechanism.  In  all  types  the  jehart 
fe  driven  by  a clock  mechanism  which  is  entirely  separate  from  the 
fcrtroment  proper. 

tM.  Direct  recording  type.  Examples  of  this  class  are  Bristol,  Gen- 
®i  Electric  and  Esterline  meters.  The  distinguishing  feature  of  the 
featol  instrument  is  the  use  of  a circular  chart.  The  direct-current  am* 
hetm  and  voltmeters  employ  a stationary  coil  or  solenoid,  the  moving  clo- 
sest being  a soft-iron  armature  working  against  flat  springs.  The  alternat- 
hf-eurrent  instruments  employ  the  electrodynamometer  principle,  with 
cm  movable  coil  and  one  stationary  coil.  Suitable  provision  is  made  for 
multiplying  the  armature  movement,  and  damping  is  obtained  with  a vane 
Immersed  In  oil.  These  instruments  are  extremely  simple  and  relatively 
inexpensive.  The  sensi- 


L — seriously  af- 

fected by  pen  friction  and 
high  sensibility  is 
*HiUaJ,  a smoked  chart 
will  a very  light  pointer 
h wed  instead  of  the  usual 
chart  with  pen  and 

w*  principle  of  General 
fife* trie  alternating  am- 
■tlm  is  shown  in  Fig.  80, 
riwre  A A are  fixed  coils 
connected  in  series,  and  B 
» a soft-iron  armature 
upon  which  the  field  acta 
and  produces  a torque,  and 
which  carries  the  pen.  The 
Aart  is  a continuous 
straight  one,  moving  from 
1 in.  to  12  in.  per  hour,  as 
desired.  The  record  is 
«tade  in  the  form  of  a 
Kraight  line  on  rectangular 
worth  nates.  The  pen  hi 
this  instrument  carries _ an 
iak-weU  and  is  self-inking. 


Fia.  80. — Diagram,  G.  E.  alternating  graphic 
ammeters. 


„ Magnetic  damping  is  employed.  The  volt- 

■Kters  and  wattmeters  are  similar  except  that  they  utilise  the  electro- 
dynamometer  principle,  with  fixed  and  moving  coils.  The  greater  frictioh 
**''*■  ? ;ht-line  record  necessitates  a 


torque  and  therefore  a larger,  and  mbre  expensive  construction, 
rhne  direct-current  instruments  are  of  the  D’Arsonval  moving-coil 
The  ammeters  are  50-millivolt  voltmeters  connected  to  shunts, 
alternating-current  instruments  are  of  the  moving-coil  or  electrody- 


»nd  complication  necessary  to  get  the  straigl 

hgh  toi  * * ' * J a 

Eaterl 

!$2T  alternating-current  instruments  are  of  trie  moving-coil  or  electrody- 
tsmometer  type.  The  record  is  a straight-line  one,  made  with  a pen  inked 
V siphon  action  from  a stationary  well.  These  instruments  are  made  in 
Finable  as -well  as  in  switchboard  form. 

tn.  Where  pen  friction  fe  particularly  objectionable,  as  in  low- 
teading  millivolt  meters,  the  indicator  is  so  arranged  that  it  is  in  contact  with 
tie  chart  for  only  an  instant  at  a time.  In  one  form  of  Bristol  instru- 
} scent*,  a lever  presses  the  end  of  the  pointer  against  a smoked  chart  onoe 


173 


G ogle 


Sec.  $-238 


MEASURING  APPARATUS 


a minute,  the  pointer  being  perfectly  free  in  the  interim.  The  record 
therefore  a succession  of  dots.  In  other  types  of  instruments,  an  inks 
thread  or  ribbon  is  interposed  between  the  pointer  and  the  paper  chart. 

SIS.  The  Weitinghouae  recording  instruments  are  the  prindpt 

example,  in  American  practice,  < 
the  class  where  the  recordin 
mechanism  is  separate  from  tk 
instrument  proper.  The  movie 
element,  by  means  of  contact 
operates  a relay  which  in  tui 
operates  the  recording  mechai 
ism.  Thus  the  moving  elemei 
does  not  have  to  produce  a lart 
toroue,  while  ample  power  can  1 
applied  to  the  recording  mechai 
ism,  and  hence  friction  does  n< 
affect  the  sensitiveness  of  tk 
instrument.  The  direct-currei 
instruments  employ  the  D’Arsoi 
_ o,  val  principle,  using  two  sets  of  coil 

Fio.  81.  Diagram, Westmghouse  graphic  and  magnets,  aataticaUy  arrangsc 
voltmeter.  The  alternating-current  instn 

meets  use  the  principle  of  tb 

Kelvin  balance.  Fig.  81  shows  the  scheme  as  employed  in  a voltmeter. 

289.  The  Callender  recorder  made  by  the  Cambridge  Scientific  Instn 
meet  Co.  employs  the  princi- 
ple of  a slide- wire  bridge  (Fig. 

82)  in  which  the  resistance  of 
one  arm,  X,  varies  with  the 
current,  potential  or  power  to 
be  measured.  As  soon  as  the 
bridge  is  unbalanced,  a D’Ar- 
ionval  galvanometer  operates 
a relay,  r or  r',  which  moves  a 
contact,  e,  along  the  slide  wires, 
until  balance  is  restored,  when 
the  relay  circuit  opens.  This 
contact  also  carries  the  record- 
ing pen,  which  leaves  an  ink 
reoord  on  a rectilinear  chart. 


Fio.  82. — Diagram,  Callender  recorder. 


INDUCTANCE  MEASUREMENTS 

840.  General.  The  self-inductance,  or  coefficient  of  self-induc 
tion,  of  a circuit  is  the  constant  by  which  the  time-rate  of  change  of  tk 
current  in  the  circuit  must  be  multiplied,  to  give  the  self-induced  counU 
e.m.f.  Similarly,  the  mutual  inductance  between  two  circuits  is  th 
constant  by  which  the  time-rate  of  change  of  current  in  either  circuit  mui 
be  multiplied  to  give  the  e.m.f.  thereby  induced  in  the  other  circuit.  Sri 
inductance  and  mutual  inductance  depend  upon  the  shape  and  dimenmoi 
of  the  circuits,  the  number  of  turns  and  the  nature  of  the  surrounding  median 

841.  Standards  of  inductance  are  usually  simple  coils  of  copper  wii 
suitably  mounted  on  a non-conducting,  non-magnetio  frame.  The  tun 
are  held  rigidly  in  place  by  shellac,  paraffine  or  other  insulating  mediun 
Inductance  standards  are  made  in  single  units  like  standard  resistances,  i 
In  combinations,  with  plug  connections,  like  a subdivided  condenser  or 
resistance  box.  In  the  Ayrton- Perry  variable  standard  there  are  two  coi 
centric  coils,  one  fixed  and  the  other  movable.  When  connected  in  sen* 
these  coils  form  a variable  inductance,  the  value  of  which  at  any  relatn 
position  is  read  from  a circular  scale  at  the  top.  Additional  range  is  secure 
by  connecting  sections  of  the  two  coils  in  series-parallel  combinations  k 
means  of  plugs. 

848.  Msthods.  The  most  commonly  employed  methods  of  measurii 
inductance  are  (a)  Wbeatstone-bridge  methods,  where  the  induotanoe 
determined  by  comparison  with  a known  inductance  or  known  capacitance 
and  (b)  impedanoe  methods  where  the  inductance  is  determined  by  calculi 
lion  from  measurements  made  with  alternating  current. 
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ML  b fhtttlton»-bridf  methods  a varying  current  must  be  em- 
pky*L  The  potential  drops,  with  steady  current,  are  proportional  to  the 
ssrtmcaa,  whereas  with  a varying  current  the  drops  are  proportional  to 
At  inductance,  because  e —Ldi/dt,  where  L— inductance  and  e — e.m.f. 
pduced  by  the  current  varying  at  the  rate  di/dt. 

144.  Whan  the  detector  is  an  ordinary  D’Arsonval  galvanometer 

fet  current  may  be  varied  by  simply  opening  and  closing  the  battery  circuit, 
it  salvsnometer  circuit  being  left  dosed;  or  a secohmmeter  may  be 
(■ployed  which  rapidly  reverses  the  current  going  into  the  bridge  and 
dwdtaneooaly  rectifies  the  galvanometer  current,  so  that  the  latter  is  used 
m in  ordinary  bridge  measurements.  The  current  may  also  be  rapidly 
bteCTvpted  with  an  induction-coil  interrupter 
with  a telephone  receiver  as  the  detector. 

Mi.  A method  in  which  a standard  in- 
tetoncs  is  used  is  shown  in  Fig.  83.  If  a con- 
Ghou  current  is  used,  the  bridge  is  first  balanced 
wit  a steady  current  by  adjusting  ra  and  rt , and 
Ipin  balanced  with  transient  currents  (battery 
V opened  and  dosed)  by  adjusting n and  rj;  the 
■nip  is  then  rebalanced  with  steady  current,  and 
■pis  for  transient  currents,  the  process  being  re- 
fund until  the  bridge  is  perfectly  balanced 
■4*  both  conditions.  At  complete  balance 
ble/n;  where  L — inductance  being  measured, 

*>d  !• » standard  inductance.  L wifi  be  in  the 

*a»  writs  esXf 

Mi.  Use  of  Vreeland  oscillator.  Small  inductances,  as  well  as  large 
•m,  nay  be  measured  with  special  convenience,  accuracy  and  rapidity  by 
tta  method  (Par.  148)  if  a source  of  high-frequency,  sine-wave  alternating 
newt  is  available.  A very  satisfactory  apparatus  for  this  purpose  is  a 
Viwhnd  oscillator,*  which  delivers  an  absolutely  pure  sine-wave  having  a 
frtqaeiey  which  be  varied  from  a few  hundred  to  about  2,000  cydes 
pr  second.  It  is  operated  from  continuous  current  and  is  entirely  static, 
thiltemating  current  being  derived  from  a circuit  in  which  oscillations  are 
* up  by  the  rapid  shifting  of  a mercury  arc  back  and  forthbetween  two 
•Mdi*.  A telephone  can  be  used  as  the  detector,  with  a high  degree  of 
■■ability. 


Fig.  83. — Inductance 
measurements  with 
standard  inductance. 


flw-  84. — Inductance  measure- 
ments with  a condenser. 


Fig.  85. — Inductanoe  measure- 
ments with  a condenser. 


Ml.  A method  using  a known  capacitance  is  shown  in  Fig.  84.  It  is  a 
tefifted  form  of  Maxwell’s  method  in  which  the  condenser  is  connected  in 
Wnfld  with  n,  and  two  adjustments  have  to  be  made  which  are  not  inde- 
tehial  of  each  other,  one  with  steady  currents  and  the  other  with  transient  * 
terete.  The  two  adjustments  have  to  be  repeated  until  complete  balance 
Sobuined.  Ia  Fig.  84  (Bimington's  method),  the  bridge  is  balanced  with 
terfv  current  by  adjusting  n.  and  then  with  transient  currents  by  varying 
T mthoot  changing  the  first  adjustment.  At  balanc  e, 

L — *10~*  (henrys) 

_ n 

•ttf tied  Renew,  1908,  Vol.  XXVIII,  p.  286. 
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where  L » inductance  of  Z in  henry s,  r-ofem*  in  pasattoi  inth  Qi  C«*capaci 
tance  of  condenser  in  micro-farads,  n =°  total  ohms  of  bridge  arm  to  which  oon 
denser  is  connected  and  £«“ohms  of  Z. 

148.  A similar  method  (Par.  147)  is  indicated  in  Fig.  85  in  which  th 
adjustments  are  independent  of  each  other,  the  bridge  being  first  balance* 
with  a steady  current  and  then  with  a transient  current  by  adjusting  r bi 
shifting  the  condenser  contact  as  in  Fig.  84.  At  balance, 

L“CV*10“«  (henrya)  (25 

where  L =*  inductance  of  Z in  henrys,  C * capacitance  of  the  condenser  ij 
micro-farads  and  r = ohms  in  parallel  with  C. 


Fid.  86. — Inductance  measure- 
ments—connections  for  three- volt- 
meter method. 


Fio.  87. -^-Inductance  measure 
meats — vector  diagram  for  three 
volt-meter  method. 


849.  Impedance  methods  of  measuring  inductance  are  based  on  th 
law  of  the  impedance  of  a circuit  carrying  sine-wave'alternating  current  ani 
containing  only  inductance  and  resistance,  that  is, 

g 1 

ZwmJ  = \/Rt  + (L2xf)*OTL°*  xl  (2w/I)J~  (henrys)  (2fl| 

where  L *=  inductance  in  henrys,  E ■=*  drop  in  volts,  /“current  in  amperei 
R — resistance  in  ohms,  and  /“frequency  in  cycles  per  sec.  Obviousl*1 
due  allowance  should  be  made  for  the  voltmeter  current  where  its  magnituA 
is  sufficiently  important. 

250.  In  the  three-voltmeter  method,  the  inductance  to  be  measured  i! 
connected  in  series  with  a non-inductive  resistance  as  shown  In  Fig.  88 


The  current,  /,  is  measured,  .also  the  total  volts,  and  the  volts  across  th! 
inductance  Z and  the  resistance  R.  From  these  readings  a triangle  Is  con 
structed,  Fig.  87.  If  R is  known,  the  quantity  2r/LI  can  be  calculated  frtm 
the  triangle.  If  R is  unknown,  2 xfLl  can  be  obtained  by  graphical  construe 
tion.  I and  / being  know  n,  L is. obtained  by  calculation. 

201.  The  three-ammeter  method  is  similar.  The  connections 
shown  in  Fig  88,  and  from  the  three  currents,  Fig.  80  is  constructed.  TW 
e.m.f.,  E,  can  he  measured  directly  or,  if  R is  known,  by  calculation  fror* 
the  relation  E — Rf  j.  Hence  L can  be  obtained  from  the  quantity  E/2rfb 
252.  in  circuits  containing  iron  the  inductance  varies  with  th< 
frequency  and  with  the  current;  hence  alternating  current  of  know! 
freouency  and  intensity  must  be  used.  In  such  cases  a bridge  meihoC 
with  a standard  inductance  is  convenient.  A vibration  galvanometer. 1 
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fjBehronoos  contactor  or:  a separately  excited  eleeUodjtnaqu>meter  csncbe 

oaed  as  the  detector.  The  bridge  is  first  balanced  for  resistance  (that  is, 
bsiinced  for  bridge-arm  drops  in  phase  with  the  supply  current)  and  theD 
for  inductance  (bridge-arm  drops  00  deg.,  from  the  phase  of  the  supply 
rsrrent). 

MS.  The  mutual  inductance,  M,  between  two  coils  may  be 
matured  by  several  methods,  as  follows: 


Fig. 90. — ’Mutual  inductance 
osMurements  with  inductance  of 
*»  coil  known. 


-SSI  ASA 

vr? 


^-\WAr — — * 

with  known  self 


. Fio. 
measurements 
inductance 


91  rr  3d  uyupJl  c , inductance 


(*)  When  the  inductance*  t,  of  one  coil  is  known  (Heaviside).  The 

ttfltectioni  are  shown  in  Fig.  90>  The  bridge  is  balanced  as  in  inductance 
ffiettorement*  for  both  steady,  and  transient  currents.  Then 


M 


— Lr> 
<ri  + ri) 
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X tod  L are  in  same  units,  n and  rj  in  ohms. 

(bj  By  comparison  with  a known  self-inductance.  Connect  as  in 
fif.  91.  First  balance  for  steady  currents;  then  balance  for  transient 
torrents  by  adjusting  r*.  Then 
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(28) 

r- resistance  of  secondary  of  mutual  in- 
ductance M , and  R **  resistance  of  self-induct- 
*ace,  h . m ig  in  same  units  as  L. 

(c)  By  comparison  with  a known  capaci- 
tance. Connected  as  in  Fig.  92.  Balance  as 
Wore  for  steady  and  transient  currents  by  ad- 

^heo*  n Ent*  **' 

M = Cnn  10“«  (henry®)  (29) 

»bere  If- mutual  inductance  in  henrys,  C = 

'apseitanee  in  microfarads,  n and  n in  ohms. 

(6)  By  connecting  the  secondary  in  series  with  a ballistic  galva- 
nwaeter  and  noting  the  quantity,  Q,  in  coulombs,  discharged  into  the  gal- 
uaometer  when  the  primary  circuit  is  closed  through  a known  resistance, 
ohms,  the  steady  value  of  the  current  being  / amperes.  Then  M — QR/i 
n henry*.  The  quantity  is  determined  from  the  galvanometer  constant,  or 
»ote  directly,  by  calibrating  the  gqiw^nqxneter  with  a standard  qondenqer. 


■Fid. ’92.— Mutual  in- 
ductance measurements 
with  known  capacitance. 


CAPACITANCE  MEASUREMENTS 

Ml.  General.  The  electrostatic  capacitance  of  two  conductors  separated 
°7  a dielectric  depends  upon  the  surface  area  of  the  conductors,  the  distance 
"ftvrcn  them,  the  character  of  the  dielectric,  the  temperature  and  the 
Wkiure. 

M.  Condensers  are  groups  of  conductors  Separated  by  insulation  and 
,iP*dally  constructed  to  have  a known  capacitance.  Commercial  forms  are 
•Weralfy  made  of  sheets  of  tin  fbil  separated  by  mica  or.  paraffined  paper, 
■hweate  layers  of  tin  foil  being  connected  to  the  same  terminal.  One  box 
contain  one  or  more  of  these  groups,  with  plug  or  other  arrangements 
Menecting  them  in  various  aeries  or  parallel  Combinations. 
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844.  Th«  eftPMituo*  of  a group  of  condensers  in  series  is 

c 1 

Lo.Lj.Lj.  JL  (30) 

(7i‘rC1*rC,*r C" 

When  connected  in  parallel, 

C-Ci+Ct+C«+ C%  (31) 

2S7.  In  high-grade  standard  condensers,  the  aim  is  to  reduce  the 

absorption,  the  dielectric  hysteresis  and  the  ohmic  losses  to  a minimum. 
Commercial  standards  arc  made  with  tin-foil  and  high-grade  mica, 
bound  together  under  high  pressure.  Primary  standards,  however, 
are  made  irith  air  as  the  dieleotric,  in  which  absorption  and  leakage  are  niL 

844.  Methods.  Electrostatic  capacitance  measurements  are  made  by 
bridge  methods  (Par.  Sit),  with  a ballistic  galvanometer  (Par.  840),  by  loss 
of  charge  (Par.  MS),  and  by  impedance  methods  (Par.  SgS). 

90S.  ▲ bridge  method  of  measuring  capacitance  is  shown  in  Fig.  03.  The 
ratio,  n/n,  or  the  standard  oondenser  (if  adjustable),  is  adjusted  until  the 
bridge  is  balanced;  with  an  ordinary  D’Araonval  galvanometer  this  condition 
is  indicated  when  there  is  no  “ kick  " as  the  reversing  switch  is  changed  from 
one  position  to  the  other.  If  interrupted  currents  or  high-frequency  alter- 
nating currents  are  used,  with  a telephone  receiver,  balance  is  indicated  by 
silence  in  the  receiver.  Then  Ct  — Ciry/n.  The  resistance  should  be  non- 
inductive,  anti-capacity  and  relatively  large— several  hundred  ohms.  Ob- 
viously, maximum  sensitivity  is  obtained  when  Ct  and  Ci  are  about  equal. 
By  employing  a Vreeland  oscillator  (Par.  846)  and  an  adjustable  air  or  oil 
condenser,  small  capacitances  can  be  very  accurately  measured  by  this  method. 


1 — WflH# 1 


Fio.  83. — Capacitance  measure- 
ments, bridge  method. 


Fig.  94. — Capacitance  measure- 
ments, method  of  mixtures. 


880.  Xn  the  ballistic  galvanometer  method,  the  deflection  is  noted 
when  the  unknown  capacitance  is  discharged  through  it,  immediately  after 
having  been  charged  at  some  known  potential.  A reading  is  then  obtained 
with  a standard  condenser,  the  deflection  being  made  about  the  same  as 
before,  by  varying  the  capacitance  or  the  charging  potential.  The  capacitanoe 
can  then  be  computed  from  the  relation  d/d\  — CE/CiBx ; where  d,  di.  C,  Ci,  and 
E,  Ei  are  the  respective  deflections,  capacitances  and  potentials.  This  method 
is  best  suited  to  relatively  large  capacitances,  such  as  lead-covered,  paper- 
insulated  cables,  etc. 

841.  The  Thomson  method  of  mixtures  is  shown  in  Fig.  94,  where  Ci 

is  a cable,  transmission  line  or  other  capacitance  to  be  measured,  and  Ct  is  s 
standard  condenser.  First  the  switches  are  closed  at  1,  1,  and  the  condensers 
charged  to  potentials  corresponding  to  n and  n respectively.  After  complete 
charge  (a  cable  may  require  several  minutes),  tne  switches  are  shifted  t c 
2.  2 and  the  oharges  equalised.  If,  then,  the  switch  at  3 is  closed,  the  deflec- 
tion of  the  galvanometer  will  be  proportional  to  the  difference  of  the  charges 
This  operation  is  repeated  with  various  ratios  n/n  until  there  is  no  deflection, 
Then  Ci-Cm/n. 

848.  Xn  the  lots  of  charge  method,  Fig.  95,  the  condenser  to  tx 
measured  is  first  completely  charged  by  moving  switch  b to  a,  and  then  imme- 
diately discharged  through  a ballistic  galvanometer  by  moving  b to  c.  The 
oondenser  is  again  charged  and  allowed  to  discharge  through  a known  high 
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raiatanm,  R,  a given  number  of  seconds,  *,  before  being  connected  to  ihe 
plrmaozneter  a second  time.  The  capacitance  in  microfarads  is 

2.303  (mior°'»r*d*)  (32) 

vfcre  A*  first  deflection,  di  ■■  second  deflection  and  A — resistance  in  meg- 
afcas  This  method  is  applicable  only  where  the  resistance  of  the  condenser 
Mg  measured  la  very  high,  such  as  porcelain  insulators. 


ho.  95. — Capacitance  measure-  Fio.  96. — Capacitance  measure- 

mints,  lose  of  charge  method.  ments,  impedance  method. 

MS.  In  the  impedance  method,  the  capacitance  is  computed  from  the 
reactance  as  measured  with  an  ammeter  and  a voltmeter,  with  alternating 
apical  of  known  frequency  as  shown  in  Fig.  96.  Then 

C~2^ff(l0#)  (microfarads)  (88) 

C — capacitance  in  microfarads,  B — volts,  I — amperes,  and/*  frequency 
is  cycles  per  second.  Unless  the  voltmeter  is  an  electrostatic  instrument  ft 
doild  be  disconnected  when  taking  current  readings.  With  small  capaci- 
tances where  I is  small,  care  should  be  taken  that  the  high  inductance  of  a 
hw  reading  ammeter  does  not  introduce  an  error.  The  capacity  given  by  this 
method  depends  upon  the  wave  form.  Therefore  the  test  should  be  made 
from  the  circuits  to  which  the  apparatus  being  measured  will  be  connected 
■ service.  Obviously  this  method  is  correct  only  for  a sero  power-factor 
condenser. 

Hi  The  speeil&e  inductive  capacity  of  a material  is  the  ratio  of  the 
capacitance  of  a condenser  with  the  material  as  a dielectric  to  that  of  the  same 
condenser  with  air  as  a dielectric.  The  following  substitution  method  is 
convenient  for  sheet  material.  An  air  condenser  formed  by  two  metal 
plates  is  set  up  and  measured.  Then  several  sheets  are  slipped  into  the  air 
space  and  the  measurement  repeated.  The  spacing  of  the  plates  minus  the 
thickness  of  the  sheets  gives  the  air  space  in  the  second  measurement.  From 
the  capacitance  of  the  latter  (by  calculation  from  first  measurement  or  by 
Psr.  *$f)  the  capacitance  of  the  material  is  computed  by  formula  30.  Ex- 
ternal capacitance  can  be  determined  by  keeping  one  plate  grounded  and 
asking  an  initial  measurement  with  that  plate  removed. 


w The  11 ‘Cringe  offset  (electrostatic  field  in  the  dielectric  extending 
wyeod  the  area  corresponding  to  the  electrodes)  may  be  eliminated  by  using 
yiyw  ring,  a,  a,  of  tin-foil  as.  shown  i n Fig.  97.  It  is  very  close  to  the 
eresrede  b and  is  so  connected  in  the  circuit  that  only  the  charge  on  b is 
■■mured. 

tit.  The  capacitance  of  an  air  oondenscr  is  C-  A /4t<X9X10*  where 
^•capacity  in  microfarads,  A — area  in  square  centimeters  and,  t * thickness 
■ »*y*r  of  air  in  centimeters. 
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867.  Methods.  The  instantaneous  variations  of  current  and  potentia 
in  a circuit  are  measurable  by  step-by-step  methods  (Par.  868),  and  with  th< 
oscillograph,  (Par.  871.)  The  former  is  applicable  only  where  the  current  ant 
the  potential  arc  strictly  periodic  and  recurrent,  as  in  a normal  alternating 
current  circuit.  The  oscillograph  can  be  used  under  all  conditions,  but  is  «® 
pecially  applicable  to  measurements  of  transient  phenomena  (Par.  2*8),  aucJ 
as  those  which  occur  during  switching  operations  on  direct-current  and  al 
ternating-current  circuits.  Where  the  wave  form  is  to  be  analysed,  the  forme 
is  the  more  convenient  and  accurate. 

2*8.  A convenient  “step-by-step”  arrangement  is  shown  in  Fig.  98. 
The  contact  device  consists  of  two  slip-rings  and  a four-part  commutator 
One  slip-ring  is  connected  to  one  terminal  of  the  source,  the  other  to  a volt 
meter,  and  the  commutator  to  » condenser.  , By  means  of  this  arrangement 
the  condenser  after  being  charged  is  immediately  discharged  through  tin 
voltmeter.  These  impulses  follow  each  other  so  rapidly  that  a steady  de 
flection  is  obtained,  and  by  suitable  adjustment  of  R and  r on  continuou* 
current,  the  voltmeter  may  be  made  direct  reading.  The  instantaneous 
values  at  any  point  on  the  wave  arc  obtained  by  shifting  the  brushes  around 
the  shaft.  The  switch  is  closed  at  1 for  vQltage>meafturem6nt*aiMfret-£<or 
current  measurements.  • 

# The  General  Electric  wave  meter  operates  on  this  principle.  There  art 
eight  segments,  four  connected  to  each  of  two  slip  rings.  There  are  two  con- 
tact brushes  so  that  two  waves  can  be  taken  simultaneously.  Suitable 
provision  is  made  for  tracing  the  wave  form  on  a photographic  plate. 


Fig.  98. — Wave-form  measurements,  Fla.  99. — Wave-form  moasure- 
“ Step-by-step”  method.  raents,  aero  method. 

289.  In  the  aero  method  shown  in  Fig.  99,  the  e.m.f.  of  a battery  B i« 
opposed  to  the  potential  across^c  and  if,  which  are  connected  to  the  contact 
devices  described  above.  The  contact  point,  6,  is  adjusted  until  G shows  no 
deflection;  then  the  length  ha  is  a measure  of  the  e.m.f.  G may  be  a portable 
galvanometer,  or  a telephone  in  conjunction  with  a slide  wire  and  a contact 
stylus  as  used  in  the  Sage  ohmmeter  (Par.  189). 

270.  The  form  of  a high-tension  wave  may  be  obtained  bv  using  the 
derice  in  Par.  277.  The  indication  of  the  voltmeter  is  Obtained  at  various 
position#  t>f  the  brushes,  frotn  which  the  wave  form  mAy  be  plotted.  An 
oscillograph  (Par.  271)  maybe  utilized  in  conjunction  with  a specially 
designed  current  transformer,  t 

271.  The  oscillograph  is  a form  of  galvanometer  in  which  the  natural 
period  of  the  moving  system  is  so  small  that  the  deflections  will  always  be 
proportional  to  the  instantaneous  value  of  the  curreut  flowing  through  tbe 
coil.  The  indicator  is  a beam  of  light  from  an  arc  lamp,  reflected  from  an 
extremely  small  mirror  attached  to  the  moving  system.  The  path  of  tbs 
beam  is  determined  visually  or  photographically.  Recurrent  or  periodic 
waves  may  be  rendered  stationary  and  therefore  visible  bv  suitable 
systems  as  indicated  below.  Transient  phenomena  must  be  photograph^ 

272.  In  the  moving-iron  type  of  oscillograph,  first  proposed  by 

•See  also  Frederick  Bedell.  "Condenser  Current  Method  for  the  Deter- 
mination of  Alternating  Wave  Form,”  Electrical  World , 1913,  Vol. LXII.P-  378. 

t Bennett,  Edward,  "A  - MUktunpere  Current  Transformer,”  Train. 
A.  I.  E.  E.,  Vol.  XXXIII,  p.  671  (1914). 
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*■■*■*»  * very  small  piece  of  soft  iron  is  suspended  in  a strong  magnetic 
fekt  tbft*  forming  a polarised  magnet.  Near  this  strip  are  placed  two 
ia~J  cous,  which  carry  the  current  to  be  investigated.  Because  of  its  very 
aaall  penod,  this  magnet  will  follow  every  variation  in  the  current. 

WJ.  The  movtag-eoil  type  of  oscillograph  developed  by  Duddell 
'roots  of  ft  single-turn  coil  formed  by  passihg  a phosphor-bronre  strip 
ftt  a pulley  suspended  by  a spring,  and  between  the 

of  ft  powerful  electromagnet  as  shown  in  Fig.  100.  s 

a has  ft  much  lower  inductance  than  the  jxmtwmg4mm<  < 

tFpe  sad  therefore  a wider  range  of  application.  This  5 

^T»  is  now  in  most  general  use  and  in  this  country  is 
pronnnently  represented  by  the  General  Electric  oceili  o- 
p^ph,  a very  simple,  rugged  and  practical  instrument. 

I arre  elements  or  vibrators  are  usually  provided  in  the 
(•tter.  and  three  waves  may  be  taken  simultaneously, 
rhe  electromagnets  are  wound  for  110  volts,  at  which 
sensibility  of  the  vibrators  is  of  the  order 
amp.  per  millimeter  deflection,  The  .moving 
Vwm  is  immersed  in  a well,  with  a glass  front,  and  filled 
*wiail  to  dampen  the  oscillations.  The  natural  fre- 
is  of  the  order  of  5,000  vibrations  per  second. 


*w.  Various  receiving  devices  are  used  to  render 
vsve  visible  to  the  eye.  One  scheme  employs  a 
mirror  driven  by  a synchronous  motor  con- 
to  the  circuit  being  tested.  In  the  General 
^^  oscillograph  the  beam  of  light  from  the  arc,  a,  Fio.  100. — Ele- 
101,  is  concentrated  by  a lens,  b,  upon  the  mirror,  ment  of  moving 
U!  the  nbrator,  which  is  oscillating  about  an  axis  per-  coil  type  of  oftdlTo- 
P^CTiiar  to  the  beam.  The  mirror,  m,  is  driven  by  graph. 

* c*m»  d,  which  gives  a comparatively  slow  forward 
*troke  and  » quick  backward  stroke.  When  this  mirror  is  Stationary  the 
■Ea*e  °}  reflected  beam  at  * is  a straight  line  the  length  of  which  is 
proportional  to  twice  the  angular  deflection  of  the  vibrator.  If  the  mirror 
» rotated  forward,  the  image  at  a is  spread  out  thus  tracing  a waye.  The 
*sve  « made  to  appear  stationary  by  automatically  cutting  off  the  light  dn 
m mum  stroke  of  m by  means  of  the  shutter  e. 


1U.  Permanent  oscillograph  records  may  be  made  by  tracing  the  wave 
u transparent  paper  or  tracing  cloth  placed  on  the  screen,  a,  referred  to  Above 
. (Par.  , For  making  jih  o- 

| a . tograph  records,  or  oscillot 

u I - grams,  the  visual  attachment 

! \ I is.  replaced  by  a light-prom 

cylinder  containing  the  film 


on  to  another  and  past"  the 
tig.  101. — visual  attachment,  G.  E.  , opening  by  a motor-driveq 
oscillograph.  , mechanism;  its  speed  is  ad? 

. _ , . justed  to  suit  the  cod^I- 

—*■  la  th<?  case  of  transient  phenomena  It  is  often  found  necessary 
. grange  special  devices  to  start  the  film  automatically  at  the  proper  time 
to  get  the  phenomena  on  the  film.  A record  of  elapsed  time  in  di- 
^•ojrrcat  phenomena  can  be  obtained  by  connecting  one  of  the  elements  to 
jJ®6®  of  alternating  current  of  known  frequency,  or  by  mean#  of  an  eleetric- 
driven  tuning-fork  of  known  frequency.  A small  mirror  mounted  on 
_i*ad  of  one  prong  and  so  placed  that  it  will  reflect  a part  of  the  beam, 
^Uve  an  excellent  tirtie  record.  The  Wcale  of  ordinates  is  obtained  by 
on  continuous  current,  the  deflection  of  the  spot  of  light  corre- 
to  a known  current,  or  voltage,  being  noted, 
ttl.  Standard  war#  form.  It  is  desirable  that  commercial  alter- 
J^t*curreat  wave  forms'  be  aa  near  a Bine  curve  as  possible  in  order,  to 

%ndel.  A.  E.  Com  pie*  Rendua,  1893,  Vol,  CXVI,  p.  502.  ' ' ''  ! 


ana  niting  oyer  an  opemng 
in  the  oscillograph  case 
thftfcgfc  'Which  the  beam  of 
light  passes  to  the,fij$n.  The 
film  is  unrolled  from  one  spool 
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reduoe  iron  losses,  excitation  current®,  charging  currents,  eto.,  to  a minimum. 
The  present  A.  I.  £.  E.  standard  method  of  measuring  the  deviation  from 
a sine  curve  is  simply  to  measure  the  greatest  difference  between  cone* 
•ponding  ordinates  at  any  point  along  the  axis  of  absciss*.  In  another 
method  for  determining  wave  form  distortion  which  has  been  tentatively 
adopted  by  the  A.  I.  E.  E.,  the  admittance  of  a carefully  prescribed  network 
of  resistances  and  inductances  is  measured  with  the  unknown  wave  form 
and  compared  with  that  for  a sine  wave. 

ITT.  In  high-voltage  testing  it  is  particularly  important  that  the  value 
of  the  maximum  instantaneous  voltage  be  available,  because  the  stress 
to  which  insulation  is  subjected  depends  upon  this  value.  When  the  wave 
is  distorted,  the  maximum  value  and  the  ratio  of  the  maximum  to  mean- 
effective  (amplitude  or  peak  factor)  have  to  be  obtained  from  a plot  of 
the  wave.  This  may  be  taken  with  a wave  meter  or  with  an  oscillograph, 
preferably  connected  to  a test  coil  in  the  high-tension  winding  or  toths 
secondary  of  a shunt-type  instrument  transformer  connected  to  the  high- 
tension  circuit. 

A method  which  eon  bo  used  directly  on  the  highest  voltages* 

is  indicated  in  Fig.  102.  where  C is  a series  of  condensers  connected  across 

the  high-tension  circuit.  The  end  con- 
denser Ci  is  grounded  and  connected  in 
parallel  with  a commutator,  R,  driven  by 
a synchronous  motor.  The  bars  on  the 
commutator  are  very  narrow  and  are 


UM.flMfl.oJ 


one  polar  spaoe  apart,  so  that  contact  is 
instantaneous. 


Fia.  102. — Wave  meter  for  high 
voltage  oircuits. 


in  comparison  with  Ci. 


practically  instantaneous.  The  brushes 
are  shifted  until  the  voltmeter,  V,  indi- 
cates a maximum.  The  multiplying  ratio 
is  obtained  from  the  ratio  (<7+Ci)/Ci. 
The  instrument  may  be  calibrated  by 
noting  the  indication  corresponding  to 
the  mean  effective  value,  which  is  ob- 
tained with  the  motor  stationary  sod 
the  brushes  resting  on  the  bars.  This 
indication  is  compared  with  a spark  gap 
or  other  standard.  The  method  as- 
sumes that  the  capacity  of  V is  negligible 
Obviously  the  condensers  can  be  dispensed  with  by 

.... il .1 


connecting  directly  to  a test  coil  on  the  high-tension  winding. 

ias  been  developed  by  J.  R.  Craig* 

■ ’ ' * i with 


Another  method  which  is  simpler  has  1 - t 

head.f  A thermionic  electric  valve  (kenotron)  is  connected  in  series  ' 
a condenser  and  an  electrostatio  voltmeter  is  connected  across  the  con- 
denser. Measurements  may  be  made  directly  on  voltages  up  to  25,000  or 
80,000  volts  and  indirectly  up  to  any  voltage  where  a voltage  ooil  has  been 
installed  in  the  transformer. 


FREQUENCY 
STS.  General.  The  frequency 
where  /—  frequency  in  cycles  per 
second*  n — number  of  poles,  and 
r — revolutions  per  second.  It 
may  therefore  be  determined  by 
measuring  the  speed  of  the  gen- 
erator supplying  the  circuit  or 
the  speed  of  a synchronous  mo- 
tor operated  from  the  circuit.  , 
STS.  Frequency  meters  indi- 
cate the  frequency  directly.  In 


MEASUREMENTS 

of  an  alternating  current  is  /•nr/3* 


Fio.  103. — Frequency  meters — Reed  type, 
the  reed  type  as  made  by  Hart-  . 

man  and  Braun  or  Siemens  and  Halske,  there  are  numerous  steel  strips  of 
different  lengths,  each  rigidly  fastened  at  one  end  and  free  to  vibrate  at  the 
other.  The  strips  are  placed  in  the  field  of  an  electromagnet  which  is  ener- 


* Sharp,  C.  H.  and  Farmer,  F.  M.  “ Measurements  of  Maximum  Values 
in  Hjgh-voltape  Testing;*;  Tram.  A.  I.  E.  E.,  1912,  Vol.  XXXI,  j>.  1617. 
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Craighead,  J.  R.,  “Measurement  of  the  Crest  Value  of  Alternating 


ughead.  .... ...  

Voltage  by  the  Kenotron,  Condenser  and  Voltmeter,”  General  Eleetne 
Rniew,  1919, *Vol.  XXII,  No.  2.  p.  104. 
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ivd  from  the  circuit  to  be  measured,  as  shown  in  Fig.  103.  The  strips  hare 
«■•*«»»  natural  periods,  and  the  one  with  a period  corresponding  to  the 
■wn*sti°ns  of  the  magnetic  field  will  be  set  in  vibration.  The  ends  are 
•warn  up  and  TMintAj  ^ ;•>  . 

S5SV1 


- -jw  magnetic  neia  win  oe  set  in  vi oration,  ine  ends  are 
up  and  painted  white  so  that  the  particular  reed  in  a row,  which  is 
be  m- 


1 by  » white 
--T-  rT  Each 
**d  is  carefully  ad- 
*****  *o  an  exact 
P«od  by  attaching 
minute  weights. 

meters  are 
■see  in  various 
and  with 
"Mi  adjusted  from 
0^5  eyde  to  2 cycles 
■jart 

*0.  The  Weat- 
inghonse  fre- 
funqr  meter  con- 
■■  of  two  voltmeter 
acrrements,  mechan- 
““v.  «o  intercon- 


Ft 


Fio.  103a. — Circuits  in  Westing  ho  use  frequency 
meters. 


B”  tb*t  they  tend  to  rotate  the  pointer  in  opposite  directions.  A nofi- 
■metive^  resistance  R is  connected  in  series  with  one  movement,  Fi  (Fig. 
and  an  inductance  X is  connected  in  series  with  the  other  element,  Ft. 
apparent  resistance  of  the  inductive  movement  varies  with  the  fre- 
ymey  and  thus  varies  the  amount  of  current  taken  by  it.  Therefore 
«*»  frequency  will  cause  the  pointer  to  take  up  a different  position, 
ttl.  Tbs  Weston  frequency  meter  is 
wber®  *•  1 an<*  2 are  fixed 
?*">  ®0  deg.  apart,  and  e,  e is  the  movable 
Mjssot  consisting  of  a simple,  soft-iron  core 
pytodon  s shaft,  with  no  control  of  any 
«®d.  One  coil,  2,  2,  is  connected  in  series 
non-inductive  resistance,  At,  and  the 
preoil,  1,  l,  in  series  with  an  inductance, 

^ * second  non-inductive  resistance  Ai  is 
muweted  in  parallel  with  1,  1.  and  Xi.  A 


Fw.  104. — Circuits  in  Weston  frequency 
meters. 

•wad  inductance,  Xt,  is  connected  in  parallel  with  2,  2 and  At.  The  soft- 
no  core  takes  up  the  position  of  the  resultant  field  produced  by  the  two 
When  the  frequency  increases,  the  current  decreases  in  1,  1 and 
Messes  in  2,  2,  thus  shifting  the  direction  of  the  resultant  field  and  the 
Mibon  of  e,  e to  which  the  pointer  is  attaehed.  The  opposite  effect  takes 
phee  when  the  frequency  is  decreased.  The  series  inductance,  X,  serves 
aerriy  to  damp  the  higher  harmonics. 

M.  A very  sensitive  frequency  indicator  is  shown  in  Fig.  105,  in 
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H — \ Motor 
r — r Shaft 


which  the  principle  of  resonance  (Sec.  2)  in  an  electrical  circuit  is  employed.* 
In  a 60-cycle  instrument,  one  main  circuit  is  adjusted  for  resonance 
at  about  70  cycles,  another  at  about  68  Cycles  and ‘the  third  circuit 
at  about  36  cycles.  The  latter  two  are  connected  in  parallel,  and  then  in 
series  with  coil  A ; the  first  circuit  is  in  series  with  coil  A1,  both  coils  being  in 
series  with  the  field  F.  With  the  centre  of  a G-in.  (15  cm.)  scale  marked  for 
60  cycles,  half-scale  deflection  is  obtained  for  a variation  of  only  5 cycles 
either  way. 

SLIP  MEASUREMENTS 

2|l.  Qeneral.  The  slip  of  a rotating  alternating-current  machine  in 
percent,  is  the  difference  between  its  speed  and  the  synchronous  spee<£ 
divided  by  the  synchronous  speed.  It  may  be  determined  by  noting  the 
difference  between  the  measured^speed  of  the  machine  and  the  synchronous 
speed  but  direct  methods  are  more  accurate.  , ^ 

- . Millivoltmeter  method.  If  suffi- 
cient stray  field  is  produced  by  the 
current  in  the  secondary  of  an  induc- 
tion motor,  a direet-edrrent  millivolt- 
mftftr  connected  to  fin  adjacent  coil  of 
wire  or  across  the  motorsliaft  or  fra  ms 
will  oscillate  at  Slip  frequency,  ea<* 
swing  being  one  pole  slip. 

284.  Dooley’s  method  of  ms«a| 
fir  lag  slip.  One  form  of  device  fot 
indicating  the  slip  of  an  induction 

motort  is  shown  (Ungrammatically  in 

Fig.  106. — Slip  measuring  device.  Fig*  106.  A small  cylinder  made  of 

conducting  material,  and  in  two  parts, 
each  insulated  from  the  other,  is  mounted  in  a frame.  Four  small  brushes, 
1,  2,  3,  and  4,  bear  upon  the  cylinder  as  shown.  The  brushes^  3,  4/  are 
connected  through  a resistance,  r,  across  one  phase  of  the  supply  circuit  and 
the  brushes,  1,  2,  are  connected  to  a low-reading  continuous-current  ammeter, 
7.  Each  time  the  brushes,  1,  2,  bridge  the  insulating  strip  as  the  cylinder 
rotates,,  the  circuit  is  completed  in  Alternate  directions 
through  the  ammeter.  The  cylinder  should  have  as  many 
segments  as  the  motor  has  poles.  The  ammeter  will  in- 
dicate a constant  current  at  synchronous  speed,  and  an 
oscillating  current  for  any  speed  above  or  below  syn- 
chronism, because  the  impulses  of  currtmt  through  the 
brushes.  1,  2,  will  occur  at  the  same  point  on  the  wave 
at  synchronous  speed,  and  at  constantly  advancing  or 
retarding  points  for  other  speeds.  Thus,  the  ammeter 
will  be  reversed  each  time  the  motor  loses  one-half  of  a 
cycle,  and  will  reach  a maximum  positive  value  each  time 
the  motor  loses  one  complete  cycle.  If  the  motor  loses  n 
cycles  per  min.,  then  the  slip  in  .per  cent.  = 100n/60/, 
where  /■=  frequency  of  the  system  in  cycles  per  sec. 

285.  Stroboscopic  method.  The  device  indicated  in 
Fig.  107  does  not  require  the  measurement  of  frequency. 

A black  disc  with  white  sectors,  equal  in  number  to  the 
number  of  poles  of  the  induction  motor,  is  attached  with 
wax  to  the  induction-motor  shaft.  It  is  observed 
through  another  disc  having  an  equal  number  of  sector- 
shaped  slits  and  carried  on  the  shaft  of  a small  self-start- 
ing, synchronous  motor,  in  turn  fitted  with  a revolution 
counter  which  can  be  thrown  in  and  out  of  gear  at  will.  If, 
n is  the  number  of  passages  of  the  sectors,  then  100n/n,n,=  ...t  . . 

where  the  number  of  sectors,  and  nr  = the  number  of. revolutions  recorded 
by  the  counter  during  the  interval  of  observation.  For  larch  values  of  slip 

* * ie  sector  1);  then  »•*' 


r Shaft 


Syn.  Motor  Shaft 


Fro.  107. — Slip 
measurements  — 
S t roboscopio 
method. 


= slip  in  per  cent. 


the  observations  can  be  simplified  by  using  only  one  s 
the  slip  in  revolutions. 


286.  A direct-reading  slip-measuring  device  is  shown  in  Fig.  108. 


* Pratt  W.  H.  and  Price  D.  R.  “Resonant  Circuit  Frequency  Indicator;” 
Trans.  A.  I.  E.  E.,  1912,  Vol.  XXXI,  p.  1595. 


t Dboley,  C.  R.  EUc.  Club  Journal,  1004,  Vol.  I,  p.  690. 
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Fio.  108. — Slip  measuring  device. 


Bia-m,  carefully  termed  and  hardened  conical  dram  driven  by  the  motor  being 
tertcd.  through  m flexible  shaft,  S.  The  long  screw,  //,  moves  a carriage. 
C.  parallel  to  to©  surface  of  D.  This  carriage  carries  a wheel  d,  alsb  care- 
Mr  turned  and  hardened,  which  has  a line  edge  and  is  kept  in  contact  at 
Jh®  surface  of  D by  means  of  a light  spring.  Thus  it  revolves 
nth  £>.  On  the  same  shaft  is  a disc,  srf,  with  alternate  black  and  white 
sectors  painted  on  it,  the  number  Of  sectors  being  equal  to  the  poles  of  the 
sotor  being  tested.  The 
diameter  of  d is  made  equal 
to  that  of  the  small  end  of  D. 

At  the  setting  corresponding 
to  the  small  end  of  D,  the 
scale  along  which  the  carriage 
moves  is  marked  zero.  This 
corresponds  to  synchronous 
speed.  As  the  speed  of  D 
4«re»aes,  it  is  necessary  to 
rarre  d toward  the  large 
cad  of  D in  order  to  keep 
the  Bifeed  of  d the  same  as  at 
synchronous  speed.  This 
distance  is  a measure  of  the 
■fip.  The  synchronous  speed 
d td  ia  indicated  when  it  appears  to  stand  still,  when  illuminated  by  an 
are  bmp  connected  to  the  same  circuit  to  which  the  motor  is  connected. 
Tha a,  if  D is  2 in.  (5.1  cm.)  in  diameter  at  the  small  end,  2.5  in.  (6.35  cm.)  at 
the  large  end  and  5 in.  (12.7  cm.)  long,  slips  from  0 to  20  per  cent,  can  be 
measured  with  a precision  within  0,2  per  cent.  A more  sensitive  detector 
consists  of  a commutator  in  place  of  *a,  connected  in  series  with  a direct- 
curnent  voltmeter  and  the  circuit  to  which  the  motor  is  connected.  The 
indication  is  a maximum  at  synchronous  speed. ' 

S87.  Synchronism  indicators.  In  order  to  connect  any  synchronous 
machine  in  parallel  with  another  machine  or  system,  the  two  voltages  must 
be  made  equal  and  -the  machine  must  be  synchronized,  that  is,  the  speed 
*o  adjusted  that  corresponding  instantaneous  values  on  the  two  waves  are 

reached  at  the  same  instant, 
when  they  will  be  in  exact 
phase.  Furthermore,  with 
polyphase  machines,  the  direc- 
tion of.  phase  rotation  must 
assuredly  be  the  same.  This, 
however,  is  usually  made  right 
once.  for  all  when  the  machines 
are  installed,  the  phases  being 
so  connected  to  the  switches 
that  the  phase  rotation  will 
always  be  correct. 


I ai  always  be  correct. 

288.  The  lamp  method  of 
^ synchronizing  is  the  simplest. 


synchronizing  is  the  simplest, 
nft.  109. — Connections  for  synchronizing  The  principle  of  lamp  synchro- 
with  lamps.  nizers  is  phown  in  Fig.  109, 

1 where  a,  ai  are  the  sources  be- 

connected  in  parallel  and  t,  <i  are  transformers,  the  secondaries  of 
raeh  are  connected  in  opposition  through  incandescent  lamps,  /,  h.  When 
'•Ae  tiro  sources  are  in  synchronism,  the  secondary  e.m.fs.  neutralize  each 
f‘-ber  and  the  lamps  will  be  “dark.**  As  the  ph&6e  difference  increases, 
■A*  current  through  the  lamps  will  increase,  reaching  a maximum  at  180 
% of  phase  difference.  If  the  secondary  of  one  transformer  is  reversed, 
lamps  will  be  brightest  at  synchronism  and  dark  at  180  deg.  of  phase 
«5«eoee.  The  former  connection  is  preferable  because  the  point  of  total 
'Aniseas”  is  more  oaaily  detected  than  the  point  of  maximum  “brightness." 
A ToJtmeter  rtray  be  substituted  for  the  lamps  by  connecting  it  so  that 
^teronism  is  indicated  when  the  reading  is  a maximum.  The  disadvantage 
f tbi*  method  is  that  it  does  not  indicate  which  frequency  is  the  higher. 
*;&ekroaism  indicators  (Par.  ^7)  are  instruments  which  not  only  over- 
s'** tkb  objection*  bat  indicate  the  point  of  synchronism  more  accurately. 
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Its.  Thu  principle  of  tho  Westinff house  synchroniser  is  shown  it 

Fig.  110,  where  a rotating  field  is  produced  by  the  coils,  M and  Jv , oonneetec 
to  the  buses  through  the  reactance  P and  the  resistance  Q,  respectively.  # Ax 
iron  vane  A,  free  to  rotate,  is  mounted  in  this  rotating  field  and  magnetise* 


by  the  coil  C,  which  in  turn  is  connected  across 
the  incoming  machine.  As  the  vane  is  attracted 
or  repelled  by  the  rotating  field  from  M and  JV , 
it  wifi  take  up  a position  where  this  field  is  sero 
at  the  same  instant  that  the  field  from  C is  sero. 

. Henoe  the  position  at  any  instant  indicates  the 
difference  in  phase.  When  the  two  frequencies 
are  different,  this  position  is  constantly  changing 
and  the  pointer  will  rotate  "fast”  or  "slow/ 
coming  to  rest  at  the  aero-field  position  when  the 
frequencies  are  equal,  fn  a larger  type,  the  split- 
phase  winding  is  placed  on  the  movable  member, 
similar  to  the  arrangement  shown  in  Fig.  11 1. 

290.  The  scheme  of  the  Weston  synchro- 
scope is  shown  in  Fig.  112.  There  is  no  iron  in 


To  Dus 


Machine 

Fiq.  110. — Circuits  in  Westinghouse  syn-  Fio.  111. — Circuits  in  G. 

chroniser.  E.  synchroscope, 

the  instrument  and  the  moving  element  is  not  allowed  to  rotate.  The  ele- 
ments are  practically  the  same  as  in  an  electrodynamometer  wattmeter. 
The  fixed  coils,  F,  F,  arc  connected  in  series  with  the  resistance  R and  to  the 
buses.  The  moving  coil,  M,  is  connected  in  series  with  a condenser  C and 
the  incoming  machine.  The  two  circuits  are  adjusted  to  exactly  90  deg 


Fiq.  112. — Circuits  in  Weston  synchroscope, 
difference  in  phase.  At  synchronism  there  is  no  torque  and  M is  held  at  the 
sero  position  Dy  the  control  spring.  If  the  frequencies  are  the  same,  but 
there  is  a phase  difference,  a torque  will  be  exerted  and  M will  move  to  a 
position  of  balance  at  the  right  or  left  (“fast”  or  “slow”).  If  the  It* 


quencies  are  different,  the  torque  will  continually  vary  and  toe  pointer  will 

ronising  lamp  illuminates  the  scale  Amu** 


oscillate  over  the  dial.  A synchronising  lamp  i 

taneously  and  the  direction  of  apparent  rotation  indicates  the  faster  machine. 
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iff.  The  Oenml  Kleetrie  synchroscope  operates  on  the  same  principle 
as  the  Wettinghouse  instrument  (Fig.  111).  The  split-phase  winding,  C,  B, 
Is  mounted  on  the  movable  element,  E , the  two  ooils  being  connected  to  the 
incoming  machine  through  slip-rings. 

MAGNETIC  MEASUREMENTS 

tit.  General.  The  intensity  of  a magnetic  field,  30,  may  be  con- 
odered  the  average  fall  of  magnetic  potential  along  the  path  and  is  expressed 
in  gilberts  per  cm.  In  a long  straight  solenoid  X — 4»iVJ/l(M,  where  I — 
current  in  amperes  and  N/l  — turns  per  unit  length.  Magnetic  Induction 
or  flux  density,  (fi,  is  measured  in  lines  of  magnetic  induction  per  square 
centimeter  (gausses).  When  the  substanoe  in  which  the  field  exists  is  non- 
magnetic, (B-3C  and  the  ratio  (B/3C,  or  permeability,  is  m — 1 . When  the 
substance  is  magnetic,  <B  becomes  much  greater  than  X,  due  to  the  decreased 
magnetic  resistance;  in  general  it  varies  with  X.  • 
tM.  The  normal  Induction  or  (B-X  curve  of  a magnetic  material  is  the 
curve  plotted  between  the  strength  of  the  magnetic  field  existing  in  ths 
■sterial,  JC,  and  the  magnetic  induction,  ®,  produced  by  that  field,  when  the 
material  is  in  a neutral  or  normal  condition.  A permeability  curve  is 
plotted  between  the  permeability  m and  ®,  or  between  ft  and  X. 

8t  The  hysteresis  curve  is  a curve  plotted  between  (B  and  X,  for 
▼srious  values  of  X from  a maximum  value  in  the  positive  direction  to*  a 
aarimum  value  in  the  negative  direction,  and  back  again,  or  through  a 
complete  cycle  of  values.  The  ends  of  a hysteresis  loop  will  lie  in  the  normal 
tametion  curve. 

»•.  Msfnetle  measurements  may  be  divided  into  two  classes,  (l) 
those  in  which  the  strength  of  a magnetic  field  is  determined  (such  as  the 
orth’s  field,  the  field  due  to  a conductor  carrying  a current,  the  field  in  the 
sir  cap  of  a magnet,  ete.)  and  (2)  those  made  to  determine  the  properties 
d magnetic  material. 

W.  Field-strength  measurements  may  be  made  by  induction  methods, 
with  an  oscillating  bar  magnet  (Par.  19fi),  or  with  a bismuth  spiral  (Par.  SOO). 
In  the  induction  method  a ooil  of  known  turns  and  area  is  so  arranged  that 
it  can  be  made  to  cut  the  field  in  a known  area  in  a direction  perpendicular 
to  the  field.  The  e.m~f.  generated  in  the  ooil,  and  hence  the  field  producing 
k,  is  determined  from  the  quantity  of  electricity  discharged  through  a ballistic 
plvano meter  connected  to  the  coil  terminals. 

, In  measuring  the  field  strength  in  air  gaps,  the  coil  is  so  arranged  that  one 
side  can  be  moved  quickly  across  the  entire  gap,  or  through  a definite  dis- 
tance, by  means  of  a spring  or  weight  suddenly  released.  _ When  there  is 
mffioent  space,  a more  accurate  and  convenient  method  is  to  rotate  the 
«fl  through  180  deg.  Very  weak  fields,  such  as  the  earth's  field  and  that 
foe  to  conductors,  may  be  measured  in  this  manner  by  using  a sufficiently 
UrcecoQ. 

MT  Formula  for  Hold  strength.  The  flux  density  in  lines  per  square 
centimeter  — <B,  and  by  definition  equals  in  air 

X(field  strength)  - (gilberts  per  om.)  (34) 

son 

riuie  d — deflection,  k — constant  of  galvanometer  in  coulombs  per  scale 
dmrion,  R — total  resistance  in  galvanometer  circuit,  n — turns  in  coil,  a - 
wan  area  of  coil  in  square  centimeters,  * — linear  distance  moved  in  centi- 
meters or,  when  the  coil  is  turned  through  180  deg.,  x — 2. 

Mg.  Tho  Grassot  fluxmeter  is  a portable  instrument  with  which  mag- 
netic flax  may  be  read  directly  on  a scale.  It  is  essentially  a ballistic  $alva- 
•ometer  with  the  moving  element  suspended  by  a torsionless  suspension  so 
tat  it  remains  deflected.  The  instrument  is  connected  to  an  exploring  ooil 
riileh  is  placed  in  the  air  gap  to  be  measured.  The  flux  is  measured  by 
noting  the  deflection  when  the  magnetising  circuit  is  either  opened  or  closed. 
. Mg.  In  ths  oscillating- magnet  method,  a small  simple  bar  magnet 
■•upended  by  untwisted  silk  fibres.  The  magnet  is  set  to  vibrating  through 
u angle  of  about  5 deg.  and  the  period  of  oscillation  determined.  The  aver- 
HP  ofat  least  three  observations  should  be  taken.  The  field  strength  is 

SC-^~  (tUbert,  per  om.)  (36) 
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where  K — moment  of  inertia  computed  from  the  mas  and  du*6O**0nst<4f  “ 
magnetic  moment,  and  T — period  of  oscillation.  Af  may  be  determined 
witn  a magnetometer,  or  by  calibration  in  a known  field  (Helmholta  coil). 
This  method  is  only  suitable  for  weak  fields,  such  as  the  earth's  field.  If 
mounted  in  a wooden  box  with  a glass  front,  it  will  be  protected  from  air 
currents  and  can  be  conveniently  moved  about  when  making  magnetic 
surveys. 

300.  Bismuth-spiral  method.  The  resistance  of  bismuth  wire  increase* 
when  placed  in  a magnetic  field.  This  property  is  utilised  by  noting  the 
increase  in  resistance  of  a flat  spiral  ooil  of  bismuth  wire  when  placed  in  the 
field  to  be  measured,  the  leading-in  wires  being  arranged  non-indvuctively. 
The  device  is  calibrated  with  known  field  strengths.  It  is  particularly 
suitable  for  exploring  small  air  gaps  such  as  those  in  motors  and  generators. 

SOI.  Measurement  of  magnetic  properties.  The  magnetic  properties 
of  iron  and  steel  which  are  of  most  commercial  importance  are  normal 
induction  or  permeability,  hysteresis  loss  and  total  losses  with  'alter- 
nating magnetizing  forces  of  commercial  frequencies. 

302.  Normal-induction  data.  The  various  methods  are  distinguished 
principally  by  the  method  employed  to  measure  <B,  for  in  most  methods  3C  is 
determined  from  the  magnetising  coil.  <B  can  be  measured  directly  as  in  the 
ballistic  methods  or  indirectly  with  permeameters.  1 . f • : 

tOt.  Ballistic  methods  are  usually  employed  in  the  more  accurate  meas- 
urements. The  best-known  methods  are  the  ring  method,  the  divided 
bar  or  Hopkinson,  and  the  double-bar  double-yoke  methods.  In  all  of 
these  methods  the  flux  is  measured  with  a ballistic  galvanometer  oonaected 
to  a test  coil  which  is  cut  by  the  flux  when  the  exciting  current  is  reyerge^. 

304.  The  ring  method,  devised  by  Howland,  is  one  of  the  earliest 
methods  of  measuring  the  magnetic  properties  of  iron.  


The  connections  are 


shown  diagrammatically  in  Fig.  113, 
where  T is  the  test  specimen.  The 
latter  is  an  annular  ring,  either  solid  or 
built  up  of  punchings  of  sheet  metal, 
wit  h a diameter  preferably  8 or  lOtimes 
the  racljal  thickness.  After  covering 
with  a thin  layer  of  insulation,  a test 
coil  of  very  fine  double-silk-covered 
wire  is  wound  on  a portion  of  the  ring. 
The  magnetizing  coil  is  wound  uni- 
formly over  the  test  coil  and  the  entire 
ring.  It  is  usually  magnet  wire,  of 
sufficient  size  to  carry  the  maximum 
current  without  raising  the  tempera- 
ture of  the  iron  appreciably.  The 


F.0.  m-rermeabUHy  t-U-rio, 

2d n instead  of  an. 

300.  The  divided-bar  method  devised  by  Hopkinson  avoids  the  neces- 
sity of  winding  each  specimen  separately,  permits  the  use  of  a more  con- 
venient test  piece,  and  avoids  the  errors  in  ring  specimens.*  The  device 
consists  of  a test  piece,  BC  (Fig.  114),  in  the  form  of  a bar  about  15  in.  (38. 1 
cm.)  long  and  0.5  im  <1.27  cm.) 


diameter,  which  is  divided  at  A 
and  inserted  in  a massive  frame, 
F.  The  secondary  coil,  S,  is  so 
arranged  that  it  will  be  thrown 
clear  of  the  yoke  by  a .spring 
when  the  part,  AB,  of  the  test 
bar  is  suddenly  withdraw  n.  In 
calculating  .TC,  the  length  of  the 
magnetic  circuit  is  taken  as  that 
between  the  inside  faces  of  the 
yoke,  the  reluctance  of  the  yoke 
being  considered  negligible.  This 
introduces  an  indeterminable 


Fia.  114. 




—Permeability  tc^ts- 
bar  method. 


livghd- 


• Lloyd,  M.  G.  “Errors  in  Magnetic  Testing  with  Ring  Specimens;*’  Bureau 
of  Standards,  Bulletin,  1908,  Vol.  V,  No.  3;  p.  435. 
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error  and,  therefor*,  the  method  oanb*  suitable  only  for  roi^m^aurerua*t3. 
The  leakage  error  due  to  flux  through  the  coil*  but  not  through  the  bar,  can 
be  determined  by  preliminary  teat  with  a eon-magnetic  bar.  The  formulae 
hr  JE  and  <B  are  3C  = 4tA’//10/  and  Cl  — 10 ldkR/an.  where  N = total  turns  of 
anting  ©oil,  /=*exciting  current  in  amperes,  / = length*  of  magnetizing  coiJ 
a cm.  (AY// = ampere-turns  per  cm-),  a = deflection,  R = total  resistance  of 
ut  coil  circuit,  k = galvanometer  constant,  a = area  of  specimen  in  square 
mnimeter  and  n = turns  in  test  coil.  • 

106.  The  double-bar,  double-yoke  method  is  the  one  recommended 
If  the  American  Society  for  Testing  Materials.  It  was  devised  by 


Fig.  115. — Permeability  tests,  double-yoke  method. 


C.  IF.  Barrows*  and  is  the  standard  method  used  at  the  Bufeati  of  Stand- 
»ds  for  both  solid  and  sheet  specimens.  Not  only  is  the  precision  high, 
tort  the  method  is  also  rapid  and  convenient  when  the  observer  is  expen- 
ded. The  essential  feature  iB  the  distribution  of  the  magnetising  wind* 
•a*  in  sections,  which  permits  the  independent  adjustment  of  the  magnet* 
force  in  various  parts  of  the  magnetic  circuit.  Thus  the  effect  of 
Goa-nniform  reluctance  at  joints,  etc.,  can  be  overcome  and  the  induction 
cade  uniform  throughout  the  enti/e  magnetic  circuit.  Exploring  coils  are 
Pkeed  at  various  positions  bo  that  the  uniformity  of  the  induction  can  be 


116. — Connection  diagram  for  double-yoke  method. 


The  scheme  for  rod  specimens  (similar  for  specimens  of  ‘sheets) 
^taarn  in  Fag.  115  where  6,  b are  t wo  bars  (standard  size,  1 cm.  diameter, 
»em.  long)  <*m  to  be  tented  and  the  cither  an  euafliary  bar  of  similar  hiatmal. 
(•Fans  yokes  of  Norway  iron  about  15  cm.  long  and  about  4 or  5 cm. 
^aa^tcr,  into  which  the  bars  are  clamped.  The  magnetomotive-force- is 
“Ppfcd  in  three  sections:  one  coil,  A'*,  is  placed  over  the.  test  specimen; 
‘father,  A*,  over  the  auxiliary  rod;  and  the  third,  Nj,  is  divided  into  four 
’swi,  one  near  each  joint.  The  corresponding  exploring  coils  are  nt,  n« 
^ s,.  These  coils  all  have  the  same  number  of  turns,  that  is, 

*two  parts  of  n,  iu  scries.  They  are  bo  connected  to  a switch  that  na  or 
• cuy  be  connected  through  the  ballistic  galvanometer  in , opposition  to 
' - thus  providing  a zero  met  hod  of.  determining  uniformity  of  flux.  The* 
' of  connections  is  shown  in  Fig.  11 6.  The  magnetizing  coils  are 
to  special  reversing  switches  so  made  that  they  can  be  operated 
':riuJlaneously. 

‘BurrowB,  C.  W.  Tran*.  A.  fc.  T.  M.t  1909-,  Vol.  XI,  p.  31. 
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tOT.  Procedure  In  double-bar  double-yoke  method.  The  metho 

of  procedure  is  as  follows:  After  demagnetising  (Par.  811),  the  current  ii 
Mt  is  adjusted  to  the  value  of  3C  required.  The  current  in  all  magxaetlmin 
coils  is  then  simultaneously  reversed  several  times  to  get  the  specimen  in  i 
cyclic  condition,  the  current  in  Na  and  N j being  adjusted  during  the  proees 
until  the  flux  is  uniform  as  indicated  by  sero  deflection  when  n«  and  n.  nr 
successively  opposed  to  m.  The  galvanometer  is  connected  to  ni  ana  tbi 
deflection  notea  when  the  Current  in  the  various  magnetising  coilo  is  re 
versed  simultaneously*  Then 

4tNI 

3C  - j (gilberts  per  cm.)  (36; 

_ 10 *dkR  /A  —a\nn  , . 

® 2an (— )W  C371 

The  units  are  the  same  as  in  Par.  808.  The  quantity  in  the  parenthesis  h 
the  correction  factor  for  the  space  between  the  surface  of  the  bar  and  th< 
test  coil,  a — area  of  bar  and  A « area  of  test  coil.  Ordinarily  this  correc 
tion  is  very  small  because  the  brass  tube  is  made  very  thin  and  the  teei 
coil  is  wound  under  the  magnetising  coil. 

808.  Permeameters  are  commercial  instruments  for  the  rapid  teetini 
of  iron  and  steel  for  permeability.  The  Thompson  permeameter  is  an  ex - 
ample  of  the  type  employing  the  tractive  force  exerted  between  the  pole  of  s 
magnetised  bar  and  a piece  of  steel  in  direct  contact  with  the  pole.  Tbit 
force  in  dynes  is  F — (B*a/8r,  where  (B  — induction  in  bar  in  lines  per  square 
centimeter  and  a ■■area  of  bar.  in  square  centimeters.  Koepeel  and  Picon 
permeameters  are  examples  of  induction-type  instruments. 

808.  8.  P.  Thompson's  permeameter  is  shown  schematically’  in  Fig 
117,  where  AB  is  the  test  specimen  in  the  form  of  a rod  which  passes  through 
a hole  in  the  top  of  a heavy  yoke,  F.  The  surfaces  of  the  end  of  the  rod  and 
the  yoke  at  F are  carefully  machined.  The  force  necessary  to  move  the  rod 
is  measured  with  a spring  balance  at  S.  The  induction  is 


<B  — 150.9  +3C  (gausses)  (38) 

where  (B  — induction  in  lines  per  square  centimeter  (gausses)  P — pull  in  grami 
and  a =■  area  of  specimen  in  square  centimeters. 


810.  The  principal  advantages  of  traction  permeameters  am  their 

ruggednesa  and  simplicity,  which  are  important  features  in  shop  testing  where 
rapidity  is  essential  and  only  comparative  data  are  required. 

811.  The  Koepeel  permeameter,  as  made  by  Siemens  Halake  is 
shown  schematically  in  Fig.  118,  where  JJ  is  a massive  yoke  divided  at'the 
oentre  so  as  to  admit  a moving  coil  e to  which  a pointer  is  attached,  the 
arrangement  being  similar  to  standard  D'Arsonval-type  direct-current  instru- 
ments. This  pointer  moves  over  a scale  graduated  directly  in  lines  per  square 
centimeter.  The  magnetic  circuit  is  completed  through  the  test  piece  T 

#/n  ^amP®**  between  the  ends  of  the  yoke  in  the  usual  manner.  Tne  value 
of  <B  corresponding  to  various  magnetising  currents  in  C is  indicated  directlv 
by  the  deflection  with  a known  small  current  through  c.  Separate  coils  are 
placed  on  the  yoke  pieces,  JJ , by  means  of  which  the  reluctance  of  the  various 

8ftp8i  “aPP^mately  compensated.  But  even  with  these  ooils,  there  is  * 
ux  leakage,  so  that  correction  or  "shearing"  curves  have  to  be  used. 
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tile.  The  ■■terllne  pormsemotsr  is  a modification  of  the  Koepeel  ap- 
praatus  which  requires  no  corrections.  * 

MS.  The  Ficon  permeameter  is  a doable-yoke,  uncle-bar  instrument 
is  which  joint  reluctances  are  compensated.  The  scheme  is  indicated  in 
Rt  119.  where  Pu  Ft  are  the  two  yokes  and  T is  the  test  specimen.  The 
t«o  mx diary  znagnetiiiiig  coils  on  Fi,  Ft  are  first  connected  with  their  mag- 
Ktomodve  force*  in  series.  There  is  then  supposed 
to  be  no  flux  in  the  test  bar.  its  magnetising  coil  being  pl 

out  of  circuit.  The  two  coils  on  Ft,  Ft  are  then  op- 
posed and  the  current  in  the  test-bar  coil  adjusted 
util  the  flux  in  Ft,  Ft  is  the  same  as  before,  as  indi- 
cated by  a ballistic  galvanometer  or  otherwise.  The 
eoaditsons  in  the  test  bar  are  then  supposed  to  be  the 
same  as  in  a long,  uniformly  magnetised  bar.  0C  is 
calculated  from  the  current  and  the  constants  of  the 
test-bar  coil  as  before,  <B  being  measured  with  a test 
Nd  on  the  test  bar. 

Slla.  Tht  Faliy  permeameter  is  a recently  de- 
veloped induction-type  permeameter  of  high  accu- 
racy t employing  an  H form  of  magnetic  circuit.  The 
fametive  feature  is  the  measurement  of  3C  with  a 
separate  test  coil  instead  of  the  magnetising  coil. 

MS.  Hysteresis  curves  are  obtained  by  any  of  Fio.  119. — Pioou  per- 
thsnethoda  described  above,  for  permeability  teats,  meameter. 

is  which  a coil  is  used  to  measure  the  flux.  In 

fact-indicating  permeameters  such  as  the  Koepeel  type,  <B  is  noted  for 
noons  values  of  3Ct  first  descending  from  a positive  maximum  value  of  X 
to  the  negative  maximum,  and  then  asoending  in  the  opposite  direction. 

M4.  Ballistic  step-by-step  method  of  determining  hysteresis. 
Where  high  precision  is  desired  the  ballistic  "step-by-step”  method  is 
used.  This  method  is  carried  out  as  follows:  The  current  in  the  magnetising 
circuit  is  sdjusted  to  a value  corresponding  to  maximum  <B.  It  is  then 
revised  a few  times  to  get  the  specimen  in  a cyclic  state.  By  means  of 
suitable  switching  arrangements,  some  resistance  is  suddenly  out  into  the 
dreuit.  thus  reducing  X to  a new  value,  which  is  carefully  noted.  The 
MWfpwiiing  change  in  (B  is  determined  with  a ballistic  galvanometer  in 
the  usual  manner.  This  process  is  continued,  step  by  step,  until  sero  current 
is  reached,  when  the  circuit  is  reversed  and  the  resistance  cut  out,  step  by 
step,  until  the  same  maximum  value  of  X is  reached  in  the  opposite  direction. 
The  whole  process  is  then  repeated  and  the  other  side  of  tne  loop  obtained, 
la  this  method,  the  errors  will  be  cumulative,  but  can  be  eliminated  by  poing 
hack  each  time  to  the  original  maximum  X;  furthermore,  it  is  then  a simple 
watter  to  insure  that  the  conditions  remain  constant,  by  occasionally 
fatking  tiie  value  of  <B  corresponding  to  maximum  X. 

Knowing  the  value  of  (B  at  the  start,  the  values  corresponding  to  the  var- 
ious steps  in  the  step-by-step  method  are  obtained  by  adding  algebraically 
the  various  changes  in  (B  to  this  initial  value.  The  resulting  values  of  <B 
sad  X suitably  plotted  on  cross-section  paper  form  the  hysteresis  loop. 

Ml.  Hysteresis  loss  measurements.  The  area  of  the  hysteresis  loop, 
arasured  in  the  units  of  the  ordinates  of  the  curve  (by  planimeter  or  other- 
wise) and  divided  by  4w,  gives  the  hysteresis  loss  in  ergs  per  cubic  centimeter 
per  cycle,  between  flux  densities  +(B  max.  and  — (B  max.  This  method  of 
—Muring  hysteresis  loss  is  much  too  slow  and  expensive  for  commercial 
purposes,  and  several  methods  have  been  devised  by  means  of  which 
tystcresis  losses  can  be  measured  directly,  by  electrical  or  mechanical 
— ns. 

Ml.  Robinson's  method  of  measuring  hysteresis  loss.  An  example 
d sa  electrical  method  of  measuring  hysteresis  loss  is  one  used  by  L.  T. 
!aburaon.t  H was  designed  primarily  to  reduce  to  a minimum  the  time  and 

•See  Esterline,  J.  W.,  Tran*.  A.  8.  T.  M.,  1903,  Vol.  Ill,  p.  288;  1908,  VoL 
mi,  p.  190. 

t Burrows,  C.  W.  and  Sanford,  R.  L.,  "An  Experimental  Study  of  the 
Fshy  Permeameter."  Bulletin  Bureau  of  Standards,  Vol.  14,  p.  207  (1917) 
(Scientific  Paper  No.  306). 

X Robinson,  L-  T.  " Commercial  Testing  of  Sheet  Iron  for  Hysteresis 
Lora;"  Tram*.  A.  I.  E.  E.,  1911,  Vol.  XXX,  741. 
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expense  in  preparing  the  sample,  as  ■well  n*  the  time  spent  i£  tstfin g, ’ The 

specimen  is  a bundle  of  strips  0.5  in.  (1.27  cm.)  X 10  in.  (25.4  cm.),  weigh- 
ing 1 lb.  (0.45  kg.).  It  is  placed  in  a simple  straight  solenoid,  with  a Sensi- 
tive wattmeter  (reflecting  electrodynamometer)  in  series  with  the  magnetis- 
ing coil.  A separate  winding  is  provided  for  the  wattmeter  potential  coil, 
thus  simplifying  the  correction  for  the  wattmeter  loss.  The  induction  ii 
determined  from  the  indication  of  a voltmeter,  which  is  also  connected  to  s 
separate  winding  at  the  centre  of  the  specimen.  The  flux  which  it  indicate* 
is  much  higher  than -that  at  the  ends,  but  experiment  has  shown  that  the 
f*atio  of  the  maximum  to  the  average  is  1.3  to  1.  Due  allowance  is  therefore 
tnade,  when  adjusting  the  magnetising  current  to  such  a value  that  the 
voltmeter  deflection  will  correspond  to  the  required  average  flux-density. 
Measurements  ore  made  at  10  cycles,  or  loss,  in  order  to  reduce  the  eddy- 
purrenuloss  to  a point  where  it  can  be  eliminated  by  means  of  empirical 
corrections  without  serious  error.  The  precision  obtained  is  about  ±5 
per  cent. 

S17.  In  the  Holden  and  the  Ewing  hysteresis  meters,  the  lost  is 
determined  mechanically.  In  the  Holden  meter  the  test  specimen,  a 
ring  of  laminations  about  1 cm.  X 2 cm.  (0.4X0.79  in.)  cross-section,  and 
9 dm.  (3.55  in.)  diameter,  is  placed  between  the  poles  of  a pair  of  revolving 
magnets.  The  torque  exerted  on  the  specimen  is  resisted  by  a spiral  spring. 
The  deflection  of  this  spring  which  is  necessary  to  bring  the  specimen  back 
to  the  sero  position  is -a  measure  of  the  loss  in  ergs  per  cycle.  r 

The  Ewing  apparatus  is  operated  on  a similar  principle,  except  that  the 
specimen  is  rotated  instead  of  the  magnets.  The  specimen  is  a bundle  of 
strip  | in.  (1.6  cm.)  square  and  3 in.  (7.6  cm.)  long. 

318.  Core-loss  measurements.  The  total  loss  in  iron  or  steel  sub- 
jected to  an  alternating  magnetic  field  is  most  accurately  measured  with  a 
Wattmeter.  Tn  making  precision  measure  rueut-V  the  Hopkmaon  ring-specimen 
can  be  used,  but  the  Epstein  apparatus  is  more  convenient  and  has  been 
adopted  by  the  American  Society  for  Testing  Materials.  • Pig.  120  snows  ths 
scheme  dingrammatieally. 

The  spocimen  is  arranged  in  the  form  of  a rectangle.  The  magnetism# 

winding  is  divided  into  four  solenoids. 


Fio.  120. — Core-loss  measurements 
— Epstein  method. 


each  being  wound  on  a form  into  which 
one  side  of  the  rectangular  specimen 
is  placed.  The  form  is  non-magnets’, 
non-conducting  and  has  the  following 
dimensions:  inside  cross-section,  4 cm. 
(1.57  in.)  X 4 cm.;  thickness  of  wall 
not  over  0.3  cm.  (0.12  in.);  winding 
length,  42  cm.  (16.5  in.).  Each  limb 
of  the  specimen  consists  of  2.6  hf 
(5.5  lb.)  of  strips  3 Cm.  (1.18  fn.)  wide 
and  50  cm.  (19.7  in.)  long.  Two  < * 


the  bundles  arc  made  up  of  strips  cut  in  the  direction  of  rolling  and  two  at 
right  angles  to  the  direction  of  rolling.  The  strips  are  held  together  with 
tape  wound  tightly  around  the  bundle.  The  bundles  form  butt  joints  at 
the  corners  with  tough  paper  0.01  not.  (0.004  in%>  think  between.  Theynre 
held  firmly  in  position  by  clamps  placed  at  the  corners. 

The  magnetising  winding  on  each  solenoid  consists  of  150  turns  uni- 
-formly  distributed  over  the  42  cm.  (10.5  in.)  winding-length,  and  has  a resist- 
ance of  between  0.075  and  0.125  ohm,  A secondary'  winding  is  uniformly 
wound  underneath  the  first;  it  also  contains  150  turns  in  each  solenoid,  and 
energises  the  potential  circuit  of  the  wattmeter  and  also  the  voltmeter  with 
w'hich  the  inauction  is  measured.  The  resistance  should  not  exceed  ^0.25 
ohm  per  solenoid.  .With  a sine-wave  .e.rp  f*  impressed  on  the  magnetjrin# 
winding,  the  maximum  induction  is 

- _ E4/D10*  . . 

4 jSnW  (gausses)  (39) 

where  E = volts  indicated  by  voltmeter,  1 — length  of  specimen.  D —specific 
gravity  (7.5  for  alloy  or  high-resistance  steels  and  7.7  for  standard  or  low- 
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iMtancestedsL*/— form  factor  of  magnetising  electromotive  force  (1.11  for 
MMrsve),  N = total  secondary  turns,  n — cycles  per  second,  and  M — total 
: in  grant*.  The  wattmeter  gives  the  total  loss  in  the  iron,  plus  that  in 

: si*  secondary  circuit.  The  latter  is  calculated  from  the  resistance  and  the 
i nlmge,  and  deducted  from  the  wattmeter  reading. 

lit.  Tor  comparative  commercial  measurements  of  core  losses, 

isajJe  simple  solenoid  may  be  used.*  The  wattmeter  indications  are  stan- 
brdizsd  with  a standard  sample.  The  acouraoy  obtained  is  quite  sufficient 
far  most  factory  purposes. 

tit.  Separation  of  eddy-current  and  hysteresis  losses  m the  core 
i«  mually  accomplished  by  taking  advantage  of  the  fact  that  with  a given 
Bm+x.  the  hysteresis  loss  varies  directly  with  the  frequency  and  the 
eddy-current  loss  with  square  of  the  frequency.  The  specimen  is  arranged 
a eore-loes  test' and  the  loss  noted  at  two  freqnencies,  the  induction 
tens  kept  the  same  in  the  two  cases.  By  meahs  of  two  simultaneous 
rqvtaons,  with  two  unknown  quantities,  both  losses  can  be  calculated. 

Precautions  in  magnetic  testing.  Where  the  induction  is  meas- 
Eisdhjr  means  of  a stationary  test  coil  surrounding  the  specimen,  the  spa?0 
tureen  the  coil  and  the  teat  specimen  should  be  as  small  as  possible.  This 
’^awninarily  be  made  so  small  that  the  leakage  error  is  negligible. 

M*  induction  measurements  are  made,  the  specimen  should  be  care- 
er demagnetized.  This  is  best  .done  by  first  magnetizing  to  a value 
•alihove  the  maximum  at  whioh  measurements  will  be  made;  the  current 
J wb  gradually  reduced  to  zero,  being  rapidly  reversed  meanwhile.  Alter? 
mag  current  of  25-cycle  frequency  is  convenient  where  much  work  is  to 
aoae.f 

la  loss  measurements,  the  temperature  of  the  specimen  shoukl  be  care? 
k because  this  affects  the  eddy-current  loss.  The  ex  citing  winding 

therefore  be  sufficiently  large  to  avoid  heating  of  the  specimen.  In 
prwuioa  work,  the  apparatus  is  placed  in  an  oil  bath. 

In  testa  of  sheet  materials,  the  strips  should  not  be  too  narrow,  because 
a the  hardening  at  the  edges  due  to  cutting.  This  effect  is  negligible  with 
i width  of  2 in.  (5  cm.).  Care  should  be  taken  that  burrs  are  removed  from 
la*  wies  and  that  the  only  insulation  between  sheets  is  the  natural  soale 
< ouds.  The  test  specimen  should  be  composed  of  strips  out  from  the  sheets 
m Mh  directions. 

The  readings  of  a ballistic  galvanometer  should  be  kept  at  about  the 
*ms  magnitude  by  varying  the  resistance  in  series  with  it.  The  observa- 
error  is  thus  Kept  about  constant. 
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MECHANICAL  POWER  MEASUREMENTS 

BY  F.  MALCOLM  FARMER,  M.B. 

TORQUE  MEASUREMENTS 

MS.  Torque  Is  best  measured  with  dynamometers,  of  which  there  a 
two  classes,  absorption  and  transmission.*  > Absorption  dynamometet 
absorb  the  total  power  delivered  by  the  machine  being  tested,  while  tran 
mission  dynamometers  absorb  only  that  part  represented  by  friction  in  tl 
dynamometer  itself. 


* Carpenter  and  Diedrichs.  “Experimental  Engineering"  (WiU 
Sons,  1912).  J.  A.  Moyer.  “Power  Plant  Testing"  (McGraw-Hill  Boo 
Co.,  1913). 
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ML  The  Prony  bnk*  m the  meet  common  type  of  abeorption  dyna- 
wmm Mm,  It  is  simply  a brake  applied  to  the  surface  of  a pulley  on  the 
daft  of  the  machine  being  tested,  together  with  suitable  means  for  vary- 
m the  friction  produced.  The  torque  developed  by  the  machine  to  over- 
■as  the  friction  is  determined  from  the  force  required  to  prevent  rotation 
rf  the  brake. 

til.  The  principal  forma  of  Prony  brakes  are  show'n  schematically 
■ Kg®*  121, 122,  123  and  124.  In  Fig.  121  the  load  is  applied  by  tightening 


t<eiiMs  a round  belt  in  a grooved  pulley  and  with  small  steel  wire  wound 
•rinlly  around  it,  sero  turns  per  inch  at  one  end  to  maximum  turns  at  the 
makes  a simple  and  very  satisfactory  brake, 
m.  Formulas  for  calculation  of  torque  from  dynamometer 
knmrtments.  The  torque,  T,  in  the  various  forms  of  Prony  brakes  (Par. 
»)  if  determined  as  follows:  In  Fig.  12 1,  T ■» PpL , where  Fp  ■ force  measured 
4 md  of  brake-arm,  L — length  of  brake-arm  or  distance  from  centre  of 
wt  to  point  at  which  the  force  is  measured.  In  Figs.  122  and  123,  T — 
vw-PjL,  where  weight  attached  to  end  of  brake-band.  Fp  ■*  reading 
^ (priag  balance,  L — brake-arm » radius  of  pulley  plus  one-half  the  thick- 

* H.  M.  Scheibe.  “A  Self-regulating  Brake."  Electric  J oumal,  1907 , Vol. 

N.M18. 
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bm  of  belt  or  .rope.  In  Fig.  124,  T~FpLt  where  F,  *»forc€  v#udDi 
scales,  L — brake- arm  -■  radius  of  pulley  plus  one-half  the  thickness  of  belt  o 
rope.  If  F and  L are  measured  in  pounds  and  feet  respectively,  T will  b 
in  lb.  ft. 

StS.  Dissipation  of  beat  in  friction  brakes.  The  energy  dissipated  r 
the  brake  appears  in  the  form  of  heat.  In  small  brakes  natural  cooling  i 
sufficient,  but  in*  large  brakes  qweial  provisions,  have  totbe>mndp  todisespat 
the  heat  Water-cooling  is  the  most  common  method,  one  scheme  em 
ploying  a flanged  pullcv.  About  100  sq.  in.  of  rubbing  surface  of  brak 
should  be  allowed  with  air  cooling,  or  about  50  sq.  in.  “"with  watqr  coolinj 
per  horse  power. 

899.  For  very  large  torques,  other  forms  of  absorption  brakes  an 
used.  In  the  Alden  brake,  a rotating  cast-iron  disc  rubs  against  thii 
copper  discs  which  are  held  stationary.  The  friction  is  adjusted  by  varyinj 
the  pressure  of  the  cooling  water  in  the  chamber  surrounding  the  coppe 
discs.  The  tendency  of  the  copper  disc  member  to  rotate  is  measured  will 
a lever  as  in  the  Prony  brake. 

The  Westinghouse  turbine  brake  employs  the  principle  of  the  wate 
turbine  and  is  capable  of  absorbing  several  thousand  horse-power  at  ver: 
high  speeds. 

In  the  magnetic  brake,  a metallic  disc  on  the  Bhaft  of  the  machine  bein* 
tested  is  rotated  between  the  poles  of  magnets  mounted  on  a yoke  which  i 
free  to  move.  The  pull  due  to  the  eddy  currents  induced  in  the  discs  is  mess 
urad  in  the  usual  manner  by  counteracting  the  tendency  of  the  yoke  U 
revolve.  ' 

290.  The  principal  forms  of  transmission  dynamometers  are  th 
lever,  the  torsion  and  the  cradle  types.  An  example  of  the  lever  type  i 


shewn  in  Fig.  l2o,  where  F is  the  force  applied  to  the  dynamometer,  an< 
Ff  is  the  force  being  delivered.  When  the  downward  force,  X,  is  balance* 
by  the  weight  Wf  the  following  formula  holds, 


(4o 

a 

where  /*"  coefficient  of  friction  determined  experimentally. 

891.  In  torsion  dynamometers,  the  deflection  of  a shaft  or  spiral  spring 
which  mechanically  connects  the  driving  and  driven  machines,  is  used  t* 
measure  the  torque.  The  spring  or  shaft  can  be  calibrated  statically  bj 
Doting  the  angular  twist  corresponding  to  a known  weight  at  the  end  tot  « 
known  lever-arm  perpendicular  to  the  axis.  When  in  use  She  angle  can  b« 
measured  by  various  electrical  and  optical  methods.  In  one  method 
angular  displacement  between  two  points  on  the  shaft  Is  determined  by  bieani 
of  two  discs  of  Insulating  material,  in  the  periphery'  of  each  of  which  is 
a very  thin  piece  of  metal.  The  two  pieces  of  metal  are  oonnoeted  electric- 
nUy  through  the  shaft.  A light,  thin  metal  brush  rests  on  the  periphery 
ofeaeh  disc,  and  the  two  brushes  are  connected  together  through  a batten1 
and  an  indicator  such  as  a bell,  or  a telephone:  At  no  lohd,  one  brush  ii 
moved  until  the  electrical  circuit  is  completed  once  every  revolution.  Th« 
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ttjie  through  which  either  brush  has  to  be  moved  as  the  load  is  increased,  in 
order  to  keep  the  circuit  closed,  is  then  measured. 

SSI  The  cradle  dynamometer  is  a convenient  and  accurate  device 
difh  is  extensively  used  for  routine  measurements  of  the  order  of  100  h.p. 
srles.  An  electric  generator  is  mounted  on  a "cradle’'  supported  on  trun- 
ks* and  mechanically  connected  to  the  machine  being  tested.  The  pull 
®rted  between  the  armature  and  field  tends  to  rotate  the  field.  This 
fcque  is  counterbalanced  and  measured  with  weights  moved  along  an  arm 
a ths  usual  manner. 

SPEED  MEASUREMENTS 

SSS.  Revolutions  are  measured  with  speed  counters  and  tachometers. 
«Pm4  or  revolution  counters  are  attached  directly  to  the  shaft  to  be  meas- 
ured sod  record  the  total  revolutions  from  the  instant  that  the  mechanism 
»eau*cted.  They  usually  consist  of  an  arrangement  of  worm  and  gears, 
U* toul  revolutions  being  shown  by  a graduated  dial  moving  under  a pointer, 
* a cyclometer  dial  on  which  the  total  revolutions  are  indicated  numer- 
wOy  at  each  revolution.  In  order  to  obtain  the  speed,  the  intervening  time 
be  observed  simultaneously. 

tU.  Tachometers  or  speed  indicators  indicate  the  speed  directly  and 
urhide  the  time  element.  The  principal  types  are  centrifugal,  liquid, 
retd ud  electrical.  In  the  centrifugal  type,  a revolving  weight  on  the  end 
wilsrer  moves  under  the  action  of  centrifugal  force  in  proportion  to  the 
>3  in  a fly-ball  governor.  This  movement  is  indicated  by  a pointer 
moves  over  a graduated  scale.  In  the  portable  or  hand-type,  the 
Udometer  shaft  is  held  in  contact  with  the  end  of  the  shaft  being  measured, 
ud  in  the  stationary  type,  the  instrument  is  either  geared  or  Delted.  In 
the&iuid  tachometer  of  the  Veoder  type,  a small  centrifugal  pump  s driven 
a belt  consisting  of  a light  cord  or  string.  This  pump  discharges  a col- 
liquid  into  a vertical  tube,  the  height  of  the  column  being  a measure  of 
U*  ipeed. 

l*xl  tachometers *aro  similar  to  reed-type  frequency  indicators  (Par. 

the  reeds  being  set  in  resonant  vibration  corresponding  to  the  speed  of 
**  machine,  by  various  means.  The  instrument  may  be  set  on  the  bed- 
faoe  of  the  machine  where  any  slight  vibration  due  to  the  unbalancing  of 
*»  reciprocating  or  revolving  member  will  set  the  oorrosponding  reed  in 
Some  forms  are  belted  to  the  revolving  shaft  and  the  vibrations 
moaned  by  a mechanical  device.  Electrical  tachometers  may  be  either 
tnd  instruments  operated  electrically  from  small  alternators  geared  or  belted 
to  the  machine  bang  measured,  or  ordinary  voltmeters  connected  to  small 
P^maoeot- magnet,  direct-current  generators  driven  by  the  machine  being 
toaei  ■ *-'•  r- 

Bt.  Chronographs  are  speed-recording  instruments  in  which  a graphical 
ttowd  of  speed  is  made.  In  the  usual  forms,  the  record-paper  is  placed  on 
turfaee  of  a drum  which  is  driven  at  a certain  definite  and  exact  speed  by 
**k-*ork  or  weights,  combined  with  a speed-control  device  so  that  1 in. 
10  the  paper  represents  a definite  time.  The  pens  which  make  the  reoord 
*re  ittarhed  to  the  armatures  of  electromagnets.  With  the  pens  in  contact 
toththe  paper  and  making  a straight  line,  an  impulse  of  current  causes  the 
**  make  a slight  lateral  motion  and  therefore  a sharp  indication  in  the 
,*wt1  This  impulse  can  be  sent  automatically  by  a suitable  contact* 
on  the  shaft  of  the  machine  or  by  a key  operated  by  hand.  The 
k'v  per  revolution  is  then  determined  directly  from  the  distance  between 
tub. 

THERMOMEfRY,  PYROMfeTRY  AND  HEAT 
CONDUCTIVITY 

BT  Q.  K.  BURGESS  SC.D. 

AND 

PAUL  D.  FOOTE,  Ph.D. 

THERMOMETRY 

IN.  Temperature  scale.  The  standard  temperature  scale  is  fixed  in 
mt#val  —40  deg.  to  450  deg.  cent,  by  means  of  the  platinum  resistance 
th(noometer  calibrated  in  ice,  steam,  and  sulphur  vapor  (444.6  deg.  cent.). 
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In  the  interval  450  deg.  to  1100  deg.  cent,  it  is  defined  by  the  fixed  point 
melting  points  of  antimony  (or  aluminum)  of  gold  (or  copper},  at 
interpolation  between  these  points  is  based  on  the  temperature  scale  aefin 
by  the  r are-metal  thermocouple  (Pt,  OOPtlORh)  calibrated  a^  these  U 
temperatures  and  a third  temperature,  melting  point  of  sine  fs  determin 
by  the  resistance  thermometer.  The  temperature  scale  above  1100  d« 
cent,  is  based  upon  the  extrapolation  of  Wien’s  law  using  as  the  fiduc 
point  the  melting  point  of  gold  — 1063  deg.  cent,  and  ct“  14,350  micron  d< 

SS7.  High  temperature  thermometers.  Mercury  in  glass  th< 
mometers  are  useful  from  —35  deg.  to  550  deg.  cent.  In  order  to  preve 
vaporisation  of  the  mercury  at  high  temperatures  the  top  of  the  capilla 
is  filled  with  nitrogen  under  pressure.  The  thermometer  must  be  well  a 
nealed  at  as  high  a temperature  as  the  glass  will  safely  stand.  Errors  of  : 
deg.  or  more  may  result  from  imperfect  annealing.  Industrial  msrur 
in-glass  thermometers  have  the  bulb  encased  in  a metal  tube  and  t! 
stem  is  well  protected  by  a metal  frame.  This  construction  introduces  ti 
questionable  factors,  lag  and  conduction  of  heat  along  the  frame.  It 
consequently  necessary  that  the  instruments  be  used  for  the  purpose  d 
signed.  Industrial  thermometers  calibrated  to  read  gas  temperatures  w 
not  necessarily  give  true  temperatures  when  immersed  in  liaiuds.  Ii 
dieating  thermometers  of  the  dial  and  pointer  type  and  recording  the] 
mometers  employing  a mechanism  for  recording  temperatures  on  a cha 
are  of  three  classes,  electrical  (thermocouple  or  resistance)  thermometex 
pressure  thermometers,  and  bimetallic  thermometers.  Pressure  the 
mometers  consist  of  a bulb  containing  a liquid  or  gas  or  both,  connect* 
by  capillary  tubing  to  a pressure  gage  graduated  to  read  temperatui 
Bimetallic  thermometers  utilise  the  turning  moment  produced  when 
strip  of  two  metals  of  different  expansion  coefficient  and  Draxed  together 
heated.  These  instruments  are  not  as  accurate  as  mercury-in-glass  the 
mometers  but  are  very  useful  and  are  extensively  employed. 

MS.  Low-temperature  thermometers.  For  the  measurement  i 
temperatures  below  the  range  of  the  mercury  thermolheter  ( — 35  deg.  cent, 
there  are  available  alcohol  ( — 70  deg.  cent.),  toluene  ( — 90  deg.  cent.),  at 
petroleum-ether  or  pentane  (—200  deg.  cent.)  liquid-in-glass  thermometei 
copper-constantan  and  other  thermocouples,  and  electric  resistance  the 
mometers.  With  these  types  of  liquid-in^glass  thermometers  the  same  w 
cautions  apply  as  with  mercury.  and  in  addition  special  care  must  be  take 
to  prevent  the  liquid  from  sticking  to  the  sides  of  the  glass.  On  account  < 
viscosity  of  the  liquid  at  low  temperatures  the  thermometer  must  be  slow! 
oooled  to  the  temperature  of  the  bath,  cooling  first  the  bulb  and  then  tl 
stem. 

Mt.  Correction  for  emergent  stem  of  mercury-in-glaas  thei 
mometers.  Thermometers  are  usually  graduated  for  total  immersion  : 
a bath,  while  frequently  in  later  use  part  of  the  stem  protrudes  from  tl 
bath  and  may  be  at  a considerably  different  temperature.  Under  aw 
conditions  the  following  stem  correction  should  be  added  to  the  obeerv< 
reading.  Stem  correction -/Cn(T°  — <°);  in  which  K -0.00016  for  cent 
grade  thermometers  and  0.00009  for  fanrenheit  thermometers;  n — numb 
of  degrees  emergent  from  the  bath;  T — temperature  of  bath;  temperate 
of  emergent  stem.  The  value  of  t may  be  roughtly  measured  by  an  auxiliai 
thermometer  the  bulb  of  which  is  placed  about  three-fourth  the  distant 
down  the  exposed  mercury  column.  Stem  corrections  may  amount  I 
40  deg.  or  more  at  high  temperatures  and  hence  become  very  imports! 
where  accuracy  is  desired. 

S40.  Calorimetric  mercury  thermometers  are  of  two  types,  tl 

ordinary  mercury  thermometer  with  a total  stem  length  of  10  to  15  ds 
cent.,  graduated  in  0.05-deg.  to  0.02-deg.  intervals,  and  the  Bookman 
thermometer  arranged  so  that  part  of  the  mercury  may  be  removed  fro 
the  bulb  in  order  to  utilise  the  short  scale  (5  or  6 deg.  cent,  graduated 
0.01-deg.  intervals)  for  differential  work  at  various  temperatures.  In  adc 
tion  to  the  stem  corrections  the  Beckmann  type  requires  a settii 
correction  depending  upon  the  amount  of  mercury  remaining  in  the  bid 
Calorimetric  thermometers  may  be  in  error  by  l per  cent,  of  the  indicate 
temperature  scale  differences,  and  consequently  should  be  calibrated.  Tl 
highest  accuracy  attainable  is  from  0.5  to  0.1  per  cent.  For  greater  pSodsio 
thermocouples  or  resistance  thermometers  are  available. 
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PYROMETRY 

141.  Thermoelectric  pyrometry.  In  pyrometers  of  this  type  tempera- 
are  measured  by  the  magnitude  of  the  electromotive  forces  set  up  be- 
;««to  wires  of  different  materials  when  one  junction  is  exposed  to  the 
wnperature  to  be  measured  and  the  other  junction  (or  junctions)  is  kept  at 
kb*  known  temperature. 

141.  Material  of  couple.  Couples  extensively  employed  are:  copper- 
i^MUnUn  to  360  deg.  cent.;  iron-constantan  to  900  deg.  cent.;  alumcl- 
chromel  or  nichrome-alumel  to  1100  deg.  cent.;  (Pt  — OOPtlOIth)  from 
DO  to  1500  deg.  cent.  The  following  table  shows  the  calibration  data 
of  these  couples,  based  on  a cold  junction  temperature  of  xero  deg.  cent. 
Mercnt  rare-metal  couples  of  the  same  type  should  be  reproducible  to 
:2  deg.  cent,  and  base  metal  couples  to  ± 10  deg.  cent. 

343..  Calibration  Data  of  Representative  Couples 


Cold-junction  temperature,  0 deg.  cent.  E.m.f.  in  millivolts 


Eafdhard 

“Le 

Ckatcher” 

Johnson- 
Matthey 
* ‘Le 

Chatelier” 

Copper- 

constantan 

Iron- 

constantan 

Chromel- 

alumel 

I 

Ea.f. 

Deg 

cent. 

E.m.f. 

Deg. 

cent. 

E.m.f. 

Deg. 

cent. 

E.m.f. 

Deg.  cent. 

E.m.f. 

Deg. 

cent. 

B 

L 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

147 

1 

146 

1 

25 

5 

105 

95 

5 

122 

2 

205 

2 

260 

2 

49 

10 

204 

186 

10 

243 

3 

374 

3 

364 

3 

72 

15 

299 

277 

15 

363 

4 

478 

4 

461 

4 

94 

20 

392 

367 

20 

482 

$ 

578 

5 

553 

5 

115 

25 

483 

457 

25 

601 

« 

675 

6 

641 

0 

136 

30 

574 

546 

30 

721 

7 

770 

7 

725 

7 

156 

35 

062 

032 

35 

844 

8 

861 

8 

806 

8 

175 

40 

749 

713 

40 

970 

9 

950 

9 

884 

9 

194 

45 

836 

792 

45 

1100 

10 

1037 

10 

959 

10 

213 

50 

924 

871 

11 

1122 

11 

1032 

11 

232 

55 

1011 

950 

12 

1206 

12 

1103 

12 

250 

60 

1030 

12 

1290 

13 

1173 

13 

268 

14 

1373 

14 

1242 

14 

285 

— 

! 15 

1 1455 

15 

1311 

15 

302 

B represents 

mean  calibration 

16 

1379 

16 

319 

by  U. 

S.  Bureau  of  Standards  of 

17 

1447 

17 

336 

iron-constantan  couples 

from 

18 

353 

all  sources. 

L represents 

mean 

calibration 

of  Leeds  & North- 

rup’s  iron-constantan  couple. 

ML  Measuring  instruments.  The  instruments  employed  to  measure 
Mnaoeleetric  e.m.f. ’s  operate  on  the  galvanometric  principle,  potentio- 
Mtafie  principle,  or  a combination  of  these.  Since  the  e.m.f.’s  are  small 
•i galvanometers,  which  are  essentially  ammeters  graduated  to  read  e.m.f., 
Mil  be  very  sensitive  to  voltage.  This  could  be  accomplished  by  using 
Maatrument  of  low  resistance  but  on  account  of  the  variable  line  resistance 
f ,l  thermoelectric  circuit  it  is  necessary  to  make  the  resistance  of  the 
BMsometer  as  high  as  possible,  consistent  with  substantial  construction. 
{[■t  indicator  is  graduated  to  read  e.m.f.  at  its  terminals  the  relation  be- 
P*  scale  reading  t%  and  true  e.m.f.  of  the  couple  e becomes 
wftL),  where  A«,  Re  and  Rl  denote  the  resistances  of  the  galvanometer, 
yfc  and  lead  wires  respectively.  If  R9  is  large  compared  to  Rc+Rl  the 
equation  reduces  approximately  to  e«  ~ e and  the  indicator  reads  cor- 
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rectlv.  When  Rg  is  low  it  is  still  possibly ie>  graduate  the  scale  to  read  tn 
e.m.f.  for  a definite  line  resistance,  nut  if  this  changes  on  account  of  A 
terioration  of  the  couple,  etc.,  serious  error  may  result.  Thus  a tMXMmi 
indicator  designed  for  use  with  a 2-ohm  line  resistance  will  be  in  error  l 
only  7 deg.  at  1000  deg.  cent,  if  the  line  resistance  changes  to  4 ohms.wbi 
a 10-ohm  indicator  under  similar  conditions  would  read  140  deg.  cent.  t< 
low.  This  emphasizes  the  importance  of  the  use  of  galvanometers  of  hig 
resistance. 

845.  The  Brown  Heat  Meter  (H&rrison-Foote  Method),  is  a compel 
sated  millivoltmeter  which  eliminates  errors  arising  from  variable  line  r 


Fia.  126. — Harrison-Foote  compensated  indicator  (Brown  Instru- 
ment- Co.  Improved  Heatmeter). 


sis ta nee.  The  circuit  CDGF  in  Fig.  126  is  an  ordinary  millivoltmeter,  i 
which  G represents  the  moving  coil,  in  series  wi^  which  is  an  adjustab! 
rheostat  Cfi.  The  maximum  value  r*  of  this  resistance  is  chosen  equal  1 
the  maximum  line  resistance  likely  to  occur  in  practice,  t convenient  rain 
being  15  ohms..  With  the  rheostat  set  for  n = r&,  the  instrument  is  graduate 
to  read  potential  drop  across  AH.  Hence  in  use  n should  be  adjusted  unt 
n-hL-f  This  adjustment  is  made  by  moving  n until  no  change  i: 

deflection  is  produced  by  depressing  the  key  K.  By  properly  proportions 
the  various  resistances,  this  setting  may  l>e  easily  made  to  correct  for  change 
in  line  resistance  which  would  occasion  an  error  of  only  0.01  aoale  diviriol 
The  method  accordingly  is  exceedingly  sensitive,  yet  so  simple  that  it  in  n 
manner  complicates  the  use  of,  the  indicator.  The  device  is  adaptable  t 
multiple  installations  either  with  indicators  or  recorders. 

346.  Potentiometers.  The  most  accurate  /nethod  for  measurin 
thermoelectric  e.m.f.’s  is  by  means  of  the  potentiometer,  the  principle  < 
operation  of  which  is  described  in  Par.  49  to  52.  Special  low-range  instn 
mente  adapted  to  pyrometry  are  made  by  Leeds  and,  Northrup.  Thi 
company  also  makes  a portable  potentiometer  for  either  rare-metal  < 
base-metal  couples,  pr  for  both  with  a double  scale.  The  potentiomet< 
affords  the  advantage  that  its  indications  are  independent  of  line  resistant 
On  the  other  hand  a balance  must  be  effected  for  each  reading,  so  that  tJb 
instrument  is  not  so  convenient  for  general  practice  as  a high-resistant 
galvanometer.  It  is  possible  to  employ  the  potentiqmvtrio  principle uithu 
indicating  instrument.  Thus  the  galvanometer  may  be  used  a9  an  aiumefi 
in  adjusting  the  battery  current  through  the  potentiometer  to  a fixed  yali| 
and  then  it  mav  be  connected  by  a suitable  switch  into  the  couple  circu 
and  used  as  a detector  for  zero  current  or  balancing.  It  is  also  possible  1 
arrange  the  eircuit  so  that  after  the  balance  the  galvanometer  deflecl 
showing  the  true  e.m.f.,  as  is  done  in  thp  Northrup  Pyrovoltor.  Tl) 
deflection  potentiometer  priueiple  (Par.  54)  has  been  employed  advent 
cously  in'  pyrometry  but  at  present  the  method  in  not  used  very  extensivel 

S47.  Cold-junction  corrections.  If  a couple  is  calibrated  with  a co| 
junction  temperature  of  (o  deg.  cent,  and  used  with  a oold  junction  ten 
peraturc  of  V o.  it  is  necessary  to  add  to  the  observed  e.m.f.  the  value  < 
the  e.m.f.  developed  when  the  hot  junction  is  nt  t'o  and  the  oold  junction  < 
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h to  obtain  comet  temperature  from  the  calibration  data.  If  the  indicator 
a graduated  in  temperature  add  to  the  observed  reading  (!'•  — U)K,  where  K 
m a factor  depending  upon  the  couple  and  temperature.  Values  of  K for 
tjpeal  couples  are  as  follows  (Par.  348): 


848.  Cold-junction  correction  factors 


! Engelhard 

1 "LeChatelier” 

J ohnson-M  at  t hey 
“LeChatelier” 

Copper- 

Iron- 

constantan 

constantan 

Deg. 

K • 

Deg. 

K * 

Deg. 

K • 

Deg. 

K • 

cent. 

cent. 

cent. 

cent. 

265-450 

0.65 

250-400 

0.60 

0-50 

1.00 

0-100 

•1.00 

450-650 

0.60 

400-550 

0.55 

50-80 

0.95 

100-600 

0.95 

650-1000 

0.65 

550-000 

0.50 

80-110 

0.90 

000-1000 

0.85 

1000-1450 

0.50 

900-1450 

0.45 

110-150 

0.85 

Chromel-alumcl 

150-200 

0.80 

0-800 

1.00 

200-270 

0.75 

800-1100 

1.05 

270-350 

0.70 

• Based  on  calibration  with  fo  = 0 deg.  cent. 


*49.  Compensators.  Various  methods  are  employed  for  avoiding  the 
ue^saty  of  making  these  corrections.  Simple  indicators  may  be  set  on  open 
circuit  to  read  the  cold  junction  temperature.  Potentioruttric  instruments 
may  be  equipped  with  either  manually  or  automatically  operated  com- 
pensators. Even  with  such  devices,  however,  it  is  desirable  to  control 
the  told  junction  temperature  as  much  as  feasible.  This  mhy  be  dofte  by 
tster  jacketing  the  terminal  head  of  the  couple,  but  peferably  by  extending 
the  eoid  junction  to  a region  of  fairly  constant  temperature.  With  base-1 
netal  eouplcs,  extension  leads  of  the  same  material  are  used  and  with  rare^ 
aetal  couples  leads  consisting  of  one  wire  of  copper  and  the  other  an  alloy  of 
poppet  and  nickel.  The  compensating  leads  are  carried  directly  to  the  in- 
weitor  which  is  located  in  a room  of  reasonably  constant  temperature,  0 9 
!fcay  terminate  in  a buried  cold  junction  from  which  copper  lead  wires  run 
to  the  instrument.  Th*  buried  oold  junction  is, made  by  driving  a pipe 
Kdetground  to  a depth  of  10  feet.  After  inserting  the  cold  junctions  the 
top  should  be  well  protected  from  moisture. 

990.  Thermocouple  installations.  Competent  electricians  should 
couple  installations.  Lead  wares  should  be  weather  proof  and  pro- 
^*t«d  by  grounded  conduit.  All  joints  in  wires  should  be  soldered  and 
^P«L  If  the  indicators  have  a low  resistance  special  attentionj  must  be 
to  switches.  Frequently  switches  rated  at  100  amperes  must  be 
■aed  although  the  thermoelectric  current  is  only  a few  niilliamperss.  Copper 
large  as  No.  10  or  12  may  be  necessary  for,  long  lines  in  order  to  keep 
toe  resistance  low.  The  choice  of  a proper  protecting  tube  is  nearly  as  im- 
portant as  the  selection  of  the  couple.  Quarts,  porcelain,  carborundum, 
bchrome,  chromel,  graphite,  fireclay,  alundum,  nickel,  iron,  calorized  iron, 
***-.  all  have  their  special  applications  for  certain  processes.  In  multiple 
to*Uflations  the  common  return  should  not  be  employed  on  account  of 
to*  danger  from  short  circuits  and  leakage.  Galvanometric  instruments 

* b*  resistance  designed  for  separate  connection  should  not  bo  operated 

* parallel.  Compensating  wir«,  should  not  be  used  extravagantly  as  it  is 
**tly  and  increases  the  line  remittance.  The  use  of  a junction  box  minim- 

the  amount  of  compensating  leads  required.  This  consists  of  a heavy 
^■Hron  box  mounted  near  a multiple  couple  installation,  inside  of  which 
« eopper-eompensating  lead  junctions  are  located.  The  e.m.f.  developed 
“these  junctions  is  corrected  for  by  a common  junction  in  the  opposite 
■^tion  inserted  between  the  selective  switch  and  the  indicator  or  recorder, 
•w  common  cold  junction  may  be  buried  under  ground.  Fig.  127  shows 
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the  wiring  diagram.  On  a eoke  oven  installation  of  nine  couples  it  la  the 
possible  to  save  600  feet  of  compensating  oable. 


Selective  Switch 


Fio.  127. — Illustrating  use  of  junction  box  with  controlled 
cold-junction  temperature. 


SSI.  Electrical  real  stance  pjrometry.  This  method  of  high-tempera 
ture  measurement  ordinarily  makes  use  of  the  variation  in  the  electrical 
resistance  of  platinum  ana  is  capable  of  great  sensitivity.  In  one  of  iU 
simplest  forms  the  pyrometer  consists  of  a coil  of  platinum  wire  wound  on 
mica,  and  encased  in  a protecting  tube  of  porcelain.  On  account  of  the  die* 
filiation  of  platinum,  high-resistance  coils  of  small  wire  are  not  used  much 
above  900  deg.  cent.  However,  coils  constructed  of  0.6-mm.  wire  may  asm 
satisfactorily  to  1,200  deg.  cent,  for  investigational  work. 

( SIS.  Three-lead  type— Wheatstone  bridge  method.  For  thepur 
pose  of  eliminating  the  resistance  of  the  leads  to  the  coil,  a third  wire  h 


Fia.  128. — Three-lead  resist-  Fio.  129. — Four-lead  resist- 
ance thermometer.  ance  thermometer. 


frequently  introduced  as  in  Fig.  128.  The  coil  P forms  one  arm  of  a dial 
type  bridge,  of  which  the  others  are  n,  r*  and  R,  whence  from  the  principu 
of  the  bridge,  if  the  galvanometer  G remains  undeflected, 

p_r,(R  + M/)_aa,  (41] 
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r>  ■ nasally  made  equal  to  n and  W m constructed  as  nearly  as  possible 
tfeslical  with  oaf,  so  under  these  circumstances  P—R  regardless  of  tne  tern- 
pwstsTB  or  resistance  of  the  leads.  This  type  of  thermometer  may  also  be 
. ad  with  a differential  galvanometer. 

Hi  Four-lead  type — Wheatstone  bridge  method.  *The  compensat- 
es leads  are  inserted  in  one  arm  of  the  bridge  R and  the  thermometer 
ktds  in  the  other,  as  shown  in  Fig.  129.  This  type  may  be  used  with  a slide- 
tire  bridge. 

' Mi  Four-lead  potential-terminal  type  (Fig.  130).  The  resistance  of 
ths  coil  is  measured  by  sending  the  same  current  from  a storage  battery 
through  the  thermometer  and  a known  resistance  in  series,  and  measuring 
the  potential  drop  by  means  of  a potentiometer,  first  across  the  known  resist- 
uw  and  then  across  the  thermometer  coil.  Two  of  the  thermometer  ter- 
minals are  current  leads  and  two  are  potential  leads.  The  current  ordinarily 
aaedis  of  the  magnitude  0.003  to  0.05  amp.,  and  should  be  the  same  as  that 
wed  during  the  calibration  of  the  instrument,  to  eliminate  the  errors  due  to 
the  heating  effect  of  this  current. 


Fio.  130. — Four-lead  resistance  thermometer — potential  terminal  type. 


tM.  Formulas.  The  relation  between  temperature  and  resistance  of  the 
Ptainom  coil  is  of  the  form 

«,-Jh(l+of-W*,  (42) 

j»  general  it  is  more  convenient  to  refer  to  an  arbitrary  scale  known  as  the 
Warn  temperature,  and  to  correct  this  scale  by  a certain  difference  for- 
Jda.  If  pt  denotes  the  platinum  temperature  corresponding  to  a resistance 
ft  we  have  the  relation 

lOOiR-R.) 

^ r^-rV  l43) 

Jwfis  and  R%  are  the  resistances  at  100  deg.  oent.  and  0 deg.  cent,  reapec- 
JJteF*  The  relation  between  the  centigrade  temperature  t ana  the  platinum 
"■perature  pt  is  as  follows: 


f-pf- 


•(w-0. 


(44) 


100 


EE  Calibration.  For  the  calibration  of  a thermometer,  the  coil  of 
k of  the  highest  purity  platinum,  resistance  measurements  are  made  at 
^temperatures,  as  follows:  the  ice  point,  the  steam  point  and  the  boiling 
Past  of  sulphur.  Substituting  the  values  thus  obtained  in  formula  for 
tfjPtf.  39 f)  the  value  of  pt  corresponding  to  the  sulphur  point  is  known, 
tefatriag  to  the  formula  for  t (Par.  Sif),  tne  value  of  4 should  be  found  a 
gfteat  of  the  magnitude  1.49  ± 0.01,  whenoe  from  the  two  formulas  a 
■Jteof  M and  t may  be  computed.  Such  a calibration  will  indicate  tempera- 
•■b  the  range  — 50  to  1,200  deg.  cent,  as  closely  as  they  are  known  in 
of  the  gas  scale.  If  4 is  found  considerably  greater  than  1.49  on 
JJgwrt  of  impurity  of  the  platinum,  there  is  advantage  in  using  a fourth 
iteration  point,  such  as  the  silver  freeiing-point  as  a check. 
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- 8*7.  Adaptability*  The  resistance  thermometer  ieespeeiaUy  adapt 
to  the  measurement  of  small  temperature  changes  such  as  ooour  in  oal 
imetry,  to  the  determination  of  freed ng-points,  etc.*  and  to  special  physi 
and  tnermochemical  investigations  where  an  aocuracy  of  one  or  two  pa 
in  10,000  may  be  attained  (see  Bur.  of  Standards,  Sci.  P.  No.  68  and  2 
124).  In  the  technical  industries  this  type  of  thermometer  with  one  of  1 
many  forms  of  indicators  available  is  employed  for  special  processes  but 
general  a thermocouple  installation  is  more  satisfactory. 

888.  Radiation.  The  temperature  of  bodies  may  be  estimated  from  1 
radiant  energy  which  they  send  out  in  the  form  of  visible  light  or  of  the  loti) 
infra-rod  ray3  which  may  be  detected  by  their  thermal  effects.  Since  t 
intensity  of  radiation  increases  very  rapidly  with  a rise  in  temperature, 
would  appear  that  a system  of  pyrometry  based  on  the  intensity  of  the  li| 
or  total  radiation  from  a hot  body  would  be  an  ideal  and  simple  one.  He 
ever,  different  substances  at  the  same  temperature  show  vastly  diffen 
intensities  at  a given  wave  length,  or  in  other  words,  the  absorbing  or  em 
slve  powers  may  vary  with  the  substance,  with  the  wrave  length,  and  a 
with  the  temperature. 

859.  Black-body  radiation.  A substance  which  absorbs  all  the  rad 
tion  of  any  wav%  length  falling  upon  it  is  known  as  a black  body.  Sucl 
body  will  emit  the  maximum  intensity  of  radiation ’for  any  given  temperate 
and  wave  length.  No  such  material  exist*,  but  a very  dose  approximate 
is  obtained  by  heating  the  walls  of  a hoHoW  opaque  enclosure  as  uniformly 
possible  and  observing  the  radiation  coming  from  the  inside  through  a ve 
small  opening  in  the  wall.  * I 

880.  Stefan-Boltzmann  law.  The  relation  between  the  total  oner 
radiated  by  a black  body  and  its  temperature  is  expVeseed  by  the  equati 
J =a(T*—  To4),  where  J is  the  energy  of  all  wave  lengths  emitted  seco 
per  square  centimeter  of  surface,  T and  To  the  absolute  temperatures  of  t 
radiator  and  surroundings  respectively,  and  a a constant  of  the  value  5.7 
10-,J  watts  cm.-*  degd*.  In  general  To4  is  negligible  in  comparison  with 
so  that  the  above  relation  becomes  J =<rT4.  Although  the  total  energy  eml 
ted  by  any  substance  is  not  that  emitted  by  a black  body  at  the  same  tei 
perature,  it  may  lie  considered  as  some  fractional  part  of  that  from  the  id< 
radiator,  this  fraction  E being  known  as  the  total  emissivity.  If  £ denot 
the  apparent  absolute  temperature,  i.e.,  the  temperature  on  the  blac 
body  scale  corresponding  to  an  amount  of  energy  equivalent  to  that  emitt1 
by  the  non-black  substance  at  a true  temperature  T deg.'  absolute,  the  i 
lation  between  its  total  emissivity  E and  the  quantities  S and  T is: 

Log  Z?  = 4(log  5—  log  T)  (4 


881.  Radiation  pyrometry.  Flry  mirror  telescope  pyromeU 

(Fig.  131.)  Radiation  of  all  wave  lengths  is  brought  to  a focus  by  mea 
of  a concave  gold  mirror  M upon 


the  hot  junction  of  a minute  ther- 
mocouple located  at  T.  The  cold 
junctions  of  the  couple  are  suit- 
ably screened  from  the  direct 
radiation  of  the  hot  body.  The 
concentration  of  heat  at  the  hot 
junction  develops  an  c.m.f.  which 
may  be  measured  by  a potentio- 
meter or  galvanometer.  In  prac- 


To  Indicator 


fice  the  galvanometer  is  usually 
calibrated  1 


131. — F6ry  radiation  pyrometer. 


Ito  read  temperature  di- 
rectly. The  delation  between  the 
e.m.f.  and  the  temperature  for  this 
and  other  types  of  radiation  pyro- 
meter may  be  expressed  by  the  equation  c**aTb,  or  in  log  form,  log 
log  T,  where  T is  the  absolute  temperature  and  a or  k and  b are  empiric! 
constants.  In  general  b approximates  the  value  4,  but  may  have  a ran 
varying  from  3.5  to  4.5  depending  upon  the  eonstruction  of  the  individi 
instrument.  The  pyrometer  should  be  sharply  focused  upon  the  radiatl 
source  and  for  this  purpose  an  ingenious  device  is  mounted  in  the  instrum* 
by  means  of  which  straight  lines  appear  broken  until  the  mirror  is  adjust* 
by  the  thumb  screw  S to  the  proper  ptaition.  Foster  has  transformed  4i 
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Telescope  into  a fixed-focus  pyrometer  by  placing  the  thermocouple 
\ small  front  diaphragm  at  the  conjugate  foci  of  the  gold  mirror. 

361.  Thwing  pyrometer.  In  the  Thwing  pyrometer  the  reflecting 
r r is  replaced  by  an  aluminum  cone  which  by  multiple  reflections  con- 
r truces  the  radiation  at  its  apex  on  one  or  more  small  thermocouples  in 
« riei  with  a portable  galvanometer.  The  instrument  requires  no  focusing. 

front  diaphragm  acting  as  a source.  The  object  sighted  upon  must  be 
trx?  enough  to  cover  the  projection  of  the  cone  through  this  diaphragm, 
ttt.  Precautions  in  ttie  use  of  radiation  pyrometers.  The  mirrors 
' reflecting  devices  must  be  kept  bright  and  free  from  dust.  In  the  case  of 
' Ffry  pyrometer,  errors  amounting  to  100  deg.  cent,  have  been  observed, 
ic count  of  ordinary  accumulation  of  dirt  upon  the  large  gold  mirror. 
Many  radiation  instruments  require  several  minutes  of  exposure  to  the 
•iug  source  to  indicate  a maximum  reading  on  aecount  of  the  slow 
k Uing  of  the  hot  junction,  while  others  require  less  than  20  see.  The 
aaiimum  indication  should  be  accepted.  Care  mu.»t  be  taken  that  the 
r * a large  enough  to  completely  “fill”  the  aperture  of  the  pyrometer, 
a wually  impossible  to  focus  upon  the  back  of  a furnace  through  a very 
• ^ i peep-hole  and  obtain  reliable  results;  in  such  cases  the  hole  must  be 
ralareedso  that  it  does  not  cut  into  the  cone  of  rays  entering  the  instrument, 
we  pyrometer  may  be  focused  upon  the  hole  itself.  In  the  latter  case  the 
c must  be  large  enough  to  cover  the  thermocouple  in  the  F6ry  pyrometer 
w the  front  diaphragms  of  the  Thwing  and  Foster  pyrometers.  Variations  in 
ioxn  temperature  in  general  affect  the  hot  and  cold  junctions  nearly  alike, 
so tkit very  little  error  is  introduced  in  the  reading  of  a radiation  instrument 
• -c  this  r-ause.  It  desirable  to  employ  the  same  ratio  of  diameter  of 
mine  sighted  on  to  sighting  distance  both  in  calibration  and  use  of  all  radia- 
tiof  pyrometers. 

H4.  Emissivity  corrections  for  radiation  pyrometers.  In  the  case 
of  ngbtmg  upon  peep-holes  in  furnaces,  kilns,  etc.,  the  total-radiation  py- 
rometers indicate  approximately  true  temperatures.  When  sighting  upon 
rejects  in  the  open,  certain  corrections  must  be  applied.  These  corrections 
ar*  bat  roughly  known.  The  following  table  (Par.  305)  shows  the  true  tem- 
peratures corresponding  to  the  pyrometer  indications  when  sighting  upon 
raohen  iron  (12=0.28),  molten  copper  (0.15),  copper  oxide  (0.60),  iron 
nde,  and  nickel  oxide.  The  data  are  obtained  from  the  work  of  Thwing, 
F hirgest  and  several  experiments  of  the  authors. 


365.  Total  Emissivity  Corrections 


Observed  tern- 

True  temperature,  de; 

g.  cent. 

perature, 
deg.  cent. 

Molten 

iron 

Molten  | 
copper 

Copper 

oxine 

Iron 

oxide 

Nickel 

oxide 

600  . 

1,130 

720 

630 

710 

700  1 

1,290 

830 

735 

800 

800 

1,200 

945 

835 

895 

900 

1,340 

1,060 

940 

985 

1 000 

1,475 

1,170 

1,040 

1,075 

i!ioo 

1,610 

1,145 

1,165 

1,750 

1 ,250 

| P255 

1,200 

! 

M6.  Wien’s  law.  Wien’s  laws  relate  to  the  distribution  of  the  energy 

Bilk*  u«Ak  hndv  in  the  sDectrum.  The  law'  chiedy  concerned  in  optical 

■inonicitfy  expresses  the  relative  intensity  of  the  energy  emitted  at  any 
fc-ea  wave  length  X and  temperature  in  the  following  manner; 

(46> 

J\  is  the  energy  corresponding  to  the  wave  length  X and  the  absolute 
teperature  T of  the  radiator,  e the  base  of  the  natural  (Napierian)  system 
4 logarithms,  and  ci  and  rj  empirical  constants,  c •<  may  be  taken  ns 
SiJB  when  X is  measured  in  microns,  m (Sec.  1).  If  S x is  the  apparent 
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absolute  temperature  corresponding  to  the  wave  length  X of  a non-bii 
body  at  a true  absolute  temperature  T,  it  follows  that 

l l / X „ XI°g^X 

r~5x"  \«log«/10g  "X"  6232  i4 

where  — emiasivity  — unity  minus  reflecting  power  of  the  radiator  at  t 

particular  wave  length  X and  temperature  T. 

117.  Optical  pyrometry.  Optical  pyrometers  are  based  upon  t 
photometric  principle  of  matching  the  intensity  of  visible  monochrome 
radiation  emitted  by  a substance,  with  that  of  the  same  wave  length 
color  from  a standard  reproducible  source  such  as  the  amylacetate  lamp, 
a constant  source  such  as  an  electric  lamp.  The  instruments  are  calibrat 
by  comparison  with  the  intensity  of  radiation  from  a black  body,  the  prixna 
standard  to  which  all  measurements  are  referred. 


(Fig.  132.)  The  apparatus  co 
lall  oil  or  gasoline  lamp  L.  T 


SIS.  Wry  absorption  pyrometer, 
sists  essentially  of  a telescope  carrying  a small 
image  of  the  name  of  this  lamp  is  projected  on  a silver  strip  at  M adjust 
to  the  focal  point  of  the  ocular  and  objective  system.  By  means  of  t 
black-glass  absorbing  wedges  to,  w,  the  intensity  from  the  source  may  I 
varied  until  a match 


of  the  photometric 
field  (see  small  Fig.) 
is  obtained.  A red- 
glass  screen  is  used  in 
the  ocular  so  that  ... 
fairly  monochromatic 
light  of  this  color 
(0.65  or  0.63m)  is  com- 
pared. The  relation 
between  the  thickness 
of  the  wedges  z,  read 
on  a scale,  and  the  ab- 
solute temperature  T is 
*+P-Q/f,  where  P 
and  Q are  constants 
determinable  by  two 
calibration  points.  The  instrument 


Fio.  132. — F4ry  optical  pyrometer. 


must  be  focused  upon  the  radiatin 

source  but  no  corrections  for  distance  need  be  applied.  The  LeChatelii 
pyrometer,  the  first  optical  pyrometer  developed,  is  similar  in  princip 
but  is  not  of  constant  aperture  and  important  corrections  must  be  maO 
with  change  of  focus.  The  Shore  pyroscope  has  a direct-reading  ten 
perature  scale  controlled  by  a diaphragm  before  the  standard  oil  lanu 
In  all  of  these  instruments  the  purity  of  the  gasoline,  oil,  or  even  U 
amylacetate  used  in  the  comparison  lamps  is  of  little  importance.  Col 
siderable  impurity  may  be  introduced  without  affecting  the  oalibratic 
perceptibly.  The  T.  and  F.  pyrometer  employs  a semi-circular  wedge  as 
an  electric  lamp  with  the  filament  in  the  line  of  sight. 


Sf9.  Wanner  pyrometer.  (Fig.  133.)  The  comparison  light  is  a di 
volt  incandescent  lamp  illuminating  a glass  matt  surface;  monochromati 
red  light  is  produced  by  means  of  a direct-visjon  spectroscope  P and  a slit  4 
cutting  out  all  but  a narrow  band  in  the  red  (X  — 0.65m)  and  the  pho* 
metric  comparison  is  made  by  adjusting  to  equal  brightness  both  halves  i 
the  photometric  field  by  means  of  a polarising  arrangement.  The  slit  4 
is  illuminated  by  the  incandescent  lamp  while  light  from  the  furnace  enters 
After  passing  through  a Wollaston  prism  and  a biprism,  the  light  froml 
two  slits  polarised  in  planes  at  90  deg.  to  each  other  reaches  the  Nicol  pH 
N.  Rotation  of  this  analyser  serves  to  extinguish  one  field  and  brigbl 
the  other  simultaneously,  until  a match  is  effected.  A reference  angle 
chosen,  usually  about  30  deg.,  corresponding  to  the  apparent  tempersK 
of  a section  of  an  amylacetate  flame.  The  instrument  is  set  at  this  nor® 
point  and  sighted  upon  the  ground-glass  screen  of  the  flame  gage.  T 
brightness  of  the  electric  lamp  is  then  varied  by  altering  the  current  thro® 
it  until  the  halves  of  the  photometric  field  are  matched.  Mgintaining  tl 
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nurent  constant,  the  pyrometer  is  ready  for  calibration  or  for  temperature 
Betturernents.  The  instrument  follows  the  law 

b 


log-tan  <p  = 


a+f 


(48) 


•here  ? is  the  angular  reading  of  the  analyzer,  T the  absolute  temperature 
icd  a and  b empirical  constants.  The  relation  between  log-tan  ip  and  l/T 
a linear.  Two  calibration  points  serve  to  determine  a and  b,  whence  a table 
;r  plot  may  be  made  of  ^ vs.  t deg.  cent.  ( T — 273).  Frequent  adjustments 
•houM  be  made  of  the  current  through  the  electric  lamp  necessary  to  obtain 
a match  at  the  normal  point  when  sighted  on  the  amylacetate  lamp.  The 
electric  lamp  burns  at  a high  temperature  (about  1,800  deg.  cent.)  and  con- 
sequently deteriorates  rapidly.  For  the  highest  accuracy  this  adjustment 
ihould  be  made  before  and  after  a series  of  temperature  readings;  in  indus- 
trial plants  once  a day  or  once  a week  will  answer  depending  upon  the 
amount  of  use.  In  the  low  range  Wanner  pyrometer  the  spectroscope  is 
replaced  by  a red  glass  thus  furnishing  more  light  and  still  of  sufficient  purity 
in  color. 


Fio.  133. — Wanner  pyrometer. 


370.  The  Scimatco  pyrometer  is  an  improved  form  of  the  Wanner 
Par.  369.)  The  delicate  optical  parts  are  encased  in  a strong  metal  sheath 
ind  the  addition  is  made  of  a direct-reading  temperature  scale,  besides 
®*oy  adjustments  for  convenience  of  operation. 


Fio.  134 — Leeds  4c  Northrup  optical  pyrometer. 

Hi.  Disappearing- filament  pyrometers  (Fig.  134) , The  filament  of 
electric  lamp  F,  Fig.  134,  is  placed  at  the  focal  point  of  an  objective 
*«ad  ocular,  forming  an  ordinary  telescope  which  superposes  upon  the  lamp 
% image  of  the  source  viewed.  Red  glass,  such  as  Corning  rtHigh  Trans- 
*»aoa  Red,”  is  mounted  at  the  ocular  to  produce  approximately  mono* 
mnmatic  light.  In  making  a setting,  the  current  through  the  lamp  is  ad- 
{■md  by  rheostat  until  the  tip  or  some'  definite  part  of  the  filament  is  of 
tm  same  brightness  as  the  source  viewed.  The  current  is  read  on  an 
■witter  and  the  corresponding  temperature  is  computed  from  a plot  or 
We.  The  relation  between  the  current,  i,  through  the  lamp  and  the 
hmperature  t deg.  cent.,  is  of  the  form:  t — o-f-6f4-c<*  where  at  b,  c,  are  con- 
sists requiring  for  their  determination  at  least  three  standardisation  points. 
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The  lamps  should  not  be  operated  at  temperatures  higher  than  1500  d 
cent.,  on  account  of  deterioration  of  the  tungsten  filament.  If  this  tei 
perature  is  not  exceeded,  the  calibration  of  the  lamp  is  good  for  hundre 
of  hours  of  ordinary  use.  For  higher  - temperatures,  absorption  glasi 
8,  Fig.  134,  are  placed  between  the  lamp  and  the  objective,  or  in  front  of  t 
objective,  to  diminish  the  observed  intensity  of  the  source.  The  relati 
between  the  temperature  of  the  source,  T deg.  abs.,  and  the  observed  te 
perature,  To  deg.  abs.,  measured  with  the  absorption  glass  interposed,  is 
follows:  1/T  — l/To-»  A,  where  A is  for  most  practical  purposes  a const* 
Usually  the  instrument  is  furnished  with  a table  showing  the  relation  1 
tween  the  current  through  the  lamp  and  the  temperature  both  with  & 
without  the  absorption  glass.  If,  however,  this  relation  is  not  given  I 
the  use  of  the  absorption  glass,  it  may  be  readily  determined  by  measuri 
the  constant  A in  the  above  formula.  To  do  this,  sight  without*  the  « 
sorption  glass  on  a muffle  or  any  uniformly  heated  furnace  at  1200  deg. 
1500  deg.  cent,  and  observe  the  temperature  T,  in  degrees  absolute.  Tn< 
with  the  absorption  glass  in  place,  match  the  filament  again  and  observe 
what  temperature.  To,  in  degrees  absolute,  the  current  through  the  lar 
corresponds.  The  difference  in  the  reciprocals  of  these  two  temperatui 
is  the  constant  A,  which  is  usually  of  the  order  of  magnitude  — 0.Q0< 
This  determination  should  be  repeated  several  times  and  at  several  diff* 
ent  temperatures  of  the  furnace.  The  separate  values  of  - A should  n 
differ  by  more  than  1 per  cent,  and  the  mean  value  is  used  for  computi 
the  relation  between  the  observed  absolute  temperature  with  the  abaarpti 
glass  and  the  true  temperature  of  the  source.  The  range  of  current  requir 
is  small,  in  general  about  0.26  to  0.6  ampere.  Thin,  if  the  ammeter  is  c 
signed  to  give  full-scale  deflection  with  0.6  ampere,  nearly  half  of  the  sea 
from  0 to  0.26  ampere,  is  never  used.  The  Hickok  daprsssed-ssro  an 
meter,  now  furnished  with  the  Leeds  4c  Northrup  pyrometer,  meets  tl 
objection.  The  moving-coil  system,  including  the  supports,  pivots,  si 
pointer,  may  be  adjusted  relative  to  the  magnet  by  turning  a lever  on  t 
case  of  the  instrument  to  one  of  two  positions.  In  one  position  the  pointer 
adjusted  on  open  circuit  so  that  it  falls  over  the  first  graduation  on  t' 
scale;  this  adjustment  is  similar  to  the  ordinary  aero  adjustment  on  ai 
ammeter.  In  the.  second,  or  working,  position  the  aero  is  depressed  fro 
the  scale  an  amount  equivalent  to  0.26  ampere. 

372.  ZmissivitF  corrections  for  optical  pyrometers.  Optical  pyror 
eters  will  indicate  true  temperatures  when  sighted  upon  a black  bod 
Black-body  conditions  are  approximated  in  practice  by  a peep-hole  in  t) 
side  of  a furnace  or  kiln,  or  a closed  porcelain  tube  thrust  into  molten  meti 
or  salts.  When  sighting  upon  objects  in  the  open,  certain  corrections  mu 
be  applied.  The  relation  between  the  emissivity  (monochromatic  ligh 
of  a material  and  its  observed  and  true  temperatures  is  given  by  eq.  4 
so  that  if  the  emissivity  is  known  the  true  temperature  may  be  comput 
from  the  observed  temperature.  Par  373  gives  the  emissivity  of  vario 
substances  for  red  light  (X  — 0.65g). 

373.  Monochromatic  Emissivity  for  Red  Light  (X—  O.flg) 


Material 

Material 

B x J 

Silver 

0.07 

Nichrome,  900°  C 

0.90 

Gold,  solid 

0. 13 

Nichrome,  1200°  C.. 

1 v 0.80 

0.22 

Cuprous  oxide 

S)  70 

0.33 

Iron  oxide,  800°  C 

Platinum,  liquid.. . . 

0.38 

Iron  oxide,  1000°  C 

Palladium,  solid..  . 

0 33 

Iron  oxide,  1200°  C 

0.92^1 

Palladium,  liquid. . . 

0 37 

Nickel  oxide,  800°  C 

0.96  1 

Copper,  solid 

0. 11 

Nickel  oxide,  1300°  C 

0 85  1 

Copper,  liquid 

0.15 

Iron,  solid  and  liauid 

0^37 

Tantalum,  1100°  C.  1 

0.60 

Nickel,  solid  and  liquid 

0.36 

Tantalum,  2600°  C. 

0.48 

Iridium 

0.30 

Tungsten,  1000°  C. . 

0 46 

Rhodium 

0.30 

Tungsten,  2000°  C. . 

0 43 

Graphite  powder  (estimated) 

0.95 

Tiintmfftn  3000°  C . 

0.41 

Carnon \ 

0 86  ' 

Digitized  by  Google 


MEASURING  APPARATUS 


Sec.  8-374 


IM.  Osrva  of  emifalvity  eorreettom.  Fig.  135  shows  the  correc- 
ts®* to  apply  to  the  pyrometer  readings  for  a number  of  values  of  A,  using 
*sef.  cent,  as  abscissas  and  (t— a)  deg.  cent,  as  ordinates.  To  obtain  the 
trae  temperature  corresponding  to  an  observed  temperature  * deg.  cent., 
aid  to  s the  value  of  the  ordinate  at  the  porticularemissivity  E\  and  abscissa 
t As  an  example,  let  - 
0.30,  s — 2,000  deg.  cent.;  true 
temperature  - 2,000  + 320  - 
£32©  deg.  cent. 

til.  Recording  pyrome- 
try.  The  following  types  of 
pyrometer  may  be  made  auto* 
oatieally  recording.  (1)  Gas, 
mtvsted  vapor,  and  liquid 
tksnnometers;  (2)  resistance  S 
thermometers;  (3)  radiation  5 ( 
pyrosaeters;  (4)  thermoelectric  ® 
pyrometers;  of  which  the  last  - 
*■«  tfce  greatest  applicability.  J 
Toe  usual  type  of  curve  re-  M ' 

Wired  is  temperature  versus  v - 
tune,  in  which  case  the  indi- 
tori  instrument  is  equipped 
a mechanism  for  penodi- 
«fly  recording  its  indications 
apoo  a chart  which  moves  with 
a uniform  speed. 
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Optical  Pyrometer  Beading*  Gent. 

Bed  Light  (X  - 0.85  JU  ) 

Fio.  135. — Correction  curves  for  optical 
pyrometers. 

•Wld  be  provided  for  correcting  for  variations  in  line  resistance.  Multiple 
recorders  are  constructed  with  a commutator  switch  which  automat- 
»»lly  connects  various  couples  into  the  circuit  successively.  Power  for 
operating  the  controlling  devices  may  be  obtained  from  a clock  or  constant- 
*P*sa  electric  motor.  In  the  multiple  point  potentiometric  recorder  made 
gy  Ueds  A Northrup  even  the  balancing  against  the  standard  cell  is  per- 
formed automatically  and  periodically. 

®*co*d  charts.  Three  forms  of  record  charts  are  Used,  roll,  drum, 
v.  diswr  c*rcu*ar  charts.  Multiple  point  records  usually  employ,  the  roll 
Tim  roll  chart  may  contain  enough  paper  to  last  & month  or  more, 
drum  and  circular  charts  are  renewed  every  24  hr.  The  lines  of  equal 
*®perature  on  circular  charts  are  represented  by'  concentric  circles  and 
««  of  equal  time  by  arcs  following  the  course  of  the  galvanometer  pointer! 

distorted  coordinates,  however,  aTe  not  confusing  after  some  experience 
*5°®  and  roll  charts  may  have  rectangular  coordinates  but  in  some  cases 
**  “net  of  equal  time  are  arcs  of  a circle  with  the  length  of  the  galvano- 
pointer  as  a radius. 


it*.  Types  of  recorder. 

The  recorder  may  operate 
BPon  the  galvano  metric  or 
potentiometnc  principle.  In 
the  former  case  its  resistance 
should  be  V:-L 


JR.  Transformation  point  indicators  and  recorders.  The  simplest 
least  accurate  method  of  locating  critical  points  is  by  means  of  a time- 
•japefature  curve,  the  critical  region  being  indicated  by  a small  flexure  in 
if  the  supply  of  heat  is  sufficiently  regular.  A more  sensitive 
ijshod  employs  a differential  couple  one  junction  of  which  is  located  in 
“Uunplc  under  test  and  the  other  in  a neutral  body  (one  with  no  trans- 
ition points).  A curve  is  obtained  of  the  temperature  of  the  sample 
temperature  difference  between  the  sample  and  neutral  body  when 
ire  mounted  together  in  a furnace  the  temperature  of  which  is  slowly 
ring  or  decreasing.  The  critical  region  is  shown  by  a sharp  increase 
this  temperature  difference.  Both  automatic  and  semi-automatic 
lers  are  made  for  obtaining  these  curves  directly,  no  computations  or 
m of  data  being  required. 

’•I.  Automatic  alarm.  The  pyrometer  indicator  is  fitted  with  two 
tacts  on  pivoted  arms  between  which  the  meter  pointer  plays,  thus 
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closing  a circuit  which  may  operate  a bell.  The  alarm  in  this  form 
general  operates  for  too  great  a part  of  the  time  unless  the  contacts  a 
widelv  separated,  when  their  usefulness  is  much  lessened.  The  acti< 
may  be  made  intermittent,  but  even  then  the  alarm  is  beet  employed  on 
when  there  is  danger  to  life  or  property. 

180.  Manual  Signaling.  Temperatures  are  measured  in  a eentr 
station  and  instructions  given  to  the  furnace  operator  through  pneumat 
tube  service,  by  telephone  or  by  colored  lights.  Signaling  is  usually  accor 
plished  by  three  lights  at  each  furnace,  different  combinations  rcpreeentii 
certain  departures  from  proper  control. 

881.  Automatic  signaling.  A galvanometer  or  recorder  may  1 
equipped  with  a device  including  relays  for  operating  the  system  of  colon 
lights  referred  to  in  Par.  880. 

888.  Standard  temperatures.  From  a consideration  of  determ  natioi 
made  since  1000,  and  selecting  only  temperatures  in  the  location  of  whi< 
two  or  more  independent  observers  have  participated,  and  which  are  euitab 
for  use  as  check  points  in  physical  and  chemical  operations,  the  followii 
table  is  presented  (Par.  888).  Temperatures  above  1,550  deg.  cent,  are  bsw 
on  ci  «14,360.  Boiling-points  are  given  for  a pressure  of  760  mm.  Hg. 
888.  Table  of  Standard  Temperatures ; (deg.  eent.) 


Substance 

Phenomenon 

Tempera- 

ture 

Hydrogen 

Boiling 

-252.7 

Oxygen. 

Boiling 

-182.9 

Carbon  dioxide 

Sublimation  (in  inert  liquid).. 

-78.5 

Mercury 

Freezing 

-38.87 

Water 

Freezing 

0 

NatSO*  -f-10HjO 

Transformation  to  anhyd.  salt 

32.384 

Water 

Boiling 

100 

Naphthalene 

Boiling 

217.96 

Tin 

Freesing 

231.85 

Benzophenone 

Boiling 

305  90 

Cadmium 

320.92 

Lead 

Freezing 

327.4 

Zinc 

Freezing 

419.4 

Sulphur 

Boiling 

444.6 

Antimony 

Freezing 

630.0 

Aluminum 

Freezing v 

6.58.7 

71.9  % Ag  28.1%  Cu 

Eutectic  freeze 

779 

NaCl 

Freezing 

801 

Silver 

Freezing 

960.5 

Gold 

Freezing 

1063 

Copper 

Freezing 

1083 

Freezing 

1 1550 

Platinum 

Melting 

1755 

Alumina 

Melting I 

2050 

Tungsten 

Melting 

3400 

Carbon  arc 

Pos.  crater 

3600 

Sun. 

Surface j 

6000 

Oxygen  boiling-point  * t 

Carbon  dioxide,  sublimation  | 

= -182.9  +0.013  (p- 760) 

point I/-  - 78.5  + 0.016  (p-7G0) 

Water,  boiling-point. .......  t<=-  100  + 0.037  (p— 760) 

Naphthalene,  boiling-point. . t=  217.96  + 0.058  (p—760) 

Benzophenone,  boiling-point  f ■*  305.9  + 0.063  (p  — 760) 

Sulphur,  boiling-point t — 444.6  +0 . 0908 (p—  760)  —0.000047 

(p-  760)» 

Of  the  boiling  substances,  benzophenone  and  oxygen  nre  the  only  ones  1 
the  purity  of  which  special  attention  need  be  given,  but  the  metals  used  f< 
freezing-  or  melting-points  must  be  of  the  highest  purity. 

• p denotes  pressure  in  mm.  of  Hg. 
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HA.  Automatic  temperature  control.  Automatic  control  at  low 
temperatures,  or  ' ‘thermos teting,”  is  usually  obtained  by  means  of  the 
movement  of  bimetallic  springs  or  the  thermal  expansion  of  rods  or  fluid 
esiamns.  For  higher  temperatures  thermoelectric  instruments  are  em- 
ployed, the  principle  of  operation  being  similar  to  that  used  in  automatio 
sgnahng  Instead  of  operating  lights,  nowever,  the  relays  control  electro- 
magnetic valves  for  oil  or  gas,  or  switches  in  the  case  of  electrical  heating. 
Automatic  control  is  complicated  by  the  Interrelation  of  such  factors  as 
thermal  lag  and  the  magnitude  of  the  corrective  changes  in  heat  supply 
during  each  period  of  reversal.  The  sensitivity  of  the  control  instrument 
determines  the  range  of  temperature  which  must  be  covered  by  the  couple 
during  each  reversal  of  the  valve  or  switch.  The  range  of  temperature 
covered  by  the  source  of  heat  is  greater  than  this,  the  magnitude  being 
affected  by  the  type  of  furnace,  method  of  firing,  and  location  of  the  couple. 
For  closest  regulation,  which  is  best  accomplished  electrically,  the  couple 
mart  be  very  near  if  not  in  contact  with  the  heater.  In  electrical  heating 
the  current  is  changed  by  opening  and  closing  a switch  which  shunts  a 
pcctioa  of  the  controlling  resistance  or  changes  series  and  parallel  connec- 
ts** of  the  beater  or  transformer.  In  gas  and  oil  heating  the  supply  pipe 
ia  by-pc*ed  and  the  control  valve  is  located  in  the  shunting  line. 

HBAT  CONDUCTIVITY 

HI.  Heat  Conductivity.  Three  processes  exist  by  means  of  which 
krt  may  be  transferred  from  one  body  to  another,  by  radiation,  by  con- 
vection and  by  conduction.  All  of  these  factors  enter  into  the  computation 
d the  bent  losses  from  a furnace,  but  frequently  the  loss  by  oonveotion  and 
ndintion  may  be  made  small  or  negligible  in  comparison  with  the  loss  by  con- 
duction. The  quantity  of  heat  which  flows  through  a plate  of  area  A and 
thickness  e in  a time  t is  expressed, 

(49) 

fi  and  ft  are  the  temperatures  upon  each  side  of  the  plate  (a  plate 
theoretically  infinite  in  extent)  and  k is  known  as  the  thermal  conductivity. 
i m defined  by  the  quantity  of  heat  which  flows  per  unit  time  through  unit 
m d a plate  of  unit  thickness,  having  unit  difference  of  temperature 
taveen  its  faces.  Numerically  k ia  usually  expressed  as  the  quantity  of 
fcatin  small  calories  which  is  transmitted  per  second  through  a plate  1 cm. 
thick,  per  square  centimeter  of  its  surf  see,  when  the  difference  in  temperature 
between  the  two  faces  is  1 deg.  cent.  Q then  refers  to  g-cal.t  $ to  deg. 
**fipade,  A to  square  centimeters  and  t to  seconds,  k is  found  to  vary  with 
the  temperature  of  the  plate  and  is  expressed  approximately  by  the  equation 
*,-Jfe.(l+af)  (50) 

■here  t ia  the  temperature  centigrade  and  a a constant.  As  an  example  be 
it  required  to  find  the  quantity  of  heat  lost  per  hour  by  conduction  through  a 
Mtion  100  cm.  by  100  cm.  of  a fire-brick  furnace  wall  20  cm.  thick,  the  conr 
Activity  being  0.00028  cal./Ccm.-sec.-degree)  and  constant  with  temperature, 
theineiue  temperature  of  the  furnace  being  1,500  deg.  cent,  and  the  outside 
300  deg.  cent. 

Q-0.00028  1’6°Q~3?0  100X100  X 3,600-505,000  g.-cal- 


8;  Bur.  Standards,  Washington,  D.  G. 
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FUEL  AND  GAS  ANALYSIS 

BT  T.  MALCOLM  TABMKB,  M.B. 

S87.  Th#  purpose  of  this  Motion  is  to  indicate  very  briefly  the  more 
important  features  in  connection  with  fuel  and  gas  analysis.  For  further 
information,  the  reader  is  referred  to  the  numerous  publications  on  fuel  and 
gas  analysis.  See  Par.  402. 

288.  Coal  for  steaming  or  producer  purposes  is  usually  subjected 
only  to  a proximate  or  engineering  analysis,  which  includes  the  de- 
termination of  the  heating  value  and  the  percentages  by  weight  of  moisture, 
fixed  carbon,  volatile  matter,  sulphur  and  ash.  When  a complete  or 
ultimate  analysis  is  made,  the  components  of  the  volatile  matter  are  also 
determined. 

289.  The  details  of  manipulation  In  coal  analyMS  have  a marked 

effect  on  the  result  and  since  many  of  the  determinations  are  made  in  a man- 
ner more  or  less  arbitrary,  care  should  be  taken  to  conform  to  standard 
practice.  The  accepted  standard  practice  is  thal  recommended  by  the 
American  Society  for  Testing  Materials  in  their  Specification  No.  D22-16 
entitled,  “Standard  Methods  for  Laboratory  Sampling  and  Analysis  of  Coal.1' 
It  gives  complete  details  for  the  preparation  of  the  sample  in  the  laboratory 
ana  for  making  the  various  determinations  indicated  in  the  preceding 
paragraph. 

290.  The  sampling  of  coal  is  of  the  utmost  importance.  The  greatest 
care  is  necessary  in  order  to 
obtain  a sample  which  is  truly 
representative  of  all  of  the  coal 
in  the  lot  which  the  sample  is  to 
represent.  In  general,  a large 
sample  of  500  to  1000  lb.  should 
be  made  up  of  small  quantities 
taken  from  various  parts  of  the 
entire  lot.  This  is  gradually  re- 
duced to  a 30-lb.  sample  about 
pea  sise,  by  crushing,  mixing 
and  quartering.* 

291.  Heating  values  of  fuels 
are  determined  with  calorime- 
ters, or  instruments  in  which 
the  heat  evolved  by  the  com- 
bustion of  a sample  of  the  fuel 
is  absorbed  by  water,  the  weight 
and  rise  in  temperature  of  which 
are  observed.  There  are  two 
general  classes,  the  non-oon- 
tinuons  class  in  which  only  a 
small  quantity  of  the  fuel  (solid 
or  liquid)  is  burned  at  one  time, 
and  the  continuous  class  where 
the  fuel  (liquid  or  gaseous)  flows 
continuously  through  the  calori- 
meter. 

292.  The  Berthelot  or  bomb 

type  calorimeter  of  the  non- 
continuous  class  is  most  gen- 
erally used  for  high-grade  com- 
mercial work.  Fig.  136  shows  Fio.  136. — Atwater- Mahler  fuel 
the  arrangement  of  parts  in  an  calorimeter. 

Atwater-Mahler  calorimeter, 

which  is  similar  to  the  Mahler,  Emerson,  Hempel  and  other  well-known 
bomb  calorimeters.  The  “bomb”  is  the  strong  steel  vessel,  B,  with 

* See  A.  S.  T.  M.  Specification  No.  D21-16,  “Standard  Method  fcS 
Sampling  of  Coal.”  Excellent  instructions  are  given  in  Bulletin  No.  339, 
U.  S.  Geological  Survey,  and  in  later  bulletins  of  the  Bureau  of  Mines  ofl 
coal  sampling. 
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dndy  fitting  screw-top  and  lined  with  platinum,  gold,  nickel,  enamel  or 
stter  non-corrosive  material.  A valve  is  provided  at  the  top  for  supply- 
oxygen.  The  sample  is  placed  in  the  crucible,  C,  and  ignited  by  the 
wy  fine  iron  wire,  I , which  is  heated  to  incandescence  by  an  electric  cur- 
t»t  through  TP  and  IP'.  The  bomb  is  placed  in  the  calorimeter  vessel 
proper,  Q,  which  is  filled  with  water.  Heat  insulation  is  provided  by  plac- 
u*  the  calorimeter  in  two  other  vessels,  T and  V,  separated  by  air  spaces. 
n»t  water  is  agitated  by  the  stirrer,  S,  and  its  temperature  measured 
nth  s thermometer,  t. 

Proc?<*ur®  in  operation  is  briefly  as  follows:  About  1 g.  of  coal  is 
carefully  weighed  in  the  crucible,  which  is  placed  in  the  bomb  with  the 
toe  iron  wire  carefully  arranged  in  contact  with  the  coal.  After  the  top 
011  b°mb  *a  filled  with  oxygen  at  a pressure  of  300  lb.  to 
«01b.  per  sq.  in.,  and  placed  in  the  calorimeter  tank,  which  contains  a 
"“T11  "$ifht.  of  water.  After  the  initial  “radiation”  rate  is  obtained,  the 
sjfccunems  ignited  and  the  rise  in  temperature  of  the  water  observed.  When 
the  rite  of  change  of  temperature  becomes  constant,  the  final  “radiation’* 
nten  obtained.  The  heating  value  per  pound  is  calculated  from  the  weight 
« tie  specimen,  the  weight  of  thewrater  and  the  rise  in  temperature.  Cor- 
reewt  is  made  for  the  heat  capacity  of  the  calorimeter  (*‘  water  equiva- 
lent^, the  " radiation  ’’  during  the  combustion  interval,  the  heat  from  the 
i1*  '“TO  *n  kiting  the  wire  and  the  heat  Of  combustion  of  the 
attw.  The  temperature  range  is  only  a few  degrees  centigrade  and  is 
wally  measured  with  differential  mercury  thermometers,  read  to  0.001 
Mg  with  the  aid  of  a microscope. 

^aential  details  of  procedure  for  a proximate  analysis 

we  u follows:  (1)  The  whole  sample  is  placed  in  a shallow  pan  and  air-dried 
ul  a iperi&l  oven  at  10  deg.  or  15  deg.  cent,  above  room  temperature  until 
tbe  weight  is  practically  constant  (from  2 to  4 hr.)  The  loss  in  weight  is  the 
rarface  znoisture  or  44  air-dry”  loss.  The  sample  is  then  ground  in  a 
woee  mill  until  it  will  pass  through  a 20-mesh  sieve:*  it  is  next  quartered 
ioTS?  ab?ut  100  «•  m ground  in  a mortar  or  ball  mill  to  80  or  100  mesh. 
(2)  Total  moisture  is  obtained  by,  heating  1 g.  of  the  final  sample  in  an 
°P«n  porcelain  or  platinum  crucible  in  an  oven  at  104  to  107  deg.  cent,  and 
■mnt  the  loss  in  weight. 

iti  Tolatile  matter  is  obtained  by  heating  1 g.  in  a special,  covered 
platinum  erucible  at  a bright  red  heat  in  a Bunsen  flame  for  7 min.  The 
wUl  kw  in  weight  is  equal  to  the  volatile  matter  plus  the  moisture/ 

(4)  Ash  is  determined  by  burning  1 g.  of  the  sample  in  an  open  crucible 
jatil  the  weight  is  constant  (1  to  2 hr.).  The  highest  temperature  of  the 
wuaen  flame  is  utilised.  Sometimes  a small  stream  of  oxygen  at  low  pres- 
srajected  into  the  crucible  to  hasten  combustion. 

(•>)  Fixed  carbon  is  determined  by  calculation,  that  is,  fixed  carbon  - 
*7“  (owisture  + volatile  matter  -f-  ash),  all  expressed  in  per  cent. 

Jt)  sulphur  is  determined  ah  follows:  1 g.  of  the  coal  is  mined  with  eait- 
«« chemicals  (such  as  magnesium  oxide  and  sodium  carbonate)  and  burned 
nwdas  is  extracted  with  water,  filtered,  and  the  sulphas  precipitated 
J®  the  solution  with  barium  chloride,  comingidown  at  barium  sulphate 
from  the  weight  of  this  precipitate,  the  percentage  of  sulphur  in  the  original 
"Miscalculated. 

&A  Tbs  Junker  calorimeter  is  the  best  known  example  of  the  cOn- 
www  class.  It  is  used  extensively  for  gas  fuels  and  con  also  be  used  for 
fuels.  Fig.  137  shows  the  calorimeter  set  up  for  gas  testing.  The 
p»Bows  through  the  meter  M and  a pressure  regulator  R to  a special  Bunsen 
P®*  inside  of  the  calorimeter  C.  The  combustion  chamber  is  surrounded 
V *™ber  through  which  water  flows  at  a constant  rate.  The  heating 
!n  B.t.u.  per  cubic  foot  of  gas  is  calculated  from  the  rate  of  gas  con- 
rate  of  flow  of  the  water  and  the  difference  between  the  average 
and  average  outlet  water  temperatures.  For  liquid  fuels,  a weighing 
and  a special  burner  are  provided. 


'20  dear  spaces  per  linear  inch. 
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gas  is  supplied  at  atmospheric  pressure.  In  instruments  of  the  Parr  elsaa, 
the  oxygen  is  supplied  by  chemioals  with  which  the  sample  is  mixed. 

899.  Fuel  oils  are,  in  addition  to  the  foregoing,  Par.  894,  frequently 
tested  for  flash-point,  or  temperature  where  the  rapor  given  off  will  if* 


nits  but  will  not  continue  to  burn;  fire-point,  or  temperature  whet 
combustion  will  continue  if  the  vapors  are  ignited;  viscosity;  chill-point 
or  oongealing  temperature;  per  cent,  of  asphaltum. 

397.  Reporte  of  proximate  analytes  and  heating  value  (in  B.t.u.  p< 
pound)  usually  give  the  results  calculated  on 
at  least  two  bases,  “as  received"  and  “dry.'* 

The  former  are  of  most  interest  to  the  users  of 
the  fuel,  but  the  results  must  be  reduced  to 
the  latter  basis  when  comparisons  are  to  be 
made. 

398.  Fuel  or  illuminating  gases  are 
analysed  for  the  following  components  in 
per  cent,  by  volume:  carbon  dioxide 
(COt),  carbon  monoxide  (CO),  oxygen 
(Os),  methane  (CH«),  ethylene  (CsH<). 
hydrogen  (Hi)  and  nitrogen  (N).  CO, 

COs,  Ot  and  C«H«  are  usually  determined 
by  passing  a known  volume  of  the  gas  through 
a series  of  reagents,  one  at  a time,  each  of 
which  will  absorb  one,  and  only  one,  of  the 
components.  The  diminution  of  the  volume 
is  noted  after  each  absorption.  Hs  and  CH« 
are  obtained  by  combustion  in  a glass  tube 
with  a known  volume  of  air,  the  products  of 
combustion  being  measured  by  absorption  as 
in  the  case  of  the  other  constituents,  and  the 
original  volume  calculated.  N is  obtained  by 
difference. 

899.  Orsat  apparatus.  The  various 
forms  of  apparatus  which  employ  the  ab- 
sorption method  are  baaed  on  the  principle  of  the  Orsat  apparatus  sho 
in  Fig.  138.  A given  quantity  of  gas,  usually  100  c.c.,  is  drawn  into 
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asesuring  tube,  T,  by  meant  of  the  water  bottle,  B,  and  carefully  measured. 
The  gas  is  then  forced  into  the  COs  reagent  bottle,  d,  drawn  back  into  T 
tad  the  decrease  in  volume  noted.  The  process  is  repeated  with  each 
of  the  tubes,  c,  6 and  a,  giving  the  percentages  of  Oi,  CO,  and  Ht  re- 
spectively. The  usual  reagents  are  caustic  potash  solution  for  CO*. 

maniacal  cuprous  chloride  solution  for  CO  and  alkaline  pyrogallio  acid 
solution  for  Os,  Hs  being  obtained  by  combustion. 

400.  Flue  gases  are  analysed  for  carbon  dioxide  (COs),  carbon  mon- 
oxide (CO),  oxygen  (Oi),  hydrogen  (Hs)  and  nitrogen  (N),  in  the  manner 
indicated  for  fuel  or  illuminating  gas. 

401.  COs  recorders  are  instruments  whioh  automatically  and  continu- 
ously remove  samples  of  flue  gas  and  indicate  with  a pointer  or  record  on  a 
dock-driven  chart  the  percentage  of  COs  in  each  sample.  Various  principles 
ire  employed,  among  which  are  the  variation  in  the  refraction  index  with  the 
percentage  of  COs.  the  variation  in  density  compared  with  air  as  a standard, 
sad  the  variation  in  the  position  of  a float  with  the  volume  remaining  after 
thsGOs  has  been  removed  with  caustic  potash,  the  usual  reagent. 

4M.  Selected  list  of  reference  literature  on  fuel  and  gas  analysis. 

Lms,  V.  B. — “Liquid  and  Gaseous  Fuels."  D.  Van  Nostrand  Co.,  New 
York 

Gill,  A.  H. — “Gas  and  Fuel  Analysis  for  Engineers."  John  Wiley  A Sons, 
Ni*  York.  , 

Kxxbhaw,  J.  B.  C. — “The  Calorific  Value  of  Fuels."  D.  Van  Nostrand  Co., 
New  York. 

Somesmbikkr.  E.  E. — "Coal.  Its  Composition,  Analysis,  Utilisation  and 
Valuation."  McGraw-Hill  Book  Co..  New  York. 

Moran,  J.  A. — "Purchasing  Coal  by  Specification."  Jour.  Engineering 
Society  of  Pennsylvania,  Aug.,  1913. 

Fed  Technology  Publications,  U.  S.  Bureau  of  Mines  (Formerly  U.  S. 
Geologieal  Survey). 

Bulletin  No.  12.  Apparatus  and  Methods  for  the  Sampling  and 

Analysis  of  Furnace  Gases,  1911. 

Bulletin  No.  23.  Steaming  Tests  of  Coal,  1912. 

Bulletin  No.  63.  Sampling  Coal  Deliveries  and  Types  of  Government 

Specifications,  1913. 

Technical  Paper  3.  Specifications  for  Fuel  Oil  for  the  Government,  1911. 

Technical  Paper  8.  Methods  of  Analysing  Coal  and  Coke,  1912. 

Technical  Paper  26.  Methods  of  Determining  Sulphur  in  Fuels, 

Especially  Petroleum  Products,  1912. 

Technical  Paper  49.  Flash-point  of  Oils,  Methods  and  Apparatus,  1913. 

Bulletins,  University  of  Illinois  Experiment  Station: 

No.  15.  How  to  Burn  Illinois  Coal  without  Smoke,  1908. 

No.  31.  Fuel  Tests  with  House  Heating  Boilers,  1909. 

No.  37.  Unit  Coal  and  Composition  of  Coal  Ash,  1909. 

No.  38.  Weathering  of  Coal,  1909. 

No.  46.  Spontaneous  Combustion  of  Coal,  1911. 


WATER,  GAS,  AIR  AND  STEAM  METERS 

BY  REGINALD  J.  8.  PIOOTT 
WATER  MSTER8 

410.  Classification.  Water  meters  are  of  three  classes:  weighing,  volu- 
metric and  kinematic. 

404.  Water  weighers  are  not  affected  by  variations  in  temperature  and 
•flew,  approximately,  2 per  cent,  error.  All  weighers  must  be  fed  with 
a parity  flow.  The  various  methods  employed  by  concerns  manufacturing 
niar  weighers  are  described  in  Par.  405  to  408. 

4N.  Worthington  weigher.  In  this  devioe  two  counterweights  are 
aounted  on  trunnions,  water  flowing  into  one  tank  while  the  other  empties. 
A*  the  water  rises  the  centre  of  gravity  oi  the  tank  and  water  is  shifted,  finally 
naehiag  a point  where  the  tank  upeets  and  empties.  This  movement  auto- 
matically throws  the  water  deflector  over  to  fill  the  other  tank.  See  Fig.  139. 
This  device  will,  of  course,  weigh  only  in  units  corresponding  to  the  weight 
contained  in  one  tankful;  the  number  of  trips  of  the  tanks  being  auto- 
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matically  taken  by  a counter  and  multiplied  by  the  tank  unit  weight.  The 
accuracy  approximates  2 per  cent.  See  Par.  404. 


Fio.  139. — Worthington  recording  liquid  weigher. 


406.  The  Richardson  weigher,  Fig.  140,  uses  a single  weighing  tan] 
mounted  on  knife-edged  scale  oeams  directly  counterbalanced.  The  ovei 
balancing  of  the  Weighing  tank  trips  the  feed  valve  from  the  upper  reeervoi 
and  opens  the  discharge.  By  a system 
utilising  two  toggles  and  dead-centres, 
the  upper  valve  does  not  open  till  the 
■outlet  valve  is  again  entirely  closed. 

See  Par.  404. 

407.  The  Wilcox  weigher  operates 
as  a single  tank  with  a syphon  outlet. 

The  bell  float  and  standpipe  (which  is 
open  top  and  bottom),  arc  down  nor- 
mally, so  that  the  standpipe  Beals  the 
opening  in  the  diaphragm  between  up- 

Kr  and  lower  tanks.  Water  accumu- 
xss  in  the  upper  section  until  it 
overflows  the  top  of  the  standpipe  and 
runs  down  into  the  lower  compartment, 
trapping  air  in  the  bell  and  inner  legs  of 
the  two  siphon  , and  raising  the  bell. 

As  the  water  rises,  the  trapped  air  is  com- 
pressed until  finally  it  breaks  through  the 
trip  seal  and  starts  the  main  siphon. 
l n re‘eftse  of  air  "pressure  allows  the 
bell  anp  standpipe  to  drop,  and  the  cycle 
begins  again.  See  Par.  404. 

408.  Volumetric  meters  include 
measuring-tank  meters  (other  than 
weighers),  piston  meters  and  disc  meters. 

Variations  in  temperature  affect  all 
these  types,  so  that  they  must  be  cali- 
brated for  the  average  temperature  on 
which  they  are  to  be  used.  Accuracy 
of  piston  and  disc  meters  should  be 
Per  cent,  average  error,  pro- 
vided they  are  properly  used  and  not 
worn.  Wear  of  piston  meters’  or 
disc  meters,  causing  leakage,  may  in- 
crease the  percentage  of  average  error  Fio.  140. — Richardson  weigher 
to  5 or  10  per  cent.  The  various  types 
of  volumetric  meters  are  described  in  Par.  410  to  416. 
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409.  tpM«  occupied  by  Richardson  wdfhar. 

SIZES  AND  DIMENSIONS  (IN.) 


Fia.  142. — Worthington  disc  meter. 


410.  The  Hammond  measuring-tank  meter,  Fig.  141,  oonsfata  of  two 
tanks,  B i and  /*«,  into  one  of  which  the  inflowing  water  is  directed  by  the 
baffle  G,  while  the  other  is  emptying  through  the  valve  Dt.  When  the  water 
level  in  B i rises  high  enough  to  lift  float  1 1,  latch  Hi  releasee,  the  weight  of 
water  on  valve  Di  throws  the  wrist  plate  over,  opening  Di  and  closing  J> a,  and 
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Fio.  143. — Duplex  piston  meter. 
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changing  the  deflector  G to  fill  B%.  The  action  is  very  rapid  at  the  release 
period,  preventing  loss  of  water  during  the  change  period.  A gage,  N,  is 
included  for  accurately  setting  the  meter.  This  device,  as  with  all  the 
volumetric  meters,  is  affected  by  change  of  temperature.  For  variations  of 
approximately  50  deg.  fahr.  (28  de^.  cent.)  the  orror  is  not  great,  the  average 
being  2 per  cent,  to  3 per  cent.  It  is  operated  on  gravity  flow. 

411.  Disc  meters  of  the  general  type  in  Fig.  142,  operate  by  the  gyration 
of  a disc  in  a spherical  chamber.  The  stem  attached  to  the  disc  describes  a 
circular  path  and  operates  the  counter.  These  meters  are  Used  on  closed 
lines  under  pressure. 

Disc  motors  vs.  piston  motors.  Disc  meters  are  used  chiefly  for  small 
lines,  up  to  about  3 in.  diameter.  Piston  metcis  for  sixes  from  2 in.  to  8 in. 
For  larger  flows,  tank,  Venturi  or  turbine  meters  are  generally  employed. 


SECTION  THROUGH  VERTICAL  CENTRE  LINE 
Fio.  144. — Worthington  turbine  meter. 

411.  Piston  meters  of  the  general  type  Bhown  in  Fig.  143,  operate  like  a 
duplex  steam  pump,  the  movemont  of  the  pistons  measuring  off  definite 
volumes  of  water  per  stroke.  The  strokes  are  recorded  by  the  counter* 
usually  in  units  of  cubic  feet.  These  meters  are  used  on  closed  lines  under 
pressure,  and  necessitate,  for  their  operation,  a pressure  drop  of  from  2 to 
6 lb.  per  sq.  in.,  depending  on  the  flow. 

413.  The  Venturi  meter  is  widely  used,  both  for  large  and  small  flow,  on 
pumping  service  and  boiler  feed.  It  occupies  practically  no  space  outside  of 
the  pipe  line;  has  no  moving  parts  in  the  meter  proper,  and  operates  on 
closed  pressure  lines.  The  accuracy  is  from  1.0  to  1.5  per  cent,  if  used  on 
reasonably  steady  flow.  If  used  on  rapidly  fluctuating  flow  it  becomes  very 
inaccurate.  If  kept  clean,  the  accuracy  is  substantially  constant  during  the 
life  of  the  meter. 

A slight  pressure  drop,  0.25  to  3 lb.,  occurs  through  the  meter,depending  »n 
amount  on  the  flow  and  ratio  of  upstream  to  throat  areas.  For  theory  of 
the  Venturi  tube,  see  Sec.  10. 

414.  The  Pitot  meter  is  not  satisfactory  for  general  service,  as  the  head 
differences  are  much  less  than  those  developed  in  the  Venturi,  consequently 
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the  Mustering  apparatus  is  much  more  delicate  and  sensitive  to  leakage  in  the 
preanire  lines  leading  from  the  main  to  the  recording  instrument.  It  is  also 
very  sensitive  to  eddies  in  the  pipe  lines  in  which  the  Pitot  tube  is  inserted. 
For  the  theory  of  the  Pitot  tube,  see  Sec.  10. 

411.  The  turbine  meter,  Fig.  144,  is  used  to  some  extent  for  large-size 
Sues  and  large  flow.  It  operates  like  a hydraulic  turbine,  and  as  the  meter 
opposes  practically  no  friction  or  pressure  loss  to  flow,  the  speed  of  the  meter 
s substantially  proportional  to  the  flow.  It  is  Called  a “ velocity  meter,”  but 
atrictly  speaking,  this  meter  is  volumetric:  i t is  affected  in  accuracy  by  tem- 
perature changes.  The  accuracy  is  practically  the  same  as  the  weighers  and 
tank  meters  (Par.  404). 

416.  Weirs,  usually  of  the  V-notch  type,  are  in  considerable  use,  in  con- 
nection with  indicating  and  recording  mechanisms  for  water  measurement. 
(See  Sec.  10-)  In  the  Lea  typo,  a float  in  a chamber  above  the  weir,  operates 
a grooved  drum  in  such  a fashion  that  the  recording  and  integrating  appara- 
tus more  over  equal  increments  of  space  for  equal  increments  of  flow. 

la  the  Hoppes  type,  a conoidal  float  is  suspended  by  a coil  spring,  and  is  so 
duped  that  the  descent  of  the  float  by  the  weight  of  water  forced  over  by  the 
rim  oi  the  weir,  is  proportioned  to  the  flow.  Very  good  accuracy  is  claimed 
for  these  weir  meters,  from  0.5  to  1.3  per  cent,  over  all  ranges  of  flow. 
Temperature  changes  are,  approximately  compensated  in  both  types,  by 
the  behavior  of  the  float  and  the  conoidal  chamber  respectively. 


gas  reams  and  air  metsrs 


417.  The  meters  available  for  gas  and  air  measurement  are;  (a) 

beBow*-type,  for  low  pressure  chiefly;  (b)  Thomas  electric,  for  high  or  low 
prasuxe;  (c)  Venturi-tube,  Pitot  June,  and  disc  orifice  types  for  high  or  low 
prewures;  (d)  wet  types  for  low  pressure;  (e)  rotaries. 

US.  The  bellows  type  “dry"  meter  has  usually  a pair  of  leather  bellows 
operating  two  diaphrajpns,  after  the  manner  of  a piston  in  a reciprocating 
esgrae.  The  valve  operation  is  exactly  like  that  of  a two-cylinder  double 
utiag  engine  with  quartering  cranks.  The  movement  of  the  diaphragms 
measures  off  volumes  of  gas.  The  pressure  and  the  temperature  must  be 
kept  reasonably  constant,  as  the  accuracy  of  the  mater  » affected  by  both. 
The  error  may  range  from  3 per  cent. 44  slow  ” to  2 per  cent. 44  fast.  ” 

410.  Tbs  wat  motor  is  now  used  chiefly  for  large  gas-works  service,  and 
its  operation  is  somewhat  like  that  of  a rotary  engine.  The  average  error 
u woolly  from  3 per  cent,  slow  to  2 per  cent.  fast.  The  obtainable  accuracy 
nth  largo  wet  meters  is  within  0.1  per  oent. 

ISO.  Tbs  Thomas  electric  gas  meter  consists  of  an  electric  resistance 
beater  coil  in  the  gas  main,  a wattmeter  and  two  screen- resistance  thermom- 
eter*. An  amount  of  current  Is  passed  through  the  heater  such  that  the 
£9erence  of  temperature  of  the  gas  before  and  after  passing  the  heater  is  a 
Afeatc  amount  as  measured  by  ths  screen  thermometers,  which  automatic- 
sBraverage  the  temperature.  „ . 

The  relation  between  the  temperature,  watts  input  and  flow  is  then 

_ 0.05686  E ...  . .... 

W — — - (lb.  gas  per  min.)  (51) 

vhere  f — temperature  difference,  inlet  and  outlet,  deg.  fahr.;  * — specific 
heal  at  constant  pressure  of  air  or  gas  measured;  E — watte  input.  The 
T&omas  meter  is  used  as  a substitute  for  the  huge  wet  meters  formerly  em- 
ployed at  gas  houses  for  the  main-flow  measurement.  Its  accuracy  is  higher 
Ifea  that  of  any  other  device  now  in  use  for  air  or  gas  flow,  the  error  being 
bom  ±0.05  to  ±0.2  per  cent.  In  small( sizes  it  is  too  expensive  to  compete 
rith  other  types  of  meter,  but  in  large  sizes  it  is  much  less  expensive  in  pro- 
lartionu  and  has  the  additional  advantages  of  indicating  and  recording  as  well 
■ integrating.  In  commercial  service  it  is  generally  equipped  with  an  auto- 
Tifi r regulator  arranged  to  keep  a constant  temperature  difference  between 
hist  outlet;  the  electric  instruments  can  then  be  graduated  directly  in 
ponds  or  cubic  feet,  as  the  flow  is  directly  proportional  to  the  watts  input. 
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411.  Venturi  meters  are  in  some  use  for  large  gas-flow  measurements: 
the  device  is  accurate,  but  the  formula  for  its  use  is  complicated. 

The  formula  for  air  and  gas  service  is 


(lb.  gas  or  air  per  sec.)  (52) 
Where  A «*  upstream  area,  sq.  ft.;  As«throat  area,  sq.  ft.;  P-up 
stream  pressure,  lb.  per  sq.  ft.;  Pi  — throat  pressure,  lb.  per  sq.  ft.;  y — rstK 
sp.  heat  at  constant  pressure  to  sp.  heat  at  constant  volume;  — 1.408  for  sir 
— 1.266  for  natural  gas;  fi  — density,  lb.  per  cu.  ft.  at  upstream  sectiou 
C — 0.98,  coefficient  of  flow;  g — gravitation  constant,  32.2. 

For  differences  of  pressure  less  than  20  in.  of  water,  the  hydraulic  formuli 
may  be  employed  without  error  in  excess  of  1 per  cent. 


Q — 18.3 


At 


‘©T 


'MS 


(cu.  ft.  per  sec.)  (53] 


where  Q — cu.  ft.  per  see.  (—  W/h) ; h — difference  of  pressure,  upstream  am 
. v . - (Pi -P.) (12/62.35)1. 


throat  in  in.  of  water  [ 

411.  The  Pitot- tube  formula  for  gas  and  aflr 


ypm  [ 

Q - 218.44Pd»p|\/^(ou.  ft.  gas  or  air  per  hr.)  (54 


where  flow  factor  of  the  tube  expressed  as  a decipud;  rf— internal  diem,  o 

tube  (in.);  — absolute fahr.  temperature  of  measurement  base;  P-abeo 

lute  preesure  of  measurement  base,  lb.  per  sq.  in.;  G— sp.  grav.  of  gas  referra 
to  air;  if  air  is  measured,  G—  1;  P — absolute  static  pressure  of  flowing  gssu 
meter,  lb.  per  sq.  in.;  T — absolute  temperature  fahr.  of  flowing  gas;  A* 
velocity  head  of  flowing  gas  (in.  of  water) ; Q — cu.  ft.  of  gas  per  hr.  at  T aadP 
The  value  of  B is  0.8530  for  smooth  tubes,  3-in.  to  5-tn.  diameter,  with  tbj 
Pitot  tube  placed  exactly  in  the  centre  of  the  pipe.  The  velocity  is  a mss 
mum  at  the  oentre  of  a pipe,  decreasing  to  a minimum  at  the  pipe  surface 
This  accounts  for  the  fact  that  B is  lees  than  unity  when  the  Pitot  tube  is* 
the  oentre  of  the  pipe.  The  coefficient  of  flow  for  the  Venturi  meter  appro® 
mates  from  0.97  to  0.98  for  properly  designed  meters. 

411.  Thin  disc  orifices  operate  on  the  same  formula  .as  the  Ventui 
meter,  except  that  the  coefficient  of  discharge  C varies  with  the  ratio  fl 
orifice  diameter  to  pipe  diameter.  The  simplified  formula  allowing  ‘° 
the  orifice  ratio  is 

W-360Xd*XCX\/^V  (5f 

Where  W equals  pounds  per  hour,  d equals  the  diameter  of  the  orifios  it 
inches,  C equals  coefficient  of  discharge,  hq  equals  the  differential  head  i 
inches  of  the  fluid  at  the  conditions  of  measurement,  y equals  the  densitj 
Coefficient  C has  the  following  values: 


Ratio  of  orifice  diameter 
to  pipe  diameter 
0.10 
0.20 
0.30 
0.40 
0.50) 

0.60 

0.70 


Value  of  coefficient 
0.598 
0.600 
0.604 
0.612 
0.627 
0.657 
0.707 


These  coefficients  are  affected  to  some  extent  by  the  positions  of  the  V*f 
connections  up-stream  and  down-stream  for  obtaining  the  diffsrenui 
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414.  Steam  maters.  Most  of  the  steam-flow  meters  such  as  the  St.  John, 
Btaky,  Republic,  and  General  Electric,  etc.,  can  be  used  on  compraassd-alr 
tarries  if  desired.  See  Par.  413.  Steam  meters  are  divided  into  area 
anew  (Par.  413  and  413)  and  so-called  flow  meters  (Par.  417  and  418). 
Prestore  and  quality  variation  affect  the  accuracy  of  all  area  and  flow 
Betm,  m that  the  meters  are  only  correct  for  the  calibration  conditions 
af  pressure  and  quality,  unless  fitted  with  compensating  devices. 

42|.  "Area”  steam  meters.  In  this  class  are  those  in  which  a disc  or 
cap  partially  closes  an  opening  through  which  steam  is  passing.  The  shape 
of  tbs  passage  or  of  the  cup  is  so  arranged  that  as  it  rises  from  sero  position, 
tht  ins  area  for  passage  of  steam  is  increased.  As  demand  for  steam  is  in- 
mmL  the  increase  of  pressure  drop  past  the  disc  or  cup,  causes  it  to  move 
fitter  vd  the  passage,  enlarging  the  area  till  the  pressure  drop  is  reduced 
i&itks  due  again  in  equilibrium.  The  movement  of  the  disc  is  comm  unl- 
isted to  an  indicator  and  chart  graduated  in  lb.  per  hr.  flow.  The  passage  is 
w tangoed  that  the  movement  of  the  disc  or  cup  is  directly  proportional 
to  thsiow,  giving  an  equal  increment  reading. 

4M.  The  8t.  John  meter  is  an  example  of  the  area  type.  It  has  a 
eonicml  plug  floating  vertically  in  a circular  seat.  As  the  stream  flow  is  m- 
emaed,  the  plug  rises,  exposing  more  area  for  flow  between  plus  and  seat. 
At  the  weight  of  the  plug  and  stem  is  the  only  load,  the  pressure  difference  is 
eoMtant. 

417.  Pressure  indicating 
dfriew  for  use  with  veloc- 
ity iteam  meters.  All  the 
flow  meters  (Venturi,  Pitot 
aad  orifice  types),  require 
»oe  form  of  sensitive  differ- 
estial  gage  which  will  accu- 
rately measure  a small  dif- 
fessoe  between  two  high 
natisl  pressures. 

The  simplest  indicating 
tepumtos  consists  of  a glass 
■«*»— or  mercury — U tube. 

To  this  class  belong  the 
Gtbhardt,  Gehre  and  Gen- 
esl  Electric  testing  type. 

ttl.  The  Oebhardt 
team  meter.  Fig.  146  is 
Swa  as  an  example  of  the 
Mr-tlase  type  of  velocity 
neter  and  reads  directly 
7 s water  column  on  a 
wt  graduated  in  lb.  per 
nix  or  per  hr.,  and  for  a 
■mpkte  range  of  pressures, 
to  read  the  meter  correctly, 

4 » necessary  to  know  the 
teoores  and  quality.  By 
®tos*  of  a small  condensing 
■amber  this  meter  is  made 
•stable  for  use  with  super- 
hated  steam.  Accuracy  of 
wGebhardt  meter  (also  the 
6 B.  type  TSs  and  Gehre)  is 
tl  per  eent.  on  careful  hand-  Fia.  146. — Gebhardt  steam  meter, 
tat  bat  more  usually  ± 1.5 
per  cent,  in  ordinary  Ber- 
ta* without  constant  pressure  and  quality  check. 

Tbs  Thomas  electric  meter  can  be  used  for  measuring  steam  very 

tetaliitelf  t but  it  cannot  be  commercially  employed  as  the  amount  of 
•oust  required  becomes  excessive  (on  account  of  the  high  specific  heat  of 
•team)  tad  especially  for  wet  steam  where  moisture  must  be  evaporated. 
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419.  Bteam- meter  costs.  At  the  present  time  there  are  available  a 
least  three  meters,  suitable  for  general  testing,  and  for  the  boiler  or  engin 
room  as  permanent  instruments.  Of  the  recording  instruments,  while  on 
or  two  are  satisfactory  in  operation,  the  price  of  all  is  still  too  high  fa 
general  adoption.  There  is  nothing  about  these  instruments  which  shoul 
prevent  their  manufacture  and  sale  in  the  same  manner  and  at  about  th 
same  price  as  high-grade  recording  gages,  provided  their  construction  ] 
standardised  and  put  on  a production  basis. 

’ PRECISION  OF  MEASUREMENTS 

BT  WILLIAM  J.  DRISKO 

430.  Classification  of  measurements.  For  convenience  of  treating 
all  measurements  are  classified  as  either  direct  or  indirect.  A dlre<| 
measurement  consists  in  determining  the  numeric  which  expresses  te 
magnitude  of  the  quantity  in  terms  of  some  arbitrary  unit.  Thus  lengtl 
determined  by  means  of  a graduated  scale,  time  by  a clock,  volume  of  & liqui 
by  a graduated  flask,  etc.,  are  illustrations. 

Measurements  are  indirect  when  the  numeric  is  obtained  by  sod 
computation  making  use  of  some  functional  relation  expressed  by  a formuli 
e.Q.,  the  density  of  a sphere  expressed  by  the  relation  d « M/(\tD*),  wfcec 
M is  the  mass  obtained  by  means  of  an  equal-arm  balance  and  D the  diets 
eter  measured  by  a micrometer  caliper;  or  the  horse  power  of  an  engin 
h.p.  = p.l.a.n./33,000,  where  p is  the  mean-effective  pressure  found  by  mesi 
urement,  l the  length  of  stroke,  a the  area  of  the  piston  found  by  measuris 
its  diameter  and  n the  number  of  strokes  per  minute  found  by  oountii 
them.  In  general  these  expressions  take  the  form, 

X=F(a,  6,c  ...  A,  B,  C . . . ) 

where  a b,  e . . . represent  measured  quantities,  while  A,  B,  C . , . re] 
resent  constants  (like  33,000  and  ir  in  the  above  formulse)  and  r repri 
sents  that  there  is  some  functional  relation  between  measurements,  constant 
and  the  indirectly  measured  quantity  X. 

431.  Rvery  measurement  has  a definite  precision.  Thus  the  lengi 
of  a building  might  be  reliable  to  the  nearest  quarter  inch,  the  current  in 
certain  circuit  to  the  nearest  tenth  of  an  ampere,  or  the  time  of  vibration  i 
a pendulum  to  the  nearest  hundredth  of  a second.  To  determine  tbj 
reliability  it  is  necessary  to  make  a very  careful  study  of  all  the  instrumeol 
used,  the  care  with  which  they  are  made,  graduated,  calibrated,  adjusts 
for  change  of  temperature  or  of  position,  etc.,  etc.  It  furthermore  is  necel 
sary  to  know'  not  only  the  skill  of  the  observer,  but  also  whether  any  constsi 
errors  may  be  due  to  his  “personal  equation.”  If  for  instance  one  desirj 
to  calibrate  a voltmeter  at  110  volts  by  means  of  a standard  Weston  cel 
the  following  points  must  be  considered:  How  closely  muSl  the  elects 
motive  force  at  standard  temperature  be  determined?  How  closely  must  tl 
temperature  coefficient  be  determined?  If  the  temperature  of  the  cell  wb« 
used  is  determined  by  means  of  a mercury  thermometer,,  how  closely  mu| 
the  thermometer  be  calibrated  and  read?  How  closely  must  the  resistant 
of  the  voltmeter  be  known  and  is  it  necessary  to  take  any  precautions  r 
garding  its  temperature;  and  lastly,  what  must  be  the  precision  of  the  variabj 
resistance  used  for  the  balance?  After  an  examination  of  all  these  probnb 
sources  of  error  the  final  question  is.  What  is  the  most  probable  value  of  tl 
combined  effect  of  all  these  separate  deviations  or  errors?  (See  Par.  1-4.) 

43S.  The  general  problem.  Given  the  functional  relation, 

X=F(a,  6,  c . . . ) W 

the  problem  in  general  is  as  follows:  First  ease  if  a,  b,  c . . . can  1 
measured  each  with  a definite  degree  of  precision,  what  u the  best  repr 
sentative  value  of  the  resultant  precision  in  X?.  Second  case:  if  it  is  d 
sired  to  determine  A”  to  a certain  definite  precision,  how  precisely  nrn 
each  of  the  components  be  measured  so  that  the  oombined  effect  of  all  tJ 
deviations  may  not  produce  a resultant  deviation  in  X greater  than  tl 
assigned  limit? 

Unless  it  is  possible  to  assign  some  numerical  estimate  to  the  precisic 
attained  in  determining  any  measured  quantity,  X,  the  result  it  to f litt 
practical  value.  Hours  of  valuable  time  are  often  wasted  in  determine 
some  unimportant  component  of  an  indirect  measurement  with  exceeni 
precision,  while  at  the  other  extreme  we  often  find  final  results  absolute 
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vortMeai  as  the  result  of  failure  to  measure  some  important  component 
i «Ui  the  necessary  precision. 

W.  Determination  of  precision  in  final  result  with  known  pre- 
wen  in  the  measured  components.  Referring  to  Eq.  56,  let  8a,  4s,  I# 
...  be  the  numerical  deviations  or  precision  measures  of  the  direct  measure- 
awts  a,  b,  e ...  ; A0,  As,  A«  be  the  deviations  in  X due  to  the 
i wristioM  in  the  separate  components,  and  A the  combined  effect  of 
I separate  effects  A«,  As,  A«  . . . . Then  A/X  is  the  fractional  deviation  or 
preriaon  measure  of  X and  8a/a,  8h/b,  8e/c  . . are  the  fractional  de- 
I m&m  of  the  components  a,  b,  c . . . and  100  times  the  fractional 
^nation  is  the  percentage  deviation.  We  first  find  the  separate  effect 
* esch  of  these  deviations  8a,  8b,  8,  ...  on  X and  then  find  the 
MMtned  effect  of  these  separate  effects.  The  change  in  X due  to  a slight 
««l»  in  a (b,  e . . . remaining  constant)  is  found  by  differentiating  the 
with  respect  to  a, 

(57) 

nd  similar  slight  change  in  any  component  k would  give 

(58, 

baa  hs  shown  that  the  most  probable  value  of  the  resultant  effect,  A,  of 
■Mgarate  effects,  A«,  As,  A«  ...  is 


A-\/Aaf+A»*+Ae«+  ...  (59) 

jOtypls.  The  value  of  the  acceleration  due  to  gravity  is  to  be  deter- 
ywby  means  of  a pendulum  whose  length  and  time  of  vibration  are  to  be 
oeawhd  snd  used  in  the  formula  g — v*l/t*.  Here  X is  g,  a is  7,  b is  I and 

* » » constant.  Measurements  gave  7—  101.42  cm.,  reliable  to  0.05  cm.  and 
■100M  see.,  reliable  to  0.0008  sec.  How  precise  is  the  value  of  g when 
*JP*tedfrom  this  data?  Differentiating  with  respect  to  7,  we  have,  Ai  — 
rWl|“9.9/1.0X  0.05  — 0.50  om.  per  sec.  per  sec.  Differentiating  with  respect 
to  1 w«  get,  Af--**7X2X0</f*«9.9X  100X  2 X 0.0008/1.0-1.6  cm.  per 

per  see.  This  means  that  a deviation  of  0.05  cm.  in  the  length  of 
P®wtth«n  affects  g by  only  0.5  cm.  per  sec.  per  sec.  while  a deviation 

* 9.0008  sec.  in  the  value  of  t affects  the  value  of  g by  1.6  cm.  per  sec,  per 
**«.  The  combined  or  resultant  effect  would  be  A - VAi*+  A<*  — Vo75*4- 1.6* 
•Wcw  per  see.  per  sec.  and  we  might  write  the  final  result^as  0—981.6 
' H ??•  ***  aec*  P®r  9eo*  which  means  that  the  value  of  g,  as  determined, 
•IJJbMMy  reliable  to  the  nearest  1.7  cm.  per  sec.  per  sec.  It  should  be 
town  in  the  shove  computation  for  A i,  A i and  A that  not  more  than  two 
2®**  we  used  in  any  of  the  quantities,  v*-9.9,  <-1.0,  7-100,  etc., 
jfcressoD  being  that  deviation  measures  always  represent  doubtful  places, 
jtoues,  since  more  than  two  doubtful  places  would  be  useless,  there  is  no 
***■*/  ever  keeping  w sore  than  two  figure*  in  each  quantity  entering  into  a com - 
totoben  of  a deviation  measure. 

JM.  Determination  of  necessaiw  precision  in  measured  components 
tojtocurt  desired  precision  in  final  result.  The  second  or  converse 
Stowem  is  as  follows:  X is  to  be  measured  to  a certain  degree  of  reliability 
■leased  by  A -some  definite  number.  What  are  the  allowable  deviations 
{«.  . . .in  each  of  the  measured  components  a,  6,  c . . . such 
22  we  combined  effect,  A,  of  their  separate  effects.  A.,  As,  A«  . . . 
Itoe  not  exceed  the  prescribed  limit?  From  the  law  of  errors  (Eq.  59)  an 
"“We  number  of  solutions  is  possible.  The  best  solution  would  be  that 
wrich,  with  the  least  effort  on  the  part  of  the  investigator,  would  give 
w wagned  precision.  The  easiest  solution  and  the  one  that  has  been  found 
•■jsetory,  at  least  as  a preliminary  adjustment  of  deviations  among  the 
wtow  components,  is  to  assume  that  each  of  the  components  may  produce 
•yual effect  on  the  final  result,  to  let  Aa— As— A«  — . . . A*.  From 

*■  “dEq.  58  it  follows  that 

Aa  — As  — A,—  . . . An  — (60) 

v« 

rj*,*  represents  the  number  of  measured  components.  The  allowable 
in  any  component  can  then  be  determined  from  Eq.  58  and  Eq.  60. 

.Wimple.  It  is  desired  to  find  the  heat  developed  by  an  electric  heater, 
•**m  three  parts  in  a thousand  (0.3  per  cent),  by  measuring  the  current 
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used,  the  voltage  at  the  terminal*  and  the  time  that  the  current  ia  flowing, 
the  pressure  is  about  1 10  volts,  the  current  about  0.8  amp.  and  the  tin 
10  min.,  how  precisely  must  each  component  be  measured?  The  formulsk. 
H~I.B.t,  where  H is  in  joules,  or  H —0.8  X 110  X 600  joules  — 52,800  joule 
If  H is  to  be  reliable  to  three  parts  per  thousand,  it  must  then  be  determine 
to  the  nearest  158.4  joules,  or  keeping  two  figures  only,  to  the  nearest  1C 
joules.  Since  there  are  three  components,  » — 3 and  we  have 

Aj-Ag  — Ar-  — 94  joules.  Differentiating,  we  get, 

V»  V 3 

ar-»4 -B,U  Sj-  UOx6oo"OOOUamp- 

94 

. . ,K-_xW-0.1»volU 
94 

Ai >- 94 » IEit  . *i-  "11  ®ec- 

This  means  that  if  we  assume  equal  effects  and  wish  to  know  the  heat  to  t£ 
nearest  160  joules,  the  current  must  be  measured  to  the  nearest  0.0014  amp 
the  voltage  to  the  nearest  0.19  volts  and  the  time  to  the  nearest  1.1  see.  ] 
would  be  very  easy  to  reach  this  precision  in  the  time  measurement  if  a goo 
stop  watch  were  used;  in  fact  this  interval  oould  be  determined  to  within  O. 
sec.  and  therefore  the  time  might  be  treated  as  a constant*  in  whieh  ease 
would  be  two  instead  of  three  and  therefore  it  would  not  be  necessary  t 
measure  I and  B quite  so  accurately  as  indicated  above. 

488.  Two  classes  of  formulm  in  indirect  measurements.  The  tw 
methods  shown  above  for  the  direct  (Par.  481)  and  the  indirect  (Par.  481 
methods  respectively  are  perfectly  general;  consequently  by  their  use  m,m 
problem  may  be  Bolved  provided  all  deviation  or  precision  measures  am 
pressed  as  actual  numerical  deviations  and  not  as  fractional  or  percents^ 
deviations.  It  is  found  in  practice  that 'nearly  all  formula  used  in  itufimr 
measurements  fall  in  one  or  the  other  of  two  general  groups.  Those  off  th 
first  class  include  all  those  functions  which  oontain  sums  or  differences  < 
terms,  each  of  which  may  involve  either  measured  components,  or  cor 
stants,  or  both.  The  general  form  would  be 

X-j4a*±Bb»±Cc«±  ...  (61 

where  A,  BrC  . . . are  constants  and  a,  b,  c . . . are  measured  quantitie 
entering  to  the  Ith,  mtk,  and  n»*  powers  respectively.  Examples  of  formula  a 
this  sort  are  the  expressions  for  the  electromotive  force  of  a standard  Clair! 
cell,  £ — 1.4340  (1—0.00078  (f°— 15°)J,  or  the  resistance  of  a standard  1C 
ohm  coil,  R - 10(1  +0.00388  «°-  15°)j. 

Those  of  the  second  class  include  all  those  functions  which  iirrolv 
products,  quotients  or  powers  of  the  measured  components  and  constant 
and  do  not  involve  either  trigonometric  or  logarithmetic  functions.  Th 
general  type  would  be 

X - A-a*  b~-c»  . . . (6:1 

where  A,  n,  m,  and  k are  constants  (positive,  negative,  fractional  or  integral) 
An  example  of  formula  of  this  type  is  the  expression  for  the  modulus  off  elai 
ticity  for  bending,  given  as  E **  Wl*/ia  bd*,  where  W is  the  load  at  tl^ 
centre,  l is  the  length  between  supports,  a is  the  deflection,  b the  breadth  as* 
d the  depth  of  the  beam;  the  formula  given  above  for  density  (Par.  68(1 
is  another  example. 

488.  Percentage  method  of  computing  precision.  Problems  <i 
the  second  class  (Par.  486)  may  be  solved  much  more  easily  by  the  fraction  | 
or  percentage  method  than  by  the  general  method,  as  will  appear  from  ti 
following.  Taking  the  general  form  of  the  function  as 

X-d.o*  b»-c'»  ...  (6J 

and  differentiating  with  respect  to  each  of  the  variables,  and  then  dividi^ 
each  of  these  results  by  the  general  formula  gives, 


Aa  l 3a  A b m- 3b  At  n'3c 
X " a"’  x"  ~b~’  X m c * 


H 


This  shows  that  a fractional  deviation  3a/ a in  a produces  a fractional  devil 
tion  in  X which  is  n times  as  great,  or  in  per  cent,  it  means  that  if  a is  ui 
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reliable  by  1 per  cent..  X will  be  unreliable  n times  1 per  cent,  and  it  is 
to  be  noted  that  the  remaining  factors  in  the  formula  have  no  effect  whatever 
ipon  this  relation.  This  enables  us  to  state  at  once  the  separate  effect  of 
up  percentage  deviation  of  a given  component  and  by  using  the  relation 


or  its  equivalent. 


A 

X 


A_ 

X 


v(  W+Wh ■?)'+■•■ 


(66) 

(66) 


ve  can  therefore  express  the  final  resultant  effect  as  a percentage  deviation. 

417.  The  percentage  method  is  illustrated  by  the  following  prob- 
lem. Measurements  for  the  modulus  of  elasticity  using  the  above  formula 
an  as  follows.  The  weight  is  10  kg.,  reliable  to  the  nearest  gram;  the  length 
is  1,000  mm.,  reliable  to  0.6  mm. ; the  deflection  is  6.983  mm.,  reliable  to  0.007 
am; the  breadth  is  4.676  mm.,  reliable  to  0.006  mm.;  and  the  depth  is  15.069 
us,  reliable  to  0.008  mm.  The  problem  is  to  determine  the  reliability  of 
ftbsnodulus  when  calculated  from  the  formula  E~  Wml*/ 4 a.b.d *.  The  first 
step  is  to  express  all  the  deviations  in  per  cent.  Inspection  shows  that  W 

■ nibble  to  0.01  per  cent.,  I to  0.05  per  cent.,  a to  0.10  per  cent.,  6 to  0.10 

pc  sent.  d to  0.05  per  cent,  and  by  Eq.  71  we  get  100  Au>/2?  - 0.01  per 

eat;  100  Al/E~0.\b  per  cent.;  100  Aa/£  — 0.1  per  cent.;  100  A6/E— 
610  per  cent- ; and  100  Ad/E  ^ 0.15  per  cent.  Substituting  these  values  in 
ether  Eq.  65  or  Eq.  66  we  get  for  the  percentage  reliability  of  E : 100  A/2?  » 
V<101*+0.15*-|-0.10*4*0.10*+0.15*-'0.25  per  cent.,  ».e.,  the  combined  effect 
of  all  the  deviations  amounts  to  0.25  per  cent,  in  the  value  of  the  modulus. 
Then  E — 22,420*>  56  kg.  per  square  millimeter. 

AM.  The  converse  problem  in  the  percentage  method  would  be  as 
follows.  It  is  desired  to  measure  the  modulus  to  1 per  cent.;  how  precisely 
nan  each  of  the  above  five  components  (Par.  417)  be  measured,  and,  sec- 
ondly, can  any  of  them  be  measured  with  negligible  precision?  An  inspection 
of  the  above  measurements,  or  a knowledge  of  measurements,  would  show 
that  the  weight  might  be  measured  so  precisely  as  to  be  regarded  as  a con- 
stant, and  hence  n — 4;  then  we  should  nave,  assuming  equal  effects,  Ai/£-» 
AJE  - Ab/B  - Ad/E  - A/Ey/ 4 -1/1 00\/4  - 1 /200  - 0.5  per  cent.  Applying 
Eq.  71  we  find  the  percentage  deviations  to  be  as  follows;  100  61/1  ■■  0.5/3  — 
0.17  per  cent;  100  l«/o— 0.5  per  cent.;  100  a»/6-» 0.5  per  cent.;  100  Wd“ 
OJ/3—0.17  per  cent. 

With  a little  experience  one  can  write  the  result  of  either  the  direct  or  the 
converse  problem,  by  the  percentage  method,  from  inspection,  or  at  most 
with  a small  amount  of  calculation.  It  should  be  noted  that  the  equal-effect 
method  often  gives  only  a first  approximation  to  the  best  result,  for  it  often 

■ true  that  one  or  more  components  can  be  measured  with  negligible  preci- 
doe  If  equal  effects  are  assumed,  in  which  case  a second  solution  must  be 
■sds  treating  such  components  as  constants. 


4M.  Text-books  or  reference  works  on  precision  of  measurements. 
Holman,  8.  W. — “Precision  of  Measurements.”  John  Wiley  A Sons, 
Sew  York,  1894. 

Goonwnr.  H.  M. — “Precision  of  Measurements  and  Graphical  Methods.” 
McGraw-Hill  Book  Co..  New  York,  1913. 

Paxjcxr,  A.  de  F. — “The  Theory  of  Measurements.”  McGraw-Hill  Book 
Col,  New  York.  1912. 

Bartlctt,  D.  P. — “The  Method  of  Least  Squares.”  Massachusetts  Insti- 
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Digitiz^y  G00gk 


Digitized  by  Google 


SECTION  4 


PROPERTIES  OF  MATERIALS 


BY  FRANS  F.  FOWLE,  S.B. 

C"**!*#  Electrical  Envineer,  Member  American  Institute  of  BUctrieal 
Engineers 

CONTENTS 


General 

Sper*®1* 

Aluminum 
Copper-dad  Steel 
irm  «nd  Steel 


CONDUCTOR  MATERIALS 

1 Bronze 

10  Miscellaneous  Metals 
31  Roristor  Materials 
79  Carbon  and  Graphite 
100  Skin  Effect 
114  Bibliography 


MAGNETIC  MATERIALS 


CUnfication 

Composition  and  Properties 
Core  Losses 


1 68  Sheet  Gages 
172  Commercial  Sheets 
206  Magnet  Steel 
Bibliography,  232 


INSULATING  MATERIALS 


Gnmification 

of  Propcrtie 
Jdid  Natural  Material 
'•trified  Materials 
Jkfoun  Materials 
M<wed  Compositions 


233  Rubber  and  Its  Derivatives 
238  Varnishes  and  Compounds 
264  Insulating  Oils 
273  Gases 

281  Thermal  Conductivities 
309  Bibliography 


132 

138 

148 

163 

160 

167 


213 

217 

225 


830 

345 

358 

366 

369 

370 


STRUCTURAL  MATERIALS 


Cwt  Iron 
JroBfht  Iron 

Stal  Wire  and  Cable 


871  Non-Ferrous  Metals  and  Alloys  399 

378  Concrete,  Brick  and  Stone  400 

383  Timber  410 

395  Rope  and  Belting  428 

Bibliography,  431 


PROPERTIES  OP  THE  ELEMENTS,  481 


by  Google 


SECTION  4 


CONDUCTOR  MATERIALS 

OZKE&AL 

1.  Conductors  and  non-conductors.  All  materials  possess,  in  some 

degree,  the  property  of  electric  conductivity  and  the  question  whether  s 
given  material  snail  be  clamed  as  a conductor  or  a non-conductor  is  entirely 
one  of  degree.  Certain  materials  are  readily  classified  in  these  two  general 
groups;  metals,  for  instance,  are  easily  classed  as  conductors,  whereas  such 
substances  as  mica,  glass,  rubber  and  mineral  oil  are  classed  as  non-con- 
ductors. Certain  other  materials  are  not  easily  classified,  because  their 
properties  undergo  extreme  changes  with  their  degrees  of  purity,  treatment 
ana  temperature.  In  general,  all  materials  which  are  used  commercially 
for  conducting  electricity  can  be  classed  as  conductors;  and  those  materials 
used  commercially  for  obstructing  the  flow  of  electricity  can  be  classed  as 
non-conductors,  a better  term  being  insulator*  or  dielectrics.  Substance* 
which  are  neither  good  conductors  nor  good  insulators  can  be  termed  semi- 
conductors. 

fl.  Solid  conduction,  or  the  property  of  conduction  through  bodies  is 
the  solid  state,  is  explained  in  Sec.  2.  This  type  of  conduction  is  the 
only  one  considered  at  length  in  this  section  (Sec.  4). 

3.  Liquid  conduction,  while  it  refers  mainly  to  the  conduction  of 
electrolytes  (Sec.  10).  also  includes  liquids  of  elements  in  the  pure  state, 
as  distinguished  from  chemical  solutions,  acid  or  basic.  The  property  of 
liquid  conduction  is  treated  at  length  in  Sec.  19,  on  “Electrochemistry" 
(also  see  Sec.  20,  on  “Batteries)’’. 

4.  Gaseous  conduction,  or  the  conducting  power  of  gases,  usually 
in  a rarefied  state,  is  also  outside  the  scope  of  See.  4 and  is  taken  up  in 
Sec.  19. 

5.  The  theory  of  conduction  is  briefly  explained  in  Sec.  2.  The 
electron  theory,  or  modern  view  of  conduction  phenomena,  is  treated  more 
fully  in  Sec.  22. 

4.  Effect  of  temperature.  The  resistivity  of  most  metals  become* 
greater  as  the  temperature  rises.  Those  materials  are  said  to  have  positive 
temperature  coefficients  of  resistance.  Carbon  and  electrolytes,  on  the 
opposite  hand,  have  negative  temperature  coefficients;  that  is,  their  resistivity 
becomes  less  as  the  temperature  rises.  The  coefficients  of  alloys  are  usually 
variable  and  change  sign  at  some  temperatures.  There  are  oertain  alloys, 
such  as  manganin,  which  have  very  small  temperature  coefficients,  but  suet 
materials  form  the  exception.  It  has  also  been  found,  in  the  case  of  copper 
that  the  temperature  coefficient  of  resistance  varies  directly  as  the  percent- 
age of  conductivity  with  respect  to  the  annealed  copper  standard  (Par.  41). 

7.  Temperature  coefficient  of  resistance.  The  resistance  of  any 
conductor,  over  at  least  a limited  range,  can  be  expressed  by  the  linear  equa- 
tion, 

Rt  - Ro(l  + aot)  (ohms)  (1| 

where  Rt  is  the  resistance  at  any  temperature  t,  Rs  is  the  resistance  at  ( 
deg.  cent,  and  ao  is  the  temperature  coefficient  per  deg.  from  and  at  sero  deg 
At  some  other  reference  temperature  fi,  the  resistance  is 

Rt  - Kill  + ai((  - fi)]  (ohms)  (2] 

where  Ri  is  the  resistance  at  fi  deg.  and  ai  is  the  coefficient  from  and  at  the 
temperature  h deg.  These  formulas  take  no  account  of  the  change  of  di 
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■ariow  with  change  of  temperature  and  therefore  apply  to  the  eaee  of  oon- 
fecton  of  constant  mass,  usually  met  in  engineering  work.  For  » full 
ifinaann  of  this  subject  see  Dellinger,  J.  H.  “The  Temperature  Coefficient 
of  Copper.”  Bulletin  of  the  Bureau  of  Standards,  1911,  Vol.  VII,  No.  1,  p. 
71;  xaa  “Copper  Wire  Tables,"  Circular  No.  31,  3rd  edition,  1914,  Bureau  of 
Standards. 

I.  gf net  of  ohemioal  oomposdtion.  The  resistivity  of  meet  metals 
■ very  sensitive  to  slight  changes  in  chemical  composition.  Particularly  is 
lb*  true  of  copper:  when  all  yed,  for  example,  with  1 per  eent.  of  another 
octal,  its  increase  in  resistivity,  measured  in  per  cent.,  is  many  times  1 per 
cent  See  Par.  CS  and  04.  Therefore  it  is  very  essential  when  stating  a value 
of  resistivity  for  a given  substance  to  state  also  what  the  substance  is  oom- 
poaed  of . or  if  it  be  so  nearly  pure  that  there  are  no  more  than  small  traces  of 
foreign  substances,  to  state  its  percentage  of  purity. 

t.  Hlaet  of  median! cal  treatment.  When  ductile  metals  are  sub- 
fccttdto  cold  rolling,  drawing,  hammering,  or  to  cold  working  of  any  kind, 
tfesy  become  harder,  stronger  and  slightly  more  dense.  At  the  same  time 
thstahtivity  increases,  sometimes  markedly,  and  the  initial  properties  can 
be  approached  again  by  means  of  the  annealing  process.  While 
tbs  process  will  sometimes  restore  the  initial  properties,  at  least  for  most 
FMiciI  purposes,  it  does  not  always  do  so. 


WIKI  GAGES 

it.  The  aises  of  wire  have  been  for- many  years  indicated  in  commercial 
praetioe  almost  entirely  by  gage  numbers,  especially  in  America  and  Eng- 
had.  This  practice  is  accompanied  by  some  confusion  because  numerous 
gages  are  in  common  use.  The  most  commonly  used  gage  for  electrical 
wim,  in  America,  is  the  American  wire  gage  described  fully  in  Par.  It. 
The  most  commonly  used  gage  for  steel  wires  is  the  Steel  wire  gage  briefly 
mentioned  in  Par.  It. 

There  is  no  legal  standard  wire  gage  in  this  country,  although  a gage  for 
iheeU  was  adopted  by  Congress  in  1893  (see  Par.  114).  In  England  there  is  a 
kpl  standard  known  as  the  Standard  wire  gage,  mentioned  in  Par.  17. 
li  Germany,  France,  Austria.  Italy,  and  other  continental  countries  prac- 
tically no  wire  gage  is  used,  but  wire  si  see  are  specified  directly  in  milli- 
oetera  This  system  is  sometimes  called  the  Millimeter  wire  gage  (see 
Fv.  it).  The  wire  sixes  used  in  France,  however,  are  based  to  some  extent 
oa  the  old  Paris  gage  ("jauge  de  Paris  de  1857").  For  a history  of  wire 
Pf»  see  Circular  No.  31,  "Copper  Wire  Tables,"  Bureau  of  Standards, 
»o  Edition,  Oct.  1,  1914.  Also  see  Circular  No.  67,  “Wire  Gages,”  1918. 

There  is  a growing  tendency  to  abandon  gage  numbers  entirely  and 
verify  wire  eiies  by  the  diameter  in  mils  (thousandths  of  an  inch).  This 
"***—  holds  particularly  in  writing  specifications,  and  has  the  great  ad- 
_ i of  being  both  simple  and  explicit.  A number  of  the  wire  manufac- 
__  also  encourage  this  practice,  and  it  was  definitely  adopted  by  the 
hitsd  States  Navy  Dept,  in  1911. 

It  The  mil  is  a term  universally  employed  in  this  country  in  connection 
wire  gages  and  is  a unit  of  length  equal  to  one  thousandth  of  an  inch. 

11  The  circular  mil  is  another  universal  used  term,  being  a unit  of 
***  equal  to  the  area  of  a circle  1 mil  in  diameter.  Such  a circle,  however, 
hi sa  area  of  0.7851  (or  v/4)  sq.  mil.  Thus  a wire  10  mils  in  diameter  has 
i<ro»*ectional  area  of  100  circ.  mils  or  78.54  sq.  mils.  Hence,  1 circ.  mil 
<*ak  0.7854  sq.  mil. 

11.  The  American  wire  gage*  also  known  as  the  Brown  & Sharpe 
(jri>  devised  in  1857  by  J.  R.  Brown.  It  is  usually  abbreviated  A.  W.G, 
gage  has  the  property,  in  common  with  a number  of  other  gages, 
tht  its  sixes  represent  approximately  the  successive  steps  in  the  process  of 
**  drawing.  Also,  like  many  other  gages,  its  numbers  are  retrogressive, 
number  denoting  a smaller  wire,  corresponding  to  the  operations  of 
These  gage  numbers  are  not  arbitrarily  chosen,  as  in  many  gages, 
follow  the  mathematical  law  upon  which  the  gage  is  founded.  The  gage 
**bers  and  rises  are  given  in  Par.  SO. 
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The  theoretically  exact  diameters  in  this  case,  as  given  in  the  second  oo 
umn  of  Par.  SO,  contain  more  significant  figures  than  there  is  any  oommerci 
need  for,  and  hence  the  large  companies  have  standardised  the  sisss  given  i 
the  third  column,  using  the  nearest  mil  for  large  sires  and  the  neare 
tenth  of  a mil  for  the  smaller  sises.  These  commercial  sises  were  adopte 
as  standard  by  the  United  States  War  Dept,  in  1011. 

14.  Tbs  basis  of  tbs  American  wire  gags  is  a simple  mathematic, 
law.  The  gage  is  formed  by  the  specification  of  two  diameters  and  the  la 
that  a given  number  of  intermediate  diameters  are  formed  by  geometric; 
progression.  Thus,  the  diameter  of  No.  0000  is  defined  as  0.4000  in.  and  * 
No.  36  as  0.0050  in.  There  are  38  sises  between  these  two,  hence  the  rata 
of  any  diameter  to  the  diameter  of  the  next  greater  number  is  given  by  thi 
expression  • 

The  square  of  this  ratio  *=  1.2610.  The  sixth  power  of  the  ratio,  il 
ratio  of  any  diameter  to  the  diameter  of  the  sixth  greater  number  — 2.0051 
The  fact  that  this  ratio  is  so  nearly  2 is  the  basis  of  numerous  useful  relatim 
or  short  cuts  in  wire  computations. 

16.  The  steel  wire  gage,  also  known  originally  as  the  Washburn  l 
Moen  gage  and  later  as  the  American  Steel  A Wire  Co.’s  gage,  wi 
established  by  Ichabod  Washburn  about  1830.  This  ga^e  also,  with 
number  of  its  sixes  rounded  off  to  thousandths  of  an  inch,  is  known  as  tk 
Boebling  gage.  It  is  used  exclusively  for  steel  wire.  See  Par.  JO. 

10.  The  Birmingham  wire  gage,  also  known  as  Stubs'  wire  gage  an 
Stubs'  iron  wire  gage,  is  said  to  have  been  established  early  in  the  eighteen! 
century  in  England,  where  it  was  long  in  use.  Thia'gage  was  used  to  deaij 
nate  the  Stubs’  soft  wire  sixes  and  should  not  be  confused  with  Stubs’  stej 
wire  gage  mentioned  in  Par.  19.  The  numbers  of  the  Birmingham  gage  wei 
based  upon  the  reductions  of  sixe  made  in  practice  by  drawing  wire  from  rolle 
rod.  Thus,  a wire  rod  was  called  No.  0,  first  drawing  No.  1,  and  so  on.  Th 
gradations  of  sixe  in  this  gage  are  not  regular,  as  will  appear  from  its  grapl 
This  gage  has  been  used  to  a considerable  extent  for  designating  iron  and  st« 
telegraph  wires  and  the  Bell  telephone  system  has  standardised  No.  8 bar 
copper.  See  Par.  SO. 

17.  The  Standard  wire  gage,  which  more  properly  shoqld  be  designates 
(British)  Standard  wire  gage,  is  the  legal  standard  of  Great  Britain  for  a| 
wires,  adopted  in  1883.  It  is  also  known  as  the  New  British  Standard 

fage,  the  English  legal  standard  g age  and  the  Imperial  wire  gage 

t was  constructed  by  so  modifying  the  Birminghamgage  that  the  difference 
between  consecutive  sixes  became  more  regular.  While  this  gage  is  the  on 
most  largely  used  in  England,  there  is  a tendency  there,  as  here,  to  drop  gag 
numbers  and  specify  sixes  by  the  diameter  in  mils.  This  gage  has  neve 
been  extensively  used  in  this  country,  except  by  the  Bell  telephone  syster 
which  has  standardised  No.  12  bare  copper.  See  Paf.  60. 

18.  The  Old  English  wire  gage,  also  known  as  the  London  wire  gagt 

differs  very  little  from  the  Birmingham  gage.  It  was  formerly  used  to  soin 
extent  for  brass  and  copper  wires,  but  is  now  nearly  obsolete.  See  Par.  SO 

19.  The  Stubs'  steel  wire  gage  has  a somewhat  liniited  use  for  ton 
steel  wire  and  drill  rods.  It  should  not  be  confused  with  the  Birmingham  a 
Stubs’  iron  wire  gage  mentioned  in  Par.  16.  The  numbers  and  nxes  an 
given  in  Par.  30.  In  addition  there  are  twenty-six  larger  sixes,  Z to  A,  ani 
thirty  smaller  sixes,  No.  51  to  No.  80,  besides  those  given  in  Par.  30  (see  toe 
catalogue  of  Brown  & Sharpe  Mfg.  Co.,  or  The  L.  S.  Starrett  Co.). 

20.  The  Trenton  Iron  Co.’s  gage,  of  which  the  numbers  and  sises  ar4 

f liven  i n Par.  30,  is  used  only  to  a very  limited  extent.  It  differs  but  slight!] 
rom  the  steel  wire  gage  mentioned  in  Par.  16. 

21.  The  French  wire  gage  is  an  exception  to  the  other  gages  given  i\ 
Par.  30  in  the  respect  that  its  sizes  are  progressive,  instead  ot  retrogressive 
as  the  numbers  advance.  The  sizes  there  given  were  taken  from  the  Amen 
can  Steel  and  Wire  Co.’s  handbook,  "Electrical  Wires  and  Cables,". 1910. 
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H The  Edison  standard  wire  gagt  was  proposed  some  time  before 
IMF  sod  was  based  upon  the  simple  principle  that  the  area  of  cross-section 
incased  proportionately  with  the  gage  numbers.  Thus  No.  5 — 5,000  circ. 
fiih,  No.  10  — 10,000  cir.  mils,  etc.  This  gage  never  came  into  general  use. 

IS.  The  Millimeter  wire  gage*  also  known  as  the  Metric  wire  page,  is 

and  on  giving  progressive  numbers  to  the  progressive  sixes,  calling  0.1 
am.  diameter  No.  1,  0.2  mm.  No.  2,  etc. 

St  The  German  gage,  in  which  the  diameters  or  thickness  are  ex- 
prond  in  millimeters,  is  retrogressive  and  contains  25  sixes.  The  gage 
tmaben  and  sixes  are  given  in  Par.  19. 

*.  Large  sixes  of  wire,  above  No.  0000  A.W.G.,  are  specified  by  the 
total  mm-section  in  circular  mils.  This  applies  in  particular  to  large 
cables. 

*L  The  United  States  standard  sheet  gage,  for  sheet  and  plate  iron 
■added,  was  adopted  by  Congress  on  March  3,  1803  (see  27  8tat.  L.,  746) 
*»d  established  a uniform  legal  standard  for  the  United  States.  The  num- 
bers ud  thicknesses  in  this  gage  are  given  in  Par.  30,  for  comparison  with 
negagm,  A full  table  of  gage  numbers,  thicknesses  and  weights  is  given  in 
fw  ill. 

W.  The  standard  decimal  gags  for  sheet  metals,  designating  the 
niffrwa  in  mils,  was  recommended  in  1895  by  the  Association  of  American 
Sad  Manufacturers,  the  American  Railway  Master  Mechanics’  Association 
the  American  Society  of  Mechanical  Engineers.  There  are  38  sixes. 
waging  from  2 mils  to  250  mils.  See  Par.  lie  for  a full  table  of  sixes  and 
oughts. 

M.  The  measurement  of  wire  diameters  maybe  accomplished  in  three 
vis.,  by  means  of  a micrometer  caliper,  by  means  of  a wire  gage  sueh 
as  that  shown  in  Fig.  1.  or  by  means  of  a V-gage.  The  most  accurate 
eauau  a micrometer  caliper,  which  reads  directly  to  mils,  and,  by  estiraat- 
‘■g  tenths  of  the  smallest  scale  division,  to  tenths  of  a.  mil.  The  most  accu- 
ftjtetype  of  micrometer  is  one  equipped  with  a miniature  friction  dutch,  whieb 
faiMtes  err6n  caused  by  gripping  the  wire  too  firmly  between  the  jaws. 


Flo.  1. — Gage  for  testing  the  sixes  of  wires. 


19.  German  wire  gage  table 

Diameters  in  millimeters 


*o.|  Di&m. 

No. 

Diam. 

No. 

Diam. 

No. 

Diam. 

No. 

Diam. 

j!  5.50 

6 

3.75 

11 

2.50 

16 

1.375 

j 21 

0.750 

; 5.00 

* 4.50 

7 

3.50 

12 

2.25 

17 

1.250 

22 

0.625 

8 

3.25 

13 

2.00 

18 

1.125 

23 

0.562 

J,  4 25 

5 4.00 

9 

3.00 

14 

1.75 

19 

1.000 

24 

0.500 

10 

2.75 

15 

1.50 

20 

0.875 

25 

0.438 
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See  Bureau  of  Standards  Circular  No.  67,  “Wire  Gages,”  for  a combined  table  of  sises  in  the  principal  wire  gages. 
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COPPER 

81.  General  properties.  Copper,  which  is  by  far  the  moet  imported 
metal  in  the  electrical  industry,  is  a highly  malleable  and  ductile  metal,  of 
reddish  color.  The  density  varies  slightly,  depending  on  the  physical  staff 
an  average  value  being  8.9.  Copper  melts  at  1,083  deg.  cent.*  (1,981  de| 
fahr.),  and  in  the  molten  state  has  a sea-green  color.  When  heated  to  a vex 
high  temperature  it  vaporises,  and  burns  with  a characteristic  green  flam 
Copper  boils  at  2,310  deg.  cent.  (4,190  deg.  fahr.).f  Molten  copper  readil 
absorbs  oxygen,  hydrogen,  carbon  monoxide  and  sulphur  dioxide;  on  ooolinj 
the  occluded  gases  are  liberated,  tending  to  give  rise  to  blow  holes  and  porov 
castings.  The  presence  of  lead  in  molten  copper  tends  to  drive  on  bot 
carbon  dioxide  and  water  vapor. 

Copper  when  exposed  to  ordinary  air  becomes  oxidised,  turning  to 
black  color,  but  the  coating  is  protective  and  the  oxidising  process  is  nt 
progressive  as  with  iron  and  steel.  When  exposed  however  to  meiqt  a 
containing  carbon  dioxide,  it  becomes  coated  with. green  basic  carbonati 
It  is  also  affected  by  sulphur  dioxide.  It  resists  the  action  of  hydrochloric 
sulphuric  and  strong  nitric  acids,  at  ordinary  temperatures,  but  is  acte 
upon  by  dilute  nitric  acid. 

The  electrical  conductivity  of  copper  depends  most  critically  on  its  degre 
of  chemical  purity  (see  Par.  83)  and  also,  in  much  less  degree,  upon  tb 
physical  state,  being  reduced  slightly  (from  2 per  cent,  to  4 per  cent.)  b 
cold  rolling  and  drawing.  The  tensile  properties  depend  greatly  upon  tb 
physical  state,  being  much  improved  by  cold  rolling  and  drawing. 

The  alloys  of  copper  are  exceedingly  numerous,  both  for  electrical  an 
mechanical  purposes.  Among  the  most  important  for  electrical  purpose 
are  German  or  nickel  silver,  bronze  and  brass.  Copper  solders  readily  wit 
ordinary  low- temperature  solders;  solder  alloys  witn  copper  at  about  23 
deg.  cent.  (460  deg.  fahr.).  Also  see  Bur.  of  Standards  Circular  No.  73,  a 
“Copper.” 

83.  Commercial  grades  of  copper.  In  the  copper  trade  there  si 
three  recognized  grades  of  copper  known  as  electrolytic,  Lake,  and  east 
ing.$  The  first,  electrolytic,  is  that  refined  by  the  electrolytic  method  an 
is  highly  pure  (see  Par.  84).  The  second.  Lake,  is  also  highly  pure,  in  il 
natural  or  mineral  state,  and  requires  simply  to  be  melted  down  to  ban 
for  convenient  handling  (see  Par.  86).  The  third  kind  of  copper,  known  a 
casting  copper,  contains  more  impurities  and  consequently  runs  lower  ii 
conductivity.  It  is,  as  its  name  implies,  more  suitable  for  mechanical  thz 
electrical  applications  (Par.  88). 

83.  Density  of  copper.  The  internationally  accepted  density  < 
annealed  copper,  $ expressed  in  grams  per  cu.  cm.  at  20  deg.  cent., 
8.89;  this  of  course  is  also  the  specific  gravity  at  20  deg.  cent.,  referred  t 
water  at  4 deg.  cent.  The  American  Society  for  Testing  Materials  bi 
accepted  this  value,  on  account  of  it a international  endorsement,  but  col 
eiders  that  a value  of  8.90  is  probably  nearer  the  exact  truth.  A density  < 
8.89  at  20  deg.  cent,  corresponds  to  8.90  at  0 deg.  cent.  In  English  unil 
the  international  standard  equals  0.32117  lb.  per  cu.  in.  Also  see  .“CopP* 
Wire  Tables,”  circular  No.  3k,  Bureau  of  Standards,  Washington,  D.  C.; 
“Smithsonian  Physical  Tables,”  Washington,  D.  C.,  1920,  7tn  rev.  ed.,  p.  33J 

84.  Electrolytic  copper.  The  electrolytic  refinement  of  copper 
(see  Sec.  19)  not  only  produces  metal  of  the  highest  purity,  but  it  is  ec< 


* ‘‘Tables  Annuclles  de  Constantes  Et  Donnies.  NumCriquee,  de  Chimii 
de  Physique  et  de  Technologic;”  University  of  Chicago  Press,  1912;  Vo 
I (1910),  p.  48. 

t Fulton,  C.  H.  “ Principles  of  Metallurgy;”  McGraw’-Hill  Book  Co 
New  York,  9111;  p.  74. 

X Bee  report  of  Committee  B-2,  on  Non-ferrous  Metals  and  Alloyj 
American  Society  for  Testing  Materials,  16th  annual  meeting,  June  24-21 
1913. 

i Ratified  at  the  meeting  of  the  International  Electrotechnical  Commis*10 
held  in  Berlin,  Sept.  1 to  6,  1913;  see  Trans.  A.  I.  E.  E.,  Vol.  XXXII.  1 
2148. 

|l  Addieks,  I>.  “Electrolytic  Copper;"  Journal  of  the  Franklin  Institutf 
Philadelphia,  Pa.,  Dec.,  1905. 


Digitized  by 


236 

Google 


Sec.  4r-36 


PROPERTIES  OF  MATERIALS 


[ wmicafly  necessary  when  precious  metals  are  present  in  the  ore.  This 
grade  of  copper  should  run  higher  than  99.88  per  cent,  of  pure  metal.  An 
I mdywa  of  average  electrolytic  copper,  representing  neither  the  beet  nor  the 
1 *mt,  was  furnished  by  Mr.  Lawrence  Addieks  and  appears  in  Far.  80. 

! The  minute  quantities  of  impurities  there  shown  of  course  fluctuate  from 
! tine  to  time  in  any  given  refinery,  and  there  are  usually  certain  typical 
| differences  among  the  refineries,  owing  to  individual  characteristics  of  the 
I bullion  supply.  Wire  bars  of  electrolytic  copper  are  made  by  melting  down 
the  cathode  copper  in  a furnace  and  casting  in  the  desired  form  and  sise. 


Si.  Average  analysis  of  commercial  electrolytic  copper 

<L.  Addieks) 


Conductivity  100  per  cent. 


Per  cent. 

Element 

Per  cent. 

99.93 

Tellurium 

0.0006 

0.0010 

Selenium 

0 . 0003 

0.004 

Iron 

0.0030 

0.0008 

Aluminum 

0.0020 

0.0018 

Phosphorus 

0.0004 

0.0030 

Silver 

(1) 

0.0002 

Gold 

(2) 

Efonent 


8.4  ft a.  per  ton.  (2)  0.005  os.  per  ton. 

i Bur.  of  Standards  Circular  No.  73,  on  “Copper." 


St.  Lake  copper  is  the  grade  of  material  which  comes  from  the  northern 
Michigan  (U.  S.  A.)  peninsular,  being  the  only  known  variety  which  occurs 
is  nature  with  the  purity  of  electrolytically  refined  metal.  The  rock  ore 
wstsiaing  the  metal  is  crushed  in  stamp  mills,  concentrated  and  melted, 
tepariog  no  further  treatment  than  “poling"  (introducing  sticks  of  greeh 
■rivood  into  the  metal)  to  reduce  the  oxides  and  bring  it  to  tough  pitch. 

Some  of  the  Lake  copper  coming  from  the  deeper  ore  deposits  has  been 
foud  to  contain  appreciable  quantities  of  arsenic,  which  is  very  injurious 
to  electrical  conductivity.*  Where  the  quantity  of  arsenic  is  high  enough 
to  injure  the  conductivity  appreciably,  the  metal  is  either  sold  as  arsenical 
copper  or  else  refined  electrolytically. 

ST.  Specifications  for  electrolytic  and  Lake  Copper  wire  bars  have 
adopted  by  the  American  8ociety  for  Testing  Materials.  See  “A.  8.  T.  M. 
9*»dards”  for  full  details. 

SI  Catting  copper  is  more  or  lees  impure  copper,  too  low  in  conduc- 
tivity for  electrical  uses,  but  entirely  suitable  for  most  other  applications. 
Tfere  are  three  sources  of  this  grade  of  copper:  (1)  fire-refined  copper  from 
rirgia  sources ; (2)  copper  eteotrolyticallv  produced  by  deposition  from 
lapurc  liquors;  (3)  and  copper  reclaimed  from  secondary  sources.  The 
n9per  contents  of  the  better  known  brands  of  casting  copper  run  in  general 
*wr90  per  cent.,  but  some  will  run  less.  It  is,  as  its  name  implies,  exclusively 
1 foundry  copper. 

St.  Standards  of  resistivity.  The  table  in  Par.  40  presents  a 
•®unary  of  the  standards  of  resistivity,  temperature  coefficient  and  resis- 
ting which  have  been  moet  in  usd.  The  particular  standard  temperature 
•a each  column  is  indicated  by  enclosure  in  parentheses  ( ),  and  the  other 
^ues  are  computed  from  the  standard  temperature.  A full  discussion  of  these 
^atoea  will  be  found  in  “Copper  Wire  Tables,"  Circular  No.  31,  Bureau  of 
^aadards,  pp.  5 to  10.  The  latest  accepted  value  of  resistivity  is  the 
nternational  Annealed  Copper  Standard, ” given  in  column  8;  all 
driven  in  this  section  for  annealed  copper  wire  are  based  on  this  stand* 
which  is  covered  more  specifically  in  Par.  41. 


* Addicts,  L.  “The  Effect  of  Impurities  on  the  Electrical  Conductivity 
Copper;”  Trans.  A.  I.  M.  E.,  1905. 
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Sec.  4-41 


at  20  deg.  cent. 


41.  The  International  Annealed  Copper  standard  if  the  inter' 
uuooally  accepted  value*  for  the  resistivity  of  annealed  copper  of  100  per 
eat  conductivity.  This  standard  is  expressed  in  terms  of  mass-resistivity 
el.llStt  ohm  (meter,  gram),  or  the  resistance  of  a uniform  round  wire 
1 m.  long  weighing  1 gram,  at  the  standard  temperature  of  SO  deg.  cent. 
Equivalent  expressions  of  the  annealed  copper  standard,  in  various  units  of 
Bui  resistivity  and  volume  resistivity,  are  as  follows: 

0.15328  ohm  (meter,  gram) 

875.20  ohms  (mile,  Id.) 

1.7241  * microhm-cm. 

0.67879  microhm-in. 

10.371  ohms  (mil,  ft.) 

0.017241  ohm  (meter,  mm.*) 

It  may  be  convenient  to  note  that  a value  of  0.017241  ohm  (meter,  mm.*) 
is  exactly  A ohm,  so  that  the  volume  conductivity  at  20  deg.  cent,  can  be 
exnremea  58  mho  (meter,  mm.*). 

it  is  important  to  observe  that  weight-measure  rather  than  volume- 
mmmm  is  commercially  the  more  important  in  wire  calculations,  since 
ms  sold  by  the  pound.  Therefore  the  most  attention  should  be  given  to 
resistivity  and  mass  resistance. 

48.  Temperature  coefficient  of  mass  resistance.  This  coefficient, 
which  applies  to  resistance  calculations  when  a conductor  is  defined  in  terms 
cf  its  mass,  is  the  one  commonly  employed  in  engineering  calculations;  that 
is  to  say,  in  common  practice,  the  mass  of  a conductor  remains  the  same 
at  all  temperatures,  ana  changes  of  volume,  length,  or  sag  are  disregarded, 
ft  it  important-  to  note  that  it  does  not  apply  to  a conductor  defined  in  terms 
of  its  volume. 

The  temperature  coefficient  (for  constant  mass)  of  the  annealed  copper 
standard.  100  per  cent,  conductivity,  is  0.00893  per  deg.  cent.,  at  20  aeg. 
cent.  The  coefficient  changes  with  the  temperature  of  reference,  as  given  in 
Par.  40,  column  8. 

The  coefficients  for  copper  of  loss  than  standard  (or  100  per  cent.) 
csaductivity  is  proportional  to  the  actual  conductivity,  expressed  as  a 
dmmal  percentage.  Thus  if  n is  the  percentage  conductivity  (95  per 
oat —0.95),  the  temperature  coefficient  will  be  a't  — nat,  where  at  is  the 
mfideat  of  the  annealed  oopper  standard. 

The  coefficients  given  in  the  table  in  Par.  40  were  computed  from  the 


1 


1 


n(0. 00393) 


+ (ft  — 20) 


(3) 


The  quantity  — T given  in  tho  last  column  (Par.  40)  is  the  inferred  absolute 
mo  of  temperature,  assuming  a linear  relationship  between  resistance  and 
temperature.  At  the  absolute  sero  of  temperature  the  resistance  would  be  sero. 
U.  Table  of  temperature  coefficients  of  copper  for  different  initial 
temperatures  (centigrade)  and  different  conductivities 


Ohms 
(meter, 
mm)  at  20 
cent. 

Per  cent, 
conductivity 

at 

axo 

au 

- T, 

“Inferred 

absolute 

sero” 

0.16134 

95 

0.00403 

0.00373 

0.00367 

-247.8 

0.15966 

96 

0.00408 

0.00377 

0.00370 

-245.1 

0.15802 

97 

0.00413 

0.00381 

0.00374 

-242.3 

0.15753 

97.3 

0.00414 

0.00382 

0.00375 

-241.5 

0.15640 

98 

0/00417 

0.00385 

0.00378 

-239.6 

0.15482 

99 

0.00422 

0.00389 

0.00382 

-237.0 

(•1IS28) 

100 

0.00427 

(0.00893) 

0.00385 

-234.4 

0.15176 

' — 

101 

0.00431 

0.00397 

0.00389 

-231.9 

Parentheses  indicate  the  defined  standard  values. 


. Ratified  at  the  meeting  of  the  International  Electrotechnical  Cora- 
aanon  held  in  Berlin,  Sept.  1 to  6, 1918;  See  Trans.  A.  I.  E.  E.,  Vol.  XXXII, 
P>2156. 
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44.  Beduetton  of  observations  to  standard  temperature.  AtaN 

of  convenient  corrections  and  factors  for  reducing  resistivity  and  resisted 
to  standard  temperature,  20  deg.  cent.,  will  be  found  in  “Copper  W| 
Tables,"  Circular  No.  31,  Bureau  of  Standards.  j 

48.  Calculation  of  per  cent,  conductivity.  The  per  cent,  on 
ductivity  of  a sample  of  copper  is  calculated  by  dividing  the  resistivl 
of  the  International  Annealed  Copper  Standard  at  20  deg.  oent.  by  m 
resistivity  of  the  sample  at  20  deg.  cent.  Either  the  mass  resistivity « 
volume  resistivity  may  be  used.  Inasmuch  as  the  temperature  coeied 
of  copper . varies  with  the  conductivity,  it  is  to  be  noted  that  a differ® 
value  will  be  found  if  the  resistivity  at  some  other  temperature  is  us* 
This  difference  is  of  practical  moment  in  some  cases.  In  order  that  sue 
differences  shall  not  arise,  it  is  best  always  to  use  the  20  deg.  cent,  value  < 
resistivity  in  computing  the  per  cent,  conductivity  of  copper.  When  tt 
resistivity  of  the  sample,  is  known  at  some  other  temperature,  t,  it  is  ve* 
simply  reduoed  to  20  deg.  cent,  by  addiiyc  the  quantity  (20— f)  multiple 
by  the  “resistivity- temperature  constant,  given  in  Par.  48. 

48.  Resistivity-temperature  constant.  The  change  of  resistivity  j* 
degree  may  be  readily  calculated,  taking  account  of  the  expansion  of  the  mm 
with  rise  of  temperature.  The  proportional  relation  between  temperatui 
coefficient  and  Conductivity  may  De  put  in  the  following  convenient  form  it 
reducing  resistivity  from  one  temperature  to  another:  The  change  of  resistivii 
of  copper  per  degree  cent,  is  a constant,  independent  of  the  temperature  of  rtfc 
encs  and  of  the  sample  of  copper.  This  " resistivity-temperature  constant"  me 
be  taken,  for  general  purposes,  as  0.00060  ohm  ( meter , gram),  or  0 . 006 
microhm-cm.  For  further  details,  see  " Copper  Wire  Tables,"  Circular  No  3, 
Bureau  of  Standards,  Washington,  D.  C. 


47.  Complete  copper-wire  tables,  based  on  the  In  ter  nation 
Annealed  Copper  Standard,  are  given  in  Par.  80,  and  represent  approx 
mately  an  average  of  the  present  commercial  conductivity  of  copper.  Ft 
annealed  wires,  the  resistivity  is  independent  of  the  sise.  These  tables  sj 
reproduced  directly  from  Circular  No.  31,  3rd  Edition,  issued  by  the  Bures 
of  Standards.  The  quantities  were  computed  to  five  significant  figures  an 
rounded  off  to  the  fourth  place,  bemjp  therefore  oorreot  within  1 in  the  fourt 
significant  figure.  The  volume  resistivity  at  20  deg.  cent.,  used  in  calculstir 
these  tables,  was  0.67370  microhm-in.  and  the  density,  8.80  at  20  deg.  cen 
or  0.321,17  lb.  per  cu.  in.  The  tables  in  Circular  No.  31  contain  admtioni 
columns  for  0 deg.,  15  deg.,  25  deg.  and  75  deg.  cent.  What  the  tables  show 
the  resistance  at  various  temperatures,  of  a wire  which  at  20  deg.  oent. 
1,000  ft.  long  and  has  the  specified  diameter,  and  which  varies  in  length  an 
diameter  at  other  temperatures. 

48.  Kxplanatory  notes  on  copper  wire  tables. 

Not*  1. — The  fundamental  resistivity  used  in  calculating  the  tables  is  tl 
International  Annealed  Copper  Standard,  vis.,  0.15328  onm  (meter,  gras 
at  .20  deg.  cent.  The  temperature  coefficient  for  this  particular  resistivii 
is  a jo  — 0.00303,  or  <*•  — 0.00427.  However,  the  temperature  coefficient 

Sroportional  to  the  conductivity,  and  henoe  the  change  of  resistivity  p 
eg.  oent.  is  a constant,  0.000597  ohm  (meter,  grain).  The  “oonsta 
mass",  temperature  coefficient  of  any  sample  is 

0.000597  +0.000005 

# a<™  resistivity  in  ohms  (meter,  gram)  at  I deg.  cent. 

The  density  is  8.89  g.  per  cu.  cm. 

Note  2. — The  values  given  in  the  tables  are  only  for  annealed  oopp 
of  the  standard  resistivity.  The  user  of  the  table  must  apply  the  prop 
correction  for  copper  of  any  other  resistivity.  Hard-drawn  copper  may  I 
taken  as  about  2.7  per  cent,  higher  resistivity  than  annealed  copper. 

Note  3. — This  table  is  intended  as  an  ultimate  reference  table,  and 
computed  to  a greater  precision  than  is  desired  in  practice.  The  practic 
user  of  a wire  table  is  referred  to  the  “Working  Tables,”  Par.  81* 

48.  Working  copper-wire  tables,  based  on  the  International  A 
nealed  Copper  Standard,  are  given  in  Par.  81.  This  table  is  carried  on 
to  three  significant  figures,  and  is  more  convenient  for  most  practical  wor 
The  table  itself  is  adapted  from  Circular  No.  31,  3d  edition,  issued  by  t 
Bureau  of  Standards,  and  amplified  by  the  addition  of  values  based  on  t 
mile  unit. 
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Sec*  4-50 


•0.  Complete  wire  Ubl«,itiiidird  annealed  copper 

American  wire  gage  (B.  A 8.).  English  unite 


#*"»  t 

» 

Diame- 
ter in 
«lli  at 
SO  deg. 
eent. 

Crose-aection  at  20  deg. 
cent. 

Ohms  per  1,000  ft.  * 

Circular 

mile 

Square 

inches 

20  deg.  cent. 
( — 68  deg. 
fahr.) 

50  deg.  cent. 
(-122  deg. 
fahr.) 

mm 

460.0 

211.600. 0 

0.1662 

0.04901 

0.05479 

•00 

409.6 

167,800.0 

0.1318 

0.06180 

0.06909 

•0 

« ( 

364.8 

133,100.0 

0.1045 

0.07793 

0.08712 

0 

324.9 

105,500.0 

0.08289 

0.09827 

0.1099 

1 

289.3 

83,6i«.0 

0.06573 

0.1239 

0.1385 

2 

257.6 

66,370.0 

0.05213 

0.1563 

0.1747 

3 

229.4 

52,640.0 

0.04134 

0.1970 

0.2203 

4 

204.3 

41,740.0 

0.03278 

0.2485 

0.2778 

* 

181.9 

33,100.0 

0.02600 

0.3133 

0.3502 

« 

162.0 

26,250.0 

0.02062 

0.3951 

0.4416 

7 

144.3 

20,820.0 

0.01635 

0.4982 

0.5569 

8 

128.5 

16,510.0 

0.01297 

0.6282 

0.7023 

0 

114.4 

13,090.0 

0.01028 

0.7921 

0.8855 

10 

101.9 

10,380.0 

0.008155 

0.9989 

1.117 

11 

90.74 

8,234.0 

0.006467 

1.260^ 

1.408 

12 

80.81 

6,530.0 

0.005129 

1.588 

1.775 

13 

71.96 

5,178.0 

0.004067 

2.003 

2.239 

14 

64.08 

4,107.0 

0.003225 

2.525 

2.823 

15 

57.07 

3,257.0 

0,002558 

3.184 

3.560 

16 

50.83 

2,583.0 

0.002028 

4.016 

4.489 

17 

45.26 

2,048.0 

0.001609 

5.064 

5.660 

18 

40.30 

1,624.0 

0.001276 

6.385 

7.138 

19 

35.89 

1,288.0 

0.001012 

8.051 

9.001 

SO 

31.96 

1,022.0 

0.0008023 

10.15 

* 11.35 

21 

28.46 

810.1 

0.0006363 

12.80 

14.31 

23 

25.35 

642.4 

0.0005046 

16.14 

18.05 

23 

22.57 

509.5 

0.0004002 

20  36 

22.76 

14 

20.10 

404.0 

0.0003173 

25.67 

28.70 

25 

17.90 

320.4 

0.0002517 

32.37 

36.18 

26 

15.94 

254.1 

0.0001996 

40.81 

45.63 

27 

14  20 

201.5 

0.0001583 

51.47 

57.53 

28 

12.64 

159.8 

0.0001255 

64.90 

72.55 

29 

11.26 

126.7 

1 

0.00009953 

81.83 

,91 .48 

30 

10.03 

100.5 

0.00007894 

103.2 

115.4 

31 

8.928 

79.70 

0.00006260 

130.1 

145.5 

32 

7.956 

{ 63.21 

0.00004964 

164.1 

183.4 

33 

7.080 

50.13 

0.00003937 

206.9 

231.3 

34 

0.905 

39.75 

0.00003122 

260.9 

291.7 

35 

6.615 

31.52 

0.00002476 

329.0 

367.8 

g 

5.000 

25.00 

0.00001964 

414.8 

463.7 

5 

4.453 

19.83 

0.00001557 

523.1 

584.8. 

H 

3.965 

15.72 

0.00001235 

659.6 

737.4 

P 

3.631 

12.47 

0.000009793 

831.8 

929.8 

S3 

t,U6 

9.888 

0.000007766 

1,049.0 

1,173.0 

it  *?*«»■  tance  at  the  stated  temperatures  of  a wire  whose  le ngth  is  1 ,000  f t. 
cent. 

\n 
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Sec.  4-60 
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60.  Oomptoto  wirt  table,  standard  annealed  copper.— Continued 


Gage 

No. 

Diameter 
in  mils  at 
20  deg. 
cent. 

Pounds 

1,000  ft. 

Feet 

per 

pound 

Feet  pe 
20  deg.  oent. 
(-68  deg. 
fahr.) 

r ohm* 

50  deg.  oent. 
(-122  deg. 
fahr.) 

0000 

460.0 

640.5 

1.561 

20,400.0 

18,250.0 

000 

409.6 

507.9 

1.968 

16, ISO. 0 

14,470.0 

00 

364.8 

402.8 

2.482 

12,830.0 

11,480.0 

0 

324.9 

319.5 

3.130 

10,180.0 

9,103.0 

1 

289.3 

253.3 

3.947 

8,070.0 

7,219.0 

2 

257.6 

200.9 

4.977 

6,400.0 

5,725.0 

3 

229.4 

159.3 

6.276 

5,075.0 

4,540.0 

4 

204.3 

126.4 

7.914 

4,025.0 

3,600.0 

5 

181.9 

100.2 

9.980 

3,192.0 

2,855.0 

6 

162.0 

79.46 

12.58 

2,531.0 

2,264.0 

7 

144.3 

63.02 

15.87 

2,007.0 

1,796.0 

8 

128.5 

49.98 

20.01 

1.592.0 

1,424.0 

0 

114.4 

89.63 

25.23 

1,262.0 

1,129.0 

10 

101.9 

31.43 

31.82 

1,001.0 

895.6 

11 

90.74 

24.92 

40.12 

794.0 

710.2 

12 

80.81 

19.77 

50.59 

629.6 

563.2 

13 

71.96 

15.68 

63.  SO 

499.3 

446.7 

14 

64.08 

12.43 

80.44 

396.0 

354.2 

15 

57.07 

9.858 

101.4 

314.0 

280.9 

16 

50.82 

7.818 

127.9 

249.0 

222.8 

17 

45.26 

6.200 

161.3 

197.5 

176.7 

18 

40.30 

4.917 

203.4 

156.6 

140.1 

19 

35.89 

3.899 

256.5 

124.2 

111.1 

20 

31.96 

3.092 

323.4 

98.50 

88.11 

21 

28.46 

2.452 

407.8 

78.11 

69.87 

22 

25.35 

1.945 

514.2 

61.95 

56.41 

23 

22.57 

1.542 

648.4 

49.13 

43.94 

24 

20.10 

1.223 

817.7 

38.96 

34.85 

25 

17.90 

0.9699 

1,031.0 

30.90 

27.64 

26 

15.94 

0.7692 

1,300.0 

24.50 

21.92 

27 

14.20 

0.6100 

1.639.0 

19.43 

17.38 

28 

12.64 

0.4837 

2,067.0 

15.41 

13.78 

29 

11.26 

0.3836 

2,607.0 

12.22 

10.93 

30 

10.03 

0.3042 

3,287.0 

9.691 

8.669 

31 

8.928 

0.2413 

4,145.0 

7.685 

6.875 

32 

7.950 

0.1913 

5,227.0 

6.095 

5.452 

33 

7.080 

0.1517 

6,591.0 

4.833 

4.323 

34 

6.305 

0.1203 

8,310.0 

3.833 

3.429 

35 

5.615 

0.09642 

10,480.0 

3.040 

2.719 

36 

5.000 

0.07568 

13,210.0 

2.411 

2.156 

37 

4.453 

0.06001 

16,660.0 

1.912 

1.710 

38 

3.965 

0.04759 

21,010.0 

1.516 

1.356 

39 

3.531 

0.03774 

26,500.0 

1.202 

1.075 

40 

3.145 

0.02993 

33,410.0 

0.9534 

0.8521 

* Length  at  20  deg  cent,  of  a wire  whose  resistance  is  1 ohm  at  the  state 
temperatures. 
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B.  Keferanee  to  copper- wire  tablet  in  other  g«|ea  For  copper- 
wire  tobies  in  the  British  Standard  Wire  Gage  and  in  the  Millimeter  Gage, 
toed  on  the  International  Annealed  Copper  Standard,  see  Bulletin  No.  31, 
3d  edition  (Oct.  1,  1014),  issued  by  the  Bureau  of  Standards. 

It,  Conductivity  of  hard-drawn  copper.  Tbs  conductivity  of  hard- 
drtwn  copper,  expressed  as  a percentage  of  the  conductivity  of  the  annealed 
rapper  standard,  varies  with  the  size  of  wire,  becoming  smaller  as  the  wire 
becomes  smaller.  It  is  impracticable,  however,  to  state  any  general  rule, 
because  of  differences  in  manufacturing  practice,  as  to  the  number  of  draw- 
ings between  annealings.  amount  of  reduction  to  each  drawing,  etc.  The 
Bureau  of  Standards  found  that  the  conductivity  of  No.  12.  A.W.G.  hard- 
drewn  copper  was  97.3  per  cent.  The  copper- wire  specifications  of  the 
American  Society  for  Testing  Materials,  call  for  resistivities  which  correspond 
to  the  following  percentage  conductivities,  based  on  the  annealed  copper 
■Uodzrd. 

Per  cent., 
conductivity 

Annealed  copper 98.2 

Mcdtm-hara  drawn,  above  0.325  in 97.7 

Medium- hard  drawn,  below  0.325  in 96.7 

HznWrmwn,  above  0.325  in 97. 2 1 

Hard-drawn,  below  0.325  in 96.2 

The  density  of  all  theee  grades  of  wire  is  taken  as  the  same,  or  8.89  at  20 
deg  cent. 

H Temperature  coefficient  of  expansion.  The  temperature 
^efficient  of  linear  expansion  of  copper  is  approximately  0.000017  per 
det  cent.  The  values  given  in  the  ' Tables  Annuelles  de  Constantes  et 
Donate  Num4riques,?*  for  1910,  are  a a follows  (p.  44  and  p.  45):  Between 
- 190  deg.  and  17  deg.  cent.,  0.00001418;  between  17  deg.  and  ldOdeg.  cent., 
040001636;  and  by  Stdphan's  determinations  (1910), 

fc-  Ml  +0.00001607* +0.00000000403**  1 (5) 

Matthieseen's  mean  coefficient*  between  0 deg.  and  100  deg.  cent.,  was 
9-90001666  and  Fiseau  found  the  value*  at  40  deg.  cent,  to  be  0.00001678. 
By  computation  from  8t6phan’s  results  the  mean  coefficient  between  0 
% and  100  dtg.  oent.  is  0.0000165.  The  mean  of  these  four  results  is 
0.0000166  per  deg.  cent.  The  corresponding  value  in  the  f&hrenheit  scale 
a 0.00000922  per  deg. 

SI.  Concentric  strand,  or  cable,  is  a conductor  made  up  of  a straight 
centra]  wire  (or  group  of  wires)  surrounded  by  helical  layers  of  bare  wires 
tor  groups  of  wires),  the  alternate  layers  having  a twist  in  opposite  direc- 
tions The  term  **  concentric-lay”  applies  when  the  strands  are  composed 
cf  single  bare  wires;  the  term  "rope-lay”  applies  when  the  strands  are  made 
up  of  groups  of  wires,  each  group  in  concentric  lay.  All  the  individual 
(trends  are  of  the  same  size.  If  tnere  are  n layers  over  the  core  of  a con- 
*o trie-lay  cable,  not  counting  the  core  as  a layer,  the  total  number  of 
■trends  or  wires  will  be 

W-3n(n  + l)  + l (6) 

The  diameter  of  such  a cable  is  the  diameter  of  the  circumscribing 
orels,  or 

Z>-d(2n  + l)  (7) 

there  d is  the  diameter  of  any  strand  or  individual  wire.  In  a rope-lny 
'able,  such  as  some  forms  of  extra  flexible  cable,  where  instead  of  individual 
regie  wires  there  are  groups  of  wires,  each  group  consisting  of  a concentric-lay 
'able,  the  total  number  of  wires  N in  the  entire  cable  will  be  that  given 
by  6 for  ©oneentric-lay  cable  multiplied  by  the  number  of  wires 
a each  oomponent  group.  Thus  a rope-lay  cable  comprising  1 layer, 
«ttb  7 wires  in  each  group,  would  have.7X7«49  wires,  and  is  sometimes 
relied  a 7X7  rope.  8uch  an  expression  as  a 19X7  rope  Btrand  means  19 
■reads,  each  composed  of  7 wires.  A 7X7  rope  strand  is  not  economical 
far  large  conductors  and  iz  usually  confined  to  sizes  like  No.  4 A.W.G.  or 
■**Der.  For  large  sisee  a 19X7  or  37X7  rope  strand  is  more  compact  and 

presents  a smoother  exterior. 

Physical  Tables:”  Washington.  D.  C.,  1920;  7th  rev.  ed., 

*218. 
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The  number  of  circular  mils  in  a cable  composed  of  N wires  is 

C.M.-Nd*  (8) 

where  d is  the  diameter  of  each  wire  in  mils  (thousandths  of  an  inch). 

The  equivalent  solid  conductor  is  one  having  the  same  number  of 
circular  mils,  or  its  diameter  is  

(9) 

It  is  not  equal  to  the  normal  cross-section  of  the  cable,  because  in  the  last 
case  the  strands  are  cut  at  a slight  angle  (due  to  their  pitch)  and  such  a 
section  is  therefore  larger  than  the  true  section,  equal  to  the  sum  of  the  normal 
sections  of  all  the  strands,  each  taken  normal  to  its  own  axis. 

The  ratio  of  the  diameter  of  concentric  strand  to  the  diameter  of 
equivalent  solid  conductor  is  given  by 

P (10) 

D y/N  V 3n* +3n  + l 

Substitution  in  this  formula  from  n-0  to  n-8,  gives  the  following  values 
of  the  ratio. 


D 

D 

N 

D 

n 

N 

D' 

n 

N 

D' 

n 

D' 

0 

1 | 

l.ooo  ; 

3 1 

\ 37 

1.151 

6 

127 

1.154 

1 

7 

1.134 

4 

61 

1.152 

7 

1G9 

1.154 

2 

19 

1.147 

5 

91 

1 . 153 

8 

217 

1.154 

This  shows  that  the  larger  the  number  of  strands,  for  a given  cross-section 
the  larger  will  be  the  outside  diameter,  approaching,  however,  a limiting  rnti< 
of  1.154.  Therefore  the  size  and  the  cost  of  a conductor  of  given  cross-sectioi 
increase  as  the  number  of  strands  increases. 

The  individual  wires  of  a cable  can  seldom  be  drawm  to  any  of  thi 
standard  gage  numbers,  because  the  diameter  of  the  wire  is  fixed  by  tb 
required  size  of  the  cable,  and  the  number  of  wires  composing  it.  Also  se 
“Wire  In  Electrical  Construction,”  John  A.  Roebling’s  Sons  Co.,  1917;  an< 
"Electrical  Wires  and  Cables,”  Amer.  Steel  A Wire  Co.,  1910. 

56.  Standard  stranding  of  concentric,  lay  cables 
(Standards  of  the  A.  I.  E.  E.) 


Number  of  wires 

Number  of  wires 

Size 

(A) 

(B) 

Sixe 

(A) 

(B) 

2.0  cir.  in.  . . . 

91 

127 

0.4  cir.  in 

19 

37 

1 . 5 cir.  in ...  . 

61 

91 

No.  4/0 

19  or  7 

19 

1 0 cir.  in.  . . 

61 

61 

No.  2/0 

7 

19 

0.6  cir.  in.  . . . 

37 

61 

No.  2 

7 

7 

0.  5 cir.  in.  . 

37 

37 

No.  7 or  smaller . 

7 

Column  (A)  applies  to  bare,  insulated  or  weather-proof  cables  for  aerii 
use;  column  (If)  applies  to  insulated  cables  for  other  than  aerial  use.  F< 
intermediate  sizes,  the  stranding  for  the  next  larger  sise  is  used.  Condui 
tors  of  No.  4/0  A.  W.  G.  and  smaller  are  stranded  only  for  certain  kinds  < 
applications,  or  where  desired  for  special  reasons.  No.  4/0  A.  W.  G.  cabl< 
under  class  (A)  are  usually  made  of  seven  strands  when  bare  and  19  stranc 
when  insulated  or  weather  proof.  Also  see  Sec.  24,  Par.  9400  to  9402  an 
specifications  of  A.  S.  T.  M. 

57.  Pitch  or  lay  of  concentric  strand.  The  axial  length  of  one  eon 
plete  turn  of  any  individual  strand  in  a coi 
0 centric-lay  cable,  divided  by  t he  diameter  < 
* the  cable,  is  called  the  pitch  or  lay..  T1 

x j pitch  angle  of  the  cable  is  shown  in  Fig. 

— ' where  ac  represents  the  axis  of  the  cable  ax 

- If  l is  the  axial  length  of  one  complete  twist;  < 

is  the  length  of  any  individual  strand,  l -4-  l 
Fig.  2. — Pitch  angle  in  con-  in  one  complete  twist:  and  the  angle  oac,  or 
centric  lay  cable.  is  the  pitch  angle.  The  side  he  is  equal  to  tl 

circumference  of  the  circle  circumscribing  tl 
cable.  In  this  case  the  pitch  p is  given  by  p ■ 1/<L  There  is  no  fix< 
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rtaodard  pitch  used  by  all  cable  manufacturers.  Also  see  "Electrical  Wires 
ud  Cables,"  Amer.  Steel  A Wire  Co.,  1910,  pp.  27  to  35;  and  Sec.  24,  Par. 


M.  Increase  in  mass  and  resistance  due  to  stranding.  The  Bureau 
of  Standards  has  shown  in  Circular  31  (3rd  Edition,  1914,  p.  71)  that  the 
mt  cent,  increase  of  resistance  of  a cable  with  all  the  wires  perfectly  insulated 
from  one  another,  over  the  resistance  of  the  "equivalent  solid  rod.  is  exactly 
equal  to  the  per  cent,  decrease  of  resistance  of  a cable  in  which  each  wire 
makes  perfect  contact  with  a neighboring  wire  at  all  points  of  its  surface. 
That  is,  if  R,  is  the  resistance  of  the  equivalent  solid  rod  or  wire,  Ri  is  the  re- 
nounce of  the  cable  with  perfectly  insulated  wires  and  Rt  is  the  resistance  of 
the  cable  in  which  all  the  wires  make  perfect  contact  with  their  neighbors, 
thenft,  » l(#i  + Rt ).  In  general.  Ri>R,>R%.  The  resistance  of  a cable  is 
fmerally  somewhat  less  than  R i,  which  is  shown  by  the  fact  that  the  actual 
nastanee  of  a cable  increases  slightly  with  age,  probably  due  to  the  formation 
of  oxide  on  the  contact  surfaces. 

H.  Copper  cable  table*.  The  table  in  Par.  61  gives  the  properties  of 
hare  concentric-lay  copper  cables,  based  on  the  International  annealed 
copper  standard  (see  Par.  41).  The  column  headed  " Diameter  of  Wires " 
*>»  calculated  in  each  case  from  the  total  cross-section.  The  values  given 
for  "ohms  per  1,000  ft."  and  "lb.  per  1,000  ft."  are  2 per  cent,  greater 
than  for  a solid  rod  of  cross-section  equal  to  the  total  croee-section  of  the 
vires  of  the  cable.  This  increment  of  2 per  cent,  means  that  the  values  are 
correct  for  cables  having  a pitch  of  15.7.  If  the  pitch  is  different,  the  resist- 
sacs  and  the  mass  may  be  calculated  by  multiplying  the  values  in  the  table 
by  the  factor 

1+(4pr-2)10"’  no 


For  example,  if  the  pitch  is  12,  the  resistance  and  the  mass  given  in  the  table 
*hrald  be  increased  1.4  per  cent.;  if  the  pitch  is  30,  the  values  should  be  de- 
creased 1.5  per  cent.  Also  see  Sec.  24,  Far.  9402. 

99.  Hemp-centre  cables.  If  the  core  of  a concentrio  strand  is  replaced 
hy  hemp,  the  characteristics  of  the  cable  are  altered  in  several  respects.  The 
diameter  of  the  cable,  for  a given  cross-section,  is  greater  than  the  diameter 
of  an  all-metal  cable;  the  flexibility  is  slightly  greater,  for  the  same  eise, 
being  more  marked  in  the  case  of  7 wires  than  a greater  number;  and  the  skin 
effect,  for  equal  sixes,  is  slightly  diminished.  The  tensile  strength  of  a 
hemp-centre  cable  would  be  computed  on  the  basis  of  the  cross-section  of 
metal,  disregarding  the  hemp.  Such  cables  are  not  in  general  manufactured 
ia  standard  sixes,  but  made  up  to  order.  See  article  by  D.  B.  Rub hm ore  in 
General  Electric  Review , June,  1912,  discussing  objections  to  cables  of  this 
type- 


41.  Weight  of  hemp- centre,  concentric-lay,  copper  cable* 
Made  of  six  wires  around  a hemp  centre 
(The  American  Brass  Co.) 


SlM  Of 
cable, 
A.W.O. 

Made  of 

Sise  of 
each  wire 
(in.) 

Outside 

diameter 

(in.) 

Approximate  weight  (lb).J 

Per  1,000  ft. 

Per  mile 

So.  0000 

6 wires 

0.1879 

0.564 

673 

3,553 

No.  OOO 

6 " 

0.1672 

0.502 

551 

2,909 

No.  OO 

6 " 

0.1489 

0.447 

418 

2,207 

No.  0 

6 " 

0.1326 

0.398 

332 

1,753 

No.  1 

6 " 

0.1181 

0.354 

266 

1,404 

No.  2 

6 " 

0.1052 

0.316 

212 

1,119 

No.  3 

6 " 

0.0937 

0.281 

167 

882 

No.  4 

0 " 

0.0835 

0.250 

133 

702 

•The  weights  for  hemp-centre  cable  were  not  calculated,  but  were  Qb« 
tained  by  weighing  lots  of  finished  cable, 
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Not*. — This  table  is  baaed  on  2 per  cent,  increase  in  mass  and  resistance  over  equivalent  solid  rod,  corresponding  theoretically 
to  a pitch  of  15.7  (see  Par.  §7  and  59);  from  Circular  No.  31,  Third  Edition,  Oct.  1,  1914,  U.  S.  Bureau  of  Standards. 
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ftl.  Kffect  of  impurities  on  the  conductivity  of  oopper.  It  u well 

known  that  the  conductivity  of  copper  is  highly  sensitive  to  slight  impurities.  • 
A series  of  progressive  tests  on  the  effect  of  the  presence  of  very  small  quanti- 
ties of  foreign  elements,  with  respect  to  eleotrioal  conductivity,  was  made  by 
Mr.  Lawrence  Addicks.  In  order  to  obtain  a comparative  figure,  Mr. 
AddickB  divided  the  percentage  decrease  of  conductivity  by  the  percentage  of 
impurity  added,  and  obtained  the  results  given  in  Par.  64*  which  are  strictly 
true  only  for  an  infinitely  small  lowering  of  conductivity.  The  factor  is  seen 
to  boar  a genefal  relation  to  the  periodic  arrangement,  becoming  smaller  with 
increasing  atomic  weight  within  any  one  group,  though  there  is  no  evident 
relation  between  one  group  and  another.  This  factor  is  of  use  when  examin- 
ing the  analysis  of  a copper  which  shows  low  conductivity,  as  a means  of 
indicating  the  probable  cause  of  the  trouble.  Commercial  copper  when 
examined  under  a microscope  reveals  a structure  made  up  of  grains  of  pure 
copper  enclosed  in  matrices  of  impurities,  thus  forming  a complicated  chain  of 
two  substances.  By  adding  certain  impurities  the  conductivity  of  the 
impure  portion  of  the  chain  may  be  increased  without  changing  that  at  the 
copper  itself,  thus  showing  an  increase  in  the  total  conductivity  of  the  chain. 

*4.  Relation  between  percentage  impurity  and  percentage  change 
in  conductivity 

(Lawrence  Addicks,  Proc.  A.  I.  M.  E.,  VoL  XXXVI,  p.  18,  1908) 

Peri* 

Element  f"'.'  ^dic^  Element 

I Silver 6 108  V Phosphorus** 

I Gold 10  197  V Arsenic 

II  Zinc 30  65  V Antimony 

II  Cadmium..  9 112  V Bismuth 

III  Aluminium  500  27  VI  Oxygen 

IV  Silicon 70  28  VI  Sulphur 

IV  Tin 67  119  VI  Tellurium.... 

IV  Lead 3 207  VII  Iron 


Peri- 

odic 

group 


. . Percentage  decrease  of  conductivity 

* Factor  - — 5 ^ ^ r- ■ ■■  ■ ■ ■ J — . 

Percentage  of  impunty  added 

**  This  value  is  probably  too  high  and  lata*  results  indicate  an  averag 
value  of  hbout  600. 


U.  Tensile  strength.  The  mechanical  properties  of  copper  exten 
over  a considerable  range,  depending  on  its  state  of  hardness.  The  tensil 
strength  of  annealed  copper  wire  ranges  from  about  32,000  lb.  or  34.0C 
lb.  per  sq.  in.,  in  the  larger  sixes,  to  as  high  as  40,000  lb.  per  sq.  in.  in  tl 
smaller  sixes;  a very  fair  assumption  is  34,000  lb.  as  a representative  value. 

The  process  of  cold  drawing  increases  the  strength  quite  rapidly.  & 
called  medium  hard,  or  half  hard,  copper  wire  has  a tensile  strength  in  tl 
larger  sixes  ranging  from  40,000  lb.  to  50,000  lb.  per  sq.  in.,  and  in  the  amalh 
sixes  from  50,000  Tb.  to  60,000  lb.  per  sq.  in. 

Hard-drawn  wire  has  a tensile  strength  ranging  from  50,000  lb.  per  a 
in.  in  the  large  sixes  to  about  65,000  lb.  per  sq.  in.  in  the  Bmall  sixes,  or  68.0< 
lb.  in  the  very  small  sizes. 

Fig.  3 shows  the  results  obtained  by  Addicks f in  making  a determinate 


* Perrine,  F.  A.  C.  “Conductors  for  Electrical  Distribution;"  D.  Vi 
Nostrand  Co.,  New  York,  1903,  pp.  8 to  10. 

Addicks,  L.  “The  Electrical  Conductivity  of  Commercial  Copper:**  TVai 
A.  I.  E.  E.,  Vol.  XXU,t>.  695  (1903). 

Addiolcs,  L.  “The  Effect  of  Impurities  on  the  Eleotrioal  Conductivity 
Copper;”  Tram.  A.  I.  M.  E.,  Vol.  XXXVI,  1906,  p.  18. 
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d the  relationship  between  tensile  strength  and  conductivity  of  copper 
wire.  This  shows,  among  other  things,  that  the  properties  of  copper,  after  it 
k»  been  through  a cycle  of  hard  drawing  and  annealing,  are  not  completely 
restored,  but  nearly  so. 

Concentric  strand  or 
<*ble  should  have  a total 
§trength  equal  at  least  to  90 
per  cent,  of  the  strength  of 
ris  component  strands.  The 
dtimate  strength,  however, 
as  theoretically  a function  of 
the  pitch,  and  in  addition 
’.he  internal  stresses  in  a 
cable  under  load  are  very 
implex,  so  that  a factor  of 
90 per  oent.  is  approximate. 

Cut  copper  ranges  in 
tergal*  strength  from  20,000 
lb.  to  30,000  lb.  per  sq.  in. 
sad  hu  a crushing  strength 
of  about  40,000  lb.  per  sq.  in. 

Tbs  inning  proCSM, 
applied  to  copper  wires 
riuch  are  intended  to  re- 
ceive any  kind  of  insulation 
containing  rubber  as  an  in- 
gredient, removes  some  of 
the  temper  of  hard-drawn' 
wire  ana  hence  impairs  its 
tensile  strength.  Also  see 
tables  of  tensile  strength  in 
AST.M.  specifications  for 
®pper  wire,  current  issue  of 
MY«r  Book." 

Mr.  Elongation  and 

fracture.  Annealed  copper  is  very  ductile  and  h§w  an  ultimate  elongation 
of  35  per  cent,  to  40  per  cent,  in  the  large  sises  of  wire;  in  the  smaller  sixes  the 
elongation  decreases  to  a value  of  20  per  cent,  to  25  per  cent.  The  elongation 
of  mwiiiim  hard  and  of  hard-drawn  wire  ranges  from  4 per  oent.  in  the  largest 
cm.  to  about  1 per  cent,  in  the  smallest.  The  fracture  of  cast  copper  is  gran- 
ular and  irregular,  while  that 
of  forged,  rolled,  or  drawn 
copper  is  fibrous,  with  a silky 
luster.  At  fracture  there  is 
considerable  reduction  of  area, 
with  drawn  copper,  in  the  plane 
of  rupture. 

67.  The  effect  of  anneal- 
ing temperature  on  tensile 
properties  of  copper  is  illus- 
trated in  Fig.  4.  See  Hoffman, 
H.  O.  “Metallurgy  of  Cop- 
per;” New  York,  McGraw-Hill 
Book  Co.,  Inc.,  1914,  page  5. 
Also  see  Bur.  of  Standards  Cir- 
cular No.  73,  “Copper,”  p.  50. 

68.  Effect  of  impurities 
on  tensile  strength.  One 

of  the  most  common  impuri- 
ties in  copper  is  oxygen,  in 
tie  form  of  suboxid  of  copper  (CuiO).  While  minute  quantities  are  not 
tamful,  an  excess  is  the  cause  of  brittleness.  The  presence  of  lead  makes 
de  metal  “red  short”  or  “hot  short.”  The  presence  of  bismuth  or 
fe&arium  makes  the  metal  both  “red  short”  and  “cold  short.” 


Pig.  3. — Relationship  between  conduc- 
tivity and  tensile  strength  in  copper  wire 
(Addicks). 


100  900  600  400  600  COO  700  800  900  1000 

lempcr&turc  of  Annoying -Dost**  5 0eutl«r»d« 

Fto.  4. — Mechanical  properties  of  electro- 
*7t?  copper  as  affected  by  temperature 
Hoffman) . 
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69.  Table  of  breaking  loads  of  copper  wire  M 

.(Based  on  tensile  requirements  of  the  American  Society  for  Testing  Matenan 


Gage  No. 
A.W.G. 

Diam. 
in  mils 

Breaking  load  (lb.) 

Annealed 

Medium  hard 

Hard  drawn 

0000 

460 

5,980 

6,980  -8,140 

8,140 

000 

410 

4,7.50 

5,680  -6,600 

6,730 

00 

365 

3,780 

4,620  -5.360 

5,540 

o 

325 

2.980 

3.730  -4,310 

4,520 

1 

289 

2,370 

3,020  -3,480 

3,680 

2 

258 

1,930 

2,450  -2,810 

3,000 

3 

229 

1,530 

1,980  -2,270 

2,440 

4 

204 

1,210 

1,590  -1,820 

1,970 

5 

182 

963 

1,260  -1,450 

1,590 

6 

162 

763 

1,010  -1,150 

1,280 

7 

144 

607 

810  - 925 

1,030 

8 

128 

481 

646  - 737 

828 

9 

114 

381 

515  - 587 

663 

10 

102 

314 

410  - 467 

528 

1 1 

91 

249 

328  - 373 

423 

12 

81 

198 

262  - 298 

337 

13 

72 

157 

209  - 237 

268 

14 

64 

124 

167  - 189 

214 

15 

57 

98.6 

131  - 151 

170 

16 

51 

78.2 

106  - 120 

135 

17 

45 

62.0 

84.8-  96.1 

108 

18 

40 

49.3 

67.9-  76.8 

85.8 

(English  gages) 


8 B.W.G. 
10  B.W.G. 

12  S.W.G. 

13  S.W.G. 

14  S.W.G. 
16  B.W.G. 


165 

792 

1,050  -1,200 

134 

522 

698  - 797 

104 

314 

427  - 487 

92 

256 

337  - 383 

80 

194 

256  - 292 

65 

128 

171  - 195 

1,330 

894 

651 

435 

330 

220 


Fiq.  5. — Stress-strain  curves  of  No.  9 
A.W.G.  hard-drawn  copper  wire  (Water- 
town  Arsenal  test). 


70.  Stress-strain  di« 

Sr  a ms.  A typical  stress-stra 
iagram  of  hard-drawn  coop 
wire  is  shown  in  Fig.  5,  whi< 
represents  No.  9 A.W.G.  T1 
curve  ae  is  the  actual  stre* 
strain  curve;  a6  represents  t 
portion  which  corresponds 
true  elasticity,  or  for  whi 
Hooke’s  law  holds  rigorous! 
cd  is  the  tangent  to  ae  wh\ 
fixes  the  Johnson  elastic  liin 
and  the  curve  af  represci 
the  set,  or  permanent  elonj 
tion  due  to  flow  of  the  me 

• The  Johnson  elastio  limi' 
that  point  on  thestress-str 
curve  at  which  the  natural  ti 
gent  is  equal  to  1.5  times 
tangent  of  the  angle  of 
straight  or  linear  portion  of 
curve,  w-ith  respect  to  the  i 
of  ordinates,  or  Y axie. 
Johnson,  J.  B.,  “MateraaU 
Construction,"  John  Wile] 
Sons,  New  York,  1912. 
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ntder  stress,  being  the  difference  between  ab  and  at.  The  test  length  was 
30  in.  nod  the  elongation  at  rupture  was  1.3  per  cent.  The  true  elastie 
limit  vu  27,000  lb.  per  sq.  in.  or  44  per  cent,  (rather  low,  below  average) 
W the  ultimate  tensile  strength;  Johnson  elastic  limit,  44,0001b.  per  sq.  in. 
« 72  per  cent,  of  the  ultimate;  ultimate  tensile  strength,  61,4001b.  per  sq. 
in;  modulus  (Young’s)  of  elasticity,  17,600,000. 

A series  of  stress  strain  curves  on  annealed,  half-hard,  and  hard  copper 
was  published  in  1904  by  Mr.  F.  O.  Blackwell  in  a paper  entitled  ” Con- 
ductors for  Long  Spans,”  Trans.  International  Elec.  Cong.,  St.  Louis,  1904, 

VoL  n,  d.  331. 

Fig.  6 shows  a stress-strain  diagram,  from  Mr.  Blackwell’s  paper,  for 
hemp-centre,  hard-drawn,  concentric-lay,  copper  cable  composed  of  six 
0.188-in.  strands.  The  curve  A is  for  the  cable,  and  B for  one  of  the  strands. 
The  elastic  behavior  is  notably  different  from  that  of  solid  wire,  since  the 
actual  elongation  of  a new  or  previously  unstressed  cable  appears  to  comprise 
t*o  components,  one  due  to  tightening  or  readjustment  of  the  outer  strands 
"Had  the  core,  and  the  other  to  actual  stretching  of  the  material. 
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As.  6. — Stress  strain  curve  for  hemp-centre,  concentrio-lay,  six-strand, 
hard-drawn  copper  cable. 


71.  limit  and  yield  point.  The  stress-strain  curves  for  an- 

sealed  copper  show  that  it  has  no  very  definite  elastic  limit  and  in  fact  com- 
mence* to  set  (flow  under  stress)  at  comparatively  low  stresses;  it  also  has  no 
ndd  point,  t.e.,  a point  at  which  a marked  increase  in  elongation  suddenly 
Ukes  place  with  little  or  no  increase  in  load.  Copper  of  medium  or  of  full 
bardaess  behaves  differently  and  exhibits  a fairly  definite  elastic  limit,  but 
jpeld  point. 

The  rate  of  application  of  the  load  also  plays  an  important  part  in  the  re- 
■dt*.  When  given  sufficient  time,  hard  copper  takes  a set  before  it  reaches 
clastic  limit.  In  the  strictest  meaning  of  the  term,  copper  probably,  has 
Msbsolutely  definite  elastic  limit  whatever.  What  is  ordinarily  meant  by 
factie  limit  is  the  value  obtained  in  tests  made  in  a specified  manner  and 
tts  definite  rate  of  loading,  such  as  outlined  by  the  American  Society  for 
Materials.  The  stress-strain  curves  also  show  very  plainly  that 
■*  ultimate  elastic  limit  is  raised  by  stressing  the  material  beyond  the 
sitial  elastic  limit,  or  giving  it  a set. 

5nee  annealed  copper  wire  receives  some  hardening  by  handling,  and  also 
b rtreasina  under  ordinary  safe  loads,  it  is  customary  to  assume  that  it  has 
•hirly  high  elastic  limit,  one  of  the  accepted  values  being  as  high  as  85  per 
jst.  c4  the  ultimate  strength*  The  A.  S.  T.  M.  gives  50  per  cent,  average 
W medium  hard-drawn  wire:  55  per  cent,  average  and  50  per  cent,  minimum 
* hard-drawn  No.  4/0  to  No.  1/0;  60  per  cent,  average  and  55  per  cent. 
Baimum  for  hard-drawn  No.  1 to  No.  18,  in  terms  of  ultimate  tensile 
***fi«th  required  in  their  standard  specifications. 


* Report  of  Committee  on  Overhead  Line  Construction,  N.  E.  L.  A.,  1911; 
V 173  (Appendix  A). 


by  Google 


Sec.  4-72 


PROPERTIES  OF  MATERIALS 


72..  Fatigue  under  load.  Under  long-sustained  loads  approaching  th 
normal  tensile  strength,  copper  has  somewhat  less  strength  thaxr  the  vmlue 
obtained  by  ordinary  test.  Mr.  F.  O.  Blackwell,  in  the  paper  referred  to  ii 
Par.  70,  found  that  a 0.168-in.  hard-drawn  wire  stressed  to  54,000  lb.  p« 


sq.  in.,  stretched  continuously,  and  broke  in  7 days,  8 hours;  pieces  of  th 
same  wire  afterward  broke  at  61,000  lb.  in  the  testing  machine.  He  conclude 
that  a hard-drawn  wire  would  stand  continuously  a stress  .of  about  80  px 
oent.  of  its  normal  tensile  strength. 

72.  Young's  modulus  of  elasticity  for  annealed  and  hard  copper  j 


not  a very  definitely  known  quantity  and  the  values  given  for  it  fluctuat 
over  a considerable  range.  This  maybe  accounted  for,  in thecaseof  anneal® 
copper,  by  the  lack  of  any  very  definite  elastic  limit,  and  the  fact  that  th 
initial  stress-strain  diagram  departs  at  a very  early  stage  from  Hooke’s  las 


and  as  soon  as  a slight  load  has  been  applied  the  properties  commence  t 
change.  In  all  cases,  the  final  value  of  the  modulus,  after  stressing.  | 
almost  invariably  greater  than  the  initial  modulus.  The  following  valu< 
represent  the  extreme  range,  and  a probable  average,  drawn  from  seven 
authorities,*  expressed  in  in-lb.  measure. 


State 

Range 

| Probable 
average 

Annealed  wire 

7X10*  to  17X 10* 

12X10* 

Annealed  concentric  strand 

5 X 10*  to  12X10* 

9X10* 

Hard-drawn  wire 

13 X 10*  to  19X10* 

16X10* 

Hard-drawn  concentric  strand. . . . 

10X10*  to  14X10* 

12X10* 

The  Bureau  of  Standards  gives  17  X 10*  to  18  X 10*  for  both  annealc 
and  hard-drawn  copper  wire  (Circular  No.  73). 

74.  Specific  heat  of  copper  is  not  independent  of  temperature.  The  fa 
lowing  values  were  taken  from  “Tables  Annuelles  de  Constantes  et  Doi 
n6es  Numfriques  de  Chemie,  de  Physique  et  de  Technologie”  (For  1911 
University  of  Chicago  Press,  1912),  p.  50. 

Specific  heat,  at  —50  deg.  cent 0.0862 

Specific  heat,  at  0 deg.  cent 0.0910 

Specific  heat,  at  +50  deg.  cent 0.0928 

Specific  heat,  from  2.4  to  21.6  deg.  cent 0.0915 

Specific  heat,  from  17  to  100  deg.  cent 0.0925 

The  Bureau  of  Standards  gives,  for  the  range  from  15  to  50  deg.  cent.,  tfc 
expression  0.0917  +0.000048  « — 25);  this  is  in  terms  of  water  at  20  de| 
cent.  Also  see  Bur.  of  Standards  Circular  No.  73,  “Copper,”  p.  28.  F< 
values  at  high  temperatures  see  Hoffman,  H.  O.  “Metallurgy  of  Copper;”  p. ' 

75.  Thermal  conductivity  of  copper  is  a function  of  temperature,  l 
expressed  in  the  for’,  ula  \i  — Xo  (1  + at).  The  following  values  of  thermi 
conductivity,  in  g - ni.  (cm-cube)  per  sec.  per  deg.  cent,  were  determined  b 
Jaeger  and  Diesselhorat.f 

Thermal  conductivity,  at  18  deg.  oent 0.918 

Thermal  conductivity,  at  100  deg.  cent 0.908 

Temperature  coefficient,  from  18  to  100  deg.  cent — 0.0001 

Langmuir  gives  0.84  g-cal.  for  commercial  copper  and  0.92  g-cal.  for  pul 
copper.  Also  see  Bur.  of  Standards  Circular  No.  73,  “Copper,”  p.  26. 

75.  Properties  of  copper  at  very  high  temperatures.  See  a paper  b 


A.  L E.  E..  Vol.  XXIX  (1910),  pp,  485  to  545.  Also  covers  car  bo  i 
graphite  and  iron. 


77.  Specifications  for  copper  wire*  annealed,  medium  hard  and  har 
drawn,  have  been  adopted  by  the  American  Society  For  Testing  Materia 


•Blackwell,  F.  O.  “Conductors  for  Long  8pans;”  Tran*.  Inter  nation 
Elec.  Congress,  St.  Louis,  1904;  Vol.  II,  p.  341. 

Blackwell,  F.  O.  “Long  Spans  for  Transmission  Lines;”  Trans.  A.  I.  1 
E.,  Vol.  XXIII,  1904,  p.  511. 

“Smithsonian  Physical  Tables,”  5th  rev.  cd.,  1910,  p.  75. 

American  Steel  & Wire  Co. ; "Handbook  of  Electrical  Wires  and  Cables, 


910.  p.  14. 

t “Smithsonian  Physical  Tables,”  1920,  7th 
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ad  will  be  found  in  the  current  issue  of  the  “Year  Book."  They  are  too 
steaded  for  reproduction. 

T8.  Standard  sections  for  copper  trolley  wire  are  prescribed  in  the 
verifications  of  the  A.  S.  T.  M.  (see  “A.  8.  T.  M.  Standards")  and  are  shown 
a Rgs.  7^  and  8.  These  sections  are  known  respectively  as  "grooved"  and 
"fi*ure  eight."  Copper  trolley  wires  are  always  hard  drawn,  in  order  to 
score  maximum  hardness  and  strength. 


Fio.  7. — "American  Standard"  grooved  trolley-wire  sections. 


aMUCir.HU*. 


133,200  GIr.MIls. 


108,100  Oir.Mila. 


,43k 

U (MfO »J 

211,000  Glr.Mils. 


Fia.  8. — Cross-sections  of  figure-eight  trolley  wires. 

ALUMINUM 

ft.  General  properties.  Aluminum  ranks  second  to  copper  in  its 
aportaece  as  an  electrical  conductor,  and  in  some  respects  is  superior  to 
'typer.  It  is  one  of  the  softest  and  most  malleable  of  metals,  and  is  nearly 
Jte,  or  silver-white,  in  color.  The  density  depends  to  some  extent  upon  the 
ppkal  state,  an  average  value  being  2.7.  Aluminum  melts  at  658  deg. 

(1,216  deg.  fahr.^.  Molten  aluminum  is  very  fluid  and  care  should  b© 
w**  not  to  overheat  it.  In  the  molten  state  it  readily  absorbs  gases,  but 
cooling  these  occluded  gases  are  partially  liberated,  giving  rise  to  blow 
■win  castings.  Aluminum  boils  at  1,800  deg.  cent.  (3,272  deg.  fahr.).f 
lie  copper,  aluminum  can  be  cast,  forged,  rolled  or  drawn,  and  also  be- 
Ww  hardened  by  working,  although  it  requires  less  annealing  than  copper 
*bra«j.  By  cold  rolling  and  drawing  it  can  be  piven  considerable  rigidity 
■d  temper,  with  accompanying  increase  in  tensile  strength.  The  general 
wet  of  cold  or  hard  drawing  upon  aluminum  is  quite  similar  to  the  effect 
copper. 

Ihuninum  when  exposed  to  dry  air  is  not  affected,  but  in  the  presence  of 
■vt  sir  it  tarnishes  rapidly,  the  coating  consisting  of  oxide  of  aluminum 
^iOi)  or  alumina.  This  coating  is  protective,  so  that  the  corrosion  is  not 
ftpemive;  the  oxide  is  also  very  refractory,  which  accounts  for  the  diffi- 
F of  soldering  aluminum.  Hydrochloric  acid  and  alkaline  solutions 
attack  aluminum;  concentrated  sulphuric  acid,  hot  dilute  sulphuric 
and  hot  nitric  acid  affect  it  to  a less  extent.  Sulphur  and  sulphur 

'Circular  No.  7,  "Pyrometer  Testing  and  Heat  Measurements;”  Bureau 
Standards,  1910;  p.  4. 

, * Pulton,  C.  H.  ‘Principles  of  Metallurgy;"  McGraw-Hill  Book  Co., 
k,N«w  York,  1910;  p.  74. 
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dioxide  do  not  affect  it  at  ordinary  temperaturee;  it  is  not  attacked  by  sul 
phuretted  hydrogen,  or  carbonic  acid.  It  resists  the  action  of  sea  vtU 
Setter  than  copper,  provided  there  is  no  electrolysis,  but  it  is  a highly  ele< 
ti  ©positive  metal.  The  presence  of  impurities  in  considerable  quantitic 
lowers  the  resistance  to  corrosion  in  marked  degree.  There  is  also  danpc 
from  electrolytic  corrosion  if  aluminum  is  alloyed  with  an  electronegativ 
metal. 

The  electrical  conductivity  of  aluminum,  like  that  of  copper,  depends  oni< 
degree  of  chemical  purity.  The  conductivity  of  hard-drawn  aluminum 
about  2 per  cent,  less  than  that  of  soft  or  annealed  aluminum.  The  tensil 
properties,  in  like  manner,  depend  greatly  upon  the  physical  state,  bein 
much  improved  by  cold  rolling  and  drawing. 

The  alloys  of  aluminum  are  very  numerous.  The  so-called  light  alloy 
containing  but  small  percentages  of  other  metals,  are  light,  hard  and  stroni 
but  do  not  resist  corrosion  from  galvanic  action.  The  heavy  alloys,  or  alum 
num-bronses,  with  but  2 per  cent,  to  10  per  cent,  of  aluminum,  and  respe< 
tively  98  per  cent,  to  90  per  cent,  of  copper,  have  high  tensile  strength  an 
strongly  resist  corrosion  in  air  or  sea  water.  A very  small  proportion  < 
aluminum,  about  0.01  per  cent.,  added  to  iron,  steel  or  brass  in  casting  r< 
moves  the  oxide  and  prevents  blow  holes. 

The  tinning  process,  which  is  applied  to  copper  wires  intended  to  receiv 
an  insulation  of  rubber  compound  (sulphur  being  present),  is  unnecessar 
in  the  case  of  aluminum. 

Aluminum  possesses  an  insulating  film  which  ordinarily  has  a dielectr; 
strength  of  about  0.5  volt,  and  by  electrolytic  action  this  value  can  t 
somewhat  increased. 

80.  Commercial  grades  of  aluminum.  The  impurities  most  con 
monly  found  in  aluminum  are  silicon  and  iron.  Silicon  in  aluminum  exists  i 
two  forms,  one  seemingly  combined  with  nluminum  as  combined  carbc 
exists  in  pig  iron,  and  the  other  as  an  allotropic  graphitoidal  modifieatiol 
Small  quantities  of  copper,  sodium,  carbon  ami  occluded  gases  are  sin 
found  in  aluminum.  The  Aluminum  Company  of  America  classifies  alum 
num  commercially  in  three  grades,*  as  follows: 

Extra-pure  aluminum.  No.  1 grade  or  so-called  pure  aluminum,  and  N" 
grade  for  castings,  or  structural  shapes.  The  average  composition  is  i 
follow’s: 


No.  1 J No.  2 
(per  cent,  (per  cent 


Aluminum 99.55  f 9G 

Silicon I 0.30  2 

Iron | 0.15  2 


Pure  aluminum  (No.  1 grade  or  better)  is  necessary  to  secure  high  electric) 
conductivity,  extreme  malleability,  ductility  and  maximum  resistance  t 
corrosion.  For  other  purposes  small  amounts  of  copper,  nickel,  tungste 
manganese,  chromium,  titanium,  line  or  tin  may  be  advantageously  added  1 
nluminum  to  produce  hardness,  rigidity  and  strength.  T hese  metals  wh« 
alloyed  with  aluminum  do  not  diminish  its  resistance  to  corrosion  so  much  i 
silicon  or  iron.  Also  see  Circular  No.  70,  "Aluminum  and  Its  light  Alloys 
Bureau  of  Standards,  1919. 

81.  Tvpical  analysis.  The  following  analyses  of  aluminum  are  typi^j 

Aluminum 

Co.  of  Richard" 
Amer.f  (percent. 

| (percent.)  .[ 


Aluminum 99.57  1 99.25 

Silicon 0.29  0 04 

Iron 0.14  0 04 

Copper • 0.02 

Lead 0.01 


* "Properties  of  Aluminum;"  Aluminum  Co.  of  America,  Pittsburgh,  Pi 
1909;  p.  7. 

t Bureau  of  Standards,  Circular  No.  31,  Third  Ed.,  Oct.  1,  1914;  p.  14. 
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Sec.  4-82 


It  Methods  of  working  aluminum  are  described  at  some  length  in  a 
ratification  issued  by  the  Aluminum  Company  of  America.*  Sections  or 
ibapei  similar  to  those  in  which  steel  isrollcd  can  be  made  of  aluminum  andits 
sfioys;  sheets  can  be  rolled  commercially  as  thin  as  No.  40A.W.G.  Aluminum 
an  also  be  stamped,  drawn,  beaten,  spun,  forged,  extruded  and  machined, 
*ith  suitable  methods,  tools,  dies  and  lubricants.  Aluminum  can  be  drawn 
uto  a great  rariety  of  forms;  except  for  slight  differences,  the  methods  used 
is  drawing  copper  wire  are  applicable.  Like  most  other  metals  it  is  hardened 
ud strengthened  by  working,  and  softened  again  by  annealing.  The  anneal" 
ioi  temperatures  depend  on  the  composition  of  the  metal,  but  probably  lie 
between  the  limits  of  343  deg.  cent.  (660  deg.  fahr.)  and  482  deg.  cent.  (900 
der  cent.).  Also  see  Circular  No.  76,  Bureau  of  Standards. 

Cleaning  or  pickling  is  done  by  dipping  first  in  bensene  and  then  in  hot 
tiostie  alkali  (such  as  caustic  soda  or  caustic  potash),  in  nearly  saturated 
•elution.  Upon  removal  the  metal  should  be  washed  in  cold  running  water 
•ud  next  immersed  in  a hot  solution  of  strong  nitric  acid,  to  neutralise  the 
rustic.  Finally  it  should^  be  washed  in  hot  running  water  and  then  quickly 
dried  in  hot  air;  small  articles  should  be  placed  in  sawdust. 

The  ordinary  low-temperature  solders,  containing  lead,  are  not  suitable 
for  aoldering  aluminum,  since  the  surface  oxide  will  not  dissolve  under  the 
•torn  of  s flux  or  salt  as  in  the  case  of  copper,  tin,  or  sine.  The  temperature 
it  which  solder  alloys  with  aluminum  is  approximately  349  deg.  cent.  (660 
fshr.).  It  is  first  necessary  to  tin  the  surface  of  aluminum  by  heating  it 
in  a hot  flame  (blow-torch)  and  pour  over  it  melted  tin  or  half-and-half  solder, 
but  Richards  solder  is  the  best;  meanwhile  the  solder  should  be  rubbed  into 
the  lurface  with  a fine  metal  brush.  In  this  way  the  oxide  is  melted  and  the 
*Mer  is  alloyed  with  the  aluminum.  After  this  tinning  operation  is  com- 
pleted. the  usual  soldered  joint  may  be  made.  Joints  in  bare  line  conductors 
•re  tonally  made  with  sleeves  or  with  clamps  (see  Sec.  11).  Clamps  are 
•ho  used  for  joining  aluminum  conductors  to  copper  or  steel  conductors; 
■seated  bushingst  are  employed,  of  suitable  metal  to  prevent  electrolytic 
torraaos  in  the  joint.  Also  see  Circular  No.  78,  “Solders  for  Aluminum,” 
wveea  of  Standards,  1919. 

Aluminum  rod  can  be  readily  butt- welded  by  merely  pressing  the  ends 
Jogther  in  the  flame  of  a blowlamp.  No  flux  is  necessary  for  this  process. 
“ is  also  possible  to  weld  aluminum  by  the  autogenous  process  and  this 
«thod  is  generally  adopted  for  jointing  plate  or  sheet. 

It  ia  easy  to  obtain  quite  as  good  a machined  surface  with  aluminum  as  any 
'rthe  metal.  Lubricants  should  be  used  only  for  drilling  and  screwing  ana 
only  paraffin.  Filing  should  be  done  with  a single  cut  file  as  cross-cut 
hks  are  readily  clogged.  Aluminum  will  take  and  retain  a very  high  polish, 
fuDjr  equal  to  that  of  silver. 

It.  Density.  The  value  for  the  density  of  commercial  hard-drawn 
Lanoinum,  accepted  by  the  Bureau  of  Standards,  X is  2.70.  The  Aluminum 
Company  of  America  gives  2.56  for  pure  cast  aluminum,  2.66  for  annealed 
•tre  ana  sheets,  and  2.68  for  unannealed  wire  and  sheets.  The  British 
Uuminum  Company,  Ltd.,  gives  2.56  to  2.60  for  castings,  and  2.71  for  rolled 

* drawn  aluminum.  The  Smithsonian  Physical  Tables  (5th  rev.  ed.,  p. 
give  2.56  to  2.58  for  castings  and  2.65  to  2.80  for  wrought  aluminum. 

Jk  Bncydopmdia  Britannioa  (ed.  of  1910,  Vol.  I,  p.  771)  gives  2.583  for  oast- 
Jrsfid  2.688  for  rolled  aluminum  at  4 deg.  cent.  Mr.  H.  W.  Buck!  gives 
for  aluminum  wire. 

Tbe  best  average  value  from  the  foregoing  authorities  seems  to  be  2.57  for 
jjhngs  and  2 69  for  sheets  or  wire.  The  latter  value  is  in  close  agreement, 

* wgincering  purposes,  with  the  value  2.70  used  by  the  Bureau  of  Stan- 
J**  and  taken  as  the  basis  of  the  aluminum  wire  tables  in  this  section  (Par. 
*’•  A density  of  2.70  g.  per  cu.  cm.  corresponds  to  0.09755  lb.  per  cu.  in. 

k Resistivity.  Much  lees  has  been  published  about  the  effect  of  i*n- 
feities  on  the  conductivity  of  aluminum  than  in  the  case  of  copper.  The 


'"Methods  of  Working  Aluminum;”  Aluminum  Co.  of  Ameriea,  Pitts- 
Pa.,  1909. 

t "Instructions  for  Installation  and  Maintenance  of  Aluminum  Electrical 
l*dnetor»:"  Aluminum  Company  of  America. 
jGreular  No.  31;  “Copper  Wire  Tables”;  1914;  Third  Edition,  p.  14. 

, I Buck,  H.  W.  “The  Use  of  Aluminum  as  an  Electrical  Conductor;” 
T*a*.  Int.  Elec.  Congress,  8t.  Louis,  1904;  Vol.  II,  p.  313. 

259  Google 


Sec.  4-85 


PROPERTIES  OP  MATERIALS 


ordinary  percentage  of  imparities  in  commercially  pure  aluminum.  No. 
grade  (see  Par.  80),  is  0.45  per  eent.  In  terms  of  the  British  standard  fc 
hard-drawn  copper  at  60  deg.  fahr.  (15.6  deg.  cent.)  Mr.  Burkewood  We 
bourn  stated*  that  a (volume)  conductivity  of  60  per  cent,  cor  responds  t 
0.71  per  cent,  of  impurities,  and  a conductivity  of  61.7  per  cent,  correspond 
to  0.5  per  cent,  of  impurities. 

The  Aluminum  Company  of  America  states f that  the  electrical  (volume 
conductivity  of  pure  (No.  1 grade)  aluminum  is  about  62  per  cent,  in  the  Mat 
thiessen  standard  scale.  'The  British  Aluminum  Company,  Ltd.,  give 
(June,  1914)  the  following  values  of  resistivity,  expressed  in  microhm-cm. 


— 

Annealed 

Hard- 

drawn 

Volume  resistivity,  microhm-cm.  at  60  deg.  fahr.  . - 

2.770 

2.870 

Volume  resistivity,  microhm-cm.  at  32  deg.  fahr.  . . 

2.610 

2.70 

The  Bureau  of  Standards  J gives  the  following  average  values  of  resiativit 
for  commercial  hard-drawn  aluminum. 


Mass  resistivity,  ohms  (meter,  gram),  at  20  deg.  cent. 
Mass  resistivity,  ohms  (mile,  pound),  at  20  deg.  cent. 

Mass  per  cent,  conductivity 

Volume  resistivity,  microhm-cm.,  at  20  deg.  cent. 

Volume  resistivity,  microhm-in.,  at  20  deg.  cent , 

Volume  per  cent,  conductivity 

Density,  g.  per  cu.  cm 

Density,  lb.  per  cu.  in 


0.076 

436.0 

200.7 

2.828 


1.113 

61.0 

2.70 

0.097 


These  values  given  by  the  Bureau  of  Standards  are  the  basis  of  the  aluraJ 
nura  wire  tables  in  Far.  87.  Since  aluminum  is  very  rarely  used  as  a 
electrical  conductor  in  the  soft  state,  the  foregoing  values  given  by  the  Bureai 
of  Standards,  for  hard-drawn  wire,  have  the  most  commercial  significant 
Annealed  aluminum,  however,  is  used  abroad  for  the  conductors  of  und« 
ground  cables. 

88.  Temperature  coefficient  of  resistance.  On  the  authority  of  th* 
British  Aluminum  Company,  Ltd.,  the  temperature  coefficient  of  resistanci 
of  aluminum,  for  constant  mass,  varies  from  0.0032  to  0.0040  per  de« 
eent.  and  from  0.0018  to  0.0022  per  deg.  fahr. 

A determination  made  in  the  laboratory  of  the  Westinghouse  Electric  an* 
Manufacturing  Company,  under  the  direction  of  Prof.  Charles  F.  Scott,  gav 
as  the  average  coefficient  between  0 deg.  and  50  deg.  cent.,  the  value  0.0038 
per  deg.  cent.;  in  the  fahrenheit  scale  the  equivalent  of  this  value  is  0.0021 
per  deg.  "Prof  Scott’s  determination  is  quoted  by  the  Aluminum  Compan 
of  America. 

The  Bureau  of  Standards  gives  0.0039  per  deg.  cent,  at  20  deg.  cen< 
(Circular  No.  76,  1919,  p.  17.) 

88.  Aluminum  wire  tables.  The  complete  tables  for  aluminum  wii 
given  in  Par.  87  were  taken  from  circular  No.  31,  Third  Edition,  issued U 
the  Bureau  of  Standards,  and  are  based  on  a volume  conductivity,  in  terms  J 
the  annealed  copper  standard,  equal  to  61.0  per  cent. 

Aluminum  wire  is  practically  never  used  in  single  strands  for  overhaS 
construction  but  the  tables  are  very  useful  in  computing  the  resistance^ 
concentric  strand.  In  commercial  practice  the  aluminum  delivered  undj 
oontract  varies  in  conductivity  from  60  per  cent,  to  62  per  cent,  of  the  forsi 
Matthiessen  standard,  many  contracts  being  plaoed  at  61  per  oent. 


* Welbourn,  B.  “Insulated  and  Bare  Copper  and  Aluminum  Cables  fj 
the  Transmission  of  Electrical  Energy,  with  Special  Reference  to  Minif 
Work;”  Trang.  (British)  Institution  of  Mining  Engineers;  1918.  Giu 
bibliography  on  aluminum  wire. 

t "Properties  of  Aluminum;”  Aluminum  Company  of  America,  Pittsburg! 
Pa.,  1909,  p.  27. 

t Circular  No.  31,  "Copper  Wire  Tables;”  1914;  Third  Edition,  p.  14. 
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Sec.  4-87 


87.  Table  of  h&rd-dr&wn  aluminum  wire  at  20  deg.  cent. 

English  Unite:  American  Wire  Gage  (B.  AS.) 


5 

z 

a 

■ 

3 

3 

6 * 

§1 

ia 

s - 

Cross-section 

Ohms 
per  1000 
feet 

Pounds 
per  1000 
feet 

Pounds  per 
ohm 

Feet  per 
ohm 

Circular 
| mils 

Square 

inches 

BOO  MO. 

I 212000. 

0.166 

0.0804 

195. 

2420. 

1 12400. 

COO  410. 

168000. 

0.132 

0.101 

154. 

1520. 

1 9860. 

00  365 

133000 . 

0.105 

0.128 

122. 

957. 

1 7820. 

0 325. 

106000. 

0.0829 

0.161 

97.0 

602. 

6200. 

1». 

83700. 

0.0657 

0.203 

76.9 

379. 

4920. 

2 258. 

66400 . 

0.0521 

0.256 

61.0 

. 238. 

3900. 

3 229. 

52600. 

0.0413 

0.323 

48.4 

150. 

3090. 

m 

41700. 

0.0328 

0.408 

38.4 

94.2 

2450 . 

J1S2. 

33100. 

0.0260 

0.514 

30.4 

59.2 

1950. 

8182. 

26300. 

0.0206 

0.648 

24.1 

37.2 

1540. 

7144. 

20800. 

0.0164 

0.817 

19.1 

23.4 

1220. 

8 128. 

16500. 

0.0130 

1.03 

15.2 

14.7 

970. 

9114. 

13100. 

0.0103 

1.30 

12.0 

9.26 

770. 

10102. 

10400. 

0.00815 

1.64 

9.55 

5.83 

610. 

11  81. 

8230. 

0.00647 

2.07 

7.57 

3.66 

484. 

« 

81. 

0530. 

0.00513 

2.61 

6.00 

2.30 

384. 

13  72. 

5180. 

0.00407 

3.29 

4.76 

1 .45 

304. 

14  54. 

4110. 

0.00323 

4.14 

3.78 

0.911 

241 . 

U 57. 

3260. 

0.00256 

5.22 

2.99 

0.573 

191. 

11  51. 

2580. 

0.00203 

6.59 

2.37 

0.360 

152. 

H 45. 

2050. 

0.00161 

8.31 

1.88 

0.227 

120. 

* 40. 

1620. 

0.00128 

10.5 

1.49 

0.143 

95.5 

» 36. 

1290. 

0.00101 

13.2 

1.18 

0.0897 

75.7 

26  32. 

1020. 

0.000802 

16.7 

0.939 

0.0564 

60.0 

21  28.5 

810. 

0.000636 

21.0 

0.745 

0.0355 

47.6 

2?  25  3 

642. 

0.000505 

26.5 

0.591  1 

0.0223 

37.8 

Z2.5 

509. 

0 .000400 

33.4 

0.468 

0.0140 

29.9 

24 

20.1 

404. 

0.000317 

42.1 

0.371 

0.00882 

23.7 

25 

17.9 

320. 

0.000252 

53.1 

0.295 

0.00555 

18.8 

36 

IS  9 

254. 

0.000200 

67.0 

0.234 

0.00349 

14.9 

27 

14.2 

202. 

0.000158 

84.4 

0.185  , 

0.00219 

11  .8 

21 

12.6 

160. 

0.000126 

106. 

0.147  ! 

0.00138 

9.39 

29 

11.3 

127. 

0.0000995 

134. 

0.117  | 

0.000868 

7.45 

« 10.0 

101. 

0.0000789 

169. 

0.0924 

0.000546 

5.91 

n 

8.9 

79.7 

0.0000626 

213. 

0.0733 

0 .000343 

4.68 

8 

8.0 

63.2 

0.0000496 

269. 

0 0581 

0.000216 

3.72 

31 

7.1 

50.1 

0.0000394 

339. 

0.04611 

0.000136 

2.95 

s 

6.3 

39.8 

0.0000312 

428. 

0.0365 

0.0000854 

2.34 

a 5.6 

1 

31  .5 

0.0000248 

540. 

0.0290 

0.0000537 

1 .85 

* 5.0 

25.0 

0.0000196 

681. 

0.0230 

0.0000338 

1 .47 

b 

4.5 

19.8 

0.0000156 

858. 

0.0182 

0.0000212 

1 .17 

9 

4.0 

15.7 

0.0000123 

1080. 

0.0145 

0.0000134 

0.924 

t 

3.5 

12.5 

0.00000979 

1360. 

0.0115 

0.00000840 

0.733 

3.1 

9.9 

0 .00000777 

1720. 

0.0091 

0.00000528 

0.581 

tt  Aluminum  CAble  tables  are  given  in  Par.  89.  The  values  of  resis- 
^ and  weight  per  1,000  ft.  are  2 per  cent,  greater  than  for  a solid  rod  equal 
-^combined  cross-sections  of  the  wires  of  the  cable;  this  increment  cor- 
TWkIs  to  a pitch  of  15.7.  The  component  wires  are  assumed  to  have  the 
q vame  of  resistivity  as  the  hard-drawn  aluminum  in  Par.  87,  temperature 
‘-winces  being  allowed  for.  See  Par.  50  to  59  on  the  general  properties  of 
^ntnc  strands. 
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Ohms 

per 

1,000 

ft. 

0.0286 

0.0347 

0.1)516 

0.0648 

0.0816 

0.1026 

0 1294 
0.1639 

0.2070 

0.2610 

0.3291 

0.4150 

0.5217 

0.6577 

0.8293 

1.045 

Ultimate 

strength 

Ob.) 

21,270 

23,750 

16,200 

9,385 

8,435 

6,660 

5,300 

4,200 

3,340 

2,660 

2,100 

1,665 

1,315 

1,045 

820 

660 

Elastic 

limit 

(lb.) 

* 14,675 
17,140 
11,715 
6,470 

5,940 

4.960 
3,730 

2.960 

ssss 

NOON® 
— 00  00© 
CD  ^ CO  CO 

o*o*o»o 
co  cor- co 
©r-*o«*e 

Weight,  lb.  per  mile 

Aluminum  | Steel  ' Total 

4,118 

4,102 

2,788 

1.811 

ocMr-i- 

K5NON 

co  cm  — 

©*o  cm 

<M  ^ _ 

1,119 

1,625 

1,119 

492 

504 

397 

317 

251 

OWCffi 

© CM  © © 

2,999 

2,477 

1,669 

1,319 

scon 

>Qn«N 

©x©»o 

NONN 
— < CO  CD  O 

164 

130 

102 

82 

Diam- 

eter 

overall 

(in.) 

0.953 

0.904 

0.741 

0.633 

0.564 

0.501 

0.447 

0.398 

0.355 

0.316 

0.281 

0.250 

0.223 

0.198 

0.176 

0.158 

e 

■5 

c 

a 

"3 

3 

« 

Steel 

7X0  1059 
19X0  0775 
7X0.  1059 
7X0.0705 

o©©t- 

X r-  © cm 

XcC”-r  ro 

c©o© 

XXXX 

1X0  1182 
1X0  1052 
1X0  0938 
1X0  0*34 

OO.-'CCiO 

wCCCCj 

©So© 

©cc© 

XXXX 

Aluminum 

© — ©x 
•0  © *c  o 

CNCh 

oocc 

xxxx 

«r  © © cc 
*OCOCO 

6X0  1880 
6X0.  1670 
6X0. 1490 
6X0.  1327 

6X0.1182 

6X0.1052 

6X0.0938 

6X0.0834 

6X0.0743 
6X0  0661 
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This  table  is  baaed  on  the  following  constants:  Elastic  limit  of  aluminum,  14,000  lb.  per  sq.  in.;  elastic  limit  of  steel,  130,000 
b.  per  s*i . in;  ultimate  strength  of  aluminum,  21,000  lb.  per  sq.  in.;  ultimate  strength  of  steel,  160,000 lb.  per  sq.  in.  j for  stranded 
onductnr^.  t he  elastic  limits  and  the  ultimate  strengths  are  taken  as  the  sum  of  the  corresponding  values  for  the  individual  strands; 
'oltfroe  conductivity  of  aluminum,  61  per  cent. 
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m.  Table  of  bare  concentric-lay  cable*  of  hard-drawn  aluminum 


(English  Unite) 


Circular 

mik 

A.W.G. 

No. 

Ohms  per  1,000  ft. 

Pounds 

per 

1,000  ft. 

Concentric 

stranding 

25  deg.  cent. 
(77  deg.  fahr.) 

65  deg.  cent. 
(149  deg.  fahr.) 

No.  of  wiree 

Diana,  of 
wires  in 
mils 

Outside  diam. 
in  mils 

1,000,000 

0.0177 

0.0204 

938. 

37 

164.4 

1151 

900.000 

0.0197 

0.0227 

844. 

37 

156.0 

1092 

800.000 

0.0221 

0.0255 

750. 

37 

147.0 

1029 

700.000 

0.0253 

0.0291 

657. 

37 

137.5 

963 

800.000 

0.0295 

0.0340 

563. 

19 

177.7 

890 

500,000 

0.0354 

0.0408 

469. 

19 

162.2 

810 

400,000 

0.0442 

o.oii# 

375. 

19 

145.1 

725 

300.000 

0.0590 

0.0680 

281. 

19 

125.7 

630 

300.000 

0.0590 

0.0680 

281. 

7 

207.0 

621 

250,000 

0.0707 

0.0616 

235. 

7 

188.9 

567 

212,000 

0000 

0.0834 

0.0962 

199. 

7 

174.0 

522 

168.000 

000 

0.1053 

0.1214 

158. 

7 

154.9 

465 

133.000 

00 

0.1330 

0.1533 

125. 

7 

137.8 

414 

108.000 

0 

0.1868 

0.1924 

99.4 

7 

123.1 

369 

83.700 

1 

0.2113 

0.2436 

78.5 

7 

109.3 

327 

68,400 

2 

0.2663 

0.3071 

62.3 

7 

97.4 

292 

52,600 

3 

0.3362 

0.3876 

49.3 

7 

86.7 

260 

41,700 

4 

0.4241 

0.4890 

39.1 

7 

77.2 

232 

33.100 

5 

0.5343 

0.6160 

31.0 

7 

68.8 

206 

26^00 

6 

0.6724 

0.7753 

24.7 

7 

61.3 

184 

96.  Steel-core  aluminum  cable  ia  a concentric  strand  consisting  of  a 
central  core  of  galvanised  steel  wires  with  one  or  more  layers  of  aluminum 
wire  outade.  The  effect  of  the  steel  core  is  to  improve  the  tensile  proper- 
ties of  the  cable  and  lower  the  temperature  coefficient  of  expansion.  The 
British  Aluminum  Company.  Limited,  is  the  authority  for  the  fallowing 
properties  of  cables  of  this  type. 


Aluminum 

Steel 

Aluminum-steel  cable 

(indi- 

vidually) 

(indi- 

vidually) 

1 steel 

6 alumi- 
num 

7 steel 
30  alu- 
minum 

7 steely 

54  alumi- 
num 

Elastic  limit 

14.000 

110,000 

160.000 

Tensile  strength . 

24,000 



47,000 

53,100 

48,100 

Young's  modulus 
Coefficient  of  ex- 
pansion per  deg. 
fahr 

9X 10* 

30X10* 

12X10* 

13X10* 

11.4  X10* 

12.8X10^ 

r 

© 

X 

w 

© 

10.51X10-* 

10X10-* 

10.87X10-* 

The  properties  of  cables  of  different  sisee,  of  this  type,  are  given  in  Par.  88a. 

91.  Coefficient  of  linear  expansion.  The  value  given  by  Sir  Roberts- 
Aosten  for  the  linear  coefficient  of  expansion  is  0.0000231  per  deg.  cent,  from 
Jto  100  deg.  cent.;  the  oorresponc&ng  value  per  deg.  fahr.  is  0.0000128. 
Tke  value  per  deg.  cent,  given  by  the  British  Aluminum  Company  is 
0.0000234.  The  7th  revised  edition  (1920)  of  the  "Smithsonian  Physical 
Tables'*  (Fowls,  F.  E.)  gives  the  coefficient  as  0.00002313  at  40  deg.  cent. 

9t.  Tensile  strength.  The  tensile  strength  of  aluminum  depends  upon 
it*  state,  previous  working  and  heat  treatment.  The  strength  of  aluminum 
is  increased  by  cold  working,  as  in  the  case  of  copper.  The  approximate 
range  of  tensile  strength  of  aluminum  in  various  forms  is  given  next  below, 
ia  lb.  per  eq.  in.  (Aluminum  Co.  of  America). 
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Castings 12,000  to  14,01 

Sheets 24,000  to  40.OC 

Bars 28,000  to  4Q.OC 

Wire 25,000  to  55, OC 


The  tensile  strength  of  aluminum  wire,  in  the  sises  used  commercial!; 
ranges  from  14,000  to  33,000  lb.  per  sq.  in.,  depending  upon  the  sixe  of  tl 
wire  and  upon  its  mechanical  and  heat  treatments.  Hard-drawn  aluminu 
wire,  in  the  sises  usually  employed  in  the  construction  of  concentric  cable 
ranges  from  about  23,000  to  27,000  lb.  per  sq.  in.  It  is  possible  to  produ« 
hard-drawn  wire  of  greater  strength  than  this,  but  it  is  likely  to  be  short 
or  brittle  and  is  not  satisfactory  commercially. 

The  British  Aluminum  Company,  Ltd.,  gives  the  following  table  showin 
the  strength  of  progressive  sises  of  hard-drawn  wire,  which  is  practical) 
the  same  as  the  range  stated  by  the  Aluminum  Company  of  America. 


8.W.G. 

No. 

Diam. 

(in) 

Tensile 
strength 
(lb.  per  sq.  in.) 

8.W.G. 

No. 

Diam. 

(in.) 

Tensile 
strength 
(lb.  per  sq.  in.) 

?6 

0.500 

22,000 

10 

0.128 

25,000 

*6 

0.400 

23,000 

12 

0.104 

26,000 

0 

0.324 

23,000 

14 

0.080 

27,000 

2 

0.276 

23,000 

16 

0.064 

28,000 

4 

0.232 

24,000 

18  ! 

0.048 

29,000 

6 

0.192 

24,000 

20 

0.036 

32,000 

8 

0.160 

25,000 

Soft  or  annealed  aluminum  is  never  used  in  overhead  spans,  but  is  used  1 
some  extent  for  underground  cables. 

Concentric  cables  have  a breaking  strength  somewhat  less  the  sum  of  th 
breaking  strengths  of  the  strands,  not  usually  exceeding  86  to  90  per  cen 
of  the  latter.  Theoretically  the  strength  of  concentric-lay  cable  is  a functio 
of  the  pitch. 

93.  Elastic  limit.  Under  the  definition  of  Hooke's  law,  aluminui 
has  no  definite  elastic  limit,  because  it  stretches  under  load,  if  the  load  is  hel 
constant  for  any  appreciable  length  of  time.  See  stress-strain  diagrams  i 
Figs.  9 and  10.  Taking  as  the  definition  of  clastic  limit,  the  maximum  loa 
under  which  the  material  will  not  continue  to  stretch,  it  can  be  stated  tha 

the  elastic  limit  of  hard-draw 


Fio.  9. — -Stress-strain  diagram  of  hard-  Fio.  10. — Stress-strain  diagram  <i 
drawn  aluminum  wire.  hard-drawn  aluminum  wire. 


94.  Stress-strain  diagrams  of  hard-drawn  wire  are  given  in  Figs, 
and  10.  The  wire  represented  in  Fig.  9 was  0.162  in.  in  diameter,  cold 
drawn  from  a 0.375-in.  annealed  rod.  Fig.  10  shows  a wire  of  0.2037  il 
diameter,  the  test  length  being  60  in.  The  figures  associated  with  the  arroa 
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ii&ftte  the  number  of  minutes  the  load  was  held  at  each  of  several  points. 
This  specimen  broke  at  23,000  lb.  per  sq.  in.,  with  an  elongation  of  1.25  per 
sent. 

M.  Dong  ation  at  rupture.  The  total  elongation  at  rupture,  for  hard* 
drawn  wire  In  commercial  sixes,  ranges  from  about  2 to  4 per  cent. 

M.  Young's  modulus  of  elasticity  in  tension  ranges  from  8.000,000 
to  12,000.000,  with  an  average  of  0,000,000  to  10,000,000.  F.  O.  Blackwell 
mm  the  modulus  for  concentric  cables  as  7,500,000  (Trans.  Int.  Elec.  Cong., 
St  Louis.  1904.  Vol.  II.  pp.  331-347). 

IT.  Specific  heat  of  aluminum  at  0 deg.  cent,  is  0.2089  and  at  100  deg. 
cent  is  0.2226;  the  mean  specific  heat  between  16  and  100  deg.  cent,  is  0.2122 
(5th  rev.  ed.,  "Smithsonian  Phys.  Tables,”  p.  228). 

M.  Thermal  conductivity  of  aluminum  at  18  deg.  cent,  is  0.504  gram* 
edorie  (cm-cube)  per  deg.  cent,  per  sec.  (Circular  No.  76,  Bureau  of  Stand* 
«rds,  1919). 

91.  Aluminum  bars  are  used  in  power-plant  switchboard  connections 
for  bm  bars,  and  for  carrying  very  large  currents  in  electrolytic  work.  Since 
bus  ban  are  generally  designed  to  have  a stated  carrying  capacity  limited 
by  a stated  temperature  rise,  the  comparative  cross-sections  of  aluminum 
tod  copper  are  not  required  in  practice  to  be  in  inverse  ratio  to  the  respective 
•Doductivities,  because  of  the  difference  in  radiating  surface. 


COPPER-CLAD  STEEL 


lit.  Compound  or  bi-metallic  wires  composed  of  copper-covered 
iron  or  steel  nave  been  manufactured  by  a number  of  different  methods,  and 
were  first  attempted  many  years  ago.  Aluminum-covered  steel  has  also 
bees  tried,  on  an  experimental  Beale.  The  general  object  sought  in  the 
°*aufscture  of  such  wires  is  the  combination  of  the  high  conductivity  of 
or  aluminum  with  the  high  strength  and  toughness  of  iron  or  steel. 
TU  resulting  conductor  is  obviously  a compromise  between  copper  (or 
ataamim)  and  iron,  being  inferior  as  a whole  to  the  former  and  superior  to 
tbe  Utter. 


191.  Union  between  the  metals.  In  the  early  attempts  to  produce 
bi-metslBc  wires,  the  two  metals  were  not  welded,  but  merely  in  physical 
eootset.  Difficulties  were  sometimes  experienced  from  electrolytic  corrosion 
d the  iron,  more  particularly  at  points  where  both  metals  were  loosely 
•spewed,  as  might  occur  at  joints.  No  great  success  attended  the  use  of 
Rth  wires  until  modern  processes  were  developed  for  effecting  a weld  or 
aoleeular  union  between  the  metals,  to  give  greater  stability  and  strength 
U the  copper  coating  and  prevent  electrolysis. 


Itt.  Manufacturing  process.  Copper-clad  steel  wire  has  been  manu- 
■etared,  in  this  country,  by  three  different  methods,  known  as  the  Monnot 


(formerly  used  by  the  Duplex  Metals  Co.),  the  Griffith  pro 
^denial  Steel  Co.)  and  the  Roth  prooeas  (Copper  Clad  Steel  Co.),  tne  first 
■ which  is  not  present  in  commercial  use. 

Ike  Griffith  process  consists  briefly  of  coating  a mild  steel  billet  with 
Jar  by  electrolytic  deposition  (Sec.  19),  then  inserting  the  copper-coated 
■•din  a copper  tube,  closing  the  ends,  and  heating  the  compound  billet 
Naratory  to  rolling;  it  is  then  hot-rolled  to  rods,  and  cold-drawn  to  wire. 
Ja  Roth  process  consists  of  coating  a mild  steel  billet  with  a special  flux. 
JjUg  it  in  an  upright  mold  closed  at  the  bottom,  heating  the  billet  and 
to  yellow  heat  and  then  casting  molten  copper  around  the  billet, 
which  it  is  hot-rolled  to  rods  and  cold  drawn  to  wire. 


M.  Commercial  grades  of  copper-clad  steel  wire.  It  has  become 
**>tnary  commercial  practice  to  rate  copper-clad  steel  wire  in  terms  of  the 
•k*  of  its  volume  conductivity  to  copper.  Thus  one  manufacturer  makes 
2°  Pedes  of  wire,  having  respectively  30  per  cent,  and  40  per  cent,  con- 
**mty  ratio  to  copper;  another  manufacturer  has  standardised  a 30-per 
^ wire.  These  ratios  are  usually  average  ratios,  and  in  practice  certain 
Jwwace  limits  must  be  recognised,  above  and  below  the  average;  or  else 
■*t*ted  conductivity  can  be  specified  as  the  absolute  acceptable  minimum. 
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10C.  Properties  of  copper-dad  steel  wire  depend  upon  the  relativ 
proportions  of  oopper  and  steel,  the  constituents  of  the  latter,  the  mechanic^ 
treatment  and  the  heat  treatment.  The  cold-drawing  process  hardens  th 
steel  core  to  an  unpermissible  degree  and  it  becomes  necessary  at  interval 
to  anneal  it  before  proceeding  further  with  the  drawing  process.  The  con 
mercial  grades  are  obtainable  either  dead  soft  (annealed;  or  hard  drawn,  a 
desired.  The  properties  of  the  commercial  grades  of  wire  are  given  i 
Par.  104  and  108,  taken  from  the  manufacturers'  tables.  In  drawing  specif 
cations  it  is  customary  to  fix  tolerance  limits,  or  else  minimum  (or  maximun 
limits.  For  technical  articles  dealing  with  the  properties  of  copper-da 
steel  wire,  see  the  following:  Electrical  World,  Vol.  LII,  pp.  701  and  81fi 
Scientific  American,  Vol.  XCVIII,  p.  347:  Iron  Age,  VoL  LXXVII,  p.  52 
Journal  of  Industrial  and  Engineering  Chemistry,  Sept.,  1909;  Electrici 
World , Dec.  22,  1910,  Dec.  29,  1910  and  Jan.  12,  1911;  Telephone  Bnginee 
Oct.,  1910  to  July,  1911,  inclusive.  Proceedings  A.  S.  T.  M.,  Vol.  X,  p| 
280-294;  Telephone  Engineer , Dec.,  1911  to  Mar.,  1912,  inclusive. 

107.  Temperature  coefficient  of  resistance  of  the  40  per  cent,  grade  < 
copper-clad  steel  is  approximately  0.0045  per  deg.  cent.,  from  and  at  sen 
The  coefficient  ranges  from  about  0.004  to  0.005,  depending  apparently  upc 
the  constituents  of  the  wire  and  its  physical  condition. 

108.  Permeability  of  steel  core  is  about  70,  for  small  magnetising  fora 
at  800  cycles  per  sec.;  at  power  frequencies  it  is  from  100  to  125.  Tl 
maximum  permeability  will  be  from  600  to  800  at  roughly  5,000  gaustc 
The  measured  hysteresis  loss  in  the  core  of  No.  1 A.W.G.  wire,  at  10, Of 
gausses  (max.),  was  15,000  ergs  per  cu.  cm.  per  cycle.  The  resistivity  of  t] 
steel  will  range  from  12  to  13  microhm-cm.  at  20  deg.  cent.,  approximate! 
For  method  of  calculating  internal  inductance  see  Electrical  World,  1910,  V< 
LVI,  p.  1521. 

109.  Coefficient  of  linear  expansion  of  the  40  per  cent,  grade  of  copp« 
clad  steel  is  0.0000129  per  deg.  cent. 

110.  The  density  or  specific  gravity  of  copper-clad  steel  depends  on  tl 
relative  proportions  of  copper  and  steel.  The  40  per  cent,  grade  has  a de 
sity  of  8.2. 

111.  Tensile  strength  of  copper-clad  steel  depends  in  neat  measti 
upon  the  kind  and  condition  of  steel  in  the  core.  The  strength  of  the  who 
wire  will  range  as  high  as  80,000  to  100,000  lb.  per  sq.  in.,  hard-drawn.  Tl 
typical  stress-strain  diagram  is  similar  to  the  curve  for  hard-drawn  eopp* 
in  Fig.  5.  The  breaking  loads  are  given  in  the  tables.  Par.  104  and  10 

119.  Young’s  modulus  ranges  from  19X10*  to  21X10*  lb.  per  sq.i 
for  hard-drawn  wire  and  16X10*  to  20X10*  for  concentric  cable. 

118.  Specifications  for  copper-clad  steel  wire  will  be  found  in  ti 
‘‘Manual”  of  the  Railway  Signal  Division,  American  Railway  Associatit 
Also  see  “Handbook  of  Overhead  Line  Construction,”  N.  E.  L.  A. 

IRON  AND  STKKL 

114.  General  properties  of  iron  and  steel  are  covered  in  detail  in  snot! 
portion  of  this  section,  under  “Structural  Materials.”  The  so-called  ir 
wire  is  usually  steel,  containing  carbon,  manganese  and  silicon.  The  eflN 
of  these  constituents  on  the  resistivity  is  discussed  in  Par.  118.  Ingeneft 
those  elements  which  increase  the  tensile  strength  of  steel  also  increase 
resistivity;  similarly,  the  mechanical  and  heat  treatments  which  increl 
the  strength,  again  increase  the  resistivity. 

118.  Resistivity  of  iron.  The  researches  of  Barrett,  Brown  and  Hi 
field  (Scient.  Trans.  Royal  Dublin  Soc.,  VII,  Ser.  2,  part  4,  1900;  Joi 
Inst.  Elec.  Eng.,  31,  p.  674,  1902)  on  the  electrical  and  magnetic  propert 
of  iron  and  iron  alloys  are  especially  important.  They  found  that  Swed! 
charcoal  iron  containing  99.85  pier  cent,  iron  had  a resistivity  of  H 
microhm-cm. 

These  investigators  also  found  that  1 per  cent,  of  any  element  added 
pure  iron  increased  its  specific  resistance  by  an  amount  approximate 
proportional  to  the  specific  heat  or  inversely  proportional  to  the  atoi 
weight  of  the  alloying  element. 

Yensen  gives  the  following  values  for  different  grades  of  annealed  ii 
(see  Bulletin  No.  72,  Eng.  Exp.  Sta.,  Univ.  of  111  ),  in  microhm-cm.  at20d 
cent. 
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Electrolytic  iron  melted  in  vacuo 9.96 

Swedish  charooal  iron  remelted  in  vacuo 10.30 

Commercial  grades: 

Swedish  charooal  iron  cut  from  plate 10.57 

Standard  transformer  steel 11.09 

Slieon  (4  per  cent.)  steel 51.15 


Hopkinson  tested  and  analysed  35  different  samples  of  iron  (Phil.  Trans, 
p.  463.  Part  II,  1885)  and  found  resistivities  (microhm-cm.)  ranging  from 
13.78  for  wrought  iron  to  100  for  cast  iron. 

Also  see  Boudouard,  O.  “Electric  Resistivity  of  8pecial  Steels,”  IX,  6,  No. 
10,  Sixth  Congress  Int.  Assoc,  for  Testing  Materials,  New  York  City,  1912. 
116.  France's  tests  on  resistivity  of  annealed  iron  wire 
(Munroe  and  Jameson) 


Composition  | Ohms 


Fe 

C 

Mn 

Si 

"s'l 

8 ! 

P 

(mile,  lb.) 

| at  60 
deg.  fahr. 

'Swedish  charcoal  iron 

90.70 

0.10 

0.03 

Trace 

0.022|0.045 

4502 

Swedish  charcoal  iron 

99.44 

0.15 

0.234 

0.018 

0.01910.058 

4820 

Siemens-Martin  steel 

99.60 

0.10 

0.324 

Trace 

0.035 

0.034 

5308 

Best  puddled  iron 

99.11 

0.10 

0.234 

0.09 

0.03 

0.218 

5974 

Bessemer  steel,  soft 

98.74  0.15 

0.72  1 

0.018 

0.092 

0.077 

6163 

Bessemer  steel,  hard 

98. 20|0.44  1.296 

0.028 

0.126 

0.103 

7468 

Best  cset  steel 

97. 41 10. 62  1.584 

0.06 

0.074 

0.051 

8033 

117.  Effects  of  different  alloying  elements  upon  the  resistivity  of 
pure  iron  were  found  by  Barrett  to  do  as  follows:  the  values  given  in  the 
uble  represent  the  increase  in  resistivity  (microhm-cm.)  resulting  from  the 
addition  of  I per  cent,  of  different  alloying  elements. 


2 0 

Carbon 

5.0 

Cobalt 

3.0 

Manganese 

8.0 

Mckel 

3.5 

Silicon 

13.0 

Chromium 

5.0 

Aluminum 

14.0 

. 118.  Temperature  coefficient  of  resistance.  The  average  coefficient 

per  deg.  cent.,  between  0 and  100  deg.  cent.,  based  on  the  measurements  by 
bewsu  and  Fleming,  is  0.00622.  This  value  compares  with  0.00635  based  on 
i measurements  published  by  the  Bureau  of  Standards  (Scientific  Paper  No. 
1236).  The  mean  value  between  0 and  20  deg.  cent.,  determined  by  Dewar 
P and  Fleming,  is  0.00527  per  deg.  cent. 

Ilf.  Ingot  iron.  The  properties  of  American  ingot  iron  wire  are  stated 
by  the  Page  Steel  A Wire  Co.  as  follows,  based  on  a series  of  tests  of  wire 
“mples  of  different  sizes:  Resistivity,  4,800  ohms  (mile,  lb.);  density,  7.79; 
temperature  coefficient  of  resistance,  from  and  at  20  deg.  cent.,  0.0055  per 
deg  cent.;  tensile  strength,  55,000  lb.  per  sq.  in.;  Young’s  modulus,  23  X 10*; 
temperature  coefficient  of  linear  expansion,  from  and  at  zero  deg.  cent., 
0 .00001 16  per  deg.  cent.  The  manufacturers  guarantee  that  the  total  con- 
text of  carbon,  manganese,  silicon  and  other  impurities  is  not  in  excess  of 
®16  per  cent.  Also  see  Par.  37S. 

110.  Resistivity  and  temperature  coefficient  of  carbon  steel.  Barus 
ad  Strouhal  found  that  the  temper  of  carbon  steel  affected  its  electrical 
Foperties  as  shown  below. 


?»ft 

blue.  . - 

Blue 

Idlow 

h?ht  yellow, 
hard.  . . 


Temper 


Resistivity, 
microhm-cm. 
at  0 deg.  cent. 


Temperature 
coefficient, 
per  deg.  cent. 


fee  "Smithsonian  Physical  Tables,”  5th  rev.  ed.,  1910,  p.  263 
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111.  Resistivity  of  out  iron  and  east  steel.  The  resistivity  of  cas 
iron  is  about  ten  times  that  of  pure  iron,  owing  to  both  the  combined  earbo 
and  the  graphite;  a value  of  74.4  microhm-cm.  for  soft  grades  and  97. 
microhm-cm.  for  hard  grades  is  given  in  the  “Smithsonian  Physical  Tables, 
5th  rev.  ed.t  1910,  p.  263.  This  authority  also  gives  19.1  microhm-cm.  fc 
cast  steel.  The  cnemical  composition,  mechanical  treatment  and  he* 
treatment  affect  the  resistivity  in  a pronounced  manner. 

1SS.  Ohms  per  mile-pound  of  galvanised  iron  (steel)  wire 
(Telephone  and  telegraph)  


Extra  Best  Best 
(E.  B.  B.) 

Best  Best 
(B.  B.) 

Steel 

Roebling 

4,700  to  5,000 
4,700  to  5,000 
4,700 

5,600  to  6,000 
5,600  to  6,000 
5,500 

6,500  to  7, (XX 
6,500  to  7.00C 
6,500 

Amer.  Steel  A Wire  Co.. 
Amer.  Elec.  Works 

Roebling  gives  the  ultimate  strength  as  equal  to  the  product  of  the  weigh 
in  lb.  per  mile  by  the  following  factors:  3.0  for  £.  B.  B.;  3.3  for  B.  B.;  3.7  fc 
Steel.  The  ratios  used  by  the  Amer.  Steel  and  Wire  Co.  are  respective! 
2.5,  2.8  and  3.0. 

1S3.  Table  of  galvanised  iron  (steel)  wire 

(American  Steel  and  Wire  Co.) 


Sise 

B.W.G. 

Diam- 
eter in 
mils 

Approxi- 
mate 
weight  in 
pounds 
per  mile 

Approximate  break- 
ingload in  pounds 

Resistance  per  mile 
(ohms)  at  68  deg.fahr 
or  20  deg.  cent. 

Ex. 

B.  B. 

B.  B. 

Steel 

Ex. 

B.  B. 

B.  B. 

Steel 

0 

340 

1,655 

4,138 

4,634 

4,965 

2.93 

3.50 

4.01 

1 

300 

1,289 

3,223 

3,609 

3,867 

3.76 

4.50 

5.21 

2 

284 

1,155 

2,888 

3,234 

3,465 

4.20 

5.02 

5.8- 

3 

259 

960 

2,400 

2,688 

2,880 

5.05 

6.04 

73 

4 

238 

811 

2,028 

2,271 

2,433 

5.98 

7.15 

8. 3i 

5 

220 

693 

1,732 

1,940 

2,079 

7.00 

8.37 

9.74 

6 

203 

590 

1,475 

1,652 

1,770 

8.22 

9.83 

11.44 

7 

180 

463 

1,158 

1,296 

1,389 

10.48 

12.52 

14.5 

8 

165 

390 

975 

1,092 

1,170 

12.43 

14.87 

17.3) 

9 

148 

314 

785 

879 

942 

15.44 

18.47 

21.  a 

10 

134 

258 

645 

722 

774 

18.79 

22.48 

26.11 

11 

120 

206 

515 

577 

618 

23.54 

28.16 

32.71 

12 

109 

170 

425 

476 

510 

28.52 

34.12 

39.7! 

13 

95 

129 

310 

347 

372 

37.60 

44.95 

52. » 

14 

83 

99 

247 

277 

297 

48.98 

58.59 

68.11 

15 

72 

74 

185 

207 

222 

65.54 

78.38 

91.21 

16 

65 

61 

152 

171 

183 

79.51 

95.08 

110.64 

1S4.  Table  of  properties  of  steel  trolley  wire 

(A.  & J.  M.  Anderson  Mfg.  Co.) 


Sise 

A.W.G. 

Weight  (lb.) 

Ultimate 
breaking  load 

(lb.) 

Resistance;  ohms 
at  60  deg.  fahr. 

per 

1,000  ft. 

per 

mile 

per  ' 
1,000  ft 

0 

281 

1481 

6600 

0.7161 

3.781 

00 

354 

1870 

8300 

0.5678 

2.998 

000 

446 

2357 

9900 

0.4500 

2.376 

0000 

562 

2966 

12500 

0.3574  1 

1.888 

Made  in  standard  round  and  grooved  sections,  bare  or  galvanised. 
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Sec.  4-125 


111.  Permeability  of  iron  wire.  The  permeability  of  iron  or  soft  steel 
wire,  in  the  ordinary  commercial  sizes,  at  frequencies  of  60  cycles  or  lees,  is 
from  100  to  125;  at  800  cycles,  it  is  about  70.  This  applies  to  small  magnet- 
■ang  forces,  such  as  exist  within  the  wire  due  to  the  current  flowing  through 
It  These  values  hold  for  the  steel  core  of  copper-clad  steel. 

116.  Steel  rails.  The  resistivity  of  common  rail  steel  varies  in  considerable 
degree,  depending  upon  the  chemical  composition.  Special  soft  steels  used 
for  third  rails  have  resistivities  ranging  from  7.9  to  9 times  that  of  copper; 
tr»ck  rails,  from  11  to  13  times  that  of  copper.  In  manganese  steels  the 
riho sometimes  exceeds  30.  The  effective  resistance  of  rails  conveying  alter- 
nating currents  will  be  increased  somewhat  on  account  of  skin  effect  and 
sidy-currents.  See  “Report  of  the  Electric  Railway  Test  Commission,’’ 
Mcgr&w-Hill  Book  Co.,  Inc.,  New  York,  1906.  Also  see  Par.  119. 

117.  Density  of  pure  iron  is  7.86,  which  is  fairly  precise  for  wrought  iron 
ud  steel.  The  National  Tube  Co.  computes  the  weight  of  steel  at  0.2833  lb. 
per  cu-  in.  (489.5  lb.  per  cu.  ft.)  and  iron  at  2 per  cent  less. 

1M.  Tensile  properties  of  iron  and  steel  wires.  The  tensile  proper- 
tie!  are  dependent  upon  the  composition  of  the  metal  from  which  the  wire  is 
drwra,  upon  the  amount  of  working  the  wire  has  received  in  the  process  of 
msanfacture  and  upon  the  heat  treatment.  For  information  upon  the  effect 
of  the  constituents  of  iron  and  steel  on  the 
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tensile  properties,  see  "Structural  Mate- 
rials,” in  another  portion  of  this  section. 

The  tensile  strength  ranges  from  about 

45.000  lb.  per  sq.  in.,  for  the  purest  annealed 
wrought  iron,  up  to  extremely  high  values 
for  hard  steel,  in  the  neighborhood  of 

500.000  lb.  per  sq.  in.  Carbon,  manganese 
and  silicon  are  the  chief  constituents  which 
impart  strength  and  hardness;  they  also  in- 
crease the  electrical  resistivity.  Both  carbon 
and  manganese  decrease  the  magnetic 
permeability. 

The  elastic  limit  and  the  yield  point 
occur  at  about  the  Bame  relative  values  as 
f11  'sis'  ' 'oV  1 oY  in  structural  iron  and  steel;  in  other  words, 

p«r  c«Bt  the  elastic  ratio  does  not  change, 

r^.  ^ Fig.  11  shows  a typical  stress-strain  dia- 

ria.ll.— -stress-strain  diagram  gram;  the  wire  was  0.164  in.  in  diameter 
jf  galvanized  iron  -wire.  an(j  broke  at  55,loioib.  per  sq.  in.,  while  the 
elastic  limit  was  25,000  lb.  per  sq.  in.  and 
m«c  eiuujtation  waa  11  per  cent,  in  60  in.  Time  wras  allowed  for  the  wire 
> set  (see  Blackwell,  F.  O.  "Conductors  for  Long  Spans;”  Trans.  Int.  Elec. 
Cong , St.  Louis,  1904,  Vol.  II,  pp.  331-347). 

Blackwell  gives  Young’s  modulus  as  24  X 10*  lb.  per  sq  in.  for  iron  wire, 
17X10*  for  steel  wire,  and  22X  10*  for  iron  and  steel  concentric  cable.  A}so 
« Technologic  Paper  No.  121,  "Strength  and  Other  Properties  of  Wire 
fepe,"  Bureau  of  Standards,  1919. 

119.  Coefficient  of  expansion.  Blackwell  gives  0.0000064  per  deg.  fuhr. 
■ son  and  steel  wire. 

HO.  Specific  heat  of  wrought  iron,  from  15  to  100  deg.  cent.,  is  0.115; 
“*tJ-drawn  iron,  from  0 to  18  deg.,  0.0986  and  from  20  to  100  deg.,  0.115 

imithsonian  Phys.  Tables,”  1916). 

111.  Thermal  conductivity  of  iron  in  gram-calories  (cin-cube)  per 
W cent,  is  0.161  at  18  deg.  cent.,  w’ith  a negative  temperature  coefficient 
<0.0008  ("Smithsonian  Phys.  Tables,”  1920). 


BRONZE 

1ft.  Bronze  is  an  alloy  of  copper  and  tin,  with  the  addition  in  some  cases 
■ line  and  other  metals.  There  are  numerous  varieties  of  bronze,  some 
hignated  by  a prefix  indicating  the  special  or  distinguishing  constituent,  and 
*ws  known  by  trade  names. 

Ut.  Phosphor  bronze  is  an  alloy  of  copper,  tin  and  phosphorus,  contain- 
■ffrom  2 to  6 per  cent,  of  tin  and  0.05  to  0.13  per  cent,  of  phosphorus.  Its 
flHune  conductivity  is  not  over  35  per  cent,  of  that  of  copper.  Industrial 
•denies  carry  zinc  and  lead,  and  a larger  proportion  of  phosphorus. 

H4.  Silicon  bronze  is  an  alloy  of  copper,  silicon  and  sodium;  tin  and  zinc 
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are  also  added,  in  some  cases.  J.  Buck  nail  Smith  (“Wire,  Its  Manufacture 
and  Uses,"  London,  1891)  gave  the  following  values  of  conductivity  and 
tensile  strength. 


Conductivity 

Tensile  strength  j 

Conductivity 

Tensile  strength 

(per  cent.) 

(lb.  per  sq.  in.) 

| (per  cent.)  , 

(lb.  per  sq.  in.) 

95 

; 56,000 

45 

100,000 

80 

70,000  | 

L 34 1 

100,000 

The  grade  of  silicon  bronze  used  for  trolley  and  span  wires  has  from  2.2  to  2.5 
times  the  resistivity  of  copper  and  is  from  35  to  70  per  cent,  stronger. 


135.  Phono-electric  wire  tables 

(Bridgeport  Brass  Co.) 


Site 

A.W.G. 

Diam., 

mils 

Weight  per 
mile,  lb. 

Weight, 
lbs.  per 
1,000  ft. 

Breaking 

load, 

lb. 

Tensile  Resi  s tance 
strength,  per  1.000  ft. 
lb.  per  jin  ohms,  75 
sq.  in.  deg.  fahr. 

0000 

460.0 

3,382.0 

640.5 

11,460 

68,780 

0.12 

000 

409.6 

2.682.0 

507.9 

9,140 

69,180 

0.1518 

00 

364.8 

2,127.0 

402.  S 

7,400 

70,620 

0.1929 

0 

324.9 

1,687.0 

319.5 

6,300 

75,830 

0.2423 

1 

289.3  J 

1,338.0 

253.4 

5,250 

79,670 

0.3077 

2 

257.6 

1,061.0 

200.9 

4,180 

80,000 

0.3868 

4 

204.3 

668.0 

126.5 

2,700 

81,150 

0.6130 

6 

162.0 

420.0 

79.5 

1,680 

81,280 

0.9771 

8 

128.5  | 

264.0 

50.0 

1,075 

82,700 

1.555 

10 

101.9 

166.0 

31.5 

685 

83,810 

2.472 

12  1 

80.81 

105.0 

19.9 

420 

83,700 

3.932 

136.  Properties  of  bronze  wires 

(Perrine) 


Wire 

Per  cent, 
conductivity 
ratio  to 
annealed 

Tensile 
strength, 
lb.  per 

Per  cent, 
elongation 

copper 

sq.  in. 

Weiller  A bronze 

97.0 

64,000 

1 

Magnesium-copper 

Weiller  B bronze 

95.2 

73,000 

1 

85.0 

71,000 

1 

Magnesium-copper i 

81.6 

87,000 

1 

Weiller  C bronze 

80.0 

79,700 

1 

Magnesium-copper 1 

50.2 

109,000 

1 

American  silicon  bronze 1 

38.8 

79,000 

2 

Tempered  copper 

35.0 

80,000 

1 

Weiller  bronze,  French  telegraph.  | 

30.0 

105,000 

1 

Phosphorus  bronze i 

26.0 

102,000 

American  silicon  bronze 

15.8 

100,000 

1 

Also  see  Parshall  and  Hobart,  “Electric  Machine  Design,”  London,  1906; 
pp.  506  to  507. 


137.  Phono-electric  wire  is  a copper  alloy  of  greater  tensile  strength  and 
smaller  conductivity  than  hard-drawn  copper.  The  manufacturers  claim 
that  it  is  nbn-corrosive  and  perfectly  homogeneous  in  structure,  the  tensile 
strength  being  uniformly  distributed  over  the  cross-section  normal  to  the  axis 
of  the  wire.  Tests  on  No.  0 and  No.  00  A.W.G.  hard-drawn  copper  and 
phono-electric  to  determine  the  fusing  currents  showed  that  the  latter  mate- 
rial fused  at  about  75  per  cent,  of  the  current  required  to  fuse  the  former. 
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Sac.  4-138 


ftono*e!ectric  wire,  on  account  of  its  high  tensile  properties,  has  been  used  for 
trolley  wire  and  for  long  spans  in  transmission  lines  and  in  telephone  and 
felcgrsph  lines. 

The  tensile  strength  of  hard-drawn  wire  ranges  from  08,000  to  84,000  lb. 
5*  9Q.  in.  The  total  elongation  at  rupture  is  about  1 per  cent,  and  Young’s 
BcduJua  is  about  18,100,000.  The  temperature  coefficient  of  resistance  is 
100088  per  deg.  fahr.  and  the  coefficient  of  linear  expansion  is  0-0000140 
deg.  fahr. 


MI8CKLLANIOU8  METALS 
138.  Resistivity  of  various  metals 

(Compiled  from  "Smithsonian  Phys.  Tables,"  1910) 


Metal 

Resistivity 
‘at  0 deg.  cent. 
|(microhm-cm  ) 

Temp.  coef. 
per  deg.  cent., 
at  20  deg. 
cent. 

Density 

Therm,  cond. 
(g-cal.  per  cm. 
cube  per  deg. 
per  sec.) 

Antimony 

38.0 

0.00389 

6.62  to  6.69 

0.044 

j Arsenic 

35.0 

5.73 

Busiuth 

108.0 

0.00458* 

9.70  to  9.90 

o.oio 

1 Boron 

8 X 10** 

2.45  to  2.535 

Cadmium 

6 . 2 to  7 . 0 

6 .0042* 

8.54  to  8.67 

0.22 

Cakium 

7.5 

1.54 

Cobalt 

9.8 

0.00325* 

8.71 

Gold 

2.04  to  2.09 

0.00365 

19.3 

6.70 

Indium 

8.38 

7.28 

Lead  ! 

18.4  to  19.6 

6.00387 

11.34 

0.084 

Lithium  1 

8.8 

0.534 

Magnesium  , 

4.1  to  5.0 

6.00381* 

1.741 

6.37 

Mercury  , 

94.07  | 

0.00072 

13.55 

0.015 

Nickel 

6.93 

0.0062* 

8.60  to  8.90 

0.14 

Palladium 

10.21 

0.00354* 

12.10 

0.17 

Platinum 

10.96 

0.00367* 

21.37 

9.16 

Potassium 

25.1 

0 . 870 

Silver 

1.468 

6.6646 

10.4  to  10.6 

1.10 

Thallium 

17.0 

0.00398 

11.86 

Tin 

13.0 

0.00365 

7.30 

l 0.15 

Zinc 

5.75 

0.0040 

7.04  to  7.19 

0.26 

'Average  values,  for  range  from  0 to  100  deg.  cent. 

Ut.  Tungsten.*  The  tungsten  metal  of  commerce,  prior  to  the  dia- 
of  ductile  tungsten,  was  a very  hard,  dark  gray  powder;  in  some 
the  metal  was  heated  with  low-carbon  steel  in  a crucible  furnace, 
iroducing  the  alloy  known  as  ferro-tungsten,  containing  80  to  85  per  cent, 
jfwngsten.  The  higher-grade  alloys  are  produced  in  the  electric  furnace. 
Cat  tungsten  is  an  extremely  hard  brittle  metal,  having  a specific  gravity 
Jibout  18-7.  In  1910  a process  was  announced  for  the  production  of 
Atilt  tungsten,  by  rolling,  swaging  or  hammering  a heated  body  of 
J*»ent  tungsten  until  it  becomes  ductile  at  ordinary  temperatures 
World,  Jan.  10,  1914,  pp.  77,  78).  The  melting  point  is  3,100 
- W deg.  cent. 

Mi.  Ductile  tungsten  is  a bright,  tough,  steel-colored  metal,  which 
**  be  drawn  into  the  finest  wire.  The  operation  of  wire-drawing  increases 
•strength;  Fink  stated  that  tungsten  wire  of  0.0012  in.  diam.  had  a tensile 
from  580,000  to  610,000  lb.  per  sq.  in.,  and  the  density  increased 
r®  1881  before  drawing,  to  19.30  after  drawing  to  0.15  in.  It  retains 
*i*ter  almost  indefinitely.  Wrought  tungsten  nas  been  used  as  a sub- 
for  platinum  contacts  in  electrical  apparatus,  for  targets  or  anti- 


_ 'Beakervifle,  C.  " The  Chemistry  of  Tungsten  and  the  Evolution  of  the 
J,aPt*n  Lamp;’’  Trans,  of  the  New  York  Electrical  Society;  New  Series, 
1;  Oct.  29,  1912. 
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Also  see  Perrine,  F.  A.  C.  “ Conductors  for  Electrical  Distribution,'*  N< 
York,  1903;  Chap.  II. 

146.  SeUniuxn  is  a non-metallic  element  chemically  resembling  sulph 
and  tellurium  and  occurs  in  several  allotropio  forms  varying  in  speci 
gravity  from  4.3  to  4.8.  .Selenium  melts  at  217  deg.  and  boils  at  690  d< 
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147.  Tftblt  of  propartlaa  of  rwlitor  wires.  (See  Par.  14S  to  ioa> 

(Compiled  from  manufacturers’  data;  also,  Swobotln,  H.  O.,  Th<  Btotrte  May,  1013) 
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)river- Harris  Wire  Co.  5.  Amer.  Steel  & Wire  Co. 

'he  Electrical  Alloy  Co.  6.  Herman  Boker  A Co. 

'homae  Proeeer  A Son.  7.  General  Electric  Co. 

lurray  Wire  Co.  8.  C.  Schniewindt. 
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Sec.  4—148 


rent.  At  zero  deg.  cent,  it  has  a resistivity  of  approximately  60,000  ohm-cm. 
The  dielectric  constant  ranges  from  6.1  to  7.4.  It  has  the  peculiar  property 
that  its  resistivity  decreases  upon  exposure  to  light;  the  resistivity  in  darkness 
may  be  anywhere  from  5 to  200  times  the  resistivity  under  exposure  to  light. 
See  paper  by  W.  J.  Hammer,  Trans.  A.  I.  E.  E.,  1903,  Vol.  XXI,  pp.  372  to 

m. 
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148.  Mickel  silver  is  an  alloy  of  copper,  nickel  and  zinc.  It  is  usually 
a«ted  commercially  in  terms  of  its  nickel  content;  thus  18  per  cent,  wire 
contains  18  per  cent,  of  nickel.  The  properties  vary  considerably  with  the 
composition.  Perrine  gave  the  following  composition  of  three  grades  of 
mekel  silver:  57  Cu,  12.5  Ni,  30.5  Zn;  56  Cu.  20  Ni,  24  Zn;  50  Cu,  30  Ni, 
20  Zn.  The  resistivities  were  respectively  in  the  ratio  1 : 1.25  : 2.51. 
Eighteen  per  cent,  alloy  has  about  18  times  the  resistivity  of  copper,  and  30 
per  eent.  alloy  has  about  28  times  the  resistivity  of  copper.  See  Par.  147. 

149.  Copper- manganese  alloy  containing  either  nickel  or  aluminum  is 
used  for  resistors,  ana  has  a very  low  temperature  coefficient.  The  alloy 
composed  of  copper,  ferro-manganese  and  nickel,  or  copper,  manganese  and 

nickel,  is  known  as  manganln.  The  com- 
position of  manganin  varies  somewhat,  one 
formula  being  65  Cu,  30  Fe-Mn,  5 Ni. 

160.  Copper-nickel  alloy  is  used  exten- 

| sively  for  resistor  wires.  The  alloy  of  cop- 

J per  and  nickel  found  in  nature  is  known  as 

Monel  metal  (Par.  800).  See  Par.  147. 

161.  Ferro-nlckel  alloy  has  a very  high 
electrical  resistivity  but  is  not  as  resistant  to 
corrosion,  for  resistor  service,  as  some  other 
alloys.  The  nickel-chromium  alloys  are 
superior  in  the  respect  of  having  somewhat 
larger  resistivity.  See  Par.  147. 

1IL  Nickel-chromium  alloy  is  used  for  resistor  wires  where  very  high 
rasthrity  is  desired.  One  alloy  of  this  kind  has  a resistivity  of  more  than 
700  ohms  per  mil-ft.  The  nickel-chromium  alloy  known  os  “ Nichrome”  has 
a characteristic  resistance-temperature  curve  of  the  form  shown  in  Fig.  13. 


SO  400  COO  Vi 0 1000 1900 


Fio.  13. — Resistance-temper- 
ature curve  for  nichrome. 


CARBON  AND  QRAPHITX 

111.  Forms  of  carbon.  Carbon  occurs  in  two  forms,  amorphous  and 
crystalline.  The  crystalline  forms  include  diamond  and  graphite,  the 
latter  also  being  known  as  plumbago.  The  amorphous  forms  include  char- 
coal coke,  lamp  black,  bone  black;  coal  is  an  impure  variety  of  amorphous 
or  bon.  The  density  of  carbon  in  the  diamond  state  is  3.47  to  3.56;  gra- 
phite, 2.10  to  2.32;  charcoal,  0.28  to  0.57;  coke,  1.0  to  1.7;  gas  carbon,  1.88; 
atnpblack,  1.7  to  1.8. 

164.  Resistivity.  The  resistivity  of  amorphous  carbon  (petroleum  coke) 
it  ordinary  temperature  (25  deg.  cent.)  may  be  taken  as  varying  between 
1.500  and  4,100  microhm-cm.  An  average  value  for  retort  carbon,  such 
a used  for  electrodes  in  electric  furnaces,  at  about  3,000  deg.  cent.,  may 
be  taken  as  720  microhm-cm.  Graphite  at  3,000  deg.  cent,  has  a resis- 
tiritjr  of  approximately  812  microhm-cm.  Experiments  by  Mr.  C.  A. 
Hitaon-  made  in  the  research  laboratory  of  the  General  Electric  Company 
that  the  resistivity  of  carbon  depends'Upon  the  temperature  at  which 
r m fired.  As  the  temperature  of  firing  increases,  the  resistivity  decreases, 
poaching  a constant  value  which  is  approximately  the  same  as  that  of 
piphite!  If  carbon  be  heated  above  the  temperature  at  which  it  was  fired, 
si  resistivity  is  permanently  decreased,  and  upon  cooling  it  will  not  return 
witi  original  value,  but  to  a value  corresponding  to  that  which  it  would  have 
if  bred  at  the  temperature  to  which  it  has  been  heated.  Also  see  table  of 
characteristics.  Par.  188,  and  electrode  carbon.  Par.  169. 

Experiments  made  by  Morris  Owen  show  that  graphite  possesses  magnetic 
■ttceptibility,  and  under  certain  conditions  the  electrical  resistivity  is  in- 
rrrued  in  vCTy  marked  degree  by  magnetization. 


• EUctroehem.  and  Met.  Ind.,  Vol.  VII,  p.  514  (1909). 
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* Much  lower  than  that  of  carbon. 

•*  Lower  than  525. 

Also  see  Whitney,  W.  R.  "Brushes,"  Journal  Franklin  Institute,  1912;  Vol.  CLXXIII,  pp.  239  to  250. 


PROPERTIES  OF  MATERIALS 


See.  4-156 


. 1M.  Resistance  of  arc  lamp  carbons.  The  resistance  of  j in.  X 12 
in  enclosed  arc  carbons  varies  from  0.012  to  0.015  ohms  per  linear  inch. 
Other  sises  down  to  | in.  diameter  vary  according  to  their  cross-sectional 
■a  The  resistance  of  a f-in.  diameter  projector  carbon  varies  from 
*■009  to  0.011  ohms  per  linear  inch.  The  j-in.  and  ft-in.  carbons  vary 
wording  to  their  cross-sectional  areas. 

AD  high-grade  forms  of  carbon,  such  as  that  used  in  the  manufacture  of 
•ewch-light  carbons  and  also  enclosed  arc  carbons,  may  be  given  the  value  of 
■hoot  0.002  ohms  per  cu.  in.  Flame-arc  carbon  material  such  as  is  used  in 
the  homogeneous  electrodes  varies  from  0.004  to  0.006  ohms  per  cu.  in.  All 
the  above  values  are  for  ordinary  room  temperatures. 

liT.  Temperature  coefficient  of  resistance.  Carbon  exhibits  a 
decreasing  electrical  resistivity  and  a decreasing  thermal  resistivity  with 
naag  temperature.  Graphite  exhibits  but  little  change  in  electrical  re- 
nativity, tending  downward  with  rising  temperature,  but  its  thermal  resis- 
tivity increases  slightly  with  rising  temperature.  The  coefficients  vary  over 
a eoenderable  range;  see  Landolt  and  Bornstein,  “ Physikaliah-Chemische 
Tibdien,"  1912. 

. m.  Resistances  of  carbon  contacts  vary  with  pressure,  current  and 
time.  See  results  of  investigation  published  by  A.  L.  Clark  in  the  Physical 
Renew,  Jan.,  1913. 

IN.  Electrode  properties  of  carbon  and  graphite  were  given  by 
Hering  in  his  paper,  “The  Proportioning  of  Electrodes  for  Furnaces1' 
(Trane.  A.  I.  E.  E.,  Vol.  XXIX,  1910,  pp.  485-545),  from  experimental  de- 
terminations. The  table  below  is  abstracted  from  Table  I in  Hering’s 
paper  above  mentioned;  the  paper  itself  gives  elaborate  details  and  many 
ewve a.  Other  papers  by  Hering  on  this  general  subject  are  noted  below.  * 
Also  aee  Rasch,  Ewald,  “Electric  Arc  Phenomena,"  published  by  D.  Van 
N'ostrand  Co.,  N.  Y.,  1913,  Chapter  III. 


Furnace 

Temp,  drop 

Electrical 

Thermal  con- 

Material 

temp.  (deg. 

(aeg. 

resistivity. 

ductivity,  fwatta 

cent.) 

cent.) 

ohm  (in-cube) 

(in-cube) 

Carbon 

20.0 

0.0 

0.00181 

360.0 

260.0 

166  | 

6.95 

751.0 

651.0 

150  ! 

1.32 

942.0 

842.0 

148 

1.38 

Qrapttte 

20.0 

0.0 

0.000337 

389.6 

289.6 

330 

3.60 

546.1 

446.1 

324 

3.45 

720.2 

620.2 

316 

3.26 

- 

913.9 

813.9 

323 

3.10 

tlwatt  — 0.2389  g-cal.  per  sec.;  1 g-cal.  per  sec.  ■=  4.186  watts. 


SKIN  EFFECT 

' IN.  Bktn  effect  is  briefly  defined  in  Sec.  2.  Also  see  Sec.  12,  Par.  41. 
r 111.  Formulas  and  tables  for  skin  effect.  If  R*  is  the  effective  re- 
•tance  of  a linear  cylindrical  conductor  to  sinusoidal  alternating  current 
■ pven  frequency  and  R is  the  true  resistance  with  continuous  ourrent, 
ae> 

ff'-KR  (ohms)  (13) 

*We  K is  determined  from  the  table  in  Par.  165,  in  terms  of  x.  The 
’'he  of  * is  given  by  _ 

*-2> raV^  (14) 

^ t 

'“Laws  of  Electrode  Losses  in  Electric  Furnaces;’ ’ Trans.  A.  E.  S.,  Vol. 
Jn.1909. 

“Empirical  Laws  of  Furnace  Electrodes;"  Trans.  A.  E.  8 , Vol.  XVII,  1910. 

"The  Design  of  Furnace  Electrodes;"  Electrical  World,  June  16,  1910. 

279  >y  Google  ^ 
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where  a is  the  radius  of  the  conductor  in  cm.,  / is  the  frequency  in  cycles  gx 
bcc  , m is  the  magnetic  permeability  of  the  conductor  (here  assumed  t 
be  constant)  and  p is  the  resistivity  in  absohms  (10'*  ohm)  per  cm-cube. 

If  U is  the  effective  inductance  of  a linear  conductor  to  sinusoidal  alt** 
nating  current  of  a given  frequency 

L'-Li  + K'Lt  (11 

where  Li  is  the  external  portion  of  the  inductance,  Li  is  the  internal  portio 
(due  to  the  magnetic  field  within  the  conductor)  and  K'  is  determined  froi 
the  table  in  Par.  165  in  terms  of  x.  Thus  the  total  effective  inductance  p< 
unit  length  of  conductor  is 

L>-2  io*'(£) +**(;)  <ic 

See  Sec.  2 for  further  discussion  of  inductance  of  linear  conductors;  also  s< 
Sec.  11.  For  details  underlying  the  above  formulas  see  Bulletin  of  th 
Bureau  of  Standards,  Vol.  VIII,  No.  1,  pp.  172  to  181;  1912.  Fig.  14  show 
values  of  K in  terms  of  ay/f  for  cylindrical  copper  conductors  of  10 
per  cent,  conductivity.  Also  see  Bureau  of  Standards  Circular  No.  1* 
An  integration  method  of  calculating  the  skin  effect  is  given  in  Scientifi 
Paper  No.  374,  Bureau  of  Standards,  1920;  this  paper  also  shows  thcincreas 
in  skin  effect  caused  py  close  spacing  of  parallel  conductors. 
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R = BcalaUncw  at  frtxiaeoey  ( / ) 
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Fio.  14. — Curve  showing  the  proportional  change  in  effective  resistance  c 
cylindrical  copper  conductors  with  alternating  currents. 


Fio.  15. — Skin  effect  in  copper-clad  Fia.  1G. — Skin  effect  in  iron  wires 
steel  wires  at  GO  cycles.  at  50  cycles. 

16S.  Skin  effect  In  copper-clad  steel  wire  is  illustrated  in  Fig-  1 
based  on  testa  of  the  effective  resistance  of  solid  round  wires  at  60  cycli 

f>cr  sec.  The  effects  at  25  cycles  are  somewhat  less.  The  effects  i 
arge  concentric-lay  cables  are  somew’hat  greater,  and  the  increase  at  < 
cycles  reaches  values  as  high  as  from  80  to  100  per  cent.;  when  the  core 
composed  of  solid  copper,  the  skin  effect  is  less  severe.  In  the  small' 
wires  (No.  10  to  No.  12  A.W.G.)  the  skin  effect  at  800  cycles  per  »e< 
with  currents  of  telephonic  strength,  ranges  from  3 to  6 per  cent. 

165.  Skin  effect  in  iron  wire  at  50  cycles  is  illustrated  in  Fig.  10,  base 
00  data  supplied  by  the  Felten  & Guilleaume  Carls werke  (Kick.  Zeit.,  D* 
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10,  1914).  .In  No.  12  B.W.G.  iron  wire  (B.  B.  grade),  at  800  cycles  per 
sec.,  and  with  currents  of  telephonic  magnitude,  the  increase  in  resistance 
wu  found  by  measurement  to  be  47  per  cent.  See  Par.  SOS. 

1*4.  Bffact  of  Tory  high  frequencies  on  iron  has  been  investigated  by 
E.  F.  W.  Alexander  son ; see  “Magnetic  Properties  of  Iron  at  Frequencies 

9)  to  200,000  Cycles,”  Trans.  A.  I.  E.  E.,  Vol.  XXX,  1911,  pp.  2433-2454. 

e concluded  that  the  permeability  is  unaffected  by  the  frequency.  In 
‘Paying  Steinmets’s  formula  for  skin  effect  (see  “Transient  Electric 
Phenomena  and  Oscillations,”  New  York,  1909),  he  recommended  using 
trerage  constants  as  follows:  permeability,  2,250  and  conductivity, 
0.9X10*.  for  soft  iron. 

1 6ft.  Table  of  constants  for  skin-effeet  formulas  (Par.  161)* 


r 

K | 

**  j 

X 

* 1 

**  i 

1 1 

K 1 

K' 

0.0 

1. 00000 ll.  ooooo  1 

4.0 

1. 67787 10  68632 

12. 5| 

4. 67993! 0.22567 

0.1 

1.00000  1.00000 

4.1 

1.71616|0. 67135 

13.0 

4 . 8563 1 

0.21703 

0.2 

1.00001 

1.00000 

4.2 

1.75233 

0.65677 

13.5; 

5.03272 

0.20903 

0.3 

1.00004 

0.99998 

4.3 

1 . 78933 

0.64262 

14.0 

5.20915 

0.20160 

0.4 

1.00013 

0.99993 

4.4 

1 . 82614 

0.62890 

14.5 

5.38560 

0.19468 

0.5 

1.00032 

0.99984 

4.5 

1 . 86275 

0.61503 

15.0 

5.50208 

0.18822 

0.6 

1.00067 

0.99966 

4.0 

1.89914 

0.60281 

16.0 

5.91509 

0.17649 

0.7 

1.00124 

0.99937 

4.7 

1.93533 

0.59044 

17.0 

6.26817 

0. 16614 

0.8 

1.00212 

0.99894 

4.8 

1.97131 

0.57852 

18.0 

@.62129 

0.15694 

0.9 

1.00340 

0.99830 

4.9 

2.00710 

0.56703 

19.0 

6.97446 

0. 14870 

1.0 

1.00519 

0.99741 

5.0 

2.04272 

0.55597 

20.0 

7.32767 

0.14128 

1.1 

1.00758 

0.91)621 

5.2 

2.11353 

0.63506 

21.0 

7.68091 

0.13450 

1.2 

1.01071 

0.99465 

5.4 

2.18389 

0.51506 

22.0 

8.03418 

0.12846 

1.3 

1.01470 

0.99266 

5.6 

2.25393 

0.49764 

23.0 

8.38748 

0.12288 

1.4 

1.01969 

0.99017 

5.8 

2.32380 

0.4808G 

24.0 

8.74079 

0.11777 

15 

1.02582 

0.98711 

6.0 

2.39359 

0.46521 

25.0 

9.09412 

0.11307 

1.6 

1.03323 

0.98342 

0.2 

2.46338 

0.45056 

26.0 

9 44748 

0.10872 

1.7 

1.04205  0.97904 

0.4 

2.53321 

0.43682 

28.0 

10.15422 

0.10096 

1.8 

1.05240  0.97390 

0.6 

2.60313 

0.42389 

30.0 

10.86101 

0.09424 

1.9 

1.06440  0.96795 

6.8 

2.67312 

0.41171 

82.0 

11.56785 

0.08835 

2.0 

1.07816  0.96113 

7.0 

2.74319 

0.40021 

34.0 

12.27471 

0.08316 

2.1 

1.0937510.95343 

7.2 

2.81334 

0.38933 

30.0 

12.98160 

0.07854 

2.2 

1.11126.0.94482 

7.4 

2.88355 

0.37902 

38  0 

13.68852 

0.07441 

2.3 

1.13069  0.93527 

7.6 

2.95380 

0.36923 

40  0 

14.39545 

0.07069 

2.4 

1.15207 

0.92482 

7.8 

3.02411 

0.35992 

42.0 

15.10240 

0.06733 

2.5 

1.17538 

0.91347 

8.0 

3.09445 

0.35107 

44.0 

15.80936 

0.06427 

2 6 

1 .200543 

0.90120 

8.2 

3.16480 

0.34203 

46.0 

16.51634 

0.06148 

2.7 

1.22753 

0.88825 

8.4 

3.23518 

0.33460 

48.0 

17 . 22333 

0.05892 

■2.8 

1.2562C 

0.87451 

8.6 

3.30557 

0 . 32692 

50.0 

17.93032 

0.05650 

2.9 

1.28644 

0.80012 

8.8 

3.37597 

0.31958 

60.0 

21.46541 

0.04713 

3.0 

1.31809 

l0. 84517 

9.0 

3.44038 

0.31257 

70.0 

25.00063 

0.04040 

3.1  j 

1.35102|0.82975 

9.2 

3.51680 

0.30585 

80.0 

28. 535930. 03535 

3.2 

1.3850410.81397 

9.4 

3.58723 

0.29941 

90.0 

32.07127 

0.03142 

3 3 

1.4199910.79794 

9.6 

3.05706 

0.29324, 

jlOO.Q 

35.60666 

0.02828 

3 4 

1.45570  0.78175 

9.8 

3. 72S12  0.28731 

CD 

CD 

0 

, 3 5 

1.49202  0.76550 

10. 0 

3.7985710.28102 

3.6 

1.52879 

0.74929 

10.5 

3.9747710.26832 

3.7 

1.56587 

0.73320 

11.0 

4 . 15100|0. 25622 

1 3.8 

1 60314 

0.71729 

11.5 

4.3272710.24516 

liL 

1.64051 

0.70165 

12.0 

s 

8 

© 

i 

1 

'See Bureau  of  Standards  Circular  No.  74,  pp.  309-311,  for  additional 
table*. 
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166.  Skin  effect  in  steel 
cablet  at  50  cycles  per  sec.  is 
shown  in  Fig.  17,  based  on  test 
data  from  the  Allgemeine  Elek- 
tricit&t®  Gesellschalt  (Elsk.  Zeit ., 
Dec.  10,  1914). 

BIBLIOGRAPHY 

167.  Reference  literature 
on  conductors. 

Perrins,  F.  A.  C. — “Conduc- 
tors for  Electrical  Distribution.” 

D.  Van  Nostrand  Co.,  New  York, 
1903. 

Cohen,  L. — "Calculation  of 
Alternating-current  Problems.” 
McGraw-Hill  Book  Co.,  Inc., 
1913. 

Del  Mar,  W.  A. — "Electric 
Power  Conductors.”  D.  Van 
Nostrand  Co.,  New  York,  2nd 
edition,  1914. 

Bureau  of  Standards,  Circular 
No.  31. — "Copper  Wire  Tables,” 
3rd  edition,  Oct.  1,  1914,  Wash., 
D C. 

Trans.  A.  I.  E E.,  Jour.  I.  E. 

E.  ; Bulletins  and  publications  of 
the  Bureau  of  Standards;  Trans. 
A.  E.  8. 


Fio.  17. — Skin  effect  in  steel  cables 
at  50  cycles. 
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CLASSIFICATION 

168.  Paramagnetic  materials  include  all  those  materials  in  which  the 
intensity  of  magnetization  (Sec.  2}  is  a positive  quantity.  The  principal 
paramagnetic  materials  aie  iron,  nickel,  cobalt,  and  certain  of  their  alloys; 
also  certain  non-ferrous  alloys,  known  as  the  Heusler  alloys.  The  only  mate- 
rials of  great  industrial  importance  are  iron  and  its  alloys. 

169.  Diamagnetic  materials  are  those  which  are  less  magnetic  than 
ether  or  air,  or  in  which  the  intensity  of  magnetisation  is  negative.  There  is 
no  known  material  in  which  this  effect  has  more  than  a very  feeble  intensity. 
Bismuth  is  the  leading  example  of  materials  of  this  class. 

170.  Commercial  magnetic  materials  can'be  classified  as  follows:  cast 
iron,  wrought  or  puddled  iron,  soft  or  low-carbon  steel,  high-carbon  steel, 
and  allov  steel.  These  are  the  materials  whose  properties  are  important  in 
practical  engineering  work. 

171.  Retentive  and  non-retentive  materials.  The  commercial  mate- 
rials are  divisible  as  a whole  into  two  classes,  one  suitable  for  all  applications  in 
which  the  retentivity,  coercive  force  and  hysteresis  should  be  as  small  as 
possible,  the  other  suitable  for  applications  in  which  maximum  retentivity  is 
the  most-desired  characteristic.  The  former  class  is  useful  in  all  type*  of 
electromagnetic  mechanisms,  such  as  generators,  motors,  transformers, 
electromagnets,  etc.;  the  second  class  is  useful  only  in  permanent  mag- 
nets, measuring  instruments,  magnetos,  relays,  etc. 

COMPOSITION  AND  PROPERTIES 

17S.  Dependence  of  properties  upon  composition  and  treatment. 

The  magnetic  properties  of  all  materials  depend  upon  the  chemical  composi- 
tion, heat  treatment  and  mechanical  treatment.  These  factors  are  con- 
sidered in  some  detail  in  the  succeeding  paragraphs. 

173 . Effect  of  impurities  on  magnetic  properties  of  iron.  The  general 
effect  of  impurities  is  to  decrease  the  permeability  and  increase  the  iron  loss. 
Most  impurities  are  as  a whole  injurious  in  their  effect,  but  thete  are  certain 
apparent  exceptions.  The  effect  of  silicon  appears  to  be  to  decrease  the  iron 
loss  and  increase  the  permeability  up  to  inductions  from  12,000  to  14,000 
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after  which  the  permeability  deereaaea  below  that  of  soft  iron,  while 
the  iron  lone  begin*  to  increase  rapidly.  See  also  Ruder,  W.  E.,  " The  Effect 

Chemical  Composition  upon  the  Magnetic  Properties  of  Steels;"  General 
Skdrk  Review,  March,  1915,  pp.  197  to  203. 

174.  Effect  of  carbon.  Carbon  increases  the  resistivity,  decreases  the 
pemeability,  lowers  the  saturation  point  and  increases  the  coercive  force 
tad  the  retentivity.  Concurrently  the  hysteresis  loop  is  broadened  and  its 
ires  increased.  Thee©  effects  are  greater  in  hardened  steel  than  in  soft  or 
tascaled  material.  In  slowly  cooled  iron-carbon  alloys  the  carbon  exists  as 
pesrhte  up  to  the  eutectoid  point  (about  0.85  carbon) ; above  this  point  the 
evbon  easts  a*  oementite  (FeaC).  The  oementite  carbon  diminishes  the 
conductivity  lees  than  does  the  pearlite  carbon.  At  a quenching  tempera- 
ture of  850  deg.  cent,  the  limit  of  dissolved  carbon  is  about  1.4  per  cent.; 
so  excess  of  carbon  above  1.4  is  soluble  at  this  temperature. 

1T8.  Effect  of  manganese.  Very  small  proportions  of  manganese  are  not 
vajurious  in  any  substantial  degree,  but  it  is  customary  to  limit  the  propor- 
tion of  manganese  as  much  as  practicable.  The  true  effect  of  small  pro- 
portions of  manganese  is  difficult  to  determine  because  of  its  association  in 
most eases  with  carbon.  8ee  Jour.  I.  E.  E.,  April,  1911,  Vol.  XLVI,  No. 
206,  pp.  263  to  266.  When  the  manganese  content  reaches  12  per  cent,  the 
steel  becomes  practically  non-magnetic. 

171.  Effects  of  silicon  and  aluminum.  The  researches  of  Barrett, 
Brown  and  Hadficld  (1900  and  1902)  established  the  fact  that  the  only  mag- 
netic alloys  superior  to  the  purest  commercial  iron  are  the  cdloys  of  iron  with 
•flieon,  and  with  aluminum.  The  best  silicon  alloy  contained  2.5  per  cent, 
of  silicon,  and  the  best  aluminum  alloy  contained  2 . 25  per  cent,  of  aluminum. 


Maximum 

permeabil- 

ity 

(B  for 
maximum 
permea- 
bility 

Hysteresis 
loss,  ergs 
per  cu.  cm. 

per  cycle 
for  (B  (max) 
-9,000 

Coercive 
force  for  (B 
(max)  — 
17.700 

Swedish  charcoal  iron 

2,100 

4,000 

2,334 

1.10 

2 5 per  cent,  silicon 

5,000 

4,000 

1,549 

0.80 

2 25  per  cent,  aluminum . . 

5,400 

5,000 

1,443 

0.80 

Guggenheim  has  shown  (Elek.  Kraft  U.  Bahnen,  Sept.  24,  1910),  for  iron 
containing  0.2  per  cent,  of  carbon,  that  silicon  in  quantities  up  to  1.8  per 
«st.  decrease*  the  permeability,  but  from  1.8  to  5 per  cent,  it  improves  the 
permeability  and  decreases  the  hysteresis  loss;  for  (B(raax)  — 10,000  in  sheets 
mm.  thick  the  hysteresis  loss  was  2,910  ergsper  cu.  cm.  per  cycle,  for  best 
sfcon  steel,  compared  with  6,000  ergs  for  ordinary  sheet  iron. 

For  electrical  and  mechanical  effects  of  silicon  and  aluminum,  see  appro- 
priate portions  of  this  section. 

177.  Effect  of  nickel.  The  addition  of  nickel,  up  to  2 per  cent.,  onuses 
Side  change  in  magnetic  quality  (Burgees  and  Aston).  A higher  nickel 
"stent  rapidly  decreases  the  permeability.  At  25  to  30  per  cent,  nickel, 
6*  magnetic  properties  are  greatly  impaired,  but  improve  again  upon  a 
faher  increase  in  nickel. 

178.  Effects  of  tungsten,  chromium  and  molybdenum.  These 
wsMnts  have  the  general  property  of  increasing  the  magnetic  hardness  and 
Pvtieularly  the  coercive  foroe,  making  a very  desirable  steel  for  permanent 
*HMta.  See  " Magnet  Steel,"  Par.  til  to  110. 

171.  Effects  of  arsenic  and  tin.  These  elements  are  similar  in  their 
*fccts  to  silicon  and  aluminum,  increasing  the  resistivity  and  reducing  the 
Ifftcresis  lose.  Tin  increases  the  permeability  at  higher  inductions  and 
<«rvaaes  the  hysteresis  loss  even  more  than  silicon. 

188.  Sulphur,  phosphorus  and  oxygen  are  in  general  injurious  in  their 
♦Sects,  even  in  small  percentages. 
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161.  Effect  of  heat  treatment.  Suitable  heat  treatment  during  manu- 
facture reduces  the  iron  loss,  increases  the  permeability  and  gives  better 
physical  properties.  The  best  physical  properties  and  the  permeability  are 
to  some  extent  opposed,  and  the  most  suitable  heat  treatment  as  regards 
magnetic  properties  is  not  generally  the  one  which  gives  the  highest  physical 
properties.  The-  general  method  of  annealing  is  in  boxes(  under  cover,  with 
slow  cooling. 

161.  Effect  of  temperature.  Both  iron  and  steel  lose  their  magnetic 
properties  at  about  750  to  800  deg.  cent.,  and  are  non-magnetic  above  that 
temperature.  The  exact  tempeiature  at  which  this  transformation  occurs  is 
somewhat  variable,  and  depends  upon  the  chemical  composition  of  the  metal. 

183.  Effect  of  temperature  on  permeability.  Hopkinson’s  experi- 
ments (Phil.  Mag.  and  Proo.  Roy.  Soc.)  showed  that  with  weak  magnetising 
forces  the  permeability  increases  with  rises  of  temperature  up  to  the  critical 
point,  or  about  785  deg.  cent.,  above  which  iron  becomes  non-magnetic. 
Under  moderate  magnetizing  forces  the  permeability  first  increases  slightly, 
with  rise  of  temperature,  and  then  decreases  rapidly  as  the  critical  point  is 
approached.  Under  strong  magnetizing  forces  the  permeability  suffers  no 
change  at  first,  and  then  decreases  gradually  as  the  critical  point  is  ap- 
proached. See  Chap.  VIII  of  Ewings  “ Magnetic  Induction  in  Iron  and 
Other  Metals.” 


Fia.  18. — Normal  saturation  curves  (General  Electric  Co.), 

164.  Normal  saturation  curves  for  cast-iron,  cast-steel  and  annealed- 
steel  (low-carbon)  sheets,  of  the  qualities  ordinarily  used  in  electrical  con- 
struction, are  given  in  Fig.  18.  Also  see  Fig.  37  (Par.  Tt)  in  Sec.  8;  Fig. 
33  (Par.  36)  in  Sec.  7;  and  “Commercial  Sheets”  in  this  section.  For  pre- 
cautions and  rules  in  extrapolating  magnetisation  curves  see  Ball,  J.  D.. 
General  Electric  Review , Jan.  1915,  pages  31  to  33. 

166.  Induction-permeability  curves  for  cast  iron  and  malleahle  iron  are 
given  in  Fig.  19.  These  curves  are  typical  of  the  shape  of  induction-per- 
meability curves  in  general. 

186.  Aging.  Aside  from  the  immediate  change  in  the  magnetic  quality  of 
iron  which  results  from  heating,  it  produces  a slow  deterioration  which  result* 
in  reduced  permeability  and  increased  hysteresis.  Even  so  low  a tempera- 
ture ns  50  deg.  cent.,  if  continued  for  some  weeks,  will  produce  an  appreciable 
effect.  The  tests  by  S.  R.  Roget  ( Proc . Roy.  Soc.,  May  12, 1898  ana  Dec.  8, 
1898)  showed  that  the  hysteresis  loss  increased  9 per  cent,  when  the  iron  was 


Digitized  by  Google 


PROPERTIES  OF  MATERIALS 


Sec.  4-187 


bated  for  27  days  at  50  deg.  cent.;  53  per  cent,  when  heated  for  25  days  at 
ft  deg.  cent. ; 89  per  cent,  when  heated  for  25  days  at  87  deg.  cent.;  140  per 
fffli.  when  heated  for  25  days  at  135  deg.  cent.  Also  see  Mordey,  W.  M.t 
foe.  Roy.  8oc.,  June.  1895;  also  ace  aging  testa  in  ** Electric  Machine  De- 
by  Parshall  and  Hobart;  Allen,  T.  S„  "The  Comparative  Aging  of 
E&ctric  Sheet  Steels;"  Electrical  World , 1908,  Vol.  LII,  p.  579. 

1ST.  Hon-aging  steel.  Silicon-steel,  aside  from  having  low  hysteresis 
uvd  high  resistivity,  also  possesses  the  valuable  property  of  being  non-aging. 
That  is  to  say,  ita  magnetic  properties  are  not  impaired  by  prolonged  heating 
M moderate  temj>erature8,  but  on  the  contrary  may  be  slightly  improvea. 
While  as  much  aa  3 to  4 per  cent,  of  silicon  is  present  in  silicon-steel,  it  is  also 
useful,  in  much  smaller  quantities,  in  improving  the  aging  qualities  of  low- 
carbon  steel.  Parshall  and  Hobart  recommend  C*  Electric  Machine  Design," 
P-  36)  the  following  composition  for  sheet  steel  having  good  aging  qualities: 
carbon,  0.06;  manganese,  0.50;  silicon,  0.01 ; sulphur,  0.03 ; phosphorus,  0.08. 

118.  Effects  of  mechanical  stress  on  magnetisation.  Ewing  states 
(Chap.  IX,  **  Magnetic  Induction  in  Iron  and  Other  Metals  ”)  that  the  pres- 
ence of  any  moderate  amount  of  longitudinal  pull  increases  the  susceptibility 
when  the  magnetism  is  weak,  but  reduces  it 
when  the  magnetism  is  strong.  With  hard- 
ened metal  the  effects  of  stress  are  in  general 
much  greater  than  with  annealed  metal. 

189.  Page  effect  is  the  faint  metallic  sound 
resembling  a light  blow  which  is  heard  when  a 
piece  of  iron  is  suddenly  magnetised  or  demag- 
netised. 

190.  Cast  Iron  is  magnetically  inferior  to 
wrought  iron  or  low  steel,  but  is  used  to  a 
limited  extent  on  account  of  the  facility  with 
which  it  can  be  molded  into  complex  forms. 
The  permeability  is  decreased  by  the  presence 
of  carbon,  the  effect  being  in  the  ratio  of  com- 
bined to  graphitic  carbon.  Cast  iron  of  good 
magnetic  quality  contains  from  3 to  4 5 per 
cent,  carbon,  of  which  from  0.2  to  08  per  cent, 
is  in  the  combined  form.  A normal  induction 
curve  for  east  iron  is  given  in  Fig.  18.  Curve 
1 in  Fig.  19  applies  to  cast  iron  containing 
0.195  combined  carbon,  3.29  graphitic  carbon, 
2.01  silicon,  0.320  manganese,  0.988  phos- 
phorus and  0.08  sulphur.  Curve  5 is  for  cast 
iron  containing  0.72  combined  carbon,  2 07 
silicon,  0.38  manganese,  0.85  phosphorus  and 
0 035  sulphur. 

Silicon  and  aluminum  in  small  proportions 
*»ke  the  casting  more  homogeneous  and  tend  to  reduce  the  combined 
<vbo&.  Silicon  tends  also  to  counteract  sulphur. 

191.  Malleable  cast  iron  is  magnetically  superior  to  cast  iron,  being 
lover  in  combined  carbon  and  improved  by  the  heat  treatment  which  it 
Octree.  Curve  7 in  Fi«  19  is  for  malleable  cast  iron  (see  Parshall  and 
Hobart.  “‘Electric  Machine  Resign")  containing  0.83  combined  carbon, 
1201  graphitic  carbon,  0.93  silicon,  0.116  manganese,  0 039  phosphorus  and 
'T(l&0  sulphur. 

19*.  Wrought  Iron  is  among  the  best  of  magnetio  materials  from  the 
^Aodpoint  of  permeability,  but  has  higher  core  losses  than  silicon  steel.  See 
iv.  MO  comparing  Swedish  iron  with  other  materials. 

188.  Rolled  steel  of  the  low-carbon  variety  is  used  very  extensively  in 
fee  form  of  electrical  sheets  and  rods.  A normal  induction  curve  is  shown  in 
fg.  16.  Commercial  sheets  are  described  in  Par.  *17  to  **4. 

194.  Cast  steel  is  extensively  used  for  those  portions  of  magnetic  circuits 
»hieb  carry  uniform  or  continuous  flux  ana  need  superior  mechanical 
orength.  Parshall  and  Hobart  state  ("Electrio  Machine  Design,"  p.  22) 
tost  east  steel  of  good  magnetio  qualities  should  be  limited  in  its  composition 
u follows:  combined  carbon,  0.25;  silicon,  0.20;  manganese,  0-50;  phoa- 
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phorus,  0.08;  sulphur(  0.05.  A normal  induction  curve  is  shown  in 
Fig.  18. 

19f.  Alloy  stool.  The  principal  alloy  steel  in  extensive  use  is  silicon  steel- 
Its  properties  are  covered  under  " Commercial  8heets,”  Par.  tlT  to  t84,  and 
Figs.  24  and  26.  It  is  low  in  Corel  oss,  non-aging,  and  nigh  in  permeability  ex 
cept  at  the  higher  densities.  Tungsten  steel  and  tungsten-chrome  stee 
used  extensively  for  permanent  magnets;  see  “ Magnet  Steel,”  Par.  21 


aluminum,  ranging  from  0.06  to  0.27  per  cent.  Magnetically  it  is  a little 
better  than  ordinary  steel  up  to  densities  of  about  100  kilolines  per  aq.  in., 
and  inferior  at  higher  densities.  See  Parshall  and  Hobart,  " Electric 
Machine  Design;"  published  by  Engineering,  London,  1906;  p.  26.  This 
material  is  now  seldom  used. 

196.  Best  composition  of  dynamo  sheets;  De  Nolly  and  Veyrst. 

High  carbon  and  cold  working  are  both  injurious  to  electrical  sheets.  The 
recommended  composition  and  treatment  is  as  follows:  (1)  The  steel  should 
have  less  than  0.1  per  #ent.  carbon,  from  3 to  4 per  cent,  silicon,  less  than 03 
per  cent,  manganese,  less  than  0.03  per  cent,  sulphur  and  phosphorus;  (2) 
the  sheets  after  rolling  should  be  annealed  at  750  to  800  deg.  cent,  with  slow 
cooling;  (3)  the  rolling  should  be  finished  at  low  temperature;  (4)  after  final 
annealing,  no  cold 'working  should  be  allowed  (IX  5,  No.  9,  Sixth  Congress  of 
Int.  Assoc,  for  Testing  Materials,  New  York  City,  1912). 

19T.  Electrolytic  iron  melted  in  vacuo.  "Magnetic  .and  Other 
Properties  of  Electrolytic  Iron  Melted  in  Vacuo"  is  the  subject  of  a valuable 
monograph  by  T.  D.  Yensen,  and  is  published  as  Bulletin  No.  72,  Engineer- 
ing Experiment  Station,  Umv.  of  111.,  1914;  this  monograph  is  the  source 
of  the  following  data. 

The  electrolytic  iron  was  doubly  refined  from  Swedish  charcoal  iron 
anodes,  and  contained  from  99-97  to  99.98  per  oent.  of  chemically  pure 
iron,  0.006  carbon  and  0.01  silicon.  The  iron  as  deposited  was  crushed, 
cleaned  and  placed  in  a magnesia  crucible;  then  it  was  melted  in  a vacuum 
furnace  and  allowed  to  cool.  Finally  it  was  hot  forged  to  rods  about  0.5  in. 
diameter  and  20  in.  long.  The  average  results  from  rods  annealed  at  900 
deg.  cent,  were  as  follows: 

Carbon  content,  per  oent 0.0125 

Maximum  permeability 12,950 

Flux  density  at  maximum  permeability 6,550 

Hysteresis  loss,  ergs  per  cu.  cm.  per  cycle: 

At  (B  (maximum)  — 10,000 1,060 

At  (B  (maximum)  — 15,000 1,990 

Coercive  force,  <B  (maximum)  — 15,000  0.34 

Retentivity,  (B  (maximum)  — 15,000 9,940 

Resistivity  (microhm -cm.)  at  20  deg.  cent 9.96 

Critical  temp.,  deg.  cent 894 

The  magnetic  quality  of  electrolytic  iron  melted  in  vacuo  is  decided!] 
superior  to  any  grade  of  iron  thus  far  produced;  the  maximum  permeabilit; 
obtained  was  19,000  at  a density  of  9,500  gausses,  and  the  average  hys  teres* 
loss  obtained  is  less  than  one-half  that  found  in  the  best  grades  of  oom 
mercial  transformer  iron.  Swedish  charcoal  iron  melted  in  vacuo  ap 
proaches  electrolytic  iron  in  magnetic  quality,  due  chiefly  to  reduction  o 
carbon  content.  Low-carbon  iron  melted  t'n  vacuo  will  lose  50  to  90 per  cent 
of  its  original  carbon.  Electrolytic  iron  is  at  present  purely  a laborator 
or  experimental  product,  and  therefore  too  expensive  for  commercial  appli 
cations.  See  the  bibliography  appended  to  Mr.  Yensen 's  monograph 
Also  see  Proc.  A.  I.  E.  E.,  Feb.,  1915,  pp.  237-261. 

198.  Approximate  saturation  values  of  different  magnetic  materia] 
are  given  by  Steinmetz  as  follows,  in  gausses.  1 


Iron 

1 20,000 

' — 

Magnetite I 

5.000 

Cobalt 

12,000 

Manganese  alloys  up  to 

4,000 

Nickel 

6,000 

J! 1 

199.  Maximum  saturation  intensity.  Hadfield  and  Hopkinson  Asm 
shown  that  a great  number  of  magnetic  materials,  including  commercial] 
pure  iron  and  many  iron  alloys,  have  a definite  saturation  intensity  < 
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upwtitm  (H&dfield,  Sir  R.  A.  and  Hopkinaon,  B.,  “The  Magnetic 
Properties  of  Iron  and  Its  Alloys  in  Intense  Fields,"  Jour.  I.  E,  E..  April, 
1910,  VoL  XLVI,  pp.  23&-306).  The  intensity  of  magnetisation  is  denned  as 
'lit  quantity  J in  the  formula  (B  — 3C+4v./,  or  the  magnetic  moment  per 
ist  of  volume. 

Every  alloy  which  they  examined  was  found  to  have  a definite  saturation 
iMenaty  of  magnetism,  which  they  termed  the  specific  magnetism. 
This  intensity  was  reached  in  most  cases  in  a field  of  5,000  units.  The 
ipedfic  magnetism  of  commercially  pure  iron  of  density  7.80  was  found  to 
be  1,680  within  1 per  cent.  The  presence  of  carbon  in  annealed  iron-carbon 
tad  reduces  the  specific  magnetism  by  a percentage  eau&l  to  six  times  the 
percentage  of  carbon,  if  other  elements  are  present  only  in  small  propor- 
tions. No  alloy  was  noted  having  a higher  specific  magnetism  than  pure  iron, 
foenching  an  iron-carbon  alloy  from  a high  temperature  reduces  its  specific 
nufoetism  by  a large  but  uncertain  amount.  The  addition  of  silicon  or 
ikuunum  to  iron  reduces  the  specific  magnetism  roughly  in  proportion  to 
the  amount  added;  but  if  carbon  is  present,  silicon  Items  to  neutralise  it 
to  some  extent. 


100.  Comparisons  of  magnetic  materials 

(T.  D.  Yensen.  Bulletin  No.  72,  Eng.  Exp.  Bta.,  Univ.  of  111.,  1914) 
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Standard  transformer 
sted. 

3,850 
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7,000 

1,290 

2.640 

0.48 

11,200 

10.30 

Qeetrolytic  iron 
ashed  in  vacuo. 

0.0125 

12,950 

6,550 

1,060 

1,990 

0.34 

9,940 

9.96 

JW.  Formula  for  induction-permeability  curve.  A.  S.  McAllister 
{•  shown  that  the  induction-permeability  curve  can  be  expressed  with  a 
-*■’  degree  of  accuracy  by  an  equation  of  the  form 

r(7.500-(B)*j 


2,800  -3.2  [(j 


10* 


(17) 


JJ*  constants  in  this  equation  hold  for  the  ordinary  grades  of  sheet  iron, 
J<*»«n  the  limits  <B  — 0 and  (B  — 15,000,  where  <B  is  the  maximum  instan- 
■taous  value.  The  numerical  constants  take  different  values  for  cast  iron, 
steel,  silicon  steel,  etc.  See  McAllister,  “Alternating-current  Motors," 
**  York,  1909,  p.  137. 

. It  Permeability  in  weak  fields.  Ewing  gives  the  permeability 
j*"*y  weak  fields,  with  values  of  3C  less  than  unity,  according  to  the  fol- 
isvug  formula  based  on  investigations  by  Baur. 

M- 183  + 1.3823C  (18) 

r"1  applies  to  soft  iron.  Lord  Rayleigh  found  for  harder  grades  of  iron, 
M-81+643C  (19) 
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PROPERTIES  OP  MATERIALS 


The  latter  applies  to  hard-drawn  iron  wire;  in  another  ease  the  initu 
permeability  was  87.  The  foregoing  relationships  are  accounted  for  by  til 
fact  that  the  saturation  curve  is  sensibly  a parabola  in  its  earliest  staget 
starting,  however,  with  a finite  inclination  to  the  axis  of  3C.  For  ca 
tremely  feeble  forces  it  is  virtually  an  inclined  straight  line.  See  Ewing,  J 
A.,  "Magnetic  Induction  in  Iron  and  Other  Metals,  London,  1000,  3rd  m 
d..  Chap.  VI. 

tOS.  Permeability  of  iron  at  high  frequencies  has  been  investigate 
by  E.  F.  W.  Alcxanderson  and  H.  Pender  (see  “Magnetic  Properties  of  Iro 
at  Frequencies  up  to  200,000  Cycles,”  Trans.  A.  I.  E.  E.,  1911,  Vol.  XXX 
pp.  2433-2454).  Mr.  Alexanderson  concluded  that  iron  has  practically  th 
same  permeability  at  200,000  cycles  as  at  60  cycles,  but  the  magnetic  penc 
tration  is  greatly  reduced  at  high  frequencies,  on  account  of  the  excessive  ski 
effect,  which  must  be  taken  into  full  account.  See  Par.  164. 

204.  HeUsler’s  alloys  are  composed  of  copper,  manganese  and  aluminum 
and  possess  marked  magnetic  properties.  Tne  permeability  increases  wit! 
the  addition  of  manganese  until  the  proportions  of  manganese  and  aluminut 
are  the  same  relatively  as  their  atomic  weights  (Par.  432).  Themaximu! 
magnetisation  obtained  is  about  one-third  of  that  of  the  best  iron.  • Copp< 
serves  apparently  no  other  purpose  than  to  make  the  alloy  soft  enough  t 
be  cast  and  handled,  McTaggart*  performed  experiments  on  these  alloy! 
varying  the  composition  in  many  ways.  The  particular  composition  whic 
exhibited  the  best  magnetic  properties  contained  14.3  per  cent,  aluminun 
28.6  manganese  and  57.1  per  cent,  copper. 

Dr.  Heusler,  who  discovered  these  alloys  in  1901,  stated  that  the  mol 
magnetic  alloy  contained  25  per  cent,  of  manganese,  12.5  per  cent,  of  all 
minum,  and  62.5  per  cent,  of  copper,  or  in  the  respective  proportions  of  the 
atomic  weights.  Also  see  tests  made  by  Guthe  and  Austin,  Bulletin  of  tr 
Bureau  of  Standards,  1906,  Vol.  II,  No.  2,  and  tests  by  Stephenson, Bulled 
No.  47,  Eng.  Exp.  Sta.,  Univ.  of  111.,  1910. 

206.  Electron  theory  of  magnetism.  Mr.  E.  H.  Williams  has  writtc 
an  extended  monograph  on  this  subject,  which  is  published  as  Bullcti 
No.  62,  Univ.  of  111.,  Eng.  Exp.  Sta.,  1912,  and  contains  a bibliopaph 
of  the  important  works  up  to  that  date.  Also  see  Chap.  XI  of  Ewing 
“ Magnetic  Induction  in  Iron  and  Other  Metals.” 

CORE  LOSSES 

206.  Total  core  loss  is  composed  of  two  elements,  hysteresis  and  eddy 
currents.  These  two  losses  follow  different  laws,  briefly  set  forth  in  See.  2 
The  loss  may  bo  stated  in  terms  of  total  energy  per  unit  volume  per  eycl< 
or  it  may  be  stated  in  terms  of  power  loss  per  unit  weight  of  material  I 
some  stated  frequency.  The  effect  of  wave-form  is  discussed  in  Par.  11 
and  211. 


20T.  Values  of  hysteresis  coefficient  for  different  materials 

(M.  G.  Lloyd)  


Material 

1 

Authority 

Material 

V 

Autho- 

rity 

Hard  tungsten 

0.058 

Steinmetz 

Soft  machine  steel. 

0.009 

Foster 

steel. 

Hard  nickel 

0.039 

Steinmetz 

Annealed  cast  steel 
No.  36  iron  wire. . . 

0.008 

0.005 

Foster 

Lloyd 

Hard  cast  steel . . . 

0.025 

Steinmetz 

Ordinary  sheet  iron 

0.004 

Lloyd 

Magnetic  iron  ore. 

0.020 

Steinmetz 

Pure  iron 

0.003 

Gumlicj 

Forged  steel 

0.020 

Stcinmetz 

Heusler  alloy  II . . . 

0.0024 

Gumlic 

Two-mil  steel  wire 

0.016 

Lloyd 

Soft  iron  wire 

0.002 

Foster 

Cast  iron 

0.013 

Stcmmotz 

Annealed  iron  sheet 

0.002 

Lloyd 

Soft  nickel 

0.013 

Steinmetz 

Ingot  iron 

0.0016 

Lloyd 

Cast  steel 

0.012 

Stcinmetz 

Best  annealed  sheet 

0.0010 

Lloyd 

Cobalt 

0.012 

Steinmetz 

Silicon  steel  sheet. . 

0.0010 

Lloyd 

Heusler  alloy  I. . . 

0.012 

Gumlich 

Silicon  steel 

0.0009 

Gumlic 

Electrolytic  iron . . 

0.009 

Schild  | 

Best  silicon  steel. . . 

1 

0.0006 

Lloyd 

See  Lloyd,  M.  G.,  "Magnetic  Hysteresis,”  Journal  of  the  Franklin  Inttitui 
July,  1910,  pp.  1-25. 


* McTaggart,  H.  A.  Univ.  Toronto  Studies,  Papers  from  Phys.  Lab.,  190 
fo.  23. 
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Sec.  4-208 


Mi.  Hysteresis  coefficients  in  Steinmets's  formula  Wk  — vfB19  are 
pven  in  Par.  207  (Lloyd,  M.  G.,  “Magnetic  Hysteresis,”  Journal  of  the 
Franklin  Institute,  July,  1010,  pp.  1-25).  In  this  formula  Wk  is  the  loss  in 
erp  per  cu.  cm.  per  sec.,  / is  the  frequency  in  cycles  per  sec.,  (Bis the  maxi- 
mum induction  and  is  here  10,000  gausses,  and  i?  is  the  hysteresis  coefficient. 
It*  exponent  of  <B,  which  is  1.6,  departs  widely  from  this  value  at  very  low 
tad  very  high  densities. 

Mi.  Total  core  losses  for  sheets  are  given  in  Fig.  29.  Lloyd  and  Fisher 
pre  the  following  total  core  losses,  in  watts  per  lb.  at  60  cycles  and  10,000 
gaums,  for  No.  20  gage  (3.57  mm.):  unannealed,  3.18  to  4.76;  annealed,  1.25 
to 236;  silicon  steel,  0.665  to  1.06.  See  Trans.  A.  I.  E.  E.,  1909,  Vol.  XXVIII, 
P-  465.  Also  see  Sec.  7,  Par.  214. 

* lit.  Effect  of  wave  form  upon  hysteresis  loss.  Dr.  M.  G.  Lloyd,  in 
lu* paper  entitled  “ Dependence  of  Magnetic  Hysteresis  upon  Wave  Form" 
(Bulletin  of  the  Bureau  of  Standards,  Vol.  V,  No.  3,  Feb.  1909,  pp.  381-411), 
cached  the  following  conclusions. 

“For  a definite  maximum  value  of  the  flux  density,  the  hysteresis  is  greater 
■vith  a flat  wave  of  flux,  but  the  effect  is  small,  and  from  the  industrial  stand- 
P«*t  negligible,  even  with  very  distorted  waves.  If,  however,  the  wave  of 
fox  is  dimpled,  the  hysteresis  may  be  much  increased. 

14  The  hysteresis  deter  mined  by  the  ballistic  method  may  be  smaller  than 
dot  which  obtains  with  the  use  of  alternating  current,  but  the  differences 
vr  small. 

"The  separation  of  hysteresis  and  eddy-current  losses  by  means  of  runs  at 
two  frequencies,  using  the  Steinmets  formula,  is  not  accurate,  but  is  a close 
approximation  when  the  sheets  are  thin." 

HI.  Effect  of  form-factor  upon  the  Iron  loss  was  investigated  by 
Dr.  M.  G.  Lloyd  (see  “Effect  of  Wave  Form  upon  the  Iron  Losses  in  Trans- 
formers,” Bulletin  of  the  Bureau  of  Standards.  Vol.  IV,  No.  4,  1907;  also 
Reprint  No.  88),  who  reached  the  following  conclusions. 

“With  a given  effective  electromotive  force  the  iron  losses  in  a trans- 
lormer  depend  upon  the  form-factor  of  the  e.m.f.,  and  vary  inversely  with  it. 
&7  proper  design  of  the  generator  supplying  transformers,  the  iron  losses 
be  reduced  to  a minimum.” 

Hi.  Effect  of  unsymmetrlc&l  periodic  cycles  on  hysteresis  loss. 

Mr.  M.  Rosenbaum  in  a paper  entitled  “Hysteresis  Loss  in  Iron,  Taken 
Through  U nay  m metrical  Cycles  of  Constant  Amplitude,”  before  the  I.  E.  E. 
(t e*  Jour.  I.  E.  E.,  Mar.,  1912),  presented  the  following  conclusions. 

“It  is  seen  that  the  hysteresis  loss  increases  very  appreciably  as  direct- 
forrent  magnetisation  is  superposed  on  the  alternating  flux.  This  phenom- 
enon manifests  itself  in  practice  in  inductor  alternatois  and  static  balancers. 
In  some  kinds  of  inductor  alternators  the  flux  does  not  reverse,  but  oscillates 
between  positive  maximum  and  positive  minimum  values,  thus  the  iron  loss 
per  en.  cm.  is  much  greater  in  inductor  alternators  than  in  the 
*dinsry  type  for  the  same  change  of  flux  in  the  armature  coil.  In  static 
balancers  this  effect  also  takes  place  where  the  direct-current  magnetisation 
not  neutralised.  It  is  therefore  important,  if  high  efficiency  be  aimed  at, 
to  neutralise  the  direct-current  flux.” 

SHEET  GAGES 

tit.  Two  systems  of  gaging  sheets  are  in  use,  the  U.  S.  Standard  Gage 
the  Decimal  Gage.  These  two  gages  are  fully  covered  in  the  two 
deeding  paragraphs.  Also  see  Par.  SO.  — - 

214.  An  act  establishing  a standard  gage  for  sheet  and  plate  iron 
Iteel.  Bt  it  enacted  by  the  Senate  and  House  of  Representatives  of  the 
^ sited  States  of  America  in  Congress  assembled , That  for  the  purpose  of 
uniformity,  the  following  is  established  as  the  only  standard  gage 
7*«*et  and  plate  iron  and  steel  in  the  United  States  of  America,  namely: 
■***  Ptr.  218.)  And  on  and  after  July  1,  1893,  the  same  and  no  other  Bhall 
« wed  in  determining  duties  and  taxes  levied  by  the  United  States  of 
America  on  sheet  and  plate  iron  and  steel.  But  this  act  shall  not  be  con- 
*rt*d  to  increase  duties  upon  any  articles  which  may  be  imported* 

See.  2.  That  the  Secretary  of  the  Treasury  is  authorised  and  required 
to  prepare  suitable  standards  in  accordance  herewith. 

See.  3.  That  in  tho  practical  use  and  application  of  the  standard  gage 
***6?  established  a variation  of  2.5  per  cent,  either  way  may  be  allowed. 
Approved,  March  3,  1893. 
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Numbers  within  parentheses  represent  higher  preaiuloa  than  the  tolerance  limit  of  plus  or  minus  2.5  per  cent. 


Sec.  4-216 


PROPERTIES  OF  MATERIALS 


SIS.  Standard  decimal  gage  for  sheet  iron  and  steel  adopted  by  the 
Assoc,  of  Amer.  8teel  Manufacturers  and  the  Amer.  Railway  Master  Mechan- 
ics Assoc,  is  based  on  the  following  standard  thicknesses,  expressed  in  in. 


BU 

iljlRl 

■>Vt  tl 

■ilfi  %■ 

■»lftr*.H 

■ill  Ifl  ■ 

WwWy 

■SSI 

■twT  Til 

■lift  ?!■ 

■ III  flit  ■ 

lill 

Otp 

■SSa 

■IMI  Til 

■lift  Tl 

KV  • , H 

RfltVl 

■illl:il 

BfiMM 

11 

■jJF 

mm 

The  decimal  system,  denoting  the  thickness  in  thousandths  of  an  inch,  was 
endorsed  by  the  A.  S.  M.  E.  Committee  on  Standard  Thickness  Gage  for 
Metals.  The  weights  are  usually  calculated  on  the  basis  of  480  lb.  per  cu.  ft. 
for  iron  and  490  Id.  for  steel. 

COMMERCIAL  SHEETS 

217.  Electrical  sheets  is  the  trade  term  for  iron  and  steel  sheets  used  in 
the  manufacture  of  punchings  for  laminated  cores  or  magnetic  circuits. 

218.  Grades.  There  are  several  grades  of  commercial  sheets,  suited  to 
different  classes  of  electrical  apparatus  and  graded  according  to  total  core 
losses  under  similar  conditions  of  service.  See  Par.  219. 


219.  Data  on  American  Sheet  and  Tin  Plate  Company’s  commercial 
sheets 


"Ameri- 

can 

arma- 

ture" 

sheets 

“U.  S. 
elec- 
trical" 
sheets 

“Apollo 

special 

Elec- 

trical” 

sheets 

Grade  of  steel  (open  hearth) 

Specific  gravity,  in  sheets 

Soft 

7.79 

Soft 

7.72 

4% 

silicon 

7.5 

Tensile  strength,  parallel  to  grain 

48,000 

52,000 

96,000 

Yield  point,  parallel  to  grain 

30,000 

35,000 

29,000 

Elong.  in  8 in.,  parallel  to  grain 

21% 

25% 

2.4% 

Tensile  strength,  transverse  to  grain 

55,000 

61,000 

102,000 

Yield  point,  transverse  to  grain 

33,000 

38,000 

22,000 

Elong.  in  8 in.,  transverse  to  grain 

22% 

19%  i 

2.1% 

Resistivity,  microhm-cm 

8 to  12 

15  to  18 

40  to  50 

Hysteresis  loss  at  <B*»  10,000  in  ergs  per  cu. 

4042 

3336 

1796 

cm.  per  cycle. 

Hysteresis  coefficient 

0.001609 

0.001328 

1 

•0. 000715 

The  tensile  tests  given  above  represent  only  a few  tests  and  consequently  are 
not  average  results. 

"Apollo  Special  Electrical"  sheets  are  composed  of  silicon  steel  alloy  con- 
taining about  4 per  cent,  of  silicon.  They  are  non-aging  and  specially  suited 
for  transformer  cores. 

"Extra  Apollo  Special  Electrical"  sheets  are  selected  stock  from  the  above 
grade  and  are  especially  suitable  for  the  highest  effioienoy  transformers. 

“Dynamo  Special  Electrical"  sheets  are  composed  of  silicon  steel  alloy 
containing  about  3 per  cent,  of  silicon.  The  density  is  about  7.55  and  the 
resistivity  is  approximately  40  microhm-cm.  They  are  free  from  brittleness 
and  are  non-aging.  The  usual  application  of  this  grade  is  to  transformer 
cores  and  stators  of  induction  motors. 

"U.  S.  Electrical"  sheets  are  composed  of  medium  silicon  steel  alloy. 
They  are  practically  non-aging  and  are  applicable  to  dynamo,  and  motor 
work. 

“American  Armature"  sheets  are  composed  of  a low  silicon  steel  alloy 
which  is  slightly  aging,  but  suitable  for  motor  work  where  the  lowest  core 
loss  is  not  essential,  especially  for  laminated  fields. 

Curves  of  average  induction,  permeability  and  hysteresis  in  these  three 
grades  are  given  in  Figs.  20  to  25. 
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Sec.  4-220 


S90.  Maximum  total  Iomob  of  electrical  aheets 

Total  lasses  at  10,000  gausses;  as  determined  under  American  Society  for 
Testing  Materials  Specification  “A34-14” 


(American  Sheet  «fc  Tin  Plate  Co.) 


Apollo  Special  Electrical  (non-aging,  density  7.50) 

30  29  I 28  27  2G 
G.  G.  | G.  G.  G. 

25  I 24 
G.  | G. 

Watts  per  pound,  00  cycles 

Watts  per  kilogram,  60  cycles 

Watts  per  pound.  50  cycles  

Waits  per  kilogram,  50  cycles 

0.86  0.86  0.89  0.94  0.08  1.04  1.10 
1.90  1.90  1 . 96  2 . 07  2 16  2. 29 12.42 
0. 71 10. 71  0.73  0.77  0.80  0.85  0.90 
1.57  1 .57  1.61  1 .70  1.7G  1.87  1.98 

Extra  Apollo  Special  Electrical  (non-aging,  density  7.50) 

I0.80! I I 

...1.75  ........  .... 

....  0.06....  . . . 

....  1.45!....  ........ 

1 1 ‘ ’ 1 1 

1 

Dynamo  Special  Electrical  (non-aging,  density  7.50) 

j Watts  per  pound,  60  cycles 

0.95  0.97  1.01  1.04  1.08  1. 13  1.17 
2. 10  2. 1412. 22>2. 2012.38  2.49  2.57 

I Watts  per  pound,  50  cycles 

Watts  per  kilogram,  50  cycles 

0 . 78 1 0 . 80  0 . 83  0 . 86  0 . 89 1 0 . 93  j 0 .96 
1.72  1.76  1.83  1.90  1.90  2.05  2.12 

U.  S.  Electrical  (practically  non-aging,  density  7.70) 

Watts  per  pound,  60  cycles 

I Watts  per  kilogram,  60  cycles 

Watts  per  pound,  50  cycles 

I Watts  per  kilogram,  50  cycles 

1 . 38  1 . 45!  1 . 52  1 . 62!  1 . 68  1 . 82  2 . 05 
3.04  3. 1913.35  3.56  3.70  4.00  4.51 
1.13  1.  is!  1.24  1.30  1.36  1.50  1 65 
2.49  2.60  2.73  2. 8G  3.00  2.30)3.63 

American  Armature  (slight  aging,  density  7.70) 

Watts  per  pound,  60  cycles 

Watts  per  kilogram,  60  cycles 

Watts  per  pound,  50  cycles.  . 

Watts  per  kilogram,  50  cycles 

1 . 65  1 . 75l  1 . 95^2 . 05  2.19  2. 50  2 . 80 
3.63  3.85  4.29  3.51  4.82  5.50  6. 16 

1 . 32  1 . 40  1 . 56  1 . 04  1 . 70  2 . 00  2. 24 
2.90  3.08  3.43  3.61  3.87  1.40)4.93 

B 
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Fbq.  20. — Average  induction  curves,  “American  Armature"  sheets. 
(A.  8.  A T.  P.  Co  ). 
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PROPERTIES  OF  MATERIALS 


ttl.  Effect  of  mechanical  working'  on  sheets.  The  only  working  the 
material  receives  is  punching  and  compression  in  the  finished  core.  'The 


effect  of  punching  is  to  deteriorate  the  magnetic 
properties,  which  can  be  removed  by  subsequent  an- 
nealing, but  if  the  cutting  edges  are  sharp  the  effect 
is  very  small. 


in  Figs.  26  to  28.  Normal  induction  curves  are  shown 
in  Fig.  26.  Curves  of  total  core  loss  are  given  in 
Figs.  27  and  28,  all  data  being  supplied  by  Follansbee 
Brothers  Company.  Both  grades,  carbon  steel  and 
silicon  steel,  are  made  by  the  basic  open-hearth  process. 
Further  data  may  be  obtained  from  articles  by  J.  G. 
Homan  in  the  Electrical  World , Sept.  7,  1912,  pp.  501- 
502,  and  the  Iron  Age,  Jan.  2,  1913. 

SIS.  Stalloy  is  the  trade  name  for  a commercial 
transformer  steel.  Hamlen  and  Roesiter  ( Electrician 
(London),  Nov.  3,  1911)  found  the  maximum  permea- 
bility to  be  as  follows:  unannealed,  3,100  at  <B«4,500; 
annealed,  4,200  at  ©■»  7,000.  Hysteresis  loss,  2,500 
ergs  per  cu.  cm.  per  cycle  at  © — 10,000. 

IS4.  Curves  of  total  core  losses  in  electrical 
sheets  are  given  in  Fig.  29,  taken  from  the  article  on 
**  Transformers,"  by  Dr.  A.  S.  McAllister  in  the  3rd 
edition  of  the  Standard  Handbook. 


111.  Data  on  Follansbee  steel  sheets  are  given 
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Fig.  21.— Aver- 
age hysteresis  loop, 
“American  Arma- 
ture” sheets. 

(A.  8.  ft  T.  P.  Co.). 


MAGNET  STEEL 

111.  Desired  characteristics  in  permanent  magnets  are  maximum 
retentivity  or  retained  flux,  high  coercive  force  and  permanency  or  non- 
aging characteristics.  Alloy  magnet  steels  having  a coercive  force  of  60 
to  70  units  have  in  recent  years  replaced  the  plain  carbon  steels,  whose 
coercive  force  oannot  be  made  to  exceed  45  to  50  units. 

B 


Fio.  22. — Average  induction  curves,  “U.  S.  Electrical”  sheets 
(A.  S.  ft  T.  P.  Co  ). 

21 6.  Magnet  steels  at  present  employed  are  of  two  varieties,  i.e.,  tungsten 
magnet  steel  and  chromium  magnet  steel.  Although  the  magnetic  prop- 
erties of  the  chrome  variety  are  somewhat  inferior  to  the  best  tungsten 
steels,  the  former  have  come  into  use  owing  to  the  recent  high  price  of 
tungsten  and  the  scarcity  of  supply.  In  terms  of  the  average  properties 
of  tungsten  magnet  steel,  the  residual  flux  (retentivity)  of  chrome  magnet 
steel  averages  about  88  per  cent,  and  the  coercive  forqe  averages  about 
96  per  cent. 
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if.  Carbon  magiut  steal  is  a high-carbon  steel,  and  must  be  hardened 
by  quenching  after  it  has  been  forged  and  machined  to  shape.  Fig.  30 
lioti  the  normal  saturation  curve  and  the  hysteresis  loop  of  a glass-hard 
pianoforte  steel  wire  (Ewing,  J.  A.  “ Magnetic  Induction  in  Iron  and  Other 
Metals;’'  London,  1900  ; 3rd  rev.  ed.,  pp.  83,  84).  The  maximum  per- 
meability in  Fig.  30  is  only  118.  For  information  relative  to  the  effect  of 


different  degrees  of  temper  on  the  retentiveness  see  Bulletin  No.  14,  by 
Baras  and  Stronhal,  U.  S.  Geological  Survey,  1885. 

Extensive  experiments  by  G.  Mars  (Stahl und  Risen.  1909,  Vol.  XXIX,  p. 
1760)  indicate  that  retentivity  is  a function  of  the  hardness  and  composition 
of  the  metal.  Fig.  31  shows  relations  between  carbon  content,  hardness  and 


B 


Fio.  24. — Average  induction  curve,  ** Apollo  Special  Electrical”  sheets 
(A.  S.  A T.  P.  Co.). 

of  carbon  steel.  The  hardness  tests  were  made  with  a 10-mm. 
“®»e*l  ball  and  a pressure  of  3,000  kg.  The  retentivity  increases  with  the 
*"on  content  and  hardness  up  to  a point  where  further  increase  in  carbon 
accompanied  by  increase  in  hardness,  then  the  retentivity  decreases 
**  to  displacement  of  effective  iron  by  the  carbon.  Similar  experiments 
various  alloy  steels  give  results  shown  in  Par.  130. 
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228.  Tungsten  magnet  steel  usually  contains  from  5 to  6 per  cent,  of 
tungsten;  and  from  0.2  to  0.4  per  cent,  of  chromium,  which  renders  the 
magnetic  properties  appreciably  better  than  when  this  element  is  entirely 
omitted,  for  the  reason,  it  is  thought,  that  the  latter  element  increases  the 
solubility  of  the  tungsten  in  the  molten  steel.  Quenching  is  done  in  run- 
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Fig.  25. — Average  hysteresis  loop, 
“Apollo  Special  Electrical’'  sheets 
(A.  S.  & T.  P.  Co.). 
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Fig.  26. — Normal  induction  curves 
of  Foll&nsbee  steel  sheets. 


ning  water,  from  temperatures  ranging  between  1,550  to  1,600  deg.  fahr., 
depending  upon  the  cross  section  of  tne  sample.  The  carbon  content  in 
American  steels  averages  about  0.7  per  cent.,  which  is  a little  lower  than 
the  average  used  in  tne  case  of  chromium  steels.  Using  H max.  of  300 
gausses,  common  magnetic  values  are,  residual  flux  «=  10,500,  and  coercive 
force  = 65. 


as  a 4 acas  1.0  1.21.4  lo  lb  2.0  2.214  10  is  so  it 
WatU  per  lb.,  at 00 Cycles 


Fig.  27. — Total  core  loss  in  Follansbee  improved  electric  steel  sheets. 

229.  Chromium  magnet  steel  usually  contains  from  2 to  3 per  cent,  of 
chromium,  and  0.8  to  0.9  per  cent,  of  carbon.  The  addition  of  small  amounts 
of  tungsten  to  chromium  steel  results  in  no  appreciable  benefits  to  the 
magnetic  properties,  and  therefore,  is  never  made.  Quenching  of  chromium 
magnet  steel  is  frequently  done  in  oil,  and  at  somewhat  lower  temperatures 
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charier  tungsten  steel,  ranging  between  1 ,476  to  1 ,525  deg.  fahr . If  quenched 
a water,  still  lower  temperatures  are  used;  vis.,  1,450  to  1,500  deg.  fahr.; 
ftfer  quenching,  however,  tends  to  result  in  more  or  less  hardening  breakage. 
For  oil-hardened  specimens,  common  magnetic  values  are,  residual  flux  = 
tMOand  coercive  force  = 63,  with  H max.  of  300  gausses. 


Fiq.  28. — Total  core  loss  in  No.  29  gage  (0.014  in.)  Follansbee  transformer 
steel. 


Fig.  29. — Curves  of  total  core 
bases  in  electrical  sheets. 


Fxa.  30. — Hysteresis  loop  of  glass- 
hard  steel  wire. 


Cfcrbon  P«xo«nl 


Fiq.  31. — Hardness  and  retentivity  of  carbon-steel. 
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SSO.  Chemical  analytic  of  tungsten  and  chrome  magnet  steels 
recommended  limits 

. (Data  from  Halcomb  Steel  Co.) 


Steel 

Range 

C 

w 

Cr 

Mn 

P 

8 

Si 

Tungsten j 

Min .... 

0.70 

5.0 

0.20 

0.30 

| Max. . . . 

0.90 

6.0  | 

0.40 

0.50 

0.030 

0.030 

0.031 

Chromium . . . j 

SSI.  Hon -magnetic  steels.  Hadfield  found  the  presence  of  larg 
proportions  (12  per  cent.)  of  manganese  in  steel  deprived  the  metal  o 
nearly  all  of  its  susceptibility.  Hopkinson  found  that  a specimen  of  stec 
containing  25  per  cent,  of  nickel  was  practically  non-magnetic  at  ordinar 
temperatures,  but  after  cooling  to  a very  low  temperature  it  became  strongl; 
magnetic  and  remained  so  upon  returning  to  normal  temperature.  Th 
self-hardening  steels  (see  “ Structural  Materials,"  Sec.  4)  are  also  practi 
oally  non-magnetic.  Any  steel  in  the  austenitic  state  is  non-magnetic. 

BIBLIOGRAPHY 
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Pbndbr,  H. — "Principles  of  Electrical  Engineering."  McGraw-Hill  Bool 
Co.,  Inc.,  New  York,  1911. 

Ghat,  A. — “Electrical  Machine  Design.”  McGraw-Hill  Book  Co.,  Inc. 
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Bureau  of  Standards. 

INSULATING  MATERIALS 

CLASSIFICATION 

SSS  Methods  of  Glassification.  Dielectrics  may  be  classified  in  i 
number  of  ways:  (a)  physical  grouping,  under  solids,  plastics,  liquids  an< 
gases;  (b)  according  to  working  temperature  limits;  (c)  according  to  the  typ 
of  application. 

134.  Classification  of  dielectrics  according  to  heat-resisting  prop 
ertles.  Messrs.  Steinmets  and  Lamme  in  their  A.  I.  E.  E.  paper  on  * Tern 
perature  and  Electrical  Insulation"  (1913,  Vol.  XXXII  p.  79)  olaasif 
the  usual  insulating  materials  as  follows,  in  three  general  classes. 

Class  A.  This  includes  most  of  the  fibrous  materials,  as  paper,  cottoi 
etc.,  most  of  the  natural  oil  resins  and  gums,  etc.  As  a rule,  such  materia] 
become  dry  and  brittle,  or  lose  their  fibrous  strength  under  long-continue 
moderately  high  temperature,  or  under  very  high  temperature  for  a shot 
time. 

Class  B.  This  includes  what  may  be  designated  as  heat-resisting  material) 
which  consist  of  mica,  asbestos,  or  equivalent  refractory  materials,  frequentl 
used  in  combination  with  other  supporting  or  binding  materials,  the  deteri< 
ration  of  which,  by  heat,  will  not  interfere  with  the  insulating  property 
of  the  final  product.  However,  where  such  supporting  or  binding  materia] 
are  in  such  quantity,  or  of  such  nature,  that  their  deterioration  by  heat  wl 
greatly  impair  the  final  product,  the  material  should  be  considered  as  belonj 
ing  to  class  A. 
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Clan  C.  This  is  represented  by  fireproof,  or  heat-proof  materials,  such  as 
oiea,  >o  assembled  that  very  high  temperatures  do  not  produce  rapid 
deterioration.  Such  materials  are  used  in  rheostats  and  in  the  heating 
dements  of  heating  appliances,  etc. 

The  temperature  limits  specified  by  the  A.  I.  E.  E.  Standardisation  Rules 
?ec.  24,  Par.  188)  are  as  follows: 

(4-1)  Cotton,  silk,  paper  and  other  fibrous  materials,  not  so  treated  as  to 
increase  the  temperature  limit,  95  deg.  cent. 

(4-2)  Same  as  A-l,  but  treated  or  impregnated,  and  including  enameled 
•ire.  105  deg.  cent. 

(B)  Mica,  asbestos  or  any  other  material  capable  of  resisting  high  tem- 
perature, in  which  any  class  A material  or  binder,  if  used,  is  for  structural 
Purposes  only,  and  may  be  destroyed  without  impairing  the  insulating  or 
mechanical  qualities,  125  deg.  cent. 

(0  Fireproof  and  refractory  materials,  no  specified  limit. 

888.  Physical  Classification  of  Dielectrics 

Gams  and  resins 
Asbestos 
Wood 
Soapstone 
Slate 
Marble 
Lava 
Mica 

Papers  and  sheets 
Fabrics  and  yarns 
Hard  rubber 
8ynthetio  resins 
Molded  compositions 
Glass 

Vitrified  materials 
Caoutchouc 
Gutta  percha 
Pitohes 
Asphalts 
Waxes 
Compounds 
Mineral  oil 
Animal  oil 
Vegetable  oil 
Varnish 
Shellac 
Paint 
Enamel 
Japan 

Atmospheric  air 
Hydrogen 
Nitrogen 
Carbon  dioxide 

*M.  Classification  of  dielectrics  according  to  type  of  application. 

tuer  this  classification  can  be  named:  (1)  Wire  insulation;  (2)  cable  insu- 
res; (3)  insulating  supports,,  combining  dielectric  properties  with  mechan- 
*ttfrength:  (4)  eou  and  slot  insulation  for  electrical  apparatus  and  machin- 
(5)  insulating  sheets,  slabs  and  barriers;  (6)  molded  insulation,  shaped 
•wr  the  application  of  heat  and  mechanical  pressure;  (7)  impregnating  and 
compounds;  (8)  superficial  paints  and  varnishes;  (9)  fluid  insulators; 
“ pseous  insulators. 

• L Dm  of  trade  names  in  connection  with  insulating  materials  has 
Vvtanately  become  very  common.  On  account  of  the  great  number  of 
y jaarocs  no  attempt  has  been  made  to  state  or  define  them  all.  Wherever 
insulating  materials  have  been  grouped  and  described  in  accordance 
a rational  classification,  and  adhering  if  possible  to  the  natural  or  de- 
arr9tive  name  of  each  thing  instead  of  its  trade  name. 
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DISCUSSION  or  PROPERTIES 
115.  Desirable  characteristics  of  dielectrics  may  be  enumerated 
follows,  under  four  heads:  (1)  electrical,  (2)  mechanical,  (3)  thermal,  ( 
chemical. 


(1)  Electrical 

(a)  Great  resistivity. 

(b)  Small  surface  leakage. 

(c)  Great  disruptive  strength. 

(d)  Desirable  magnitude  of  dielectric 
constant  depends  upon  typos  of 
application. 

(e)  Small  dielectric  absorption. 

(f)  Small  dielectric  hysteresis. 

(g)  Minimum  power  factor. 

(h)  Minimum  temperaturo  coeffi- 
cients. 

(2)  Mechanical 

(a)  Great  tensile  strength. 

(b)  Great  shearing  strength. 

(c)  Great  compressive  strength. 

(d)  Desirable  magnitude  of  modulus 
of  elasticity  depends  upon  type  of 
application. 

(e)  Desirable  degree  of  hardness — 
ditto  (d). 

Not  brittle. 

Dense  n on-porous  structure. 

(h)  Non-hygroscopic. 

(i)  Readily  workable. 


(3)  Thermal 

fa)  Large  specific  heat. 

(b)  Small  t normal  resistivity. 

(e)  Small  coefficient  of  expansion. 

(d)  High  softening  temp. 

(e)  High  melting  point,  for  solids. 

(f)  High  boiling  point  and  low  free 
ing  point,  for  liquids. 

(g)  Low  viscosity. 


(4)  Chemical 

(a)  Stability. 

(b)  Insoluble  in  acids,  alkalies  an 
oils 

(c)  High  flash  point. 

(d)  High  fire  point. 


119.  Insolation  resistance  is  separable  into  two  components,  volutn 
resistivity  and  surface  resistivity.  The  leakage  path  through  the  substaoc 
or  interior  of  the  dielectric  is  electrically  in  parallel  with  the  surface  leaks* 
path  composed  of  a film  of  moisture  or  oil  (with  the  frequent  addition  of  dpi 
or  foreign  matter)  on  the  surfaces  of  the  dielectric.  For  exhaustive  discui 
sion  of  the  characteristics  of  insulation  resistance  and  the  insulating  propel 
ties  of  dielectrics  see  the  following: 

Evershed,  S.  “The  Characteristics  of  Insulation  Resistance;"  Jou « 
I.  E.  E.,  1913. 

Curtis,  H.  L.  “Insulating  Properties  of  Solid  Dielectrics;”  Scientifi 
Paper  No.  234,  Bureau  of  Standards,  1915. 

Fleming  and  Dyke.  “On  the  Power-factor  and  Conductivity  of  Didc 
tries;”  Jour.  I.  E.  E.,  1912,  Vol.  XLIX,  No.  215,  pp.  323  to  431. 

140.  Volume  insulation  resistance  of  dieleotrics  is  dependent  upc 
the  resistivity,  usually  expressed  ns  volume  resistivity  in  ohm-cm.,  or  me 
ohm-cm.  for  greater  convenience.  Practically  all  dielectrics  have  a negath 
temperature  coefficient,  or  decreasing  resistance  with  rising  temperatui 
When  the  volume  resistivity  becomes  very  high,  on  the  order  of  10l*  ohm-ch 
the  dielectric  absorption  current  is  likely  to  be  of  sufficient  relative  magnify 
to  influence  the  observed  value  of  volume  resistivity  unless  sufficient  tiro# 
allowed  for  complete  electrification.  In  the  case  of  two  materials  havinl 
resistivity  of  10,T  ohm-cm.,  hard  rubber  and  fused  quarts,  the  apparent  rsi 
tivity  under  continuous  electrification  increases  for  a long  time. 

For  most  practical  cases,  however,  that  portion  of  the  leakage  curt* 
which  flows  through  tho  body  of  the  dielectric  is  negligible  in  comparison  «§ 
the  portion  which  flows  through  the  surface  film.  But  when  the  vohfl 
resistivity  is  less  than  1014  ohm-cm.  and  when  the  insulator  is  plaocd  ijfl 
atmosphere  having  a humidity  of  less  than  25  per  cent.,  the  greater  pari 
the  current  may  flow  through  the  body  of  the  insulator.  1 

In  porous  materials  or  those  containing  appreciable  moisture,  such] 
slate  and  marble,  the  volume  resistivity  decreases  somewhat  withincreaff 
applied  voltage.  In  all  such  cases  the  volume  resistivity  increases  rapS 
as  the  moisture  is  dried  out.  J 

The  effective  resistance  with  alternating  currents  is  usually  leas  than  if 
continuous  currents,  and  decreases  progressively  as  a rule  with  increasf 
frequency,  owing  to  dielectric  energy  losses  (Pair.  151). 
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Ml.  Surface  insulation  resistance.  The  surface  conductivity  is  the 
reciprocal  of  the  surface  resistivity,  and  the  surface  resUtivity  is  the  resist- 
oce  between  two  opposite  edges  of  a surface  film  which  is  1 cm.  square. 
Sac « for  most  materials  under  ordinary  conditions  of  humidity  the  surface 
resistivity  is  much  lower  than  the  volume  resistivity,  the  resistance  per 
*&timeter  length  between  two  linear  conductors  1 cm.  apart,  pressed  upon 
il*  surface  of  a slab  of  the  material,  is  approximately  equal  to  the  surface 
resistivity. 

The  relationship  between  surface  resistivity  and  humidity,  for  a number  of 
different  materials,  is  given  in  Fig.  32.  These  curves  are  generally  typical 

of  solid  dielectrics.  The  sur- 
face resistivity  is  often  a 
million  times  as  great  at  low 
humidity  as  at  high  humid- 
ity. Measurements  made  on 
various  molded  composi- 
tions at  the  Bureau  of 
Standards  (Scientific  Paper 
No.  234)  gave  values  ranging 
from  10,#  to  1017  ohm-cm. 
(between  opposite  edges  of  a 
film  1 cm.  square),  at  22 
deg.  cent. 

S4S.  Dielectrio  constant 

is  defined  in  Seo.  2.  The 
customary  medium  of  refer- 
ence is  almost  universally  dry 
air  at  normal  temperature 
and  pressure.  For  most  ma- 
terials the  temperature  coeffi- 
cient is  positive,  but  for 


Fia.  32. 


india-rubber  it.  appears  to  be 
negative  at  ordinary  tem- 
peratures. The  coefficient 
for  celluloid  at  15  deg.  cent. 
■ approximately  0.005  per  deg.  oent.,  whereas  for  mica  it  is  about  0.0006. 

Ml.  Dielectric  absorption  is  the  term  applied  to  the  apparent  soaking 
up  of  electric  charge  witlnn  the  body  of  a dielectric  when  the  electrio  stress  is 
prolonged  for  an  appreciable  time.  In  other  words,  it  requires  appreciable 
tune  for  the  dielectric  to  become  fully  saturated  with  electric  charge  or  dis- 
placement, when  a steady  stress  is  applied.  In  some  materials  this  phenom- 
eoon  is  marked,  while  in  others  it  is  slight.  Due  allowance  should  be  made 
far  it,  however,  in  certain  classes  of  measurements,  notably  insulation 
instance. 


M4.  Dielectric  strength,  usually  expressed  in  volts  or  kilovolts  (lev.)  per 
*1  or  per  mm.,*  is  a property  which  it  is  impossible  to  determine  with  high 
yeriaon,  and  which  is  affected  by  numerous  variables  such  as  the  sise  and 
tope  of  the  test  electrodes,  the  time  rate  at  which  the  test  voltage  is  raised  to 
he  disruptive  point,  the  order  of  frequency  of  the  test  voltage  and  the 
hickuess  of  the  test  specimen.  Furthermore,  disruptive  discharge  requires 
**  ®erdy  a sufficiently  high  voltage,  but  a certain  minimum  amount  of 
torgy.  There  is  no  accepted  standard  apparatus  or  method  for  testing 
^dectries,  and  hence  the  results  obtained  by  different  investigators  are  com- 
Itoble  only  as  to  general  order  of  magnitude,  if  at  all.  Moreover  the  prob- 
®k  error  in  measurements  of  disruptive  strength  is  unusually  large  ana  any 
to  wt  of  observations  is  likely  of  itself  to  be  in  error  bv  as  much  as  plus  or 
tow  10  to  20  per  cent.  Consequently  the  values  of  disruptive  strength 
toed  in  this  section  are  to  be  considered  as  purely  approximate  and  not 
tonrately  comparative. 

141.  The  factors  affecting  dielectric  strength  may  be  stated  as  fol- 
**i;  internal  or  external  heating,  chemical  change,  absorption  of  moisture, 

* 1 volt  per  mil  —39.4  volts  per  mm. 

1 volt  per  mil  —0.394  kv.  per  cm. 

1 volt  per  mm.  —0.0254  volt  per  mil. 

1 kv.  per  cm.  — 2.54  volts  per  mil. 
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nature  of  surrounding  medium,  size  and  shape  of  test  electrodes,  thickness 

: * — * — ‘L-  J u"ge,  whether  co 

der  of  magnitu 


test  specimen,  time  rate  of  applying  the  disruptive  voltage,  whether  co 
tinuous  or  alternating  test  pressure  is  employed,  and  ordei 


of  the  test  frequency. 

246.  Effect  of  size  of  electrodes.  Farmer  concluded  from  his  teats  th 
the  average  dielectric  strength  of  insulating  materials  in  Min  sheet  form 
materially  higher  with  small  electrodes  than  with  large  ones;  upon  maki 
the  electrodes  very  small,  such  as  needle  points,  however,  the  dielect: 
strength  apparently  decreases  again.  See  Farmer,  F.  M.,  "The  Dielect 
Strength  of  Thin  Insulating  Materials;"  Trans.  A.  I.  E.  E.,  1913,  Vol.  XXX! 
pp.  2097  to  2131.  Also  see  Franklin,  W.  S.,  "Dielectric  Stresses  from  t 
Mechanical  Point  of  View;’’  Jour.  Franklin  Inst.t  1913. 

247.  Effect  of  thickness  of  test  specimen.  It  is  comparatively  rare 
find  an  insulating  material  whose  dielectric  strength  varies  uniformly  with  i 
thiokness.  In  the  case  of  fibre,  for  example,  the  disruptive  strength  i 
creases  very  slowly  with  increasing  thickness.  On  the  other  hand,  the  d: 
ruptive  strength  of  multiple  layers  of  glass  with  intervening  oil  films  is  near 
proportional  to  the  thickness.  A law  was  proposed  by  Baur  which  can 

expressed  2?  — kl  where  E is  the  disruptive  voltage,  l is  the  thickness  of  t 
dielectric  and  k is  a constant;  in  other  words,  the  disruptive  voltage  van 
as  the  two-thirds  power  of  the  thickness.  This  law  is  a rough  guide  for  soi 
materials.  Another  law  proposed  by  Walter,  for  air,  is  2?  — a+bl,  whe 
a and  b are  oonstants  and  l is  the  thickness;  this  law  holds  for  needle  ga 
from  50  to  450  mm.  under  ordinary  pressures  and  temperatures. 

248.  Lamination.  Hendricks*  states  that  a finely  laminated  struct  u 
improves  the  dielectric  strength.  This  is  partly  explained  as  follows:  wci 
spots  in  successive  layers  very  rarely  coincide  in  position,  rupture  at  soi 
local  internal  point  may  be  confined  to  one  lamination,  and  thin  materii 
are  in  general  superior  in  point  of  electric  and  mechanical  unit  strength. 

249.  Effect  of  frequency.  There  is  usually  considerable  differen 
between  disruptive  strengths  as  determined  by  alternating  e.m.fs.  and  1 
continuous  e.m.fs.  In  the  case  of  continuous  e.mis.  there  is  much  less  i 
ternal  heating  than  there  is  with  alternating  e.m.fs.  Disruptive  strengt 
of  solid  dielectrics  measured  with  continuous  e.m.fs.  are  about  one  and  on 
half  to  two  times  the  strengths  meas- 
ured with  alternating  e.m.fs.  under 
like  conditions.  When  the  order  of 
frequency  is  increased  from  commer- 
cial power  frequencies  to  those  repre- 
sentative of  high-frequency  high-power 
surges,  say  200,000  cycles,  there  is 
reason  to  believe  that  the  disruptive 
strength  is  reduced.  Creighton  has 
shown  that  this  is  the  fact  m the  case 
of  porcelain  (see  Proe.  A.  I.  E.  E., 

May,  1915,  p.  819,  Fig.  29),  where 
disruptive  values  at  very  high  fre- 
quency were  on  the  order  of  60  to  80 
per  cent,  of  the  60-cycle  values. 

280.  Effect  of  the  time  element 
in  applying  the  disruptive  pressure  is 

Sronounced.  For  very  brief  periods 
ielectrics  will  withstand  much  greater 
potentials  than  for  longer  periods. 

This  is  apparently  a consequence,  in 

part  at  least,  of  the  fact  that  disruptivo  discharge  requires  a certain  minimu 
amount  of  energy  in  each  instance.  Thus  the  disruptive  energy  required 
the  case  of  oil  is  about  30  times  that  required  for  air.  It  is  characterisl 
of  oil  and  of  materials  impregnated  with  oil  that  the  dielectric  strength 
greater  for  instantaneous  or  very  brief  applications  of  stress  than  itisund 
prolonged  stress.  The  brief  time  interval  required  to  energise  the  dielecti 


SO  SO  40  so  to  in 
Tims- Seconds 

Fio.  33. — Typical  curves  of  d 
ruptive  voltage  with  respect  to  i 
terval  required  for  puncture. 


* Hendricks,  A.  B..  Jr.  "High-tension  Testing  of  Insulating  Materials 
Trans.  A.  I.  E.  E.,  1911,  Vol.  XXX,  p.  167. 
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before  breakdown  occurs  is  sometimes  referred  to  as  the  dielectric  spark  lag. 
A food  illustration  of  the  comparative  effects  of  slow  versus  fast  rate  of  appli- 
cation of  the  disruptive  voltage  is  given  by  Creighton  for  porcelain  (seeProc. 
A I.  E.  E.t  May,  1015,  p.  818,  Fig.  28).  Also  see  Hayden  and  Steinmets, 
“ Disruptive  Strength  with  Transient  Voltages;”  Trans.  A.  I.  E.  E.,  1910, 
Vol.  XXIX,  pp.  1125  to  1158.  Fig.  33  shows  typical  curves  (plotted  from 
Rayner’s  1912  paper.  Jour.  I.  E.  E.)  of  disruptive  voltage  with  respect  to  the 
lime  required  for  puncture. 

SSI.  Dielectric  hysteresis  is  a form  of  energy  loss  in  dielectrics,  and  is 
independent  of  any  loss  due  to  pure  conduction.  The  latter  loss  is  expressed 
by  where  g is  the  total  conductance  in  mhos  of  a given  body  of  dielectrio 
and  E is  the  impressed  difference  of  potential  in  effective  volts,  the  power  loss 
given  thereby  being  expressed  in  watts.  The  static  component  of  dielec- 
tric hysteresis  probably  is  proportional  to  the  1.6th  power  of  the  maximum 
dielectric  flux  density.  The  viscous  component  of  dielectrio  hysteresis 
follows  the  square  law.  The  latter  component  is  probably  the  predominating 
one,  since  experimental  evidence*  from  condenser  testa  with  alternating 
currents  goes  to  show  that  the  angle  of  phase  difference  due  to  hysteresis  is  a 
constant,  for  any  particular  condenser.  It  follows  from  this  that  the  power 
km  in  the  dielectric  is  proportional  to  the  square  of  the  flux  density  and  the 
square  of  the  frequency,  wnich  corresponds  to  the  viscous  component  of  hys- 
teresis. As  a rule  these  electrostatic  hysteresis  losses  in  a condenser  are 
much  smaller  than  the  losses  occasioned  by  magnetic  hysteresis  and  are  rather 
difficult  to  measure.  Frequently  they  amount  to  no  more  than  a fraction  of  1 
per  cent,  of  the  volt-ampere  input  of  the  condenser,  at  frequencies  from  25  to 
125  cycles.  See  Rayner,  E.  H.,  “High-voltage  Tests  and  Energy  Losses  in 
Dielectrics Jour.  I.  E.  E.,  1912,  Vol.  XLIX,  No.  214,  pp.  3 to  89:  also  see 
Fleming  and  Dyke,  “On  the  Power-factor  and  Conductivity  of  Dielectrics;” 
Jour.  I.  E.  E.,  1912,  Vol.  XLIX,  No.  215,  pp.  323  to  431. 

288.  Dielectric  power-factor.  When  a dielectric  is  subjected  to  a pe- 
riodic alternating  e.m.f.  less  than  the  disruptive  value  there  is  a loss  or  expen- 
diture of  energy  within  the  dielectric  from  two  causes:  (1)  the  leakage  con- 
duction current,  (2)  the  dielectric  hysteresis.  Consequently,  the  volt- 
istpce  input  to  the  dielectric,  instead  of  having  a *ero .power-factor  as  in  the 
as  of  the  ideal  dielectric  of  infinite  resistance  and  sero  hysteresis,  has  a 
power-factor  of  finite  value  but  usually  small  magnitude.  This  total  dielec- 
tric loss  may,  in  some  cases,  have  considerable  importance.  Fleming  and 
Dyke*  made  tests  on  eleven  different  materials  at  92u,  2,760  and  4,600  cycles, 
and  found  that  the  power-factor  was  less  than  1 per  cent,  in  the  ease  of  dry 
Manila  paper,  paraffin  wax,  mica,  ebonite,  pure  india-rubber,  vulcanised 
india-rubber  and  sulphur;  about  2 per  cent,  for  glass  and  gutta  percha; 
and  8 per  cent,  for  dry  slate. 

282.  Effects  of  temperature.  If  a dielectrio  contains  moisture,  the 
application  of  heat  will  reduce  the  moisture  content  and  simultaneously 
increase  the  resistivity  and  the  disruptivo  voltage.  In  the  case  of  a thor- 
oughly dry  substance,  however,  increase  of  temperature  has  the  reverse 
•fieri.  Prolonged  heating  of  a dielectric,  if  in  excess  of  the  safe  or  conserva- 
tive limit  of  working  temperature,  is  injurious  and  tends  to  hasten  the  break- 
down of  the  material  by  disintegration  or  chemical  change,  and  ensuing  dis- 
ruptive failure.  Except  in  the  case  of  fireproof  and  refractory  materials,  the 
vwking  temperature  is  a most  important  factor  in  determining  the  life  of 
filiation.  See  Par.  234  and  also  see  the  temperature  limits  specified  in  the 
?*aadardixation  Rules  of  the  A.  I.*E.  E.,  Sec.  24,  Par.  187  to  200. 

SOLID  NATURAL  MATERIALS 

U4.  Asbestos  is  a mineral  fibre  comprised  of  hydrous  silicate  of  magnesia, 
*fceh  melts  at  a temperature  in  the  range  from  1,200  to  1,300  deg.  cent, 
h ii  useful  as  an  insulating  material  because  of  its  heat-resisting  au&litics, 
*d  is  fabricated  into  boards,  paper,  tape,  etc.,  frequently  in  combination 
wk  a binder  to  make  it  stronger  mechanically  and  less  absorbent  of  mois- 
toe.  It  is  not  inherently  a good  insulator,  and  for  this  reason  is  frequently 
fesed  with  other  fibres  or  loading  material  to  Impart  greater  strength,  higher 
‘isolation  and  better  finish.  The  commercial  varieties  of  asbestos  often 


‘Steinmeta,  C.  P.  “Alternating-current  Phenomena;**  New  York,  Mc- 
Cr»w-Hill  Book  Co.,  Inc.,  1908;  4th  ed.f  pp.  212  and  213. 
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contain  iron  and  other  impurities,  making  it  almost  useless  as  an  electrical 
insulator.  Asbestos  is  an  excellent  thermal  insulator.  Its  electrical  resis- 
tivity is  on  the  order  of  10  X 104  ohm-cm.;  disruptive  voltage,  60  to  100 
volts  per  mil;  maximum  working  temperature,  500  to  600  deg.  cent.  When 
used  lor  arc  defectors  in  controllers,  switches,  etc.,  it  is  usually  impreg- 
nated with  a solution  of  silicate  of  soda  and  then  subjected  to  heavy 
pressure. 

Asbestos  is  frequently  combined  with  magnesium  carbonate,  or  with  finely 
ground  sponge,  or  with  wool  felt,  as  a thermal  insulation  for  steam  pipes;  it 
is  also  mixed  with  cattle  hair,  for  similar  use,  and  known  as  asbestos  hair  felt. 
Asbestos  is  also  extensively  employed  in  the  manufacture  of  molded  composi- 
tions designed  to  withstand  high  temperatures. 

199.  Chalk  is  a fine-grained  limestone  of  marine  origin,  composed  of  finely 
comminuted  shells,  particularly  those  of  the  foraminifera.  The  specific  grav- 
ity may  be  as  low  as  1.8.  A theoretically  pure  limestone  is  merely  a massive 
form  of  the  mineral  calcite,  consisting  entirely  of  calcium  (lime)  carbonate, 
CaO+COt  — CaCO*,  or  56  per  cent.  CaO  and  44  per  cent.  CO*. 

199.  Fire  clay.  Clay  is  the  term  applied  to  fine-grained  unconsolidated 
natural  materials  which  possess  plasticity  when  wet,  but  lose  it  on  being 
heated  and  become  hard.  The  specific  gravity  ranges  between  1.5  and  2.2. 
The  clays  are  composed  essentially  of  silica  and  alumina,  in  a state  of  exceed- 
ingly fine  subdivision,  resulting  from  the  decay  of  older  rocks.  Fire  clay  is 
the  variety  of  clay  which  is  most  highly  refractory,,  containing  much  silica 
and  little  lime,  iron  or  alkalies.  As  an  insulator  it  is  applied  in  semi-liquid 
form  and  baked,  after  the  conductors  are  imbedded,  ft  is  not  affected  by 
acids,  oils  or  alkalies. 

287.  Gums  and  resins.  The  natural  gums  and  resins  suoh  as  caout- 
chouc, gutta-percha,  pitch,  etc.,  are  seldom  if  ever  employed  for  insulating 
purposes  while  in  their  native  condition,  but  are  treated,  or  mixed  with  other 
materials,  or  adulterated,  in  a great  variety  of  ways.  They  form  the  bases  or 
constituents  of  many  different  insulating  compounds,  but  undergo  numerous 
chemical  or  physical  changes  in  manufacture. 

298.  Ice.  The  disruptive  strength  of  ice  is  11  kv.  (max.)  per  cm. ; dielec- 
tric constant,  86.4;  resistivity,  7.2X10T  ohm-cm.  See  Thomas,  P.f  "The 
Dielectric  Properties  of  Non-conductors;”  Jour.  Franklin  In*t.,  1013,  Vol. 
CLXXVI,  pp.  283  to  301.  According  to  Whittaker's  Pocketbook,  purs 
water  has  a resistivity  of  7 X 10l*  ohm-cm. 

289.  Ivory  has  a resistivity  at  22  deg.  cent,  of  2X10*  ohm-cm. 

260.  Kaolin  is  a white  china  clay  whose  chief  ingredient  is  the  mineral 
kaolinite,  and  the  latter  has  the  chemical  composition  H* Al*8ijO«  4- 1 HiO,  or 
hydrous  silicate  of  aluminum. . Kaolin  is  highly  refractory  and  is  one  of  the 
principal  materials  employed  in  the  manufacture  of  porcelain.  It  is  some- 
times employed  for  insulating  purposes. 

291.  Lava  is  a mineral  talc,  which  has  the  chemical  composition  HsMgs- 
SUOu,  or  hydrated  magnesium  silicate,  and  is  similar  to  soapstone,  pumice 
and  talc.  It  is  slightly  soluble  in  hydrochloric  acid,  but  is  not  attacked  by 
other  acids  or  alkalies.  While  in  the  natural  state  it  can  bo  machined  with 
the  same  facility  as  brass.  It  neither  shrinks  nor  expands  under  the  in- 
fluence of  moisture  and  has  a very  small  coefficient  of  expansion. 

After  machining,  it  is  baked  at  about  1,100  deg.  cent,  which  renders  it 
extremely  hard.  Its  insulating  resistance  is  high  and  according  to  testa 
made  by  the  American  Lava  Co.,  its  dielectric  strength  varies  from  3,000  to 

10.000  volts  per  mm.,  according*  to  the  thickness.  See  Par.  270  and  271. 

262.  Lavite  (also  see  lava)  is  a light  buff  or  cream-colored  insulating  mate- 
rial invented  and  patented  in  1886  by  D.  M.  Steward.  The  manufacturers 
supply  the  following  information:  Density,  2.5  to  2.7;  electrical  resistivity, 
500  to  2,500  megonm-cm.;  disruptive  strength,  200  to  250  volts  per  mu; 
modulus  of  rupture,  6,000  to  12,000  lb.  per  sq.  in.;  compressive  strength. 

20.000  to  30,000  lb.  per  sq.  in. ; compares  with  glass  in  hardness;  not  affected 
by  temperatures  up  to  1,000  deg.  cent.;  unaffected  by  acids  except  aqua  regia. 

299.  Marble  is  a limestone  of  the  crystalline  variety  which  will  take  a 
high  polish  and  exhibit  pleasing  color  effects.  Its  chief  constituents  are 
lime  and  magnesia,  or  their  carbonates;  it  also  contains  water  of  formation 
and  sometimes  metallic  veins.  It  is  used  very  extensively  for  low-tension 
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switchboard  panels.  Its  properties  oan  be  improved  by  treatment  in  molten 
paraffin  wax  or  linseed  oil,  after  all  moisture  has  been  expelled,  but  such 
treatment  results  in  discoloration.  _ The  resistivity  is  on  the  order  of  10* 
to  10*  megohm-cm.  and  the  disruptive  voltage  is  in  the  vicinity  of  50  to  100 
volts  per  mil.  See  tests  in  Par.  S69. 

SS4.  Mica  is  generally  recognised  as  the  most  superior  insulating  material 
known  to  the  art,  that  which  is  imported  from  India  bein'*  the  best,  the 
Canadian  grades  next  and  domestio  varieties  last.  Either  domestic  or 
India  mica  is  satisfactory  for  nearly  all  insulating  purposes  exoept  for  com- 
mutators, where  it  is  too  hard  to  wear  down  as  fast  as  the  copper  bars.  For 
the  latter  service  Canadian  amber  mica  is  considered  more  satisfactory, 
being  softer  than  the  other  grades.  All  grades  of  muscovite  (white)  mica 
are  considered  suitable  for  electric  heating  appliances.  Mica  sheets  and 
washers  are  used  in  electrical  apparatus  and  appliances  in  almost  innumer- 
able shapes.  Cut  mica  in  sheets  becomes  very  expensive  in  the  larger  sixes, 
the  largest  commercial  listed  sise  being  8 in.  by  10  in.  On  this  account  it 

is  customary  to  build  up  larger 
sixes  by  connecting  together  thin 
layers  of  mica.  Such  manufac- 
tured mica  plate  takes  a number 
of  forms. 

!M.  Composition  and  prop- 
erties of  mica.  Mica  is  a 
refractory  mineral  constituted  of 
the  double  silicate  of  alumina  or 
magnesia,  and  potash  or  soda, 
combined  with  varying  propor- 
tions of  potash,  soda  and  other 
impurities.  Iron  in  excess  colors 
it  gray  and  black;  magnesia  tends 
to  darken  the  color;  aluminium 
and  potassium  silicates  tend  to 
make  the  mica  transparent. 
Mica  crystallises  in  laminated 
form  ana  may  be  split  along  its 
axis  to  sheets  as  small  as  0.006 
mm. 

It  has  a high  dielectric  strength 
and  is  suitable  to  withstand  high 
. . temperatures.  However,  in  its 

no.  34. — Disruptive  strength  of  mica  in  natural  state  it  is  not  flexible  nor 
air  and  in  oil.  uniform,  and  permits  large  sur- 

face leakage;  so  that  most  mica 
■ reconstructed  and  put  on  the  market  in  the  form  of  micanite,  megomit, 
megotalc,  etc. 

The  proDetties  of  mica  are  very  fully  oovnred  in  a publication  by  Zeitler.  H. 
“Mica:  Its  History,  Production  and  Utilization,  1 D.  Jaroslaw,  London. 
1913:  also  in  the  1912  edition  of  “Mica,"  by  the  Canadian  Dept,  of  Mines, 
sources  were  utilized  in  the  preparation  of  the  following  table. 


1 

Origin 

Resistivity  i 
in  1011  ohm 
-cm. 

Dielectric 

constant 

Madras.  . . .... 

16  to  133 

7 to  118 
0.44  to  22 
39 

2.5  to  5.5 

2.8  to  4 7 

2.9  to  3.0 
5.9 

Bengal ... 

Canada .... 

'out h America. . . ... 

Disruptive  strength 
in  volts  per 
mm.  * 


50.000  to  80,000 

40.000  to  120,00 
80,000 

40,000  to  90.000 


. * ¥VU*WV**  Utcictll  iO  1U  DUtXlO  ^ IV  « iilllO 

Uudct  as  about  2,000  volte  per  mil  for  amber  mica  and  about  3,000  to  4,000 
raltx  per  mil  for  the  white,  ruby  and  soft  green  varieties;  Fig.  34  shows  the 


• Not®. — Test  thickness,  0.3  mm. 
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results  of  tests  made  by  Rayner  at  the  Notional  Physical  Laboratory  {Jour. 
I.  E.  E.,  1012.  Vol.  XLIX,  No.  212).  Power-factor  at  020  cycles,  0.001.  The 
density  of  mica  is  from  2.7  to  3.1.  Specific  heat,  0.206  to  0.208.  It  is  not 
affected  by  heat  until  a temperature  of  several  hundred  degrees  centigrade 
is  reached,  when  the  laminn  separate  in  the  harder  varieties  and  tend  to 
disintegrate  into  small  scales  or  flakes;  amber  mica  is  less  affected.  Melting- 
point,  1.200  to  1,300  deg.  cent.  It  will  withstand  great  mechanical  pressure 
perpendicular  to  the  plane  of  cleavage. 

166.  Mica  products.  Many  products  are  manufactured  from  mica,  in- 
cluding paper,  cloth,  plate  and  molded  insulation.  In  some  cases  the  stripe 
of  mica  are  mounted  on  paper  or  cloth,  in  alternate  layers,  using  an  insulating 
binder  such  as  shellac.  Molded  products  are  usually  made  from  ground 
mica  mixed  with  a binder,  and  sometimes  mixed  with  other  insulating  mate- 
rials such  as  asbestos,  or  a gum  or  compound. 

167.  Quarts  is  a form  of  silica  (SiOi)  occurring  in  colorless  transparent 
hexagonal  crystals,  but  sometimes  yellow,  brown,  purple,  green  and 
other  colors.  It  also  occurs  in  crystalline  masses  of  vitreous  luster.  Dens- 
ity, 2.65.  Dielectric  constant  4.3  to  5.1.  The  resistivity  is  from  10l*  to  10,T 
ohm-cm.'  Silica  is  the  principal  constituent  of  glass.  Quarts  fibres  of  very 
small  lateral  dimensions  are  sometimes  used  for  suspensions  in  delicate 
electrical  instruments:  such  fibres  have  a tensile  strength  of  about  10  X 10* 
dynes  per  sq.  cm.  Also  see  fused  silica  (Par.  STS). 

168.  Slate  is  a rock  of  clay  composition,  in  which  pressure  has  produced 
a very  perfect  cleavage,  so  that  it  may  be  split  into  thin  tough  plates.  The 
principal  constituents  are  silica  and  alumina,  with  small  percentages  of  iron 
oxides,  lime,  magnesia,  potash  and  soda.  It  frequently  contains  metallic 
veins,  which  make  it  worthless  for  electrical  work.  It  is  hygroscopic,  in 
addition  to  containing  water  of  formation,  and  is  therefore  far  from  an 
ideal  insulator.  The  resistivity  of  a good  grade  of  slate  at  normal  tempera- 
ture is  of  the  order  of  10*  to  104  megohm-cm.,  and  decreases  rapidly  at  high 
temperatures;  higher  values  of  resistivity  have  been  obtained  with  very 
dry  specimens.  The  dielectric  constant  is  between  6 and  7.  Power-factor 
at  920  cycles,  0.086.  The  disruptive  voltage  for  1 in.  of  thickness  is  from 
5,000  to  10,000  volts,  or  5 to  10  volts  per  mil.  See  tests  in  Par.  868.  Specific 
heat,  about  0.2;  thermal  conductivity,  0.0036  g-cal.  per  cm-cube  per 
deg.  cent,  per  sec.  The  density  is  from  2.7  to  2.9.  Slate  is  a satisfac- 
tory insulator  where  a non-combustible,  low-tension  material  having  fair 
insulating  properties  is  required.  It  is  sometimes  varnished  or  enamelled  to 
keep  out  moisture. 

869.  Puncture  tests  of  Vermont  slate  and  marble.*  made  with  flat 
circular  brass  electrodes  0.785  in.  in  diameter  having  slightly  rounded  edges, 
indicated  values  ranging  from  50  volts  to  100  volts  per  mil  for  marble  (test 
pieces  14  in.  square  and  about  1 in.  thick)  and  roughly  one-tenth  of  these 
values  for  slate.  Blue  marble  was  considered  superior  to  white  marble. 
Marked  heating  of  the  specimens  was  noted  at  or  near  the  rupturing  voltages, 
being  lees  marked  in  the  case  of  blue  marble,  and  especially  marked  in  slate; 
the  test  pieces  were  air  dried  in  a warm  room  for  several  weeks  before 
testing,  but  undoubtedly  retained  a certain  amount  of  moisture.  Corona  or 
brush  discharges  were  very  noticeable  during  the  tests,  at  pressures  in  the 
vicinity  of  the  rupturing  values. 

870.  Soapstone  is  a kind  of  soft  stone,  .which  is  soapy  or  slightly  oily  to 
the  touch.  It  is  also  known  as  steatite,  or  massive  variety  of  talc,  of 
grayish-green  or  brown  oolor.  It  forms  extensive  beds  and  is  mined  for 
hearths,  sink  linings,  etc.  It  is  occasionally  used  for  electrical  insulation,  in 
the  form  of  slabs  or  barriers  and  will  withstand  very  high  temperatures.  It 
is  soft,  not  very  strong,  not  affected  by  acids,  oils  or  alkalies;  can  bo  ma- 
chined, drilled  and  sawed,  and  absorbs  moisture. 

871.  Tale  is  a hydrous  magnesian  silicate,  HsMg«(3i0t)«,  containing  when 
pure  63  per  cent,  of  silica,  32  per  cent,  of  magnesia  and  5 per  cent,  of  com- 
bined water.  It  has  a specific  gravity  of  2.6  to  2.9.  Soapstone  and  French 
chalk  are  varieties  of  talc;  other  varieties  are  used  in  making  soap,  paper, 
lubricants,  etc.  See  Par.  861. 


* Report  of  the  Vermont  State  Geologist,  1912,  pp.  196  to  219. 
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ITS.  Wood  is  used  as  an  insulating  material  to  a considerable  extent.  The 
varieties  of  wood  employed  are  usually  the  hard  woods,  such  as  maple  and 
hickory,  impregnated  with  oil,  paraffin  wax,  or  clear  air-drying  varnish.  The 
resistivity  of  paraffined  wood,  at  22  deg.  cent,  is  of  the  following  magnitude: 
mahogany,  4X101*  ohra-cm.:  maple,  3X  1010;  poplar,  5X10“;  walnut, 
0.09 X 10w  to  1 XIO*  (Scientific  Paper  No.  234,  Bur.  of  Standards).  The 
dielectric  constant  and  the  disruptive  voltage  are  both  dependent  upon 
whether  the  electric  stress  is  parallel  or  perpendicular  to  the  grain.  Paral- 
lel to  the  grain  the  dielectric  constants  of  red  beech  and  oak  are  between 
2.5  and  4.8;  perpendicular  to  the  grain,  3.6  to  7.7. 

In  maple  boiled  in  transformer  oil  under  vacuum,  dried  under  vacuum  and 
bailed  again  at  atmospheric  pressure,  the  disruptive  voltage  along  the  prain, 

1 in.  of  separation,  was  70  kv.;  at  2 in.  it  was  90  kv.;  across  the  grain,  at 
0.5  in.,  it  was  60  kv.;  at  1 in.  it  was  80  kv.;  dielectrio  constant,  at  20  to  25 
deg.  oent.;  across  grain,  4.1.  Well-dried  wood  should  stand  10  kv.  per  in. 
without  signs  of  burning  or  heating.  It  is  extremely  important  that  the 
wood  should  be  well  dried  before  impregnation,  because  it  is  very  difficult  to 
remove  the  moisture  subsequently.  When  wood  contains  moisture  it  is  a 
“htively  poor  insulator  and  the  water  contained  in  the  cells  conducts  eleo- 
trdyticaily.  Wood  treated  with  sine  chloride  to  protect  it  against  decay  has 
comparatively  low  resistivity;  see  Electrical  World,  1911,  Vol.  LVII,  p.  828. 
For  curves  of  disruptive  strength  of  maple  see  Hendricks,  A.  B.,  High- 
tension  Testing  of  Insulating  Materials;”  Trane.  A.  I.  E.  E.,  1911,  Vol.  XXX, 
PP  167  to  213. 

VITRIFIED  MATERIALS 


US.  (Haas  is  an  insulating  material  in  very  extensive  use,  possessing  high 
roistivity  and  dielectric  strength  at  ordinary  temperatures.  The  principal 
constituent  is  silica,  ranging  from  60  to  75  per  cent,  of  the  total  contents; 
potash,  soda,  lead  oxide  and  lime  are  also  present,  in  various  proportions. 
The  resistivity  at  ordinary  temperatures  is  on  the  order  of  101*  to  101#  ohm- 
cm.  and  decreases  with  great  rapidity  as  the  temperature  increaeee.  Gray  and 
Bobbie  found  that  potash  glass  has  higher  resistivity  than  soda  glass,  and 
meafing increases  the  resistivity  {Proc.  Royal  8oc.,  1900,  VoLLXVII,  p.197). 
At  very  nigh  temperatures  glass  becomes  a fairly  good  conductor.  Moisture 
readily  condenses  upon  its  surface  and  it  has  consequently  a high  surface 
leakage.  It  is  also  soluble  in  water  to  a slight  degree  ana  under  weather 
exposure  the  surface  tends  to  roughen.  The  dielectric  oonstant  ranges  from 
about  5.5  to  IO.  The  dielectrio  strength  ordinarily  ranges  from  150  to  300 
volts  per  mil,  and  is  higher  in  very  small  thicknesses.  At  920  cycles  crown 
glaas  has  an  apparent  resistivity  of  17X10*  ohm-cm.;  dielectric  constant, 
6.60;  power-factor,  0.018.  ( Mechanically  glass  is  unreliable  and  brittle;  the 
tensile  strength  is  uncertain  and  anywhere  from  1,000  to  10,000  lb.  per  sq. 
in-,  with  somewhat  higher  compressive  strength.  Coefficient  of  linear  ex- 
pansion. 0.000008  to  0.0000095  per  deg.  cent.  Density  2.5  to  4.5.  For 
information  on  glass  manufacture  see  Hoeenhain,  W.,  "Glass  Manufacture," 
D.  Van  Noetrand  Co.,  New  York. 


174.  Porcelain.  The  three  principal  constituents  of  electrical  porcelain 
ve feldspar,  clay  and  silica.  Thero  are  three  feldspars:  orthoclase,  or  potash 
feldspar,  which  is  the  most  important;  albite  or  indianite,  which  is  soda  feld- 

£ir;  anorthite,  or  lime  feldspar.  The  two  clays  used  are  ball  clay,  and  china 
y or  kaolin.  A standard  mixture  of  these  constituents  for  testing  pur- 
poses is  20  parts  feldspar,  50  parts  kaolin  and  30  parts  quarts.  The  func- 
tion of  the  feldspar  is  to  act  as  a flux  to  unite  the  other  constituents  into  a 
vitreous  mass  when  fired.  There  are  two  processes  of  manufacture,  the 
fry  process  and  the  wet  process.  For  details  on  the  manufacture  and  proper- 
ty of  electrical  porcelain,  see  an  exhaustive  paper  by  E.  E.  F.  Creighton, 
Electrical  Porcelain Proc.  A.  I.  E.  E.,  May,  1915,  pp.  753  to  841.  Also  see 
ftfrine,  F.  A-  C.,  “Electrical  Conductors;"  D.  Van  Noetrand  Co.,  New 
T«k,  1003;  Chap.  XIII. 


STf.  Pry-process  porcelain  is  manufactured  by  molding  the  moist  raw 
suture  under  hi$h  mechanical  pressure  and  then  vitrifying  by  the  usual 
firing  process.  This  grade  of  porcelain  is  usually  very  porous  and  conseq  uently 
b a disruptive  strength  on  the  order  of  atmospheric  air,  or  less.  At  or  near 
<bsuptive  pressures,  however,  it  heats  rapidly  and  is  not  suitable  for  high- 
voltage  insulation.  The  safe  dielectric  strength  is  on  the  order  of  1,000  volts. 
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876.  Wet-process  porcelain  is  made  by  mixing  the  raw  ingredient*  with 
water.  The  mixture  is  placed  in  a filter  press  and  the  surplus  water  ex- 
tracted, leaving  a wet  plastic  cake.  The  cake  is  re-mixed  in  a pug  mill  to 
make  it  more  homogeneous,  then  molded  or  jiggered  into  a blank  of  approxi- 
mate final  shape,  and  allowed  to  dry.  When  fairly  dry  it  is  turned  in  a 
lathe  or  tooled  to  final  shape,  dipped  in  the  glasing  bath  and  placed  in  the 
kiln  preparatory  to  firing.  The  glaring  mixture  is  the  same  as  the  porcelain 
except  that  it  contains  more  flux,  ana  thus  melts  at  a temperature  barely 
sufficient  to  vitrify  the  poroelain.  The  finished  due  is  virtually  a species  of 
glass.  During  manufacture  porcelain  shrinks  from  10  to  20  per  cent,  and 
much  care  is  required  to  proportion  the  parts  so  that  cracking  will  not 
result.  The  thickness  is  limited  both  by  the  shrinkage  and  the  difficulty  of 
obtaining  satisfactory  vitrification.  High-voltage  poroelain  is  made  in  all 
cases  by  the  wet  process. 

177.  Properties  of  high-voltage  porcelain.  The  density  is  from  2.3  to 
2.5.  It  is  not  affected  by  oils,  acids  or  alkalies;  the  glase  is  said  by  some 
authorities  to  be  very  slightly  soluble  in  ordinary  water.  Unglased  porcelain 
should  be  non-hygroscopic  and  on  immersion  should  not  increase  in  density. 
A good  rough  test  is  to  place  a drop  of  ink  on  the  porcelain  and  note  whether 
it  spreads  or  penetrates;  alcohol  solutions  are  still  better.  The  linear  expan- 
sion coefficient  is  from  4.5  to  6.5  X 10~*  per  deg.  cent.  The  specific  heat  is 
0.17  and  the  thermal  conductivity  is  0.045  per  cent,  of  that  of  silver.  The 
electrical  resistivity  of  unglased  porcelain  is  on  the  order  of  1014  to  101#  ohm- 
cm.  at  ordinary  temperatures,  and  decreases  very  rapidly  with  increasing 
temperatures;  at  very  high  temperatures  poroelain  becomes  a fair  conductor, 
and  is  therefore  unsuitable  for  electric  furnaces. 

The  dielectric  constant  is  from  4.4  to  6.8  with  continuous  e.m.f.  and  about 
10  per  cent,  less  at  50  cycles  per  sec.  At  low  frequencies  the  disruptive  vol- 
tage is  about  30  kv.  for  a thickness  of  0.1  in.  and  about  110  to  120  kv.  for  a 
thickness  of  0.5  in.  At  frequencies  of  the  order  of  200,000  cycles  the  disrup- 
tive strength,  for  a thickness  of  0.5  in.,  is  on  the  order  of  80  to  90  kv.  and  if 
the  test  voltage  is  applied  rather  slowly  the  disruptive  strength  varies  in  much 
smaller  proportion  than  the  thickness  (see  paper  by  Creighton  mentioned 
below).  In  some  cases  mechanical  stress  has  been  observed  to  reduce  the  dis- 
ruptive strength,  but  in  other  cases  had  little  effect.  a 

American  porcelains  have  a tensile  strength  which  is  variously  stated  from 
650  to  2,200  lb.  per  sq.  in.,  with  an  average  of  about  1,400  lb.  per  sq.  in. 
The  compressive  strength  is  about  10  times  the  tensile  strength.  Modulus 
of  elasticity,  2,500,000  in-lb.  European  porcelains  are  generally  reported 
as  having  a tensile  strength  of  4,500  to  6,500  lb.  per  sq.  in.  and  a compres- 
sive strength  of  about  65,000  lb.  per  sq.  in.  The  following  references  on 
porcelain  are  given  for  the  convenience  of  those  who  wish  more  complete 
information. 

Kempton,  W.  H.  “ The  Application  of  Poroelain  to  Strain  Insulators;" 
Tran*.  A.  I.  E.  E.,  1910,  Vol.  XXIX,  pp.  967  to  974. 

Lustgarten,  J.  "High-tension  Porcelain  Insulators;"  Jour.  I.  E.  E., 
July,  1912,  pp.  235  to  288. 

Imlay,  L.  E.  and  Thomas,  P.  H.  “ High-frequency  Tests  of  Line  Insulators;" 

Sothman,  P.  W.  "Comparative  Tests  on  High-tension  Suspension  Insu- 
lators;" Tran*.  A.  I.  E.  E.,  1912.  Vol.  XXXI.  pp.  2143  to  2226. 

Austin,  A.  O.  "Factors  Producing  Reliability  in  the  Suspension  Insula- 
tor;" Proc.  N.  E.  L.  A.,  Hydroelec,  and  Transmission  Sessions,  pp.  201  to 
223; 1913. 

Creighton,  E.  E.  F.  "Electrical  Porcelain;" Proc.  A.  I.  E.  E.,  May,  1915, 
pp.  753  to  841. 

Also  see  Tran*.  American  Ceramic  Society. 

278.  Silica.  The  properties  of  fused  silica  are  as  follows:  Resistivity  at 
ordinary  temperatures,  on  the  order  of  1014  to  1019  ohm-cm.,  decreasing  rap- 
idly at  higher  temperatures;  dielectric  constant,  3.5  to  3.6;  dielectric 
strength,  above  600  volts  per  mil;  melting-point,  1,700  to  1,800  deg.  cent.; 
coefficient  of  expansion,  0.0000006;  density,  about  2.07.  Also  see  Chemical 
Abstracts , Vol.  IV,  p.  866,  and  Vol.  VII,  p.  3443. 

879.  Tils.  Vitrified  clay  tile  is  very  extensively  used  for  underground 
oonduits.  Although  it  possesses  very  fair  insulating  properties,  its  use  for 
this  purpose  is  owing  very  largely  to  its  immunity  from  corrosion  and  disinte- 
gration under  sub-soil  conditions  and  also  Ha  ability  to  withstand  a great 
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mage  of  temperatures  without  injury.  As  a rule,  it  is  slightly  absorbent, 
nearing  as  much  as  3 or  4 per  cent,  of  water,  in  some  cases,  in  24  hr.  The 
puncture  voltage,  with  a 0.6-in.  (1.5  cm.)  wall,  after  24-hr.  immersion, 
ranges  from  about  16,000  to  30,000  volts.  It  is  not  affected  by  arcs  unless  in 
direct  contact  with  them,  and  m that  event  will  be  likely  to  melt  locally  and 
chip  or  fracture  in  the  surrounding  area  in  consequence  of  unequal  heating 
tad  expansion. 

*88.  Vitreous  enamel  consisting  of  opaque  white  glass  is  extensively  used 
for  coating  iron  resistor  grids  and  imbedding  the  resistor  wires,  thus  forming 
con-inflammable  and  highly  fireproof  devices  capable  of  withstanding  unus- 
uBt  high  operating  temperatures.  Enamelled  iron-ware  is  made  exten- 
sively by  the  process  of  sprinkling  powdered  glass  upon  red-hot  metal, 
whereupon  the  glass  fuses  and  forms  a continuous  thin  coating.  The 
formulas  used  for  compounding  the  glass  are  quite  closely  guarded  as  manu- 
facturing secrets.  What  is  desired  is  a thin,  strong  elastic  coating  which  will 
expand  and  contract  with  temperature  changes  at  as  nearly  as  possible  the 
nme  rate  as  iron. 
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. Rl.  Cellulose  is  the  base  of  practically  all  fibrous  insulating  materials  and 
a an  organic  compound  composed  of  48  per  oent.  carbon,  46  per  cent,  oxygen 
and  6 per  cent,  hydrogen.  It  is  a carbohydrate  of  the  formula  (CcHioOi)*, 
■inular  in  composition  to  starch.  When  pure  it  is  a white  amorphous  mass; 
uuiied.  well-bleached  linen  paper  is  nearly  pure  cellulose.  It  has  a resistiv- 
ity on  the  order  of  10*  to  10™  onm-cm.  at  ordinary  temperatures  and  a dielec- 
tric constant  of  about  3.9  to  7.5.  All  untreated  cellulose  materials  break 
down  at  about  120  deg.  cent,  and  should  not  be  subjected  to  a maximum  of 
more  than  95  deg.  cent.  A safe  operating  limit  is  about  80  deg.  cent. 

*88.  Untreated  fibrous  materials  are  as  a whole  hygroscopic  and  are 
therefore  relatively  inferior  insulating  materials.  They  are  nevertheless 
employed,  some  of  them,  to  a great  extent,  but  their  use  is  very  largely  con- 
fined to  conditions  under  which  moisture  is  restricted  or  expelled.  Their 
properties  are  greatly  improved  by  treatment  or  impregnation. 

.*88.  The  impregnation  of  fibrous  and  asbestos  products  with  var- 
msbeey  gums,  bakelite,  etc.,  produces  several  results:  First,  the  treating 
materials  fill  up  the  pores  of  the  basio  material  and  eliminate  moisture;  sec- 
ond, the  dielectric  strength  is  increased  even  where  there  is  no  moisture  to  be 
considered;  third,  most  treating  materials  assist  in  producing  smooth  sur- 
faces; fourth,  the  heat-resisting  quality  of  the  basic  material  is  often  in- 
creased, and,  fifth,  the  filling  up  of  the  pores  may  in  certain  cases  reduce  the 
tendency  to  shrink.  Incidentally  the  treating  materials  increase  the  heat 
conductivity  of  the  insulation,  resulting  in  better  radiation. 


*84.  Taper  is  manufactured  from  wood  pulp,  rags  or  plant  fibre.  The 
«»ential  processes  in  manufacture  are  (1)  the  reduction  of  the  raw  material 
to  the  consistency  of  a thin  pulp,  by  means  of  operations  involving  the  use  of 
ebonies]*  and  steam;  (2)  the  running  of  this  pulp  upon  a continuous  sieve  of 
fee  mesh,  which  retains  the  fibres  that  become  felted  together;  (3)  the 
*aoval,  drying  and  finishing  of  the  felt  so  formed.  Finished  paper  retains 
feces  of  the  bleaching  or  coloring  matter  employed,  and  in  addition  fre- 
weatly  contains  a certain  amount  of  loading  matter  such  as  ohina  day,  cai- 
man sulphate  and  other  inert  mineral  matter.  A sizing  of  vegetable  or 
3aaeral  solution  is  sometimes  added  to  render  the  paper  less  porous  and 
aiprove  the  surface. 

the  mechanical  properties  of  paper  are  derived  in  large  degree  from  the 
feac  fibres  employed  in  its  manufacture;  thus  paper  made  from  wood  pulp  is 
fettle  and  easily  torn,  whereas  linen  or  Manila  fibre  produces  a much  tougher 
tod  stronger  paper.  Owing  to  its  porosity  paper  is  hygroscopic  and  nor- 
fe#y  contains  from  7 to  12  per  cent,  of  moisture.  When  thoroughly  dry  it 
tea  very  high  resistivity,  on  the  order  of  10l*  ohm-cm.,  but  it  easily  absorbs 
fetcr  and  when  wet  descends  to  the  class  of  a poor  conductor.  The  dielec- 
constant  of  dry  paper  is  from  1.7  to  2.6.  Dry  Manila  paper  has  a 
pwer-f  actor  of  about  0.007  at  920  cydes.  The  dielectric  strength  of  various 
teds  of  untreated  paper,  ranging  in  thickness  from  1.8  to  28  mils,  should 
image  from  110  to  230  volts  per  mil;  higher  values  are  obtainable  from 
•toeady  dry  paper.  The  tensile  strength  will  range  from  ft  few  thousand  up 
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to  many  thousand  lb.  per  so.  in.,  depending  upon  the  ouality  of  fibre.  T 
elongation  at  fracture  is  slight,  about  2 or  3 per  cent.  . For  temperature  li 
its  see  cellulose.  Par.  1S1.  There  are  numerous  varieties  of  insulating  pap 
suoh  as  rope  paper,  Japanese  paper,  Manila  paper,  whale-bone  paper,  ful 
board,  pressboard,  etc.,  some  of  which  are  briefly  mentioned  in  otl 
paragraphs. 

286.  Treated  paper  is  a clear  dry  paper  impregnated  with  oxidised  Hum 
oil,  or  a mixture  such  as  oxidised  oil  and  asphalt,  or  a gum-base  varni 
Well-treated  papers  in  thicknesses  ranging  from  6 to  12  mils  break  down 
about  500  to  750  volts  per  mil.  # The  Mica  Insulator  Co.  gives  disruptive  v 
tages  for  Empire  oiled  papers,  in  thicknesses  of  1.5  to  18  mils,  ranging  fn 
1,740  to  800  volts  per  mil;  these  values  include  condenser,  rope,  bond  a 
cement  paper  and  fuller  board.  The  same  manufacturer  gives  for  rope  paj 
treated  with  a compound  of  oxidised  oil  and  asphalt,  disruptive  voltaj 
ranging  from  1,600  to  600  volts  per  mil,  corresponding  to  thickneasee  of  6 
15  mils.  According  to  Jona,  the  dielectric  strength  of  impregnated  pa| 
cable  insulation  is  from  200  to  250  volts  per  mil,  and  the  dielectric  constant 
about  2.5  to  4.  The  value  of  the  constant  k (see  Par.  292)  for  impregnat 
paper  is  usually  between  the  extremes  of  1,000  and  3,000. 

286.  Bakeliied  paper,  known  under  the  trade  name  of  bakelite-micar 
is  a dark,  hard,  homogeneous  material  considerably  stronger  than  hard  fib 
It  can  be  worked  with  sharp  tools,  punched  only  in  thin  sheets,  and  cannot 
molded.  It  will  withstand  continuously  a temperature  of  150  deg.  cent,  a 
for  short  periods  260  deg.  cent.  It  is  infusible.  The  density  is  about  1.1 
Moore  gives  the  following  properties  of  bakelite-micarta,  measured  at  l 
cycles  (see  Moore,  R.  W.  E.,  “Properties  and  Uses  of  Bakelite-micarti 
Electric  Journal , 1913,  pp.  645  to  650):  resistivity,  2.13X101*  ohm-ci 
dielectric  constant,  5.2*  power-factor,  0.024;  dielectric  strength,  500 
1,000  volts  per  mil;  tensile  strength,  about  20,000  lb.  per  sq.  in.;  coefficie 
of  expansion,  0.00002  per  deg.  cent.  It  is  said  to  be  insoluble  in  alcohol,  b< 
sine,  turpentine,  weak  acids  and  alkalies,  hot  water  and  oils  and  non-h 
groecopic. 


287.  Asbestos  paper,  comprised  of  an  asbestos  base,  is  a soft,  fiexit 
material  of  little  strength  and  is  hygroscopic.  It  will  withstand  an  operati 
temperature  of  260  deg.  cent,  without 
injury.  The  dielectric  strength  is  on 
the  order  of  100  volts  per  milT 

Treated  asbestos  paper.  A vari- 
ety of  treated  asbestos  paper  known 
as  Delta  sheeting  is  impregnated  with 
a black  insulating  compound  which 
softens  at  about  120  deg.  cent,  and 
melts  at  about  200  deg.  cent.  It  is  £ 
claimed  that  from  2,500  to  5,000  volts  ? 
is  required  to  puncture  it,  in  thiok-  £ 
nesses  of  10  to  25  mils.  M 

288.  Pressboard  and  fuller  board. 

Pressboard  is  manufactured  from  cot- 
ton rags  and  paper  clippings,  in  a 
number  of-  grades.  It  is  similar  to 

fapcr,  but  thicker  and  less  flexible, 
n the  untreated  condition  it  is  hy- 


groscopic, and  its  properties  improve 
with  its  dryness.  Uppenborn  gave  the 
resistivity  as  llXlO*  ohm-cra.  and 
Turner  and  Hobart  gave  the  dielectric 
strength  as  200  to  330  volts  per  mil. 


Thickness  • Inches 
Fig.  35. — Dielectric  strength  of 
treated  pressboard. 


Presspalm  is  another  name  for  pressboard,  applied  to  a grade  manufactur 
in  Germany.  The  qualities  of  prossboard  are  greatly  improved  by  impn 


289.  Treated  pressboard.  Extensive  tests  of  oiled  and  varnished  prd 
board  are  given  by  Hendricks  in  “High-tension  Testing  of  Inaufaq 
Materials,”  Trans.  A.  I.  E.  E.,  1911,  Vd.  XXX,  p.  167.  The  dielectric  4 
stant  of  pressboard  dried  and  boiled  in  transformer  oil  ranges  from  4.3 
13  deg.  oent.  to  7.5  at  100  deg.  oent.  The  dielectric  constant  of  varnis^ 
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proaboord  is  about  2.9  at  20  to  25  dec.  cent.,  measured  on  0.1-in.  board. 
The  dielectric  strength  of  treated  preasboard  is  given  in  Fig.  35:  curve  (1) 
for  pressboard  dried  and  boiled  in  transformer  oil;  curve  (2)  for  preasboard 
dried,  boiled  in  linseed  oil  and  given  two  coats  of  varnish;  curve  (3),  dried 
utd  given  two  to  four  coats  of  linseed  oil  and  gum  varnish,  depending  on 
thickness.  When  these  sheets  are  laid  together  in  laminations,  the  puncture 
voltage  per  mil  of  complete  thickness  decreases,  but  in  the  case  of  very  thin 
laminations  the  puncture  voltage  does  not  appear  to  decrease  in  as  rapid  ratio 
as  with  single  thicknesses. 

MO.  Vulcanized  fibre*  is  a hard,  dense  material  of  which  the  principal 
ingredient  is  paper  or  cellulose  made  from  cotton  rag  stock ; the  other  ingredi- 
ents are  sine  chloride  and  coloring  matter,  the  latter  consisting  of  analine 
colors  or  mineral  pigments.  The  finished  material  is  heavily  compressed  into 
dabs,  sheets,  tubes,  etc.  The  water  and  chemicals  are  not  completely 
removed  during  manufacture  and  the  product  is  hygroscopic  and  not  a supe- 
rior insulating  material  except  for  moderate  voltages.  It  will  absorb  about 
50  per  cent,  of  its  weight  of  water  in  24  hours.  The  density  ranges  from 
10  to  1.5  according  to  the  grade;  average  1.4.  The  resistivity  is  compara- 
tively low  for  dielectrics,  or  on  the  order  of  10T  to  1010  ohm-cm.  Certain 
varieties  are  said  to  have  a resistivity  as  high  as  7X  10,#  ohm-cm.,  probably 
ia  a very  dry  state.  The  measurements  of  dielectric  strength  by  different 
observers  are  widely  discrepant.  Parshall  and  Hobart  gave  10,000  volts  as 
the  dielectric  strength  of  all  thicknesses  from  i to  1 in.  Hendricks  gave 
about  200  volts  per  mil  at  thicknesses  of  50  to  150  mils,  160  volts  per  mil  at 
0.4  in.,  100  volts  per  mil  at  0.7  in.  and  90  volts  per  mil  at  1.0  in.  Others 
have  found  values  ranging  as  high  as  300  volts  per  mil;  the  results  depend . 
largely  on  the  drynees  of  the  material.  The  tensile  strength  ranges  from  10,- 
000  to  20,000  lb.  per  sq.  in.  and  the  compressive  strength  is  from  35,000  to 
60,000  lb.  per  sq.  in.  fibre  is  not  soluble  in  water  or  oil,  but  is  attacked  by 
strong  acids,  and  swells  when  soaked  in  water;  upon  drying  it  shrinks  appre- 
ciably and  warps  badly.  Numerous  grades  of  fibre  are  manufactured  and 
known  by  various  trade  names,  as  horn  fibre,  hard  fibre,  indurated  fibre, 
leatberoid,  fish  paper,  etc.  The  flexible  and  more  fibrous  varieties  have  better 
larolating  qualities.  Impregnation  improves  the  qualities  in  marked  degree. 

til.  Treated  fibre.  The  insulating  properties  of  hard  or  vulcanised  fibre 
are  much  improved  by  treating  the  pulp  with  bakelite.  A material  of  this 
character,  known  as  bakelite-cuelecto,  is  manufactured  by  The  Continental 
Fibre  Co.  and  is  said  to  have  the  following  characteristics.  It  is  a hard, 
tough  material,  light  brown  or  black  in  color,  and  manufactured  in  sheets, 
tubes  and  certain  special  forms;  cannot  be  molded,  but  ean  be  machined 
ether  with  or  against  the  grain;  is  non-hygroscopic  and  impervious  to  hot 
water,  oils  and  ordinary  solvents;  will  withstand  continuously  a temperature 
of  150  deg.  cent.;  resistivity,  1.1  X 101*  ohm-cm.  at  ordinary  temperatures, 
increasing  with  temperature  up  to  100  deg.  cent.;  dielectric  strength,  700  to 
M50  volts  per  mil;  average  tensile  strength,  18,000  lb.  per  sq.  in.;  compress- 
ire  strength,  21,000  lb.  per  sq.  in. 

MS.  Impregnated  fibre  duet  is  in  extensive  use  for  both  inside  and  out- 
ride construction.  It  is  made  in  the  form  of  a cylindrical  tube  by  wrapping 
nany  layers  of  paper  or  pulp  on  a mandrel  and  impregnating  it  during  the 
process  with  bitumen  or  a compound  of  liquid  asphalt  and  coal  tar.  It  is 
sometimes  known  as  bitumenued  fibre.  Tests  mado  on  a certain  grade 
d this  material  show  that  it  absorbed  from  2 to  3 per  cent,  of  water  after  96 
k.  immersion;  one  manufacturer  guarantees  not  more  than  0.75  per  cent. 
*bea  the  ends  are  sealed.  The  compound  softens  slightly  at  55  deg.  cent, 
sod  commences  to  break  down  at  about  95  deg.  cent.  Manufacturer^  gu&r- 
wtces  on  minimum  puncture  voltage, ; dry,  through  a 0.375-in.  wall,  range 
'mm  25  to  50  kv  ; after  prolonged  immersion  the  dielectric  strength  will 
wuslly  be  lowered,  depending  naturally  upon  the  amount  of  moisture 
riaorbed. 

tit.  Varnished  cloth  is  a thin  white  fabric  of  cotton  or  linen  muslin 
'<ated  with  a mixture  of  boiled  linseed  oil,  resin  and  benxine.  Upon  drving 
ike  oil  oxidises  in  contact  with  the  air  and  leaves  a smooth,  hard  surface. 


• 8ee  “ Manufacture  of  Hard  Fibre,”  Electrical  World , Vol.  LIII,  p.  1437; 
*ho  tee  VoL  L.V,  p.  134?. 
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Suoceesive  ooats  may  be  added  to  secure  the  desired  thickness.  This  material 
is  also  known  as  Tarnished  cambric  and  as  Tarnished  muslin.  For 
varnished  cambric  the  usual  value  of  the  constant  k in  the  formula  R — k 
logit  (D/d)  is  from  500  to  2.000;  R is  the  insulation  resistance  of  theinsulated 
wire  in  megohm-miles,  d is  the  diameter  of  the  conductor  and  D is  the  outside 
diameter  of  the  insulation.  Dielectric  constant,  3.5  to  5.5.  Dielectric 
strength,  in  commercial  thicknesses  of  5 to  16  mils,  about  500  to  1,300  volts 
per  mil;  the  Mica  Mfg.  Co.  gives  1,000  volts  per  mil.  Also  see  tests  by  Far- 
mer, F.  M.,  “The  Dielectrio  Strength  of  Thin  Insulating  Materials;”  TYoim. 
A.  I.  E.  E.,  1913,  Vol.  XXXII,  pp.  2097  to  2131. 

Varnished  cambric  is  more  elastic  than  paper  and  is  very  suitable  for 
cable  insulation.  A separator  of  treated  paper,  cloth  or  rubber  is  applied 
to  the  copper  core  to  prevent  any  action  of  the  varnished  cambric  film  on  the 
copper.  Then  strips  of  varnished  cambric  are  taped  over  the  separator 
with  applications  of  a plastic  non-hardening  compound  between  layers  to 
exclude  moisture  and  make  the  cable  flexible.  The  core  is  finished  by  cotton 
braiding  and  weather-proofing,  or  asbestos  braiding  and  flame^proofina, 
or  a lead  sheath  over  tape.  In  some  types  of  cable  the  insulation  is  graded, 
first  using  rubber  and  then  varnished  cambric.  The  General  Electric  Co. 
recommends  a working  temperature  limit  of  80  deg.  cent.  (176  deg.  fahr.) 
for  varnished  cambric  cables. 

294.  Oiled  eloth  is  a thin,  white  fabrio  of  cotton  or  linen  muslin  coated 
with  two  or  more  applications  of  pure  oxidised  linseed  oil.  The  insulating 
properties  are  derived  chiefly  from  the  oil  or  compound  with  which  the  fabric 
is  impregnated.  This  material  is  known  by  a number  of  trade  names,  among 
them  Kmpire  oloth.  Gray  gives  the  normal  dielectric  strength,  with  a 
10-mil  thickness,  as  750  volts  per  mil;  the  Mica  Insulator  Co.  gives  1,000  to 
1,100  volts  before  baking  and  1,100  to  1,200  volts  after  baking.  Silk,  linen, 
oanvas  and  duck  are  treated  by  the  same  process,  with  dielectric  strengths 
ranging  from  1,100  to  1,450  volts  per  mil  witn  silk,  1,250  to  1,375  volts  per  mil 
with  linen  and  600  to  775  volts  per  mil  with  canvas  (Mica  Insulator  Co.). 

295.  Impregnated  cloth  is  similar  to  varnished  or  oiled  cloth,  with  the 
difference  that  the  fabric  is  treated  with  an  impregnating  compound.  One 
manufacturer  employs  a mixture  of  oxidised  oil  and  asphalt;  others  use  an 
asphaltum  or  a paraffin  base,  dissolved  in  a thinning  material.  The  Mies 
Insulator  Co.  gives  puncture  voltages  for  “ Kabak”  cloth  (impregnated  cam- 
bric) ranging  from  1,065  to  1,650  volts  per  mil. 

295.  Composite  insulation  of  fibrous  materials  and  mica.  In 
applying  mica  to  coils  or  heavy  strap  conductors  it  is  necessary  to  use  some 
fibrous  material  like  paper  or  cotton  as  a base  for  the  mica.  It  is  customary 
to  build  up  mica  on  thin  sheets  of  fish  paper  or  Japanese  paper,  and  to  wrap 
the  resultant  sheet  around  the  straight  parts  of  armature  coils  or  heavy  con- 
ductors. It  is  also  customary  to  build  up  mica  on  a thin  cotton  tape  and  to 
use  the  resultant  material  for  taping  coils  or  heavy  conductors.  If  w® 
amount  of  paper  or  tape  is  small  and  if  the  material  is  applied  in  such  a 
location,  as  in  an  armature  slot,  that  the  mica  will  remain  intact  even  after 
the  paper  or  the  cotton  tape  has  deteriorated,  these  materials  may  be  expected 
to  withstand  fairly  high  temperatures. 

297.  Paper  and  mica,  or  mica  paper,  is  prepared  from  various  grades  of 
paper  by  coating  them  with  thin  mica  scales  which  are  made  to  adhere  by 
means  of  a cementing  varnish  such  as  shellac.  The  layers  of  mica  and  paper 
are  built  up  in  a variety  of  ways,  depending  upon  the  degree  of  flexibility; 
or  stiffness,  desired.  Parshall  and  Hobart  give  puncture  voltages  for  comptH 
site  laminse  of  alternate  paper  and  mica,  ranging  from  700  to  1,300  volts  pH 
mil,  in  thicknesses  of  5 to  11  mils.  Various  combinations  of  paper  and  mww 
are  manufactured,  including  Japanese,  fish  and  rope  papers  ana  press  board. 

298.  Cloth  and  mica,  or  mica  cloth,  is  prepared  from  various  fabrics  fad 

coating  them  with  a thin  layer  of  mica,  cemented  together  with  a cementia| 
varnish  like  shellac.  A layer  of  paper  is  sometimes  added  to  the  combing 
tion.  An  extra  flexible  cloth  is  made  by  using  rubber  tissue  as  a binder* 
instead  of  cementing  varnish.  J 

299.  Cotton  insulation  for  magnet  wires,  employed  more  extensivelf 
than  any  other  material  except  enamel,  is  applied  in  one,  two  or  three  thicM 
nesses.  Untreated  cotton  is  hygroscopic  and  breaks  down  at  a temperafcuj 
of  120  deg.  cent.  The  thickness  of  covering  varies  with  the  sise  of  wire  (*4 
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uMes  in  Sec.  5).  Gray  gives  the  puncture  voltage  of  a 7-mil  thickness 
imposed  of  two  layers)  as  about  150  volts;  impregnated,  about  600  volts. 

MQ.  Silk  insulation  for  magnet  wires  is  applied  in  one  or  two  thiok- 
saes,  ranging  from  1 to  2.5  mils  per  layer,  while  it  is  somewhat  hygro- 
- P«  in  the  untreated  condition,  it  has  superior  insulating  properties  com* 
md  with  cotton,  and  is  much  improved  by  impregnation.  Neither  cotton 
ar  silk  are  the  equal  of  baked  enamel  (Par.  SSI)  in  dielectric  strength. 

Ml.  Asbestos  insulation  for  magnet  wires.  Asbestos  insulation  can 
be  applied  to  wires  and  small  straps  with  the  use  of  binding  materials,  but 
>a  all  eases,  except  in  that  of  asbestos  tape  which  can  readily  be  used  in  tap- 
ing armature  or  field  coils,  the  mechanical  qualities  are  quite  poor.  Asbestos 
*usdin*B  also  require  considerable  space  if  used  in  sufficient  thickness,  they 

not  in  themselves  moisture-proof,  they  have  low  dielectric  strength,  ana 
do  not  rive  a smooth  surface. 

Ddtabeston  magnet  wire  is  insulated  with  asbestos  fibre  cemented  to  the 
?ve  with  a special  bond.  It  is  claimed  that  the  maximum  continuous  work- 
u>t  temperature  is  150  deg.  cent.;  for  short  periods,  260  deg.  cent.  Ths 
Ration  thickness  is  about  the  same  as  double  cotton  and  breaks  down  at 

to  600  volts. 

Ml.  Tapes.  Insulating  tapes  are  chiefly  of  four  varieties:  (a)  those 
wwafrom  cotton  or  silk  and  untreated;  (b)  those  woven  from  cotton  and 
tasted  with  insulating  varnish,  or  cut  from  treated  cloth;  (c)  those  out  from 
™th  which  has  been  loaded  with  rubber  or  adhesive  compound.  The  lay  of 
the  threads  is  arranged  in  three  different  ways,  straight,  biased  and  webbed; 
tbe  last  one  is  the  strongest  and  does  not  stretch  readily,  (d)  Paper  tapes, 
twated  and  untreated,  are  cut  from  finished  stock.  See  “ Specifications  and 
Test*  for  Insulating  Tapes,”  Electrical  World,  Vol.  LVII,  p.  488;  also  Vol. 
LVI,  p.689. 

Ml.  Untreated  tapes  are  hygroscopic  and  for  that  reason  are  not  entirely 
satisfactory  unless  finally  impregnated  or  protected  from  moisture.  Gray 
states  that  a half-lapped  layer  of  untreated  cotton  tape  6 mils  thick  will 
*jjfhstaitd  about  250  volts  when  dry;  about  1,000  volts  when  impregnated. 
Precautions  should  be  taken  to  detect  the  presence  of  bleaching  and  chem- 
ical matter,  such  as  chlorine,  which  may  attack  copper.  Webbing  is  some- 
tan  used  for  mechanical  protection,  aside  from  its  insulating  qualities. 

Ml  Varnish-treated  tapes  are  cut  from  sheets  of  treated  cloth,  such  as 
Empire  doth,  varnished  cambric  and  the  like,  and  are  used  for  taping  wind- 
up which  cannot  readily  be  impregnated.  They  are  cut  straight  or  on  the 
fat,  the  latter  being  sometimes  preferred  for  taping  uneven  surfaces.  See 
fretted  doth,  Par.  lit  to  195. 

Ml.  Rubber- treated  tapes  are  composed  of  fabric  loaded  with  plastic 
fibber  gum  or  compound  in  a soft  adhesive  state.  Such  tapes  are  used  ex- 
kfavely  in  making  water-proof  joints  on  underground  rubber-insulated 
or  in  other  locations  where  a moisture-repellent  wrapping  is  desired. 
Tlwy  are  frequently  used  in  conjunction  with  a splicing  gum  of  similar  com- 
position, and  protected  by  water-proof  insulating  compounds  and  outside 
yuppinga  of  adhesive  tape  with  insulating  paint  over  all.  In  the  case  of 
°dtrground  cables  a lead  sleeve  is  wiped  over  the  whole  joint,  making  it 
water-tight. 

.Ml.  Adhesive  or  Motion  tape  is  composed  of  fabric  loaded  with  a 
*Kky  or  adhesive  compound.  The  base  of  the  compound  in  the  more 
*J*n«ive  grades  is  rubber  gum,  adulterated  with  fillers  in  various  well- 
ways,  while  the  less  expensive  grades  contain  little  or  no  rubber  and 
J Place  is  taken  by  one  of  the  numerous  bituminous  compounds.  This  kind 
frjape  possesses  fair  insulating  properties  and  is  very  extensively  used  in 
"•-tension  work. 

M7.  Paper  tapes  of  both  the  treated  and  the  untreated  varieties  have  a 
extensive  use  in  the  manufacture  of  paper-insulated  cables  for  power 
tea  communication  service.  See  paper,  Par.  284. 

Ml.  Asbestos  tape,  or  a tape  having  a base  of  asbestos  fibre,  is  superior 
heat-resisting  properties  to  cellulose  materials  such  as  paper  and  cloth. 
S® .tapes  are  usually  known  by  trade  names,  among  them  oeing  deltatape. 
** latter  it  is  claimed  can  be  raised  to  260  deg.  cent,  before  breakdown  oo- 
cw,l  puncture  voltage,  about  250  volts  per  mil. 
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MOLDED  COMPOSITIONS 

309.  Molded  Insulation  embraces  & great  number  of  different  con 
positions  and  compounds,  which  are  difficult  of  classification.  The  chi< 
ingredients  of  some  of  these  materials  are  well  known,  while  others  are  mad 
by  secret  formulas  and  processes.  Among  the  raw  materials  employed  i 
the  manufacture  of  molded  materials  are  mica,  asbestos,  silica,  day,  alkalis 
earths,  wood  pulp,  cotton,  hemp,  flax,  asphalt,  camphor,  hydraulic  cement 
rubber,  shellac,  copal,  dammar  gum,  rosin,  paraffin  wax,  linseed  oil,  turpet 
tine,  benzine,  alcohol,  phenol  and  formaldehyde.  The  following  xenen 
classification  of  molded  materials  has  been  adapted  from  " Claasibcstio: 
and  Characterisation  of  Molded  Insulations."  by  E.  Hemming  ( BUctria 
World , 1914,  Vol.  LXIII,  pp.  761  to  762,  798  to  799,  813  to  8171.  Th 
limiting  properties  given  for  each  class  of  material  below  should  be  cob 
sidered  in  connection  with  more  specific  particulars  in  the  paragraph 
immediately  following. 


Class 

Allowable 
temperature 
(deg.  cent.) 

Meg- 
ohms 
per  in- 
cube* 

Dielectric 
strength 
(volts 
per  mil)  t 

n 

Continu- 

ous 

Mo- 

men- 

tary 

Organio,  hot- molded.  . . 
Organic,  cold-molded. . . 
Inorganic,  cold-molded. 
Rubber  compounds. . . . 
Organic  plastics 

80 

300 

900 

80 

80 

150  to  250 
80 

500 

1.500 

100 

143  to  361 
84  to  167 
70  to  72 

.UM 

Synthetic  resinous  prod- 
ucts   

Molded  mica 

300 

1 175 

40 

42  to  333 

2,896^d 

• Minimum  observed  value  after  72  hr.  immersion  in  water. 

t Tests  made  between  blunt  needle  points;  thicknesses  of  test  piece 
A to  J in. ; tested  dry. 

310.  Aetna  material  is  a hard  composition  employed  chiefly  for  atrai 
insulators.  Tests  made  by  Symons  (Jour.  I.  E.  E.,  1904)  on  a strain  insult 
tor  of  this  material  gave  the  following  results:  Resistance,  20,000  megohm 
puncture,  11,000  volts;  tensile  strength,  6,500  lb.;  absorption  of  water,  3 
per  cent,  of  its  own  weight  after  1.5  hr.  immersion  at  49  deg.  cent.  Otto 
tests  made  on  this  material  gave  a dielectric  strength  of  about  90  volts  d< 
mil;  tensile  strength,  1,400  Ip.  per  sq.  in.  It  will  withstand  great  heat,  hi 
tends  to  become  brittle  at  high  temperatures. 

311.  Ambroin  (made  in  Berlin)  is  a heat-resisting  molded  material  man 
factured  in  numerous  grades,  some  of  which  are  claimed  to  be  fireproc 
while  others  are  suitable  for  temperature  limits  of  100  deg.  cent,  and  son 
for  82  deg.  cent.  The  manufacturers  claim  that  it  is  moisture-proof,  do 
not  shrink,  and  can  be  worked  and  machined.  The  density  ranges  fro 
1.4  to  1.8,  according  to  quality.  Tests  made  at  the  Reichanstalt  on  gnu 
AF  gave  a dielectric  strength  of  800  volte  per  mil,  in  a thickness  of  13  mi 
The  tensile  strength  is  about  2,100  lb.  per  sq.  in.  and  the  compressive  strong 
about  2,700  lb.  per  sq.  in. 

311.  Asbestos- ml c a comprised  of  asbestos  and  mica  bound  togeth 
with  shellac,  is  manufactured  by  the  Johns- Man ville  Co.  under  the  tra 
name  of  "molded  mica."  In  appearance  it  has  a dark  color  and  a sraoo 
hard  finish.  It  can  be  molded  into  any  shape,  either  with  or  without  met 
inserts.  It  softens  at  about  65.  deg  cent,  and  has  a safe  working  tempei 
ture  of  55  to  60  deg.  cent.  The  manufacturer  gives  the  dielectric  streng 
as  about  335  volts  per  mil  in  a thickness  of  0.25  in.;  tensile  strength,  8,5 
lb.  per  sq.  in.:  but  slightly  affected  by  moisture;  attacked  in  some  degree 
acids,  depending  upon  their  character  and  concentration.  See  BUctri 
World , 1912,  Vol  Li,  pp.  893  and  894. 
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SIS.  Aibaitoi  molded  with  4 binder,  known  under  the  trade  names  of 
(ummon,  hemit  and  tegit,  ie  manufactured  by  the  Hemming  Mfg.  Co., 
from  whom  the  following  data  was  obtained.  G ummon  is  black  and  can  be 
fefhly  polished;  tegit  is  dark  brown  and  can  be  polished,  though  less  highly 
tba  gummon;  hemit  is  made  in  both  gray  and  black  and  will  also  take  a 
polish.  The  density  varies,  in  the  neighborhood  of  2.  These  materials 
m ratable  only  for  molding;  are  infusible,  but  will  gradually  carbonise  at 
offer  than  working  temperatures;  will  not  resist  concentrated  acid;  are  not 
Xttmmended  for  working  pressures  above  1,000  volts. 


— 

Ohm-cm. 

at  22 
deg.  cent. 
(Bur.  of 
Stds.) 

Max. 

working 

temp 

(deg. 

oent.) 

Dielectric 

strength 

(voRs^er 

Strength 
(lb.  per  sq.  in.) 

— 

Absorp- 
tion of 
moisture 
(per 
cent.) 

Tensile 

Com- 

press- 

ive 

Ifernt 

1X10** 

1,100 

50 

2,000 

1,600 

i 

5 

K»smmon. . . . 

3X10'* 

320 

75 

600 

550 

2 

Tept 

2X10»* 

200 

50 

1,200 

1,100 

5 

Also  see  Hemming,  E.  "Molded  Electrical  Insulation  and  Plastics;" 
Chosen  and  Co.,  New  York,  1914. 


HI  Asbestos  wood  or  lumber,  known  also  by  the  trade  names  " Trans- 
lUAsbertoe  Wood"  and  "Asbestos  Building  Lumber,"  consists  of  asbestos 
fibre  and  hydraulic  cement,  and  is  used  as  a substitute  for  wood  in  building 
cowtroction.  It  is  also  used  to  some  extent  as  a substitute  for  slate  and 
Burble  in  electrical  construction.  The  following  data  (Par.  SI 5 and  S16) 
furnished  by  C.  L.  Norton;  also  see  hispaper  entitled.  "8ome  Refractory 
Substitutes  for  Wood/*  Jour.  A.  S.  M.  1912;  and  *‘The  Manufacture 
ww  Use  of  Asbestos  Wood,"  on  pp.  375  and  379  of  "Technology  and  In- 
dtutrial  Efficiency,"  McGraw-Hill  Book  Co.,  Inc.,  New  York,  1911. 

. Hi'  Transits  asbestos  wood  is  light  gray  in  color  and  is  manufactured 
sheets  up  to  about  4 ft.  by  8 ft.  by  2 in.  It  has  a density  of  about  2.0. 
Itcan  be  sawed  and  bored  like  wood  but  is  harder  and  slower  to  cut.  At 
«*•  cent.,  partial  dehydration  and  partial  loss  of  strength  occurs,  but 
•t  does  not  soften.  At  1,100  deg.  cent,  the  material  holds  shape  and  con- 
*dw«ble  portion  of  its  strength,  but  it  will  not  stand  temperatures  above 
1.400  deg.  cent.  The  temperature  coefficient  of  expansion  at  ordinary 
temperatures  is  about  0.000008  per  deg.  cent.  The  thermal  conductivity 
■ 0.0005  cal.  per  cm-cube  per  sec.  per  deg.  cent.  Transverse  breaking 
give  a modulus  of  rupture  of  about  5,000  lb.  per  sq.  in.,  and  the  crushing 
ftKegth  is  from  20,000  to  25,000  lb.  per  sq.  in.  When  dry,  at  or  near  20 
cent.,  it  has  a resistivity  of  about  150,000  megohra-cm.  It  is  dissolved 
^7  by  acids.  When  used  in  dry  or  hot  places  it  is  suitable  for  electrical 
tBuUtion  and  is  tougher  than  slate  or  marble.  Since  it  absorbs  moisture  it 
■ dot  suitable  for  damp  locations. 

tit.  Kbony  asbestos  wood  is  asbestos  bonded  with  magnesia,  cement 
wd  saturated  with  an  insulating  oompound.  It  is  black,  smooth  and  glossy 
‘Dd  has  a density  of  about  1.9.  It  can  be  worked  the  same  as  slate,  but  more 
'felly  and  easily.  The  working  temperature  limit  is  about  200  deg.  cent.; 
not  soften ; the  melting-point  is  above  1 ,400  deg.  cent.  The  coefficient 
expansion  is  0.000010  per  deg.  cent.  The  thermal  conductivity  is  0.00065 
per  cm-cube  per  sec.  per  deg.  cent.  It  has  a modulus  of  rupture 
ttbout  5,000  lb.  per  sq.  in.  and  a crushing  strength  of  15.000  lb.  per  sq.  in. 
to  20  deg.  cent,  after  96  hr.  immersion  the  resistivity  is  above  3 X 10*  meg- 
and  changes  5.3  per  cent,  per  deg.  cent.  The  disruptive  strength 
* pester  than  that  of  slate  or  marble,  and  it  also  withstands  better  th« 
'vets  of  surface  arcing.  It  is  also  tougher  than  slate  or  marble. 

,*1T.  Bakellte  and  bakelite  compositions.  Bakelite  is  a condensa- 
^ product  of  phenol,  manufactured  in  three  grades.  Bakelite  "A"  is 
[k  initial  raw  material  and  exists  in  liquid,  pasty  or  solid  condition;  upon 
®«sting  it  is  converted  into  "B"  which  is  an  intermediate  solid  product. 
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softening  under  application  of  heat  and  suitable  for  molding;  bakelite  “C” 
is  the  final  product,  produced  by  heating  "A”  or  "B,"  and  is  a hard,  non- 
resinous,  infusible  solid,  in  appearance  resembling  amber  or  hard  rubber. 
In  color  it  can  be  made  transparent  or  opaque;  colorless  to  yellow,  brown, 
red  and  black.  The  coloring  matter,  when  any  is  used,  consists  of  organic 
dyes  or  mineral  pigments.  The  raw  material  is  sold  in  dissolved,  liquid  or 
solid  condition,  and  is  used  for  varnish,  lacquer,  enamel,  impregnation,  ad- 
hesive cement,  plastic  molding  compositions  and  molded  articles.  It  can 
be  molded  into  any  shape  by  casting  or  by  forming  in  the  hot  press,  and  will 
receive  metal  inserts.  In  condition  of  final  hardness  it  can  be  worked, 
machined  and  polished  like  amber  or  hard  rubber,  and  can  be  used  at  con- 
tinuous temperatures  considerably  above  100  deg.  cent.  It  is  not  a -good 
conductor  of  heat.  For  short  periods  it  will  stand  250  to  300  deg.  cent. 
Swoboda  gives  230  deg.  cent,  as  the  maximum  working  temperature  of 
bakelite- asbestos.  At  higher  temperatures  it  is  infusible,  but  chars.  It  is 
not  attacked  by  the  solvents  or  many  of  the  acids,  but  will  not  withstand 
hot  sulphuric  acid,  nitric  acid,  bromine  or  strong  alkaline  solutions;  the 
effect  of  chemicals  is  dependent  in  some  degree  upon  the  grade  of  material 
It  is  non-hygroscopic,  and  is  said  to  resist  steam  and  boiling  water.  The  date 
given  below  were  furnished  by  Dr.  L.  H.  Baekeland,  the  inventor  of  bak  elite* 


Den- 

sity 

Dielectric 
strength 
(volts  per 
mil) 

Strength, 

(lb.  per  sq.  in.) 

Coef.  of 
expan- 
sion per 
deg.  oent.. 

Tensile 

Com- 

pressive 

Bakelite  “C" 

Baked  film  of  bakelite 
varnish  No.  2 

1.26 

560 

2,500 

530 

200 

950  to  1,120 
635  to  1,130 

0.00011 

Bakelite-wood  fibre 

Bakelite-asbestos 

Bakelite-inicarta  (sheet! 

Bakelite-dieleoto  (sheet) 

1.34 

1.90 

4,200 

4,200 

16,500 

O.OOOC&4 

0.00002' 

1 

Resistivity  of  “C”  at  26  deg.  cent.,  5X10“  to  3 X 10**  ohm-era.;  dieloetxvi 
constant,  4.1  to  8.8.  The  resistivity  and  the  dielectric  strength  decrease  r 
temperatures  above  75  deg.  cent.  For  further  data  on  bakelite  see:  Joum* 
of  Ind.  and  Eng , Chem.,  1909,  Vol.  I.  No.  3 and  No.  8;  1911,  Vol.  Ill,  No. 
and  No.  12;  1912.  Vol.  IV,  No.  10;  1913,  Vol.  V,  No.  6.  Tran*.  A.  E.  S.,  Ido* 
Vol.  XV.  Elec.  World,  1911,  Vol.  L VII,  pp.  632  to  634.  Met.  and  CAe« 
Eng.,  Jan.  1912.  Jour.  Soc.  Chem.  Industry,  June  16,  1913,  Vol.  XXXII. 

818.  Celluloid,  formerly  known  as  xylonite,  is  composed  essentially* 
soluble  guncotton  (pyrolin)  and  oil  (camphor).  In  texture  and  color* 
resembles  ivory,  and  is  variously  colored  in  imitation  of  amber,  cor^ 
tortoise  shell,  etc.  It  is  very  slightly  hygroscopio  and  can  be  molded  in 
any  form  by  softening  in  boiling  water.  It  is  highly  inflammable. 
density  is  1.44.  The  resistivity  at  ordinary  temperatures  is  from  2Xl( 
to  8X1010  ohm-cm.  According  to  Thomas  {Jour.  Franklin  Institute.  IQl 
Vol.  CLXXVI,  pp.  283  to  301),  oelluloid  tested  at  1,000  cycles  has  t 
effective  resistivity  of  2X10*  ohm-cm.  and  a dielectric  constant  of  13 
Clear  celluloid  has  a dieleotric  strength  of  250  to  700  volts  per  mil  a.g 
deg.  oent.,  and  100  to  300  volts  per  mil  at  100  deg.  cent.;  colored  sanxg>I, 
250  to  470  volts  per  mil  (Turner  and  Hobart).  Thomas  gives  a punotv 
voltage  of  1880  volts  per  mil,  at  1,000  cycles.  At  920  cycles  the  efifec^^ji 
resistance  is  28X10*  ohm-cm.;  dielectric  constant,  4.02;  power-factor,  O.ci 
(Fleming  and  Dyke). 

819.  Condensite  is  a molding  material  of  which  the  chief  oonstituecKa^. 
a compound  resulting  from  chemical  reaction  between  phenol  and  fow-*^ 
dehyde,  classed  as  a phenolic  condensation  product.  It  can  be  .preparw*^ 
many  forms,  transparent  or  translucent,  in  a variety  of  colors;  it  is  adapt 

as  molding  material,  varnish,  enamel,  impregnating  material  and  oecxxv 
The  first  step  in  its  manufacture  is  the  production  of  a resinous  guiga^i 
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substance  which  will  not  harden  under  heat;  this  product  is  heated  and  then 
combined  with  a hardening  agent,  producing  a hard,  infusible  and  practically 
iasoluble  substance  which  the  manufacturer  (Condensite  Co.  of  America) 
claims  is  high  in  dielectric  and  mechanical  strength  and  heat  resistance. 

The  following  data  on  the  properties  of  molded  condensite  were  furnished 
by  the  manufacturer : Density,  1.25  to  2.0;  not  hygroscopic,  unaffected  by 
water,  insoluble  in  the  ordinary  solvents  and  oils,  attacked  oy  strong  nitric 
add  and  caustic  potash,  slightly  attacked  by  sulphuric  acid.  The  resistivity 
at  22  deg  cent,  is- about  4X101*  ohm-cm.  (Bur.  of  Stds.);  dielectric  strength, 
about  300  to  400  volts  per  mil  at  a thickness  of  0.15  in.  and  500  to  600  volts 
per  m3  at  a thickness  of  0.04  in.;  tensile  strength,  4,300  lb.  per  sq.  in.;  com- 
pressive strength,  26,000  lb.  per  so.  in.;  not  perceptibly  affected  by  48  hr.  of 
exposure  to  a temperature  of  200  acg.  cent.;  maximum  working  temperature, 

300  deg.  cent.  (Swoboda,  Elec.  Jour.,  May,  1913)/  Also  see  Electrical 
Review  and  West  Elec.,  Vol.  LX,  p.  199. 

ISO.  Dielectrite  is  a black  molded  composition  composed  of  vegetable 
fibre  and  mineral  filler.  It  is  molded  and  vulcanised  by  the  application  of 
beat.  Resistivity  at  22  deg.  cent.,  5X101*  ohm-cm. 

ttl.  Mectroseis  a dark  brown  or  black  composition  of  hard,  tough 
quality  which  it  is  claimed  is  non-hygroscopic  and  not  affected  by  water 
or  oil.  It  oan  be  molded  in  any  form,  will  nold  metal  inserts,  ana  can  be 
even  a smooth  glossy  finish.  The  working  temperature  limit  is  about  95 
deg.  cent.  Resistivity  at  22  deg.  cent.,  1X10U  to  200X1014  ohm-cm.  The 
manufacturer  (Electros©  Mfg.  Co.)  claims  a dielectric  strength  of  at  least 
600  volts  per  mil,  in  a thickness  of  i in.  Electrose  is  used  in  the  manufacture 
of  many  different  forms  of  insulators  and  bushings  and  is  also  made  in  pliable 
insulating  flooring.  See  Electrical  World,  Vol.  LIvTp.  797  and  Vol.  LVI,  p.  887. 

ttt.  Gohmak  is  a molded  substitute  for  hard  rubber  made  by  the  Vulcan- 
ised Products  Co.  The  density  ranges  from  1.4  to  1.8  according  to  compo- 
wtion.  The  claim  is  made  that  it  is  non-hygroscopic  and  insoluble  in  oils 
and  wehk  solutions.  Resistivity,  on  the  order  of  2 X 10 10  ohm-era.  at  ordinary 
temperatures,  decreasing  with  rising  temperature.  Dielectric  strength,  on 
the  order  of  400  volts  per  mil,  at  a thickness  of  0.25  in.  Tensile  strength, 

9,000  to  12,000  lb.  per  sq.  in.  Softens  slightly  at  100  deg.  cent. 

828.  Insulate  is  a black  molded  composition  composed  of  mineral  com- 
pound and  resembles  hard  rubber.  It  can  be  moulded  in  any  shape  and  can  be 
worked  and  machined.  < The  manufacturers  (General  Insulate  Co.)  claim 
that  it  is  non-hygroscopic,  insoluble  in  all  weak  solutions  and  has  a maximum 
working  temperature  of  150  deg.  fahr.  The  resistivity  of  No.  2 grade  at 
22  deg.  cent,  is  8X  10u  ohm-cm.  The  dielectric  strength  is  on  the  order  of 
45  volts  per  m3,  at  a thickness  of  0.4  in. 

814.  Molded  mica  is  made  of  finely  split  mica  scales  held  together  by 
a strong  insulating  varnish,  binder,  or  cement,  such  as  shellac,  the  sheets  or 
form*  thus  built  up  being  subjected  to  heat  and  pressure.  These  composi- 
tions are  more  or  less  heat  resisting,  dependent  upon  the  nature  and  propor- 
tions of  the  binder  employed.  They  are  known  by  a variety  of  trade  names 
soch  as  micanite,  mica  plate,  micabond,  micabeston,  turbomic,  formica, 
aegomit,  megotalc,  etc.  The  less  binding  material  they  contain,  the  nearer 
they  approach  the  properties  of  natural  mica.  Such  reconstructed  or  molded 
woes  is  made  in  three  commercial  forms,  as  follows ; (1)  Molded  plate,  which 
becomes  flexible  when  heated  and  in  that  condition  can  readily  be  formed 
bio  various  shapes  such  as  rings,  troughs,  spools,  and,  in  thinner  sheets, 
nled  into  tubes.  Upon  cooling  it  regains  its  rigidity.  It  can  be  used  for 
ay  purpose  where  very  high  temperatures  are  not  encountered,  except  for 
commutator  bars.  (2)  For  insulating  commutator  segments.  It  cannot 
be  molded  and  offers  great  resistance  to  heat.  Canadian  amber  mica  is 
preferred  for  this  purpose.  (3)  Flexible  sheets  which  may  be  bent  to  shape 
wthout  application  of  heat,  for  insulating  armature  slots,  magnet  and  com- 
mutator cores,  etc.  It  is  also  used  in  conjunction  with  tapes  for  insulating 
vires  and  cables. 

Rayner  concluded  from  his  tests  (National  Physical  Laboratory)  that 
merally  speaking,  thin  qualities  of  micanite  up  to  about  1 mm.  will  with- 
rtaad  a stress  of  20,000  volts  per  mm.  (500  volts  per  mil)  in  air  for  10  min. 

Above  this  thickness,  up  to  2.5  mm.,  there  is  more  difficulty  in  making 
material  which  will  withstand  this  stress,  and  usually  the  material  withstands 
tbs  voltage  longer  under  oU. 

Digit?!7  Google  A 


Sec.  4-326 


PROPERTIES  OF  MATERIALS 


The  Mica  Insulator  Co.  gives  the  following  dielectric  strengths  for  micanite 
of  different  grades: 


Use 

Grade 

Thioknesa 

(mils) 

Volts  per 
mil 

For  molding 

India 

10.  to  125. 

955 

For  commutators 

India 

10.  to  125. 

955 

For  molding 

Amber 

20.  to  62.5 

830 

Plate  for  flat  work 

India 

62.5  to  500. 

800 

Flexible 

India 

5.  to  125. 

588 

The  resistivity  is  on  the  order  of  10u  obm-cm. 

325.  Roxite  is  a black  moulded  composition,  the  properties  of  which 
are  given  as  follows  by  the  Northern  Industrial  Chemical  Co.  Density,  1.8; 
can  be  molded  into  any  shape  and  will  receive  metal  inserts;  will  take  a high 
polish;  infusible  and  insoluble;  will  not  support  combustion;  absorbs  0.5  U 
1 per  cent,  of  water  after  24  hr.  immersion;  dielectrio  strength,  80  volt 
per  mil. 

326.  Sternoid  (Dickinson  Mfg.  Co.)  is  a black,  heat-resisting,  molde< 
material  which  the  manufacturers  claim  has  high  dielectric  and  tonsil 
strength  and  is  heat-proof  up  to  260  deg.  cent.  The  same  manufacturer 
also  produce  other  molded  materials  known  as  stern-asbeston,  heat-proo 
up  to  200  deg.  cent.;  stern-oondensite,  heat-proof  up  to  175  deg.  cenl 
and  capable  of  being  worked,  machined  and  polished;  rubber-substitute* 
heat-proof  up  to  70  deg.  oent. 

327.  Vulcabeiton  (Johns-Manville  Co.)  is  an  insulating  material  mad 
of  asbestos  and  rubber,  the  latter  being  used  as  a binder.  This  materii 
is  grayish  brown  in  appearance,  oan  be  molded  into  nearly  any  shape,  an 
has  a surface  which  will  not  take  a smooth  finish.  The  softening  point  i 
about  175  deg.  cent.,  with  a safe  working  temperature  of  about  150  def 
cent.  The  resistivity  at  22  deg.  cent,  is  about  2X1010  ohm-cm.  Th 
dielectric  strength  is  about  90  volts  per  mil,  the  test  pieces  being  0.25  ii 
thick.  Change  in  temperature  has  no  effect  on  the  dielectric  strengtl 
Since  this  material  is  of  a fibrous  nature,  it  is  not  suitable  for  use  in  dam 
places.  Acids  have  a slight  effect  upon  it.  The  transverse  strength 
3,600  lb.  per  sq.  in.  See  Electrical  World,  1912,  Vol.  LX,  pp.  893  and  804 

328.  Vulcabeiton  No.  201  (Johns-Manville  Co.)  is  a material  compose 
of  asbestos  and  a special  gum  used  as  a binder.  In  appearance  it  hj 
a brown  mottled  surface  which  will  take  a very  high  finish.  Intricate  at 
complicated  pieces  can  be  readily  molded  from  it,  using  metal  inserts 
desired.  The  softening  temperature  is  between  260  ana  300  deg.  cen 
and  the  safe  working  temperature  is  about  230  deg.  cent.  The  cnclecti 
strength  is  about  115  volts  per  mil  with  test  pieces  0.25  in.  thick.  Tran 
verse  strongth,  9,000  lb.  per  sq.  in.  Not  affected  by  most  acids,  and  n 
affected  by  oil  or  water. 

829.  Vulcalose  is  a molded  material  having  the  properties  of  hard  rubtx 
except  that  it  is  said  to  be  considerably  tougher.  It  can  be  molded  in  ai 
form  and  is  used,  among  other  purposes,  for  insulators. 

RUBBER  AND  ITS  DERIVATIVES 

330.  Rubber  or  caoutchouc  is  the  general  name  applied  to  a are 
number  of  different  natural  gums,  the  different  varieties  being  of  decidec 
unlike  characteristics,  but  having  among  themselves  certain  common  pr< 
erties  and  similar  constituents.  The  synthesis  of  rubber  shows  that 
belongs  with  the  terpenes,  having  the  formula  (CioHit)*,  but  thus  far  all  i 
tempts  to  show  the  sise  of  the  molecule  have  been  unsuccessful.  In  ad 
tion  some  of  the  crude  rubbers  contain  proteids,  resips,  hydrocarbons,  et 
in  some  cases  it  requires  extensive  treatment  to  obtain  the  pure  gum.  Cr\i 
rubber  is  obtained  by  coagulating  and  drying  the  milky  latex  obtained  fr< 
certain  species  of  trees  and  plants,  the  principal  sources  being  in  Soi 
America,  Central  America,  Africa  and  Asia,  the  Amason  district  of  Soi 
America  being  especially  noted  for  its  high-grade  rubber.  Crude  rubbei 
affected  in  marked  degree  by  temperature,  being  soft  and  sticky  when  wa 
but  stiff  when  cold. 
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551.  Reduction  of  crude  rubber.  The  lumps  or  biscuits  of  crude 
rubber  are  boiled  in  water,  ground,  washed,  dried,  mixed  with  sulphur, 
adulterants  and  filler  and  then  calendered.  For  details  of  the  process  see 
Perrine,  F.  A.  C.  “Conductors  for  Electrical  Distribution,"  New  York, 
1903;  and  Esch,  W.  "Handbook  for  India-rubber  Engineers,"  Hamburg, 
1912.  Owing  to  the  high  cost  of  pure  rubber  it  is  almost  universally  adulter- 
ated and  many  rubber  products  do  not  contain  over  20  to  30  per  cent,  of 
pore  gum,  and  sometimes  much  less.  Among  the  numerous  adulterants  in 
om  are  rubber  substitutes,  ozokerite,  paraffin,  pitch,  oil,  etc.,  and  fillers  such 
ss  zinc  oxide,  white  lead,  red  lead,  barium  sulphate,  magnesium  carbonate, 
barium  carbonate,  chalk,  lamp-black,  talc,  alumin  flakes,  etc. 

Vulcan! nation.  When  rubber  and  sulphur  are  heated  to  a temperature 
zbove  the  meltin«-point  of  the  latter,  120  dea.  cent.,  the  two  combine  and 
form  a new  product  termed  vulcanised  rubber,  which  is  stronger,  more 
elastic  and  less  susceptible  to  temperature  changes  than  pure  rubber.  The 
degree  of  vulcanisation  depends  upon  the  proportion  of  sulphur,  the  tempera- 
ture and  the  duration  of  heating. 

552.  Rubber  substitutes  in  the  true  sense  have  not  yet  been  produced 
«j  a commercial  scale.  There  are  certain  so-called  substitutes,  produced 
from  vegetable  oils  by  processes  of  vulcanisation  or  oxidation,  which  can 
advantageously  be  mixed  with  rubber  for  the  production  of  certain  articles. 
Rubber  substitutes  used  not  infrequently  in  wire  insulation  consist  principally 
of  oxidised  oils,  paraffin,  resins  and  rubber  shoddy.  The  latter  is  a com- 
pound obtained  by  treating  old  rubber  with  steam,  sulphuric  acid  and  chlor- 
ide of  sine,  thus  removing  most  of  the  vegetable  fibres  and  the  sulphur, 
bat  leaving  the  mechanical  admixtures  of  earth  and  oxides  employed  in  the 
original  manufacturing  process.  Such  substitutes  are  usually  known  under 
trade  names. 

S33.  Electrical  properties.  The  resistivity  is  on  the  order  of  10“  to 
10“  obm-cm.,  varying  greatly  according  to  the  composition  and  increasing 
«ith  the  content  of  pure  rubber.  The  temperature  coefficient  is  negative 
zad  unusually  large,  ranging  from  2 to  4 per  cent,  per  deg.  cent.  Del  Mar 
states  that  at  any  given  temperature  the  rate  of  change  of  resistance  per  deg. 
of  temperature  change  is  approximately  proportional  to  the  resistance  at 
that  temperature,  values  of  the  factor  ranging  from  0.02  to  0.03  for  30  per 
cent.  Perm  compound.  Values  of  k in  the  formula  R — k logio(D/d)  for  in- 
sulation resistance  of  cylindrical  wires  in  megohm-miles,  are  variable  be- 
tween wide  limits,  ranging  from  about  1,000  to  20,000;  d is  the  diameter  of 
the  wire  and  D is  the  outer  diameter  of  the  insulation,  in  the  same  units. 
The  value  of  A is  very  much  higher  with  alternating  currents. 

The  dielectric  constant  of  pure  vulcanised  rubber  is  from  2 to  3;  rubber 
compounds,  3 to  4.  Jona  gives  values  as  high  as  6 for  certain  compounds 
containing  relatively  large  percentages  of  Para. 

The  dielectric  strength  of  high-grade  rubber  compound  ranges  from  300  to 
500  volts  per  mil ; it  decreases  quite  appreciably  for  long  periods  of  electrifica- 
tion. Lufkin  states  {Electrical  World,  1913,  Vol.  LXI,  p.  1310)  that  for  each 
rubber  compound  there  is  a critical  temperature  at  which  the  puncture  vol- 
tage is  a maximum.  This  ranged  between  40  deg.  and  80  deg.  cent,  for  five 
different  grades,  in  a certain  series  of  tests.  One  particular  grade,  or  high 
quality,  gave  a maximum  at  70  deg.  cent.,  being  30  per  cent,  above  the  value 
u 20  deg.  The  range  was  carried  to  100  deg.  eent.  at  the  upper  limit,  and 
0 deg.  at  the  lower. 

Fleming  and  Dyke  measured  the  power-factor  of  rubber  at  920  cycles 
zad  found  values  of  0.005  for  pure  India-rubber  and  0.002  for  vulcanized 
ladia-rubber.  For  further  data  on  electrical  properties,  consult  the  follow- 


Jona,  E.  “Insulating  Materials  in  High-tension  Cables;"  Trans.  Int. 
Dec.  Congress,  St.  Louis,  1904,  Vol.  II,  pp.  550  to  571. 

Fisher,  H.  W.  “Rubber-covered  Wires;"  Trans.  A.  I.  E.  E.f  1907,  Vol. 
XXVI,  pp.  997  to  1025. 

Osborne,  H.  S.  "Potential  Stresses  in  Dielectrics;"  Trans.  A.  I.  E.  E., 
mo.  Vol.  XXIX.  pp.  1553  to  1581. 

Hering,  C.  “Thickness  of  Electric  and  Thermal  Insulation,"  Electrical 
World,  1911,  Vol.  LVIII,  pp.  1303  to  1305. 

Lendi,  J.  H.  “The  Thickness  of  Insulation  on  Wires  and  Cables,"  Elec- 
trical World , 1912,  Vol.  L1X,  pp.  590  to  592. 
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334.  Mechanical  properties.  * The  density  of  pure  rubber  is  0.93  t 
0.97;  rubber  compounds,  1.7  to  2.0.  A properly  vulcanised  compound  < 
high-grade  rubber  suitable  for  the  best  hose  and  packing,  has  a tensi! 
strength  of  about  2,000  lb.  per  sq.  in.  and  may  be  stretchea  to  about  seve 
times  its  original  length..  The  physical  properties,  however,  are  subje< 
to  wide  variations  depending  upon  the  relative  proportions  of  gum  and  fill< 
and  the  extent  of  vulcanization.  The  real  value  of  rubber  depends  upo 
the  length  of  time  which  it  will  retain  its  desirable  properties.  It  olte 
deteriorates  less  rapidly  when  in  use  than  when  lying  idle;  deterioration 
accelerated  by  heat  and  especially  by  sunlight,  probably  as  the  result  < 
oxidation.  Other  things  being  equal,  the  better  grades  are  stronger,  mot 
elastic  and  more  durable  than  the  poorer  grades. 

, The  following  tests  made  by  the  Bureau  of  Standards  indioate  the  propei 
ties  of  six  different  grades  of  rubber  (See  Circular  No.  38). 


Tensile  strength 
Ob.  per  sq.  in.) 

Ultimate  elongation 
(per  cent.) 

8etf 

(per  cent.) 

Longi- 

tudinal 

Trans- 

verse 

Longi- 

tudinal 

Trans- 

verse 

Longi- 

tudinal 

Trans- 

verse 

1 

2,730 

2,575 

630 

640 

11.2 

7.3 

2 

2,070 

2,030 

640 

670 

6.0 

5.0 

3 

1,200 

1,260 

480 

555 

22  1 

16.3 

4 

1,850 

1,700 

410 

460 

34.0 

24.0 

5 

690 

510 

320 

280 

27.5 

25.0 

6 

880 

690 

315 

315 

34.3 

25.9 

t After  300  per  cent,  elongation  for  1 min.,  with  1 min.  rest.  The  set  an 
the  tensile  strength  were  determined  on  different  test  pieces. 


335.  The  safe  working  temperature  limit  for  cables  insulated  wit 
rubber  gum  or  rubber  compounds  is  50  deg.  cent. 

336.  Chemical  activity.  Rubber  compounds  containing  sulphur  si 
injurious  to  copper.  Rubber-covered  copper  wires  should  be  protected'  b 
a coating  of  tin.  Rubber  is  attacked  by  oil  and  therefore  rubber-oovere 
conductors  should  never  be  immersed  in  insulating  oils,  which  applies  t 
any  form  of  rubber  insulation. 

33T.  Specifications  and  tests  for  30  per  cent.  Hevea  rubber-insula  tin 
compound  were  prepared  in  1914  by  a joint  rubber  insulation  committe 
appointed  by  a group  of  manufacturers  and  users  of  rubber  compound) 
The  full  report  and  specifications  will  be  found  in  the  Proc.  A.  I.  E.  E.,  Jan 
1914,  pp.  121  to  140.  Specifications  for  rubber-insulated  wire  have  bee 
prepared  by  a number  of  associations;  see  R.  S.  A.  "Manual.'* 

338.  Chatterton's  compound  is  composed  of  3 parts  gutta-percha, 
part  rosin  and  1 part  Stockholm  tar.  It  is  used  for  filling  the  interstia 
between  the  strands  of  cable  conductors  before  applying  gutta-percha,  i 
submarine  cables. 

339.  Clark's  compound  consists  of  60  parts  mineral  pitch  and  40  par 
of  finely  ground  sand.  It  is  employed  to  impregnate  jute  yarn  wrapping  c 
the  outside  of  armored  submarine  cables. 


340.  Gutta-percha  is  a natural  gum,  the  best  quality  of  which  is  obtain* 
from  the  Isonda  gutta-tree  found  in  Sumatra,  Borneo  and  Malacca, 
gum  known  as  Ballata,  which  is  quite  similar  to  gutta-percha,  is  found  i 
Venezuela.  The  density  of  gutta  percha  is  0.97  to  0.98  and  its  propertii 
are  generally  the  same  as  those  of  pure  rubber.  Crude  gutta-percha  is  r 
duced  in  the  same  manner  as  crude  rubber,  but  unlike  the  latter  it  is  used  i 
the  pure  state,  principally  for  submarine  cable  insulation.  Fleming  an 
Dyke  found  that  at  920  cycles  the  effective  resistivity  is  34X10*  ohm-cm 
apparent  dielectric  constant,  2.86;  power-factor,  0.020.  For  extended  info 
mation  on  gutta-percha  and  its  properties  see  Clouth,  F.,  " Rubber,  Gutb 


* The  Testing  of  Mechanical  Rubber  Goods:  Circular  No.  38,  U.  S.  Bures 
of  Standards;  1913.  Also  see  “Reports  of  Tests  of  Metals"  (Watertow 
Arsenal),  Gov.  Printing  Office,  Wash.,  D.  C.,  1909, 
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prefc*  and  Batata,”  Cologne,  1003;  Seeligmann,  Torrilhon  and  Faloounet, 
•India-rubber  and  Gutta  Percha,”  1910;  Del  Mar,  W.  A.,  “Electric  Power 
Coaductors,”  2d  edition.  New  York,  1014;  Kempe,  H.  R.,  “A  Handbook  of 
Qerfricml  Testing,”  7th  edition,  London,  1908. 

Ml.  Hard  rubber  or  ebonite  is  a rubber  compound  containing  a large 
prcentage  of  sulphur  and  highly  vulcanised.  It  is  a hard  dense  material 
ponesring  many  desirable  properties  as  an  insulator  at  temperatures  not 
patly  exceeding  normal.  Tne  resistivity  is  on  the  order  of  101*  to  10** 
atm-cm.  at  ordinary  temperatures;  the  surface  resistivity  is  impaired  by 
exposure  to  sunlight  (See  Scientific  Paper  No.  234.  Bureau  of  Standards.) 
Hie  dielectric  constant  is  from  1 .0  to  3.5.  In  small  thicknesses,  of  20  mils, 
tie  dielectric  strength  ranges  from  1,700  to  3,750  volts  per  mil,  tested  between 
1-m.  spheres;  1,000  to  2,000  volts  per  mil,  tested  between  flat  electrodes.  At 
920  cycles  it  has  an  effective  resistivity  of  about  1.5X10”  ohm-cm.;  di- 
dcctnc  constant,  3.17;  power-factor  0.005  (Fleming  and  Dyke).  Mechanio- 
it  n brittle,  but  can  be  worked,  machined  and  polished;  tensile  strength, 
ifout  1,100  lb.  per  aq.  in.  and  compressive  strength  about  double;  density, 
U to  1.25.  It  is  attacked  by  oils  and  osone,  but  is  non-hygroscopic.  See 
Fsraar,  F.  M.,  “The  Dielectric  Strength  of  Thin  Insulating  Materials,” 
J*m.  A.I.E.  E..  1913,  Vol.  XXXII,  pp.  2097  to  2131;  also  Paterson, 
jhywr  and  Kinnes,  “Notes  on  the  Testing  of  Ebonite  for  Electrical 
Purposes Jtmr.  I.  E.  E.,  1913,  Part  217,  Vol.  L. 

Ml  Kerlte  is  a vulcanised  compound  of  oxidised  linseed  oil  and  rubber 
combined  with  various  vegetable  oils,  invented  by  A.  G.  Day.  According 
to  Perrins*  it  has  a specific  insulation  resistance  somewhat  lees  than  pure 
rabbet,  but  is  said  to  be  mechanically  more  durable  than  any  insulation 
manufactured  from  pure  rubber.  It  is  employed  in  the  insulation  of  wires 
*nd  cables  as  a substitute  for  the  usual  rubber  compound.  The  value 
of  the  constant  k in  the  formula  R — k logi e ( D/d)  is  given  by  the  Kerite  Ins. 
wire  and  Cable  Co.  as  4,000  at  00  deg.  fahr. ; R is  the  insulation  resistance  of 
the  wire  in  megohm-miles,  d is  the  diameter  of  the  conductor  and  D is  the 
ootade  diameter  of  the  insulation. 

Ml.  Sulphur  has  a resistivity  of  10*’  ohm-cm.  at  22  deg.  oent.;  dielectric 
distant,  2.2  to  3.9;  power-factor  at  920  cycles,  0.0003. 

M4.  Vulcanite.  See  hard  rubber,  Par.  341. 

VABNI8HS8  AMD  COMPOUNDS 
, Ml.  Solidifying  materials,  such  as  varnishes,  which  are  applied  as 
squids  and  emerge  as  solids,  are  of  interest  chiefly  in  their  final  state.  They 
ve  divisible  broadly  into  two  classes:  (1)  those  employed  to  impregnate  or 
*?eat  basic  materials,  such  as  the  fibres  and  the  pulps;  (2)  those  employed 
a filfing  compounds,  to  permeate  or  seal  extensive  voids  which  otherwise 
*ould  offer  lodgment  for  moisture  and  deleterious  foreign  matter.  The 
properties  of  the  former  class  are  obviously  of  importance,  principally,  in 
a*oriation  with  the  treated  or  impregnated  base;  while  materials  of  tbe  latter 
constitute  a species  to  themselves. 

. Ml.  Insulating  varnishes  are  divisible,  according  to  their  applications, 
mo  four  groups  :f  (A)  For  impregnating  windings;  (B)  for  treating  papers 
*sj  fabrics*  (C)  for  cementing  purposes;  (D)  finishing  varnishes.  They  are 
divisible,  according  to  their  properties,  into  (a)  oxidising  and  (b)  non- 
juring.  and  again  into  (1)  air-drying  and  (2)  baking.  Oxidising  varnishes 
A are  frequently  composed  of  linseed  oil  with  a resinous  base  of  oopal 
pother  fossil  gum,  and  when  thoroughly  oxidised  are  almost  impervious  to 
Jred  moisture.  The  drying  action  in  linseed-oil  varnishes  takes  place 
**  by  the  evaporation  of  the  volatile  solvent  and  then  by  the  oxidation  of 
and  the  gum;  the  latter  action  is  hastened  by  the  addition  of  mineral 
the  auantity  of  which  depends  upon  whether  air-drying  or  baking 
2j»h  is  desired.  In  another  form  of  oxidising  varnish  the  gum  base  is 
^beed  by  asphaltum,  but  this  is  said  to  lower  the  dielectric  strength  and  the 
^srtsnce  to  attack  by  oil.  Non-oxidising  varnishes  of  class  A contain  a 


'Perrine,  F.  A.  C.  “Conductors  for  Electrical  Distribution,”  New  York 
0 Van  Nostrand  Co.,  1903,  p.  106. 

t See  Fleming  and  Johnson.  “ Insulation  and  Design  of  Electrical  Wind- 
***:"  Longmans,  Green  and  Co.,  London,  1913;  pp.  63  to  76. 
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base  of  gum  or  asphaltum  with  a spirit  solvent,  ahellao  varnish  being  a 
example.  Varnishes  of  class  B are  composed  in  some  instances  of  linseed  o 
with  a gum  base,  and  a mineral  drier  such  as  manganese  borate  or  lithargt 
in  other  cases  linseed  oil  alone  is  used.  It  is  essential  that  varnishes  c 
class  A and  class  B should  be  as  nearly  as  possible  impervious  to  moistun 
and,  for  oil-immersed  apparatus,  not  attacked  by  transformer  oil.  In  th 
varnishes  of  class  C,  shellac  is  probably  the  most  extensively  employee 
Class  D varnishes  are  used  mainly  for  the  sake  of  appearance  and  to  provid 
a hard  smooth  exterior  surface  in  the  interest  of  cleanliness. 

347.  Impregnating,  filling  and  sealing  compounds  are  prepared  fror 
a multitude  of  different  formulas.  In  most  instances  their  composition  j 
guarded  as  a manufacturing  secret  and  they  are  marketed  under  various  trad 
names,  such  as  Ajax,  Armalac,  Benolite,  lnsulatine.  Insulae,  Ohmlac,  Oriti 
Resistolac,  8.  V.  W.f  Victolac,  Voltalac,  etc.  Impregnating  varnishes  hav 
been  superseded  to  some  extent  by  compounds  having  an  asphaltum  or  pal 
affin  base  dissolved  in  thinning  material,  which  are  chemically  more  inerl 
more  resistant  to  moisture,  better  heat  conductors  and  capable  of  filling  th 
interstices  of  windings.  Their  use  is  chiefly  limited  by  their  temperatui 
characteristics.  The  compounds  on  the  market  offer  a fairly  wide  range  < 
choice  in  temperature  characteristics,  the  softening  or  flow  points  varyin 
from  about  50  to  130  deg.  cent.  The  Miner all&c  Elec.  Co.  gives  the  foUovin 
properties  for  Mineralise  No.  2,  a semi-solid  compound:  softening  point,  4 
deg  cent.;  melting-point,  63  deg.;  flash-point,  202  deg.;  burning-point,  21 
deg.;  resistivity,  1.3X1011  ohm-cm.;  dielectric  constant,  2.1;  dielectri 
strength,  1,000  volts  per  mil. 

In  the  case  of  filling  and  sealing  compounds,  the  thermal  properties  ai 
relatively  of  more  importance  than  the  dielectrio  strength;  chemical  inertnei 
and  imperviousness  to  moisture  are  very  important.  These  compounc 
should  be  tested  for  softening  point,  evaporation,  melting  or  pouring  poio 
flash-point,  burning-point,  characteristics  at  extremes  of  working  tempera 
ture,  cubical  expansion,  chemioal  activity,  effect  of  moisture  and  electrici 
properties. 

348.  Vacuum  drying  and  impregnation  is  very  extensively  employe 
in  the  application  of  fluid  or  liquid  treating  materials.  The  winding  < 
substance  to  be  impregnated  is  first  dried  in  a steam-heated,  vacuum  chambei 
then  the  hot  insulating  fluid  is  admitted,  the  vacuum  islet  down,  andpressm 
is  applied,  to  the  extent  sometimes  of  50  lb.  per  sq.  in.  In  this  way  tne  mov 
ture  is  driven  out  and  the  maximum  degree  of  impregnation  is  secured. 

849.  Asphalt  is  a natural  mineral  pitch  of  bitumenous  character  en 
ployed  in  the  manufacture  of  insulating  varnishes  and  impregnating  con 
pounds.  Chemically  it  is  a mixture  of  hydrocarbons,  generally  black  1 
color,  hard  at  ordinary  temperatures,  becomes  viscous  at  about  70  deg.  cen 
and  melts  at  about  100  deg.  cent.  The  density  is  from  1.04  to  1.40.  It 
more  or  less  soluble  in  oil  of  turpentine,  ether,  alcohol  and  chloroform.  T1 
dielectric  constant  is  about  2.7  and  the  dielectric  strength  according  | 
Symons  is  30  volts  per  mil  at  a thickness  of  A in. 

380.  Bitumen.  The  term  originally  referred  only  to  asphalt  or  miner 
pitch,  but  its  meaning  is  now  extended  to  embrace  any  of  a number  of  inflai 
mable  mineral  substances  consisting  mainly  of  hydrocarbons,  and  indudii 
also  the  mineral  tars.  Coal-tar  pitch  is  a fair  insulator,  but  is  brittl 
according  to  Symons  it  has  a dielectrio  strength  of  about  50  volts  per  mil. 

381.  Xnamel  (baked)  insulation  for  small  magnet  wires  has  to 
great  extent  displaced  cotton  and  silk,  or  is  used  in  conjunction  with  thei 
The  composition  of  the  enamelling  compounds  used  by  different,  manl 
faeturers  is  guarded  with  much  secrecy;  the  base  of  the  compound,  in  so* 
instances,  is  said  to  be  stearin  pitch.  Chemically  stearin  is  glyceryl  tri 
tearate;  it  melts  at  67  deg.  cent.  It  is  also  known  as  tristearin  and  is 
prominent  constituent  of  many  animal  and  vegetable  fats  and  oils. 

The  wires  are  drawn  slowly  through  a warm  bath  of  the  melted  oompoui 
and  then  through  a baking  oven,  the  process  being  repeated  to  secure 
many  coatings  as  required.  One  of  the  defects  sometimes  found  in  the  coi 
ing  is  the  occurrence  of  very  small  holes,  like  pin  holes,  exoosing  the  condi 
tor;  such  defects  can  be  detected  by  drawing  the  wire  through  a mercu 
bath.  The  coating  is  usually  very  thin,  on  the  order  of  a few  tenths  of  a m 
1 he  dielectric  strength  varies  over  a range  of  about  300  to  1,200  volts  (maj 
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m«l  *n  average  value  being  600  to  600  volts  per  mil,  or  about  four  times 
fc  ralue  for  silk.  The  electrical  resistivity  at  ordinary  temperatures  is 
«y  high,  on  the  order  of  1014  ohm-cra.  Baked  enamel  should  stand  a tern- 
jnture  of  100  deg.  cent,  continuously  without  injury,  but  breaks  down  elec- 
My  at  about  300  deg.  cent.  It  is  a fairly  good  thermal  conductor  and 
keh  superior  to  cotton  and  silk.  An  enameled  wire  should  withstand 
hading  around  a mandrel  four  times  its  own  diameter  without  injury. 
Farpentine,  shellac,  alcohol,  vegetable  or  animal  oils,  and  coal-tar  solvents 
■0  attack  it,  but  it  is  not  injured  by  clean  mineral  oil  and  is  moisture-proof, 
h should  be  carefully  handled  to  avoid  injuring  the  coating. 

SSL  Linseed  oil  is  a vegetable  material  derived  from  flaxseed,  having  a 
density  of  0.932  to  0.936  at  15  deg.  cent.  It  has  excellent  insulating  proper- 
ty and  is  extensively  used  in  paints  and  varnishes.  For  specifications  and 
general  properties  see  "A.  S.  T.  M.  Standards;”  and  Technologic  Paper 
So.  ft,  Bureau  of  Standards,  1912.  Boiled  linseed  oil  has  the  property  of  ^ 
ondiring  under  ordinary  exposure  to  air  and  the  process  will  continue  until  it 
becomes  viscous  or  even  hard;  the  action  can  be  hastened  by  drying  agents 
tad  the  application  of  heat. 

M.  Ozokerite  (oaocerite)  is  a wax-like  mineral,  colorless  or  white  when 
pan  and  consisting  of  a mixture  of  hydrocarbons.  It  is  used  in  making  cere- 
fiB,  candles,  etc.  Crude  osokerite  has  a resistivity  on  the  order  of  4.6  X 10u 
oiiD-m.  Liquid  osokerite  has  a dielectric  constant  of  about  2.1.  Ceresin 
a a yellow  or  white  wax  made  by  bleaching  and  purifying  osokerite  and 
■ employed  as  a constituent  of  insulating  compounds;  its  density  is  0.75; 
r&ietmty,  over  5 X 10**  ohm-cm.  at  22  deg.  cent. 

IK  Paraffin  is  a colorless  or  white  waxy  substance,  consisting  of  a com- 
plex mixture  of  hydrocarbons,  obtained  by  the  distillation  of  wood,  coal  or 
oil.  Chemically  it  is  inert,  being  unaffected  by  most  strong  reagents.  Ac- 
cording to  composition,  it  melts  at  from  45  to  80  deg.  cent,  and  has  a density 
of  0.87  to  0 94;  resistivity,  10*»  to  10**  ohm-cm.;  dielectric  constant,  1.9  to 
2 3:  dielectric  strength,  about  300  volts  per  mil;  power-factor  at  920  cycles, 
00003. 

IK.  Basin  is  defined  as  any  of  various  solid  or  semi-solid  organic  sub- 
case*!, chiefly  of  vegetable  origin,  usually  yellowish  to  brown  in  color,  trans- 
parent or  translucent,  and  soluble  in  ether,  alcohol,  etc.,  but  not  in  water, 
they  soften  and  melt  on  heating.  Chemically  they  differ  widely,  but  all  are 
rich  in  carbon  and  hydrogen  and  contain  also  some  oxygen.  Among  the  com- 
aerrial  resins  are  amber,  copal,  dammar,  guaiacum,  lac,  mastic,  rosin  and 
undarac.  Lac  is  the  raw  material  used  in  making  shellac,  which  has  a 
rwistivity  on  the  order  of  1014  to  1014  ohm-cm.  and  a dielectric  constant  of 
»hout  2.7  to  3.8. 

IK.  Wax  is  defined  as  any  of  a class  of  natural  substances  composed  of 
arbon,  hydrogen  and  oxygen  and  consisting  chiefly  of  esters  other  than  those 
offlycerin  or  of  free  fatty  acids.  In  this  class  are  included  beeswax,  sperma- 
Chinese  wax,  carnauba  wax,  etc.  Beeswax  is  a dull  yellow  solid,  of 
d?iaity  0 96  to  0.97  at  15  deg.  cent,  and  melting  at  62  to  64  deg.  cent.; 
tawtivity,  10'4  to  1017  ohm-cm.;  dielectric  strength,  about  250  volts  per  mil. 
MT.  Weatherproof  compounds  for  saturating  the  cotton  braids  on 
**therproof  wire  usually  contain  an  asphaltum  base,  with  an  admixture  of 
*u  so  that  the  surface  of  the  braid  may  be  given  a dull  polish. 

INSULATING  OILS 

SSI.  Oil  is  employed  as  an  insulating  medium  in  many  ways.  It  is  em- 
ployed by  itself  to  insulate  transformers  and  switches  by  immersion;  it  is 
Bailor  saturating  fibrous  and  other  materials,  as  in  cable  work;  drying  oils 
la*ed)  are  used  for  coating  papers  and  cloths  in  sheet  insulation;  various 
tads  of  oil  are  employed  in  mixing  insulating  paints  and  varnishes.  Oils 
1 practically  every  variety  are  possessed  of  very  high  resistivity  and  chelee- 
fr*  strength.  Chemically  oil  is  composed  of  hydrocarbons  having  the  gen- 
formulas  C«Ht«+s  and  The  desired  characteristics  of  an  insulat- 

‘afoil  are  high  resistivity  and  dielectric  strength,  low  viscosity,  high  naan 
1.  chemical  neutrality  toward  metals  and  insulating  materials,  freedom 
fyn  moisture,  sediment  and  impurities,  and  chemical  stability  under  local 
temperatures. 
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SBf . Transformer  oil.  The  ideal  oooling  and  insulating  fluid  for  a tran* 
former  should  have  the  characteristics  named  in  Sec.  6,  Par.  60.  The  oi 
largely  used  is  a mineral  oil  obtained  from  crude  petroleum  by  fractions 
distillation,  having  the  following  characteristics. 


Medium 

Light 

180  to  190 

205  to  215 
- 10  to  - 15 
0.865  to  0.870 
100  to  1 10  sec. 
None 

130  to  140 
140  to  160 
-15  to  -20 
0.845  to  O.830 
40  to  50  SCSI. , 
None 

Cold  teat 

Density  at  13.5  deg.  cent 

Viscosity  at  40  deg.  cent.  (Saybolt  test). 
Acid,  alkali,  sulphur,  moisture 

When  free  from  moisture  the  dielectric  strength,  between  0.6-in.  discs  0. 
in.  apart,  with  sine-wave  e.m.f.,  should  be  from  46,000  to  60,000  volts;  o 
between  0.6-in.  brass  spheres  0.15  in.  apart  the  average  dry  oil  should  no 
break  down  at  lees  than  30,000  volts.  The  medium  grade  of  oil  is  usuall 
employed  in  self-cooled  apparatus  and  the  light  grade  m water-cooled  appi 
ratus,  but  the  dielectric  strengths  are  the  same.  The  dielectric  atrengt 
between  0 and  100  deg.  cent,  increases  about  0.4  to  0.6  per  cent,  per  de< 
The  resistivity  of  dry  oil  is  on  the  order  of  10”  ohra-cm.  and  decreases  wit 
rise  of  temperature.  The  effect  of  moisture  is  very  harmful  (Par.  663 
and  it  is  of  the  greatest  importance  to  keep  oil  absolutely  dry  or  as  nearly! 
as  possible.  One  of  the  principal  advantages  of  oil  aa  an  insulator  is  its  pro; 
erty  of  self-restoration  after  dielectric  discharge  or  puncture;  this  property  i 
not  independent,  however,  of  the  energy  of  discharge,  and  excessive  energ 
may  overheat  the  oil  and  cause  explosion  or  fire.  The  specific  heat  c 
transformer  oil  is  about  0.39  to  0.51  and  the  thermal  conductivity  range 
from  0.00033  to  0.00043  gram-calorie  per  cm-cube  per  deg.  cent,  per  sec.  Th 
following  references  should  be  consulted  for  further  information. 

Skinner,  C.  E.  “Transformer  Oil,”  Electric  J oumal,  May,  1904. 

Kintner,  S.  M.  “The  Testing  of  Transformer  Oil,”  Electric  Journal , Oct 
1906. 

Tobey,  H.  W.  “Dielectric  Strength  of  Oil,”  Trans.  A.  I.  E.  E.,  191( 
Vol.  XXIX,  pp.  1189  to  1232. 

Farmer,  F.  M.  “The  Dielectric  Strength  of  Thin  Insulating  Materials, 
Trans.  A.  I.  E.  E.,  1913,  Vol.  XXXII,  pp.  2097  to  2131. 


360.  Klectrlc&l  properties  of  oil 

(Circular  No.  36,  U.  S.  Bureau  of  Standards,  p.  24) 


Density 
at  20 
deg. 
cent. 

Resistivity 

(ohm-cm.) 

| Phase  difference 

Dielectric 

constant 

Oil 

100 

cycles 

1.200 

cycles 

Pratts  astral  (kero- 
sene). 

1 0.7852 

470X10” 

0°2'11" 

0°0'25" 

2.34 

Paraffin 

0.8710 

1,100X10” 

0°0'35"  ] 

0°0/  5” 

2.41 

Transformer  oil  ( A). . 

0 8795 

0.49X10” 

1°  5'0" 

0°5'10" 

2.51 

Transformer  oil  (B).. 

0.8682 

3.1  X10” 

0°30'0// 

0°5'30" 

2.47 

361.  Dielectric  strength  of  oil  with  a 1-mm.  gap  (39.4  mils),  expressed  i 
volts  per  mm.,  is  given  in  the  table  below  for  numerous  varieties  of  oil. 


Castor 13.000 

Cottonseed I 7,000 

Lard 1 4.000 

Linseed,  raw j 9.000 

Linseed,  boiled j 8,000 

Lubricating j 5,000 


Neatsfoot I 9,000 

Olive ; 7.5(H) 

Paraffin | 16.000 

Sperm,  mineral t 8,500 

Sperm,  natural i 9,000 

Turpentine 11,000 
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r?Tl»  specifications  for  breakdown  voltage  with  the  three  different  types  of 
prk  gap  moot  widely  used  are  as  follows: 

1.0-in.  disks  apaoed  0.1  in.  apart,  breakdown  22,000  volte 

^ 0.5-in.  disks  spaced  0.2  in.  apart,  breakdown  38,500  volte 

B 0.5-in.  spheres  apaoed  0.15  in.  apart,  breakdown  40,000  volte 

■Ml.  Dielectric  cone  tan  te  of  various  kinds  of  oils  are  given  in  the  ao- 

Bunanving  table.  The  values  probably  change  very  appreciably  with  the 
fen  pasture. 


Ararhid 

3.17 

Petroleum 

2.02  to  2. 19 

Caitor 

4 6 to  4 . 8 

Rape  seed 

2.2  to  3.0 

Cobs 

3.07  to  3.14 

Hename 

3.17 

Lemon 1 

2.25 

| Sperm 

Turpentine 

3 . 02  to  3 . 09 

Xestsfoot 1 

3.07 

2. 15  to  2.28 

Ohve 

3.08  to  3. 16 

Vaseline 

1 1 

2.17 

It3.  Effects  of  moisture  and  dust  on  insulating  properties  of  oil. 
Tht  presence  of  moisture  in  transformer  oil  has  a very  serious  effect  on  the 
&fectric  strength,  as  shown  by  Fig.  36.  In  order  to  obtain  a dielectric 
•‘JfOfth  of  40,000  volts  (0.2-in.  gap  between  0.5-in.  discs),  the  water  pres- 
ent as  distributed  moisture  in  the  oil  must 
not  exceed  0.001  per  cent.  Fine  dust  is  also 
very  injurious  to  the  dielectric  strength. 
For  these  reasons,  various  manufacturers 
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have  developed  oil  dryers  and  purifiers,  which 
operate  on  the  principle  of  a niter  press. 

364.  Formation  of  deposits  In  oil- 
cooled  transformers.  The  foregoing  sub- 
ject formed  the  title  of  a paper  by  Dr.  A. 
C.  Michie  before  the  I.  E.  E.  in  April,  1913. 
1'he  author  stated  that  all  oils  oxidize  in 
^dii34&o  7 s 9io  time,  but  the  formation  of  deposits  can  be 
Vjmc  part*  la  10.0U0 bj  ?oium«  prevented  or  minimized  by  avoiding  the 
following  conditions:  (1)  Overheating;  (2) 
Fic.  36. — Effect  of  water  on  undue  access  of  air  to  the  oil;  (3)  conditions 
dielectric  strength  of  oil.  likely  to  give  rise  to  the  formation  of  ozone; 

(4)  contact  of  the  oil  with  clean  surfaces  of 


dielectric  strength  of  oil.  likely  to  give  rise  to  the  formation  of  ozone; 

(4)  contact  of  the  oil  with  clean  surfaces  of 

"wpper,  lead  and  iron. 

W.  Specification*.  No  standard  specification  for  transformer  oil  it 
m available,  but  a tentative  specification  has  been  issued  by  the  War 
Department,  Quartermaster  General,  Director  of  Purchase  ana  Storage, 
fegulsr  Supplies  Division,  Raw  Materials  and  Paints  Branch.  Also  see 
saaofacturers  specifications 

dA8X8 

Ml  The  insulating  properties  of  gases  depend  upon,  and  vary  with, 
fe  pressure  and  the  temperature,  and  are  affected  also  by  the  humidity, 
fte  only  gaseous  dielectric  in  extensive  use  is  atmospheric  air,  whose  prop- 
•ties  have  been  the  subject  of  extended  research. 

WT.  Air.  The  dielectric  properties  of  air,  and  particularly  its  disruptive 
“fcnsth,  hate  been  the  subject  of  more  investigation  than  any  other  dieleo- 
**  use.  Extended  investigations  and  researches  have  been  made  by 
bw.  Mention,  Fisher,  Peek,  Whitehead,  Faccioli,  Harding,  Bennett,  For- 
and  Farnsworth,  whose  results  have  been  published  during  the  past 
in  the  Trans.  A.  I.  E.  E.,  and  by  Russell  (see  Jour.  I.  E.  E7). 

Air  in  the  free  state  has  electrical  conductivity.  The  results  obtained  (see 
•behead,  Prae.  A.  I.  E.  E.,  May,  1915,  p.  846)  indicate  that  in  the  open  the 
•vest  passing  between  two  parallel  plates  10  cm.  apart  and  each  100  cm. 
Jars,  assuming  perfect  insulation,  would  be  of  the  order  of  magnitude  3 X 
■ *»mp.  This  is  the  maximum  current  which  may  be  obtained  and  does 
tahnerease  with  increase  of  voltage:  it  diminishes  greatly  if  the  air  is  con- 
N in  a closed  vessel.  The  conductivity  may  be  greatly  increased  by 
{*P<*ing  the  air  to  Rdntgen  rays,  ultra-violet  light,  etc.,but  the  magnitude  of 
still  remains  very  small.  . . 

Hie  dielectric  constant  of  air  is  usually  taken  as  unity,  and  air  is  almost 
% tonally  the  i&edium  of  reference  in  all  measurements  of  this  constant. 
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The  disruptive  strength  of  air  in  a uniform,  electrostatic  field,  under  mo 
favorable  conditions,  at  ordinary  temperature  and  pressure,  is  of  the  order  < 
38  kv.  per  cm.  or  97  volts  per  mil  (maximum  instead  of  r.m.s.  value);  Whit 
head  found  a value  of  32  kv.  (max.)  and  Peek  found  a value  of  30  kv.  (max. 
Under  unfavorable  conditions,  the  strength  b below  30  kv.  max  (21  k\ 
r.m.s.),  as  shown  by  investigations  of  corona  on  cylindrical  wires  (see  Sec.  1 1 
The  disruptive  strength  b directly  proportional  to  the  air  density.over  a coi 
siderable  range.  If  the  air  density  at  76  cm.  barometer  and  25  deg.  cent, 
taken  as  unity,  the  relative  density  at  any  other  pressure  and  temperature 


3.926 

273+1 


(2t 


where  6 is  the  barometer  in  cm.  and  t is  the  temperature  in  deg.  cent.  Appai 
ently  the  degree  of  humidity  has  very  often  little,  if  any,  effect  on  the  dii 
ruptive  strength. 

Advantage  b taken  of  the  low  disruptive  strength  of  air  at  low  pressure 
(small  fraction  of  one  atmosphere)  in  so-called  vacuum-type  lightning  arres 
tors,  recently  developed  for  low-voltage,  low-power  circuits,  such  as  tel< 
phone,  telegraph  and  signal  lines. 

Sparking  dbtances  in  air,  using  needle  gaps  and  sphere  gaps,  are  given  i 
the  A.  I.  E.  E.  Standardisation  Rules,  Sec.  24,  Par.  174  to  176. 

868.  Relative  disruptive  strengths  of  hydrogen,  oxygen,  carbon 
dioxide  and  nitrogen 
(Wolf) 


Pressure 

in 

atmospheres 

Relative  strength  (air  — 1) 

Hydrogen 

Oxygen 

Air 

Carbon  dioxide 

Nitrogen 

1 

0.87 

0.95 

1.00 

1.20 

1.16 

2 

0.76 

0.93 

1.00 

1.10 

1.15 

3 

0.72 

0.92 

1.10 

1.05 

1.15 

4 

0.69 

0.92 

1.00 

1.03 

1 14 

5 

0.68 

0.90 

1.00 

1.02 

1.14 

THERMAL  CONDUCTIVITIES 
369.  Thermal  conductivities  of  various  insulating  materials 


(Langmuir,  I.,  Tran a.  A.  I.  E.  E.,  1913,  Vol.  XXXII,  p.  303) 


Material 

Watt-cm. 
per  deg. 
cent. 

Material 

Watt-cm. 
per  deg. 
cent. 

0 . 000240 

0.0036 

0 000300 

0.0016 

Asbestos  paper 

0 . 0025 

Micanite  (19  per  cent 

Bakclitc  aua  lineu  tape.  . . 

0 . 0027 

shellac) 

0.0010 

Cambric,  varnished 

0 . 0025 

Micanite  (11  per  cent. 

Cloth,  varnished  (empire). 

0.0025 

shellac) 

0.0012 

Cotton  batting,  loose 

0.00040 

Paper 

0 0013 

Cotton  batting,  tightly 

Paraffin 

0.0020 

0 . 00030 

Paraffin  oil 

0 . <>014 

Cotton  tape,  varnished.  . 

0.0027 

1 Petroleum,  23  deg.  cent. 

0.0016 

Ebonite 

0.0018 

I Pine,  soft  white  ( J.  to 

Eider  down,  very  loose.  . . 1 

! 0.00045 

grain). 

0.0016 

Eider  down,  tightly  packed 

0.00025 

! Porcelain 

0.010 

Eider  down,  very  tightly 

Presspahn  (untreated) . . | 

0.0017 

packed  

0 00019 

Quartz  glass , 

0.015 

Fuller  board,  varnished.  . . 

0 .0014 

1 Rope  paper,  untreated.. 

0.0012 

Glass 

0.011 

Rope  paper  and  oil 1 

0.0014 

Glycerine,  25  deg.  cent...  . 

1 0.0024 

Rops  paper,  treated  With 

Gutta  percha 

1 0.0020 

varnish ! 

0.0017 

Linen  tape,  varnished  and 

Rubber,  para 

0.0016 

baked 1 

1 0.0015 

Rubber  tape 

i 0.0043 

Marble 

0.030 

i Shellac 

0 0025 
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THERMAL  CONDUCTIVITIES. — Continued 


Material 

Watt-cm. 
per  deg. 
cent. 

Material 

Watt-cm. 
per  deg. 
cent. 

Mate 

Water,  25  deg.  cent 

0 020 
0.0057 

Woolen  (pure)  wadding, 
slightly  packed 

0.00036 

[Woolen 

1 loose.. 

(pure)  wadding, 

0.00049 

Woolen  (pure)  wadding, 
tightly  packed 

0.00023 

1 watt  — 0.2389  g-cal.  per  sec.  1 g-cal.  — 4.186  watt-aec. 

1 watt  -»  0.0009468  B.t.u.  per  sec.  1 B.t.u.  251.8  g-cal. 

1 g-cal.  * 0.003971  B.t.u.  1 B.t.u.  » 1,054  watt-sec. 


BIBLIOORAPHT 

170.  Authoritative  reference  literature  on  insulating  materials 

j rather  difficult  of  access  to  anyone  who  is  not  conveniently  situated  with 
fdawice  to  a comprehensive  technical  library.  The  art  has  been  advancing 
to  rapidly  that  very  few  up-to-date  books  are  available,  and  the  latest 
information  is  scattered  through  the  proceedings  of  engineering  and  scien- 
societies  and  the  technical  press. 

Pisanos,  F.  A.  C. — “Conductors  for  Electrical  Distribution.”  D.  Van 
Nostrand  Co,,  New  York,  1903. 

Tuejceb,  H.  W.  and  Hobabt,  H.  M.-— *'  Insulation  of  Electric  Machines.” 
Whittaker  and  Co.,  London,  1905. 

Russell,  A. — “The  Theory  of  Electric  Cables  and  Networks.”  London, 
1908. 

Rayneb.E.  H. — High-voltage  Tests  and  Energy  Losses  in  Dielectrics.” 
Jcmr.  I.E.  E..  1912,  Vol.  XLIX,  No.  214,  pp.  3 to  89;  an  extended  bibliography 
of  papers  and  articles  is  given  on  pp.  53  to  71. 

Gray,  A. — “ Electrical  Machine  Design.”  McGraw-Hill  Book  Co.,  Inc., 
New  York,  1913. 

PimiNO'  A.  P.  M.  and  Johnson,  R. — “ Insulation  and  Design  of  Elec- 
trical Windings.”  Longmans,  Green  and  Co.,  London,  1913. 

Del  Mar,  W.  A. — “Electrie  Power  Conductors.”  D.  Van  Nostrand  Co., 
New  York,  1909;  rev.  ed.,  1914. 

Peer,  F.  W.  Jb. — “ Dielectric  Phenomena  in  High-voltage  Engineering.” 
McGraw-Hill  Book  Co.,  Inc.,  New  York,  1915. 

Trant . A.  I.  E.  E.,  Jour.  I.  E.  E.,  Jour.  Franklin  Inst.,  Electric  Journal , 
Mineral  Electric  Review  and  Science  Abstracts  (B). 

STRUCTURAL  MATERIALS 

CA8T  IRON 

371.  Cast  iron  derives  its  characteristic  qualities  from  the  impurities 
These  impurities  are  the  same  as  those  in  steel,  except  for  graphite, 
*hch  is  one  form  of  carbon.  The  carbon  is  always  present  in  two  forms: 
0)  combined  carbon,  in  the  form  of  cementite;  (2)  uncombined  carbon,  or 
luphite.  The  total  carbon  seldom  exceeds.  4.5  per  cent,  or  falls  below  3.25 
p cent.  The  larger  the  proportion  of  carbon  in  the  combined  state,  the 
■rier  and  more  brittle  wifi  be  the  metal.  Cast  iron  is  not  ductile,  in  either 
“®  or  cold  state. 

S&on  is  a desirable  impurity,  because  it  tends  to  precipitate  carbon 
* ike  graphitic  form;  about  3 per  cent,  of  silicon  gives  the  best  results.  Sul- 
has  the  opposite  effect  of  silicon,  and  is  undesirable.  Managnese  in- 
the  total  carbon  and  also  the  proportion  of  combined  carbon,  but 
to  neutralise  the  similar  effect  of  sufphur.  Phosphorus,  if  present  in 
•Sdent  proportions  to  be  chemically  active,  tends  to  hold  the  carbon  in 
shined  form,  and  also  tends  to  weaken  the  metal. 

HI.  White  east  iron.  If  slowly  cooled,  white  cast  iron  will  contain 
Cabined  carbon  in  the  form  of  cementite,  which  imparts  the  qualities  of 
kriaess  and  brittleneess  to  the  metal.  Where  the  carbon  is  from  3 to  4 
Patent.,  cementite  will  form  from  45  to  60  per  cent,  of  the  material.  Unless 
fooling  is  slow  some  of  the  carbon  will  be  in  the  austenitic  form.  White 
iron  has  few  usee,  except  as  a hard  coating  or  skin  for  gray  iron  castings. 
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S7S.  Oraj  east  Iron  usually  contains  2 per  cent,  or  more  of  graphii 
and  lees  than  1.5  per  cent,  of  combined  carbon.  The  graphite  is  mechanical] 
intermingled  throughout  the  body  of  the  metal;  although  the  percental 
by  weight  may  be  no  more  than  4 per  cent.,  the  percentage  by  volume  ma 
be  as  much  as  14  per  cent.  The  smaller  the  proportion  of  combined  carboi 
the  larger  will  be  the  proportion  of  graphite  and  the  Bofter  and  more  worl 
able  the  metal;  at  the  same  time  this  produces  a metal  of  minimum  strengtl 
because  of  its  porosity.  The  interstices  are  filled  with  graphite,  which  aci 
in  a degree  as  a lubricant  in  machining  operations. 

Chilled  castings  are  made  by  pouring  cast  iron  into  a metallic  mol 
which  cools  it  rapidly  near  the  surfaces  of  the  casting,  thus  forming  a ski 
of  harder  material  than  the  body  of  the  metal.  The  rapid  cooling  deorease 
the  proportion  of  graphite  and  increases  the  oombined  carbon,  resulting  ii 
the  formation  of  white  oast  iron. 

874.  Density  of  cast  iron.  Stoughton  gives  the  following  densities 
pure  iron,  7.86;  white  cast  iron,  7.60;  mottled  oast  iron,  7.35;  light  gray  cas 
iron,  7.20;  dark  gray  cast  iron,  6.80. 

S7S.  Strength  of  cast  iron.  (Stoughton) 


Composition 

Tensile 
strength 
(lb.  per 
sq.  in.) 

Silicon 
(per  cent.) 

Sulphur 
(per  cent.) 
(max.) 

Phos- 
phorus 
(per  cent.) 
(max.) 

Man- 

ganese 

(per  cent.) 

Soft 

2.2  to  2.8 

0.085 

0.70 

0.3  to  0.7 

28,000 

Medium 

1.4  to2.0 

0.085 

0.70 

0.3  to  0 . 7 

30,000 

Hard 

1.2  to  1.9 

0.085 

0.7  to0.4 

0.60 

25,000 

The  total  range  of  tensile  strength,  taking  into  account  all  grades  of  cas 
iron,  is  from  about  15,000  to  40,000  lb.  per  sq.  in.  The  compressive  strengt' 
is  from  about  60,000  to  150,000  lb.  per  sq.  in.  Young’s  modulus  als 
varies  considerably,  an  average  value  being  about  15X10*  lb.  per  sq.  it 
Also  see  “Reports  of  Tests  of  Metals"  (Watertown  Arsenal),  Gov.  Printin 
Office,  Wash.  D.  C.;  annually. 

176.  Thermal  properties.  The  average  specific  heat  from  20  to  100  dej 
cent,  is  0.119;  thermal  conductivity.  0.40  watt-cm.  per  deg.  cent.;  coeffiden 
of  linear  expansion,  .0.0000106  per  deg.  cent.,  at  40  deg.  cent. 

S77.  Malleable  cast  iron.  Iron  castings  in  which  the  majority  of  th 
carbon  content  is  in  combined  form  are  annealed  at  625  to  875  deg.  cent,  fa 
about  60  hr.  The  combined  carbon  is  thereby  reduced  to  graphite,  whic 
occurs  in  finely  powdered  form;  in  the  skin  of  the  metal  the  carbon  is  dim. 
nated  entirely,  leaving  countless  minute  cavities.  When  the  casting 
are  made  verv  thin  and  annealed  for  a longer  period,  the  carbon  can  be  n 
moved  entirely.  If  the  castings  are  annealed  in  lime  or  fireclay,  the  carbo 
is  not  removed,  but  deposited  as  temper  carbon.  The  physical  propertn 
lie  in  the  range  between  gray  cast  iron  and  steel  castings.  The  tensil 
strength  ranges  between  40,000  and  60,000  lb.  per  sq.  in.,  with  an  elongatio 
of  2 to  6 per  cent,  and  a reduction  of  area  of  2 to  8 per  cent. 

WROUGHT  IRON 

878.  Pure  iron,  according  to  Stoughton,  has  a tensile  strength  of  aboi 
45,000  lb.  per  sq.  in.  and  a compressive  strength  of  about  80,000  lb.  p< 
sq.  in.  The  specific  gravity  is  7.86. 

879.  Ingot  iron,  as  it  recently  has  become  known  in  this  oountry. 
commercially  pure  iron  manufactured  by  the  basic  open-hearth  proces 
and  it  is  claimed  that  the  iron  content  ranges  from  99.8  to  99.9  per  cen 
The  tensile  strength  of  rolled  material  is  from  42,000  to  44,000  lb.  per  sq.  in 
elastic  limit,  25,000  lb.  per  sq.  in.;  elongation,  25  per  cent,  in  8 in. 

880.  Thermal  properties.  The  mean  specific  heat  from  0 to  18  do 
cent,  is  0.0986;  15  to  100  deg.,  0.115.  Thermal  conductivity,  at  0 deg.  cent 
0.167  to  0.207  g-oal.  (cm-cube)  per  deg.  cent,  per  sec.;  at  18  deg.  cent 


328 

Digitized  by  vaOOQ  1C 


PROPERTIES  OF  MATERIALS 


Sec.  4-381 


II?  watt-om.  per  deg.  cent.,  for  pure  iron.  Coefficient  of  linear  expansion, 
(0000114  per  deg.  cent.,  between  — 18  and  100  deg.  cent. 

SSI.  Electrolytic  iron  melted  in  vacuo,  forged  into  half-inch  rods  and 
tnnealed  at  900  deg.  oent.,  has  the  following  average  tensile  properties. 


* 

Tensile 
strength 
Ob.  per 
sq.  in.) 

Yield 
point 
(Id.  per 
sq.  in.) 

Elongation 
(per  cent.) 

Reduction 
of  area 
(per  cent.) 

As  forged 

54,800 

48,400 

33.3 

83.0 

Annealed  at  900  deg.  cent, 
and  cooled  in  12  hr. 

38,100  ! 

18,000 

51.8 

87.4 

The  average  carbon  content  of  this  iron  was  0.0125  per  cent.  See  Bulletin 
No.  72,  Eng.  Exp.  Sta.,  Uniy.  of  111.,  1914. 


S8S.  Tensile  properties  of  wrought  iron.  The  following  properties 
•ere  taken  from  Campbell's  “Manufacture  and  Properties  of  Iron  and 
Sted,"  4th  edition,  p.  91.  Also  see  Holley,  “The  Strength  of  Wrought  Iron 
as  Affected  by  its  Composition  and  its  Reduction  in  Rolling,"  Trans.  A.  1. 
M.  E.,  Vol.  VI.  p.  101. 
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384.  Bffect  of  hot  working.  The  effect  of  hot-rolling  or  hammering 
carbon  steel  is  in  general  to  increase  the  tensile  strength  and  the  elastic 
limit,  and  to  diminish  the  elongation  and  the  reduction  of  area  at  fracture. 

388.  Annealing  carbon-steel  tends  to  remove  the  strains  created  by  cold 
rolling  and  distortion.  In  general  the  effects  of  annealing  are:  reduction  ol 
tensile  strength,  elastic  limit,  and  elastic  ratio;  increase  in  elongation  and 
reduction  of  area  at  fracture.  In  short,  the  process  of  annealing  tends  to 
restore  the  original  properties,  and  to  refine  the  grain  or  structure. 

886.  Heat  treatment.  The  finer  the  grain. or  structure  of  steel,  in 
general,  the  better  will  be  the  physical  properties.  When  steel  is  heated 
to  rolling  or  forging  temperature,  the  crystalline  structure  is  coarsened, 
but  hot  working  tends  to  improve  the  structure.  The  best  results  are  ob- 
tained by  reheating  the  finished  steel  to  a temperature  of  about  800  to  900 
deg.  cent,  and  allowing  it  to  cool  slowly  (annealing);  the  best  temperature  in 
any  instance  depends  upon  the  constituents  of  the  steel.  The  proper  heat; 
treatment  of  steel  is  virtually  an  art  in  itself.  Bee  Howe,  H.  M.,  ‘T'he  Metal- 
lography of  Steel  and  Cast  Iron,”  published  by  McGraw-Hill  Book  Co.,  1916. 

387.  Hardening  and  tempering.  When  high-carbon  steel  is  heated  to  s 
medium  red  and  quenched  in  water  or  oil  it  acquires  the  maximum  hardness, 
becomes  brittle,  and  loses  its  ductility.  The  increase  in  tensile  strength  due 
to  hardening  will  vary  from  about  10  per  cent,  in  steel  containing  0.10  carbon 
to  40  per  cent,  in  steel  containing  0.75  carbon.  Fully  hardened  steel  ii 
usually  too  brittle  for  practical  use,  and  requires  softening  by  drawing  th« 
temper;  this/ is  accomplished  by  slowly  reheating  the  steel  until  its  color 
changes  from  white  to  the  proper  shade,  ranging  anywhere  from  straw  (high 
temper)  to  purple  (low  temper).  See  A.  8.  T.  M.  specifications. 

388.  Chrome  steel  contains  usually  from  1 to  2 per  cent,  of  chromium  and 
0.80  to  2 per  cent,  of  carbon.  It  is  characterised  by  great  hardness  and  high 
elastic  ratio.  See  “Magnet  Steel,”  Sec.  4.  Also  see  A.  S.  T.  M.  specifications. 

888.  Manganese  steel.  Hadfield*  found  that  the  addition  of  from  2.5 
to  6 per  cent,  of  manganese  to  steel  made  the  product  very  brittle,  but  after 
the  proportion  exceeded  7 per  cent,  there  was  a return  of  strength  and  at  14 
to  15  per  cent,  of  manganese  a very  strong  hard  alloy  was  obtained;  above  20 
per  cent,  a rapid  decrease  occurs  in  strength  and  toughness.  In  its  most 
serviceable  form,  manganese  steel  contains  about  13  to  14  per  cent,  of  man- 
ganese, and  is  practically  non-magnetic;  on  account  of  its  extreme  hardness,  it 
is  almost  impossible  to  work  it  with  machine  tools  and  it  must  be  cast  in  the 
approximate  form  in  which  it  is  to  be  used.  Heating  to  1,800  deg.  to  2,000 
deg.  cent,  and  quenching  in  cold  water,  or  “water  toughening,”  increases  the 
hardness  and  resistance  to  fracture;  this  is  true  of  bo  th^  cast  and  forged  ma- 
terial. An  alloy  of  87  per  cent,  iron,  12  per  cent,  manganese  and  1 per  cent, 
carbon  has  a magnetic  permeability  between  1.3  and  1.5.f  The  hardness  ii 
due  partly  to  the  hardness  of  manganese,  and  also  in  large  degree  to  the  fact 
that  the  steel  is  in  the  austenitic  condition,  whioh  renders  it  non-magnetie. 
On  account  of  its  hardness  it  must  be  cast  in  the  desired  form,  since  it  cannol 
be  machined  and  can  be  forged  only  with  difficulty.  ' 

380.  Nickel  steel  ordinarily  contains  1.5  to  4.5  per  cent,  of  nickel  and 
0.20  to  0.50  per  cent,  of  carbon.  About  3.5  per  cent,  of  nickel  added  to  car* 
bon-stcel  wifi  increase  the  elastic  limit  nearly  50  per  cent,  and  reduce  th< 
ductility  about  15  or  20  per  cent.  The  tensile  strength  is  increased  also,  bul 
not  in  os  large  proportion  as  the  elastic  limit.  The  notable  increase  in  elastic 
limit  and  elastic  ratio  is  accompanied  by  an  increased  resistance  to  fatigu< 
under  repeated  stress.  In  low-carbon  steels,  the  addition  of  each  1 per  cent 
of  nickeC  up  to  5 per  cent.,  increases  the  elastic  limit  5,000  lb.  per  so.  in.  and 
the  tensile  strength  4,000  lb.  per  sq.  in.;  these  effects  increase  with  highel 
percentages  of  carbon.  The  resistance  to  compression  is  also  greater.  Thd 
value  of  Young’s  modulus  is  the  same  as  for  carbon-steel.  Nickel  steel  has  l 
higher  resistance  to  wear  or  abrasion  than  carbon-steel,  and  greater  resistance 
to  corrosion.  Special  alloys  very  high  in  nickel  are  known  as  Invar  and 
Platini tc;  Invar  contains  36  per  cent,  of  nickel  and  its  coefficient  of  expanaioi 

Hadfield,  R.  A.  Tran*.  Arner.  Inst,  of  Mining  Eng.,  1803,  Vol.  XXIII 
p.  148;  Jour,  Iron  and  Steel  Inst.,  1888,  No.  2,  p.  41;  Proc.  Inst,  of  Civ.  Eng, 
1887-1888,  Vol.  XCIII,  Part  3,  p.  1. 

Hall,  J.  H.  “Manganese  Steel,”  Proc . Soc.  of  Chem.  Industry,  1814. 

t Ewing,  J.  A.  “ Magnetic  Induction  in  Iron  and  Other  Metals/* 
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StS.  Table  of  steel  wire. — Continued, 
( Roebling) 


Number, 

Roebling 

gage 

Diameter 
in  inches 

Area  in 
square 
inches 

Breaking 
load  at  rate 
of  100,000  lb. 
per  sq.  in. 

Weight  in  pounds 

Per  1,000  ft. 

Per  mile 

1 

0.283 

0.06290 

6,290 

211.4 

1,116 

2 

0.263 

0.05433 

5,433 

182.5 

964 

3 

0.244 

0.04676 

4,676 

157.1 

830 

4 

0.225 

0.03976 

3,976 

133.6 

705 

5 

0.207 

0.03365 

3,365 

113.1 

597 

6 

0.192 

0.02895 

2,895 

97.3 

514 

7 

0.177 

0.02461 

2,461 

82.7 

437 

8 

0.162 

0.02061 

2,061 

69.3 

366 

9 

0.148 

0.01720 

1,720 

57.8 

305 

10 

0.135 

0.01431 

1,431 

48.1 

254 

11 

0.120 

0.01131 

1,131 

38.0 

201 

12 

0.105 

0.008659 

866 

29.1 

154 

13 

0.092 

0.006648 

- 665 

22.3 

118 

14 

0.080 

0.005027 

503 

16.9 

89.2 

15 

0.072 

0.004071 

407 

13.7 

72.2 

This  table  was  calculated  on  a basis  of  483.84  lb.  per  cu.  ft.  for  stec 
wire.  Iron  wire  is  a trifle  lighter.  The  breaking  loads  were  calculate 
for  100,000  lb.  per  sq.  in.  throughout,  simply  for  convenience,  so  tba 
the  breaking  loads  of  wires  of  any  strength  per  sq.  in.  may  be  quickly 
determined  Dy  multiplying  the  values  given  in  the  table  by  the  ratio  betweei 
the  strength  per  sq.  in.  ana  100,000.  As  a matter  of  fact  the  strength  range 
from  45, (MX)  Id.  for  soft  annealed  to  over  400,000  lb.  per  sq.  in.  for  hard  win 
IN.  Galvanised  steel  signal  wire  in  si  see  of  No.  8 and  No.  9 B.W.G.  i 
manufactured  (Amer.  Steel  and  Wire  Co.)  with  approximate  break  in; 
strengths  of  2,350  lb.  and  1,900  lb.,  respectively.  It  is  used  for  operatic! 
semaphore  signals  from  levers  in  a mechanical  interlocking  machine  (See.  16] 

397.  Table  of  galvanised  steel  cable  or  messenger  strand ; standard 
steel,  open-hearth  steel,  crucible  steel  and  plow  steel 


(American  Steel  and  Wire  Co.) 


Diana. 

(in.) 

Lb.  per 
1,000  ft. 

Ultimate  total  strength  (lb.) 

Standard 
steel  strand 

Siemens- 

Martin 

(open-hearth) 

strand 

High- 
strength 
(crucible 
steel)  strand 

Extra  high 
strength 
(plow  steel] 
strand 

i 

; 

i 

$ 

i 

. 

i 

k 

k 

2.250 
1,700 

1.250 

810 

510 

415 

295 

210 

125 

95 

75 

8.500 

6.500 
5,000 
3,800 

2,300 

1,800 

1,400 

51,000 

38.000 
28,400 

19.000 

11.000 
9,000 
6,800 
4,860 
4,380 
3,060 

87.400 

64.000 

47.400 

25.000 

18.000 
15,000 
11,500 

8,100 

7,300 

5,100 

120,000 

90.000 

70.000 

42.500 

27.000 

22.500 
17,250 
12,100 
10,900 

7,600 

2,000 

3,300 

4.900 

A special  A "in.  Siemens-Martin  strand  is  manufactured,  having  a 
ultimate  strength  of  6,000  lb.  See  Technologic  Paper  No.  121,  Bur.  of  Stdi 
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Itt.  Tensile  teste  of  steel  spring  wire,  of  beet  quality  tempered 
Basic-wire,  from  about  0.04  to  0.05  in.  in  diameter,  gave  from  342,000  to 
388,000  lb.  per  eq.  in.;  elongation  between  1 and  2 per  oent.;  contraction  of 
vea,  38  to  46  per  cent.  (Report  of  Tests  of  Metals,  1004 ; Watertown  Arsenal). 


NOlV-mLROTTS  MKTAL8  AND  ALLOTS 
IM.  Properties  of  miscellaneous  non-ferrous  metals  and  alloys 

(Compiled  from  various  authorities) 


Metal 

Density 

Strength 
(1,0001b.  per 
sq.  in.) 

Corn- 
Tension  pres- 
1 sion 

B 

s 

*3 

o « 

6 

*#*•  ■ 
CO  CT 
3 — ® 

>« 

Coefficient  of  ex- 
pansion per  deg 
cent.  X10-* 

Thermal  conduc- 
tivity (g-cal.  ner 
cm-cube  per  aeg. 
cent,  per  see.) 

Aluminum,  cast 

Aluminum,  rolled. 

Aluminum,  wire 

Aluminum,  alloys 

.Aluminum , bronse 

2.56 
2.68 
2.70 
2.7-3. 1 
77-8.3 

12-15 

24-40 

20-40 

15-45 

60-90 

12 

lt^ioo 

120 

9-11 

11 

9-12 



23.1 

23.1 

0.34 

0 34 

Bra*,  cast 

8.5 
8.46 
8. 5-8. 9 

18-24 

40-150 

25-50 

25-55 

75-90 

30 

9 

14 

iCM2 

15 

17-22 

0.23 

0.31 

Bronse,  bearing 

80 

17-22 

Bron *e,  manganese 

8.4 

i25^i50 

35-50 

110-140 

55-75 

95-115 

60-100 

14 

17 

17 

Bronse,  phosphorus, 
hard-ora  wn. 



Bronie,  silicon,  hard- 
drawn. 

Bronse,  Tobin 

8.40 

180 

4.5 

Copper,  cast 

Copper,  rolled 

8.5-89 

8.9 

8.89 

22-25 

29-35 

35-70 

45 

70-85 

40-60 

10-12| 



16.7 

16.7 

' '6^84 
0.84 

Copper,  wire 

Delta  metal  cast 

12-16 

Delta  metal  rolled 



13 

Delta  metal  wire 

100 
.50-60 
20-30  1 
22-27  ' 

. : 

Duralumin 

Gold 

Gan  metal 



2.8 

19.3 

44 



10.6 

8 | 
10-11 



2.26 

14.4 

0.70 

1 

Lead. 

113 
1.74 
8.87 
8. 6-8. 9 
| H .4 

1. 6-3.0 
30 

70-110 

40-85 

39 

28. 

26. 
13.8 
12.6 
n . 

0.084 

0.37 

0.14 

0. 17 

1 Magnesium 



Monel  metal  . ! . ! 

Nickel 



22-23 

24-27 

Palladium 

Pktinum 

21.4 

I 10  5 
7.30 
i 6.87 
| 7.19 

30-50 

40-45 

3.5-5 

6-13 

22-28 

8.8 

19. 

21  . 

26. 

26. 

0 17 
| 1.10 
0.15 



| 0.27 

SBrer 

Tin...  ; 

4 

11-13 

11-13 

J®c,  cast 

4nc.  rolled 

— 

is 
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CONCRETE,  BRICK  AND  STONE 

400.  The  composition  of  normal  Portland  cement*  has  been  th 
subject  of  a great  deal  of  investigation  and  it  can  be  said  that  the  quantitie 


of  silica,  alumina,  oxide  of  iron,  lime,  magnesia,  and  sulphuric  anhydride  c&i 
‘ ’ out  materially  affecting  the  quality  of  thi 


vary  within  fairly  wide  limits  without  i _ „ _ 

material.  A normal  American  Portland  cement  which  meets  the  standard 
specifications  for  soundness,  setting  time  and  tensile  strength  has  an  approxi 
mate  composition  within  the  following  percentage  limits: 


19-25 

5-9 

2-4 

60-64 

Magnesia 

Iron  oxide 

Loss  on  ignition 

Lime 

Insoluble  residue 

1-4 

1-1.75 

0.5-3.00 

0.1-1.00 


It  is  also  true  that  a number  of  cements  have  been  made  both  here  ami 
abroad  which  have  passed  all  standard  physical  tests  in  which  these  limit 
have  been  exceeded  in  one  or  more  particulars,  and  it  is  equally  true  that  1 
sound  and  satisfactory  cement  does  not  necessarily  result  from  the  abovi 
composition.  Defective  cement  usually  results  from  imperfect  manufacture 
not  from  faulty  composition.  Cement  made  from  very  finely  groum 
material,  thoroughly  mixed  and  properly  burned;  may  be  perfectly  so  uni 
when  containing  more  than  the  usual  quantity  of  lime,  while  a cement  low  it 
lime  may  be  entirely  unsound  due  to  careless  manufacture.  Also  see  See.  13 
Par.  Iff  et  aeq 

401.  Standard  methods  of  testing  cement  are  described  in  Cirmla 
No.  33,  Bureau  of  Standards,  pages  9 to  28.  Also  see  circular  No.  39,  ii 
re  standard  sieves.  Also  see  A.  S.  T.  M.  specifications. 

403.  Neat  cement  is  Portland  cement  mixed  with  enough  water  f 
it,  and  without  the  use  of  any  aggregates  (sand,  gravel  or  stone).  Whei 
such  a mixture  is  made  tiuu  enough  to  pour,  it  is  termed  grout.  iNes 
cement  is  employed  in  cementing  together  parts  of  large  porcelain  insulators 
or  cementing  the  insulators  to  their  supporting  members. 

403.  Crushing  strength  of  concrete.  (Smithsonian  Phys.  Tables 
1910;  based  on  data  furnished  by  the  U.  S.  Geol.  Survey.) 


Coarse  aggregate 

Proportions  by  volume; 
cement-sand-aggregate 

mvjiL 

Lb.  per  aq.  in.  t. 

Sandstone 

Cinders 

Limestone 

Conglomerate 

Trap 

1-5-14  to  1-1-5 
1-3-  6 to  1-1-3 
1-4-  8 to  1-2-4 
1-6-12  to  1-2-4 
1-2-  9 to  1-2-4 

1,550  to  3,860 

790  to  2,050 
1,200  to  2,840  ' 
1,080  to  3,830 

820  to  2,960  ,i 

Test  pieces  were  12-in.  cubes.  Also  see  Bulletins  of  Eng.  Exp.  Sta 
Univ.  of  111.;  publications  of  the  Geological  Survey;  publications  of  th 
Bureau  of  Standards. 

404.  Weight  of  concrete.  The  weight  of  stone  and  gravel  concrete 
1:2:4  mixture,  may  be  taken  as  150  lb.  per  cu.  ft.;  cinder  concrete,  120  lb. 
403.  Reinforced  concrete.  See  Sec.  23,  Par.  13  to  17  and  Par.  34 
406.  Crushing  strength  of  brick.  (Smithsonian  Phys.  Tables,  191C 
based  on  data  furnished  by  the  U.  S.  Geol.  Survey.) 


Kind  of  brick 

Lb.  per  sq.  in. 

Tested  flatwise 

Tested  on  fldEML 

Soft  burned 

Medium  burned 

Hard  burned 

Vitrified 

Sand-lime 

1,800  to  4,000  . 

4.000  to  6,000 

6.000  to  8,500 
8,500  to  25,000 
1,800  to  4,000 

1,600  to  3,000 
3,000  to  4,500 

4.500  to  6,600; 

6.500  to  20,000  > 

* Quotation  from  Circular  No.  33,  U.  S.  Bureau  of  Standard;  pp.  18and  II 
334 

. Digitized  by  Google 


PROPERTIES  OP  MATERIALS 


Sec.  4-407 


Bride  piers  laid  up  in  1 part  Portland  cement,  and  3 of  sand,  have  from  20  to 
<0  per  cent,  of  the  crushing  strength  of  the  brick.  Also  see  “ Report  of  Tests 
4 Metals,”  Gov.  Printing  Office,  Washington,  D.  C.,  1909. 

407.  Fire-brick  when  tested  on  end,  at  atmospheric  temperature,  should 
exhibit  a crushing  strength  of  more  than  1,0001b.  per  sq.  in.  More i mportant 
■ the  ability  to  withstand  a compression  load  of  60  lb.  per  sa.  in.  at  1,360 
kg.  cent,  without  failure;  if  the  specimen  shows  marked  deformation  or 
fontracts  more  than  1 in.  in  the  standard  length  of  9 in.,  failure  is  considered 
to  have  taken  place.  Fire-brick  should  have  average  melting  points  as 
follows,  in  deg.  cent.:  fire  day,  1,650;  bauxite,  1,695;  silica,  1,700;  chromite, 
2,050;  magnesia,  2,165.  Also  see  “A.  S.  T.  M.  Tentative  Standards.'* 

408.  Clay  tile.  The  strength  of  drain  tile  is  covered  by  standard 
specifications  of  the  A.  S.  T.  M.  Also  see  Bulletins  No.  31  and  No.  36, 
Iowa  Eng.  Exp.  Sta.,  Ames,  la. 

409.  Crushing  strength  of  stone.  (Smithsonian  Phys.  Tables,  1910; 
based  on  data  furnished  by  U.  S.  Geol.  Survey.) 


Material 

Sise 

Lb.  per  sq.  in. 

Marble 

4-in.  cubes 

7,600  to  20*900 
7,300  to  23,600 
2,400  to  29,300 
9,700  to  34,000 
6,000  to  25,000 

Browns  tone 

Sandstone 

4-in.  cubes 

4-in.  cubes 

4-in.  cubes 

Granite 

Limestone 

TIMBER 

410.  Wood  consists  of  a skeleton  of  cellulose  permeated  by  a mixture 
of  other  organic  substances  collectively  known  as  lignum,  and  particles  of 
mineral  matter  (or  ashes).  Wood  dried  at  300  deg.  fahr.  is  comprised  of  more 
than  99  per  oent.  organic  matter,  and  less  than  1 per  cent,  inorganic  or  non- 
combustible  matter.  In  100  lb.  of  wood  dried  at  300  deg.  fahr.  will  be  found 
about  49  lb.  of  carbon,  6 lb.  of  hydrogen  and  44  lb.  of  oxygen;  the  composition 
is  fairly  uniform  for. the  different  species. 

411.  Spring  wood  and  summer  wood  in  coniferous  trees  are  distinguished 
by  the  (Efferent  colors  in  each  ring.  The  inner  light-oolored  portion  of  a 
ring  is  termed  the  spring  wood,  and  the  outer  dark-colored  portion  is  the 
summer  wood.  In  oak  and  other  broad-leaved  woods,  however,  the  darker 
portions  are  the  spring  wood  and  the  lighter  parts  are  summer  wood. 

412.  Annual  or  yearly  concentric  rings  which  appear  at  the  cross-sec- 
tion of  a log  are  so  many  thin  layers  of  wood,  forming  a consecutive  series  of 
enveloping  conee,  each  ring  or  cone  representing  one  year's  growth.  As  a 
role  the  rings  are  widest  near  the  pith  or  centre  of  the  tree. 

41S.  Sapwood  and  he&rtwood.  A zone  of  wood  next  to  the  bark,  1 
in.  to  3 in.  or  more  wide,  of  light  color  and  containing  30  to  60  or  more  annual 
rings,  is  the  sapwood;  the  darker  central  portion  is  the  heart  wood.  Only 
the  outer  portions  of  the  sapwood  assist  in  the  growing  processes  and  ulti- 
mately the  sapwood  changes  to  heartwood.  The  cells  of tne  latter  are  lifeless 
xnd  serve  merely  a structural  function.  The  proportion  of  sapwood  in 
woiferous  trees  constitutes  40  per  cent,  or  more  of  the  bulk,  and  a much 
forger  proportion  in  young  trees. 

414.  Moisture  In  wood.  Water  occurs  in  wood  in  three  forms:  (1) 
It  forms  the  greater  part  (over  90  per  cent.)  of  the  protoplasmic  contents  of 
to*  Kving  cells;  (2)  it  saturates  the  walls  ot  all  cells;  (3)  it  wholly  or  partly 
the  cavities  of  the  lifeless  cells.  In  drying  green  wood  in  a kiln,  from 
4)  to  65  per  cent,  of  the  weight  of  the  sapwood  and  16  to  40  per  cent,  of 
weight  of  the  heartwood  are  lost  as  excluded  moisture.  The  weight 
■ obviously  dependent  in  large  degree  on  the  extent  of  seasoning  or  drying. 

411.  Shrinkage  takes  place  as  green  wood  is  dried,  but  does  not  com- 
mence until  the  fibre  saturation  point  is  reaohed;  then  it  commences  to  shrink 
tah  laterally  and  longitudinally,  but  the  latter  in  most  species  is  negligible. 
Tie  shrinkage  of  transverse  area  in  drying  from  green  to  oven-dry  condition 
(ti  per  cent,  of  moisture)  varies  with  different  species  from  as  much  as  20 
P»  cent,  with  hickory  to  as  low  as  7 per  cent,  with  red  oedar.  The  radial 
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shrinkage  in  polos  is  usually  small;  the  circumferential  shrinkage  in  chestnut 
poles  1 year  after  cutting  has  been  found  not  to  exceed  1 per  cent. 

416.  Specific  gravity  and  fibre  saturation -point.  The  following  table 
was  abstracted  from  Circular  No.  108,  “The  Strength  of  Wood  as  Influenced 
by  Moisture,”  by  H.  D.  Tiemann,  U.  S.  Forest  Servioe,  p.  1 1. 


Species 

(small  test  specimens) 

Average 

density 

(kiln-dry) 

Per  cent, 
moisture 
at  fibre 
saturation 

0.62 

25 

0.38 

31 

25 

0.48 

Loblolly  pine,  green  heart  wood 

0.59 

23 

Loblolly  pine,  air-dry  heartwood 

0.67 

24 

Loblolly  pine,  green  sapwood 

0.47 

24 

Loblolly  pine,  air-dry  sapwood 

0.55 

26 

White  asn 

0.79 

20 

Red  gum.  air-dry 

0.52 

25 

Doufpasfir 

0.58 

23 

Norway  pine,  heartwood 

0.42 

30 

Norway  pine,  sapwood 

0.44 

28 

Tamarack 

0.54 

30 

417.  Specific  heat  of  oven-dry  wood,  based  on  100  determinations  with 
20  different  species,  was  found  to  be  represented  by  the  formula 

Sp.  heat -0.266+0.00116*  (21) 

for  a range  from  0 deg.  to  106  deg.  cent.  The  average  was  0.327,  with  a 
maximum  of  0.337  (for  longlcaf  pine)  and  a minimum  of  0.317  (for  chestnut). 
The  material  tested  showed  a variation  of  from  3 to  20  rings  per  cm.  and  a 
range  of  0.40  to  0.69  in  density.  See  Bulletin  No.  110,  U.  8.  Forest  Service; 
1912. 

418.  Standard  names  and  standard  defects  of  structural  timbor 

were  defined  and  adopted  by  the  Amer.  Soc.  for  Testing  Materials,  on  Sept. 
1,  1907;  see  “A.  S.  T.  M.  Standards.” 

419.  Effect  of  moisture  on  strength.  Moisture  is  found  in  green  wood 
in  two  states — that  which  is  in  the  walls  of  the  cells  and  that  which  fills  the 
pores.  The  latter  has  no  influence  on  the  strength.  The  point  at  which  the 
cell  walls  become  saturated  with  water,  although  the  pores  may  continue  to 
absorb  it,  is  termed  the  fibre  saturation  point.  When  the  absorption  of 
moisture  continues  past  the  fibre  saturation  point,  there  is  no  further  swell- 
ing of  the  wood  and  no  further  effect  upon  the  strength. 

Green  timber  is  in  general  weaker  than  seasoned  or  dry  timber,  except  as 
to  shearing  resistance  parallel  to  the  grain.  While  reduction  of  the  moisture 
content  tends  of  itself  to  increase  the  strength,  the  seasoning  process  also 
has  a counter- tendency  or  weakening  effect  which  results  from  the  formation 
of  checks.  The  increase  in  strength  due  to  drying  is  especially  marked  in 
small  pieces  free  from  defects,  but  large  timbers  almost  invariably  form 
checks  during  seasoning  and  it  is  not  in  general  safe  to  count  upon  nny 
increase  in  strength.  In  the  case  of  structural  timbers  it  is  safest  always  to 
determine  the  strength  from  tests  on  pieces  of  the  sise  and  in  the  condition 
in  which  they  will  be  used.  For  further  particulars  see  Bulletin  No.  70, 
Bulletin  No.  108  and  Circular  No.  108,  U.  S.  Forest  Service,  Wash.,  D.  C. 

420.  Working  unit  stresses  for  structural  timber,  as  adopted  by  the 
American  Railway  Engineering  Association,  are  given  in  the  table  below. 
The  working  unit  stresses  given  in  the  table  are  intended  for  railroad 
bridges  and  trestles.  For  highway  bridges  and  trestles,  the  unit  _ stresses 
may  be  increased  25  per  cent.  For  buildings  and  similar  structures,  in  which 
the  timber  is  protected  from  the  weather  and  practically  free  from  impact, 
the  unit  stresses  may  be  increased  50  per  cent.  To  compute  the  deflection 
of  a beam  under  long  continued  loading  instead  of  that  when  the  load  is 
first  applied,  only  50  per  cent,  of  the  corresponding  modulus  of  elasticity 
given  in  the  table  is  to  be  employed. 
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tally  the  preservative  is  introduced  under  pressure.  This  method  secures 
tbe  maximum  penetration  and  absorption. 

Jhe  open-tank  treatment,  hot  process  at  atmoepherio  pressure,  is  used 
extensively  for  treating  the  butts  of  poles. # The  penetration  in  open-grained 
proas  wood  is  from  0.75  to  1.00  in.,  and  in  dense  wood  from  0.25  to  0.50in. 
The  brush  treatment  secures  a penetration  ranging  from  0.06  to  0.25  in., 
'from  two  to  three  annual  rings.  The  absorption  in  all  cases  is  increased 
i?  seasoning.  Also  see  Bulletin  No.  78,  U.  S.  Forest  Service,  1900. 

41T.  Strength  of  treated  timber.  Talbot  concluded  from  his  tests  of 
timber  (Bulletin  No.  41.  Eng.  Exp.  Sta.,  Univ.  of  111.,  1909;  also  see  Forest 
fcrrice  Circular  No.  39)  that  creosoting,  under  ordinary  practice,  decreases 
tbe  strength  and  the  stiffness.  Also  see  Forest  Service  Bulletin  No.  556, 
iaued  by  the  Dept,  of  Agriculture. 

BOPS  AND  BELTING 

428.  Manila  rope.  The  weight  of  Manila  rope,  based  on  the  tests  of  the 
C.  W.  Hunt  Co.,  is  expressed  by  the  formula 

Wt.  perft.-0.34d*  Ob.)  (22) 

*bere  4 is  the  diameter  in  inches.  The  tensile  strength  is  given  by  the  formula 
r-7,160d*  Ob.)  (23) 

there  T is  the  total  strength  of  the  rope  and  d is  the  diameter  in  inches. 
Kirseh  concluded  from  his  tests  that  a rope  having  a diameter  of  1 in.  would 
tae  an  average  breaking  strengthens  follows:  Italian  hemp,  9,910  lb.; 
Hungarian  hemp,  9,293  lb.;  Manila  rope,  7,100  lb. 

Tbe  Plymouth  Cordage  Co.  gives  the  following  rules  for  Manila  rope:  the 
wight  per  ft.  is  equal  to  the  square  of  the  diameter  in  inches,  multiplied  by 
0-J4;  the  breaking  strength  is  equal  to  the  square  of  the  diameter,  multiplied 
by  7,500;  the  maximum  permissible  tension  (rope  drives)  is  equal  to  the 
tquare  of  the  diameter,  multiplied  by  200. 

The  C.  W.  Hunt  Co.  gives  factors  of  safety.  for  computing  the  allowable 
working  loads,  approximately  as  follows:  tackle,  7;  hoisting,  18;  transmis- 
sion, 35.  The  efficiency  of  knots  in  rope  ranges  from  50  to  90  per  oent. 

For  further  data  on  tests  of  rope,  see  "Tests  of  Metals,”  reporting  Water- 
town  Arsenal  tests.  Gov.  Printing  Office,  Wash.,  D.  C.  Also  see  U.  S. 
Government  Specifications. 

429.  Danger  of  metal  filaments  or  strands  in  rope.  Metal  filaments 
ve  sometimes  introduced  in  ropes  to  give  added  strength;  when  such  ropes 
ire  used  by  linemen  they  become  exceedingly  dangerous,  owing  to  the  proba- 
bility of  communicating  electrical  shock.  Similar  danger  exists  from  tape 
lines  made  of  a fabric  base  and  containing  metal  threads. 

410.  Leather  belting  weighs  about  60  lb.  per  cu.  ft.  and  has  a tensile 
ftrength  of  from  2,000  to  5 ,000  lb.  persq.in.,or  an  average  of  about  650  lb.  per 
it  of  width  of  single  belt.  See  tests  of  leather  belting  in  Watertown  Arsenal 
Reports  ("Tests  of  Metals")  for  1893,  Gov.  Printing  Office,  Wash.,  D.  C. 
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PROPERTIES  OF  THE  ELEMENTS 

432.  Atomic  weights,  densities,  specific  heats  and  melting  points 
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Element 

Sym- 

bol 

Atomic 

weight 

Density 

Specific 

heat 

Melting 

point 

(deg.  oent.) 

Aluminum 

A) 

27  1 

2.70 

0.212 

658.7 

Antimony 

Sb 

120.2 

6.69 

0.049 

630 

Argon 

A 

39 . 88 

1 40 

— 188 

Arsenic 

As 

74  96 

5 73 

6.084 

850 

Barium 

Ba 

137  37 

3.75 

0 068 

850 

Bismuth 

Bi 

208.0 

9 78 

0.030 

271 

Boron 

B 

11.0 

2.53 

0 . 307 

2350 

Bromine 

Br 

79  92 

3 12 

0.107 

-7.3 

Cadmium 

Cd 

112.40 

8 67 

0.055 

320.9 

Caesium 

Cs 

132.81 

1.87 

0.048 

26 

Calcium 

Ca 

40  07 

1.54 

0 170 

810 

Carbon 

c 

12.005 

3.51 

0 113 

>3600 

Cerium 

Ce 

140.25 

7.02 

0 045 

640 

Chlorine 

Cl 

35  40 

1.507 

0.226 

-101  5 

Chromium 

Cr 

52  0 

6.92 

0.104 

1615 

Cobalt 

Co 

58.97 

8.71 

0.103 

1478 

Columbium. . . . 

Cb  1 

93  1 

8.4 

2200 

Copper 

Cu 

63.57 

8.89 

0.092 

1083.0 

Dysprosium.  . . 

Dy 

162.5 

Erbium 

Er  1 

167.7 

4.77  I 

Europium 

Eu  | 

152  0 

Fluorine 

F 

19.0 

1 . 14 

— 223 

Gadolinium. 

Gd 

157  3 

Gallium 

Ga 

69  9 

5.93 

0.080 

30 

Germanium.  . . 

Ge 

72.5 

5.46  1 

0.074 

958 

Glucinum 

G1 

9 1 

1.85  | 

Gold 

Au 

197.2 

19.33 

0.032 

1063.0 

Helium 

He 

4 00 

0.15 

< -271 

Holmium 

Ho 

163.5 

Hydrogen 

H 

1.008 

6.070  ! 

— 259 

Indium 1 

In 

114.8 

7.27  | 

0.057 

155 

Iodine 1 

I 

126.92 

4 94  i 

0.054 

113.5 

Iridium ! 

Ir 

193.1 

22 . 42  l 

0.032 

2300 

Iron 

Fe 

55.84 

7.865 

0.115 

1530 

Krypton | 

Kr  | 

82 . 92  1 

2.16 

-169 
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Table  411. — Continued 


Element 

Sym- 

bol 

Atomic 

weight 

Density 

Specific 

heat 

Melting 

point 

(deg.  cent.) 

Lanthanum..  . . 

La 

139.0 

6.15 

0.045 

810 

Lead 

Pb 

207.20 

11.34 

0.030 

327.4 

Lithium 

Li 

6.94 

0.534 

0.85 

186 

Lutecium 

Lu 

176.0 

Magnesium..  . . 

Mg 

24.32 

1.741 

0.249 

66i 

Manganese. . . . 

Mn 

54.93 

7.42 

0.111 

1230 

Mercury 

Hg 

200. § 

13.55 

0.033 

-38.9 

Molybdenum.  . 

Mo 

96.0 

9.01 

0.064 

2535 

Neodymium.  . . 

Nd 

144.3 

6.96 

840 

Neon 

Ne 

20.2 

— 253 

Nickel 

Ni 

58.68 

8.80 

0.109 

1452 

Nt 

222.4 

N 

• 14.01 

6.83 

— 211 

Osmium 

Os 

190.9 

22.5 

0.031 

2700 

O 

16.00 

1.14 

— 218 

Palladium 

Pd 

106.7 

12.16 

0.059 

1549 

Phosphorus..  . . 

P 

31.04 

2.34 

0.19 

44 

Platinum 

Pt  1 

195.2 

21.37 

0.032 

1755 

Potassium 

K 

39.10 

0.87 

0.170 

62.3 

Praseodymium . 

Pr 

140.9 

6.475 

940 

Ra 

226.0 

700 

Rhodium 

Rh 

102.9 

12.44 

0.058 

1950 

Rubidium 

Rb 

85.45 

1.532 

0.080 

38 

Ruthenium 

Ru 

101.7 

12.06 

0.061 

>1950 

Samarium 

Sa 

150.4 

7.75 

1350 

Scandium 

Sc 

44.1 

Selenium 

Se 

79.2 

4.55 

0.068 

2i8.5 

Silicon 

Si 

28.3 

2.42 

0.175 

1420 

Silver 

Ag 

107.88 

10.6 

0.055 

960.5 

Sodium 

Na 

23.0 

0.971 

0.253 

97.5 

Strontium 

Sr 

87.63 

2.54 

Sulphur  (Si)..  . 

S 

32.06 

2.05 

0.173 

112.8 

Tantalum 

Ta 

181.5 

16.6 

0.033 

2900 

Tellurium 

Te 

127.5 

6.25 

0.048 

452 

Terbium ...... 

Tb 

159.2  • 

Thallium 

T1 

204.0 

11.85 

0.033 

302 

Thorium 

Th 

232.4 

12.16 

0.027 

>1700 

Thulium 

Tm 

168.5 

Tin. 

Sn 

118.7 

7.30 

0.054 

231.9 

Titanium 

Ti 

48.1 

4.5 

0.110 

1795 

Tungsten 

W 

184.0 

18.85 

0.034 

3400 

Uranium 

U 

238.2 

18.7 

0.028 

<1850 

Vanadium. . . . \ 

V 

51.0 

5.69 

0.115 

1720 

Xenon 

Xe 

130.2 

3.52 

— 140 

Ytterbium 

Yb 

173.5 

Yttrium 

Y 

88.7 

3.8 



1490  i 

line 

Zn 

65.37 

7.19 

0.093 

419.4 

Sramium 

Zr 

90.6 

6.44 

0.066 

1700 

4SS.  Density  of  water,  from  0 to  100  deg.  cent.  (Circular  No.  19,  Bureau 

Standards). 


Temp. 

Density  j 

Temp. 

Density  ( Temp. 

Density 

| Temp.  | Density 

0 

0.99987| 

25 

0.99707 

50 

0.98807, 

75  I 0.97489 

4 

1.00000 

30 

0 . 99507 

55 

0.98573 

80  0.97183 

10 

0.99973 

35 

0.99406 

60 

0.98324 

85  0 . 96865 

15 

0.99913 

40 

0.99224 

65 

0 . 98059 

90  0 . 96534 

20 

0.99823 

45 

0.99024 

70 

0.97781 

100  0.95838 
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484.  Specific  heat  of  water,  from  0 to  100  deg.  oent.  (Smithsonian 
Phys.  Tables,  1920). 


Temp. 

Sp.  ht. 

Temp. 

Sp.  ht. 

J Temp. 

iU 

IESSS3 

0 

IESH 

0.9990 

50 

80 

1.0042 

10 

ESI 

30 

! 0.9976 

1 60 

0.9994  | 

90 

1.0070 

15 

KfiSJ 

40 

1 p.9974 

i 70 

jjggg||| 

100 

1.0101 

488.  Atmospheric  air*  contains  oxygen,  nitrogen,  carbon  dioxide,  water 
vapor  and  argon.  The  constituents  of  pure  dry  air  are  as  follows: 


By  weight,  per  cent. 

By  volume,  per  oent. 

Nitrogen 

75.50 

78.06 

Oxygen 

23.20 

21.00 

Argon 

1.3  • 

0.94 

100.00 

100.00 

Free  air  contains  from  3 to  4 parts  of  CO*  in  10,000  parts  by  volume. 
The  standard  atmospheric  pressure  is  29.92  in.  (760  mm.)  of  mercury.  The 
amount  of  water  vapor  contained  in  air  depends  upon  the  temperature  and 
the  degree  of  saturation;  the  ratio  of  the  amount  of  vapor  actually  present 
to  that  amount  required  to  saturate  the  air  is  termed  the  relative  humidity. 
See  “ Smithsonian  Physical  Tables,”  7th  rev.  ed.,  1920. 

488.  Weight  of  dry  air.  Computed  from  the  formula  tr—[1.293052/- 
(l+O,OO307nl(A/76O),  the  weight  of  a liter  of  dry  air  at  20  deg.  cent,  and 
a pressure  of  760  mm.  of  mercury  (at  0 deg.  cent.)  is  1.2046  g.;  t is  in  deg. 
cent,  and  h in  mm.  of  mercury  at  0 deg.  cent.  (Bureau  of  Standards).  The 
following  table  gives  the  weight  in  grams  per  liter  of  dry  air  containing 
0.04  per  cent,  of  CO*  (Bur.  of  Stds.). 


Temp,  in 
deg.  cent. 

Barometer,  in  mm.  (0  deg.  cent.,  i 

standard  gravity) 

720 

730 

740 

750 

760 

770 

15  1 

1.1611 

1.1772 

1:1933 

1.2095 

1.22S6 

1.2417 

--  £ 

1.1412 

1.1571 

1.1729 

1.1888 

1.2046 

1.2205 

26 

1.1220 

1 . 1376 

1.1532 

1.1688 

1.1844 

1.2001 

30 

1 . 1035 

1.1188 

1 . 1342 

1.1495 

1.1648 

1.1800 

487.  The  specific  heat  of  air.  Regnault’s  mean  value  of  the  specific 
heat  of  air  at  constant  pressure  is  0.2375;  nitrogen  0.2438;  oxygen,  0.2176; 
hydrogen,  3.409.  Taking  into  account  the  temperature,  the  specific  heat 
of  air  at  constant  pressure  is 

C - 0.24112  + 0.000009/  (24) 

where  C is  expressed  in  B.t.u.  per  lb.  and  t is  in  deg.  fahr. 


•Greene,  A.  M.  Jr.  “The  Elements  of  Heating  and  Ventilation:** 
John  Wiley  A Sons,  New  York,  1913;  Chap.  II. 
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SECTION  5 


MAGNETS 

BY  CHARLES  ft.  UNDERHILL 
GENERAL 

1.  ▲ magnet  is  a body  which  possesses  the  property  of  attracting  mag- 
netic substances.  All  magnets  may  be  divided  into  two  classes,  perma- 
nent magnets  and  electromagnets. 

t.  ▲ permanent  magnet  is  one  which  retains  a nearly  constant  value  of 
m.m.f.  lor  an  indefinite  period.  The  permanent  magnets  used  in  practice 
are  made  of  hardened  steel  and  are  magnetised  by  placing  them  in  a strong 
magnetic  field. 

8.  An  electromagnet  or  temporary  magnet  is  one  in  which  the  magnetic 
field  is  produced  by  an  electric  current.  In  its  simplest  form,  it  consists  of 
a helix  of  conducting  material  which,  when  energised  by  an  electric  current, 
possesses  many  of  the  magnetic-field  characteristics  of  a permanent  magnet. 
Since  soft  iron  is  capable  of  being  magnetised  to  a high  degree  and  retains 
very  little  permanent  magnetism,  with  the  result  that  the  magnetic  field  may 
be  varied  m great  degree  by  regulating  the  strength  of  the  Current,  electro- 
magnets are  usually  provided  with  soft-iron  cores. 

PKftMAlWTT  MAGNETS 

4.  Permanent  magnets  are  used  where  a constant  field  is  desired,  as 
in  electrical  instruments,  magneto-generators,  etc.  In  order  to  retain 
its  strength,  a permanent  magnet  should  have  as  short  an  air-gap  as 
possible  and  the  ratio  of  its  length  to  its  cross-sectional  area  should  be  great. 
Unless  proper  precautions  are  taken,  the  steel  is  likely  to  crack  and  warp  in 
hardening. 

8.  Permanent  magnets  lose  a portion  of  their  original  magnetism 

when  used  for  a long  time,  so  that  they  become  what  is  termed  aged. 
Those  used  in  instruments,  magnetos,  etc.,  are  artificially  aged  in  the 
process  of  manufacture.  This  is  accomplished  in  various  ways.  One 
method  of  aging  magnets  for  watt-hour  meters  is  to  pass  them  several 
times  through  a Dath  of  boiling  water  or  oil  and  then  to  demagnetise  them 
to  about  75  per  cent,  of  the  original  value  by  rotating  a copper  disc  between 
th?  poles.  Another  method  is  to  place  a large  number  of  magnets  parallel 
to  each  other,  with  a copper  strip  between  the  poles,  and'then  to  demagnetise 
them  by  passing  a strong  current  through  the  strip.  (Also  see  Par.  10.) 

i.  Permanent  magnets  are  made  from  the  best  grade  of  crucible 
tungsten  steel  which  contains  about  5 per  cent,  of  tungsten,  a small 
percentage  each  of  chromium  and  manganese,  and  from  0.63  to  0.66  per 
cent,  carbon.  Domestic  steel  of  this  variety  is  found  to  be  equal  to  or  better 
than  any  imported  magnet  steel. 

7.  Details  of  manufacture.  The  practice  of  the  Sangamo  Electric 
Co.  is  as  follows:  After  preliminary  tests,  the  steel  bars  are  sheared  cold 
and  then  heated  in  a special  fuel-oil  furnace  so  arranged  that  the  products 
of  combustion  do  not  come  directly  in  contact  with  the  steel.  The  pieces 
are  forced  at  a bright  red  heat,  in  a large  press,  using  but  one  heat  if  possible. 
A vertical  type  press  is  preferred  to  the  "bull-doser”  type.  The  pieces 
are  then  allowed  to  cool  in  the  air,  if  no  drilling  is  required;  or,  if  drilling  is 
necessary,  they  are  packed  in  mica  dust  to  prevent  air-hardening,  which 
takes  place  to  a certain  extent  even  with  steel  containing  no  more  than 
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5 per  cent,  of  tungsten.  The  pisoes  are  then  ground  to  dimensions,  tumbled 
(o  remove  all  scale,  and  heated  in  a fuel-oil  furnace,  arranged  with  a recording 
pyrometer  for  checking  the  temperature.  The  next  operation  is  the  harden- 
ing or  tempering. 

S.  The  hardening  process  is  carried  on  in  a darkened  room  so  that  the 
operator  can  judge  the  heat,  aside  from  the  information  obtained  from  the 

S) meter.  The  pieces  are  brought  to  a temperature  of  840  deg.  to  860 
cent.,  the  proper  temperature  varying  according  to  the  carbon  content, 
are  quenched  in  pure  running  water  at  a temperature  varying:  from 
40  deg.  lahr.  in  winter,  to  70  deg.  fahr.  in  summer.  During  hardening 
the  pieces  are  held  in  special  tongs  or  clamps  to  prevent  springing;  they  are 
again  tumbled  to  remove  all  scale,  and  then  given  any  final  finish  grinding 
that  may  be  required. 

9.  Magnetising  process.  The  pieces  are  magnetised  by  placing  them 
in  special  jaws  which  form  the  pole  pieces  of  a powerful  electromagnet,  and 
sufficient  current  is  then  switched  on,  for  a brief  period,  to  force  the  maxi- 
mum magnetic  flux  through  them. 

10.  Artificial  aging.  The  magnets  are  artificially  aged  by  placing  them 
iu  oil  and  heating  to  a temperature  of  250  deg.  fahr.  for  about  one-half 
hour,  after  which  they  are  placed  on  a vibrating  or  humming  device  for 
vibration  aging;  the  latter  treatment  reduces  the  strength  of  the  magnet, 
bid  not  so  much  as  the  heat  aging.  (Also  see  Par.  0.) 

11.  Precautions  in  handling.  After  being  japanned,  the  magnets  are 
tested  for  field  strength  and  laid  away  in  a tray.  In  handling,  precautions 
should  be  taken  to  prevent  undue  throwing  about  after  magnetising  and 
aging;  but,  unless  the  magnet  has  a long  air-gap,  it  is  found  that  no  particular 
care  is  necessary  to  prevent  further  loss  m strength.  In  case  a magnet 
has  a long  air-gap,  as  in  magneto  field  magnets,  a keeper  is  placed  across 
the  pc£es. 

ELECTROMAGNETS 

If.  A oontinuous^current  electromagnet,  is  one  which  is  designed 
lor  operation  from  continuous-current  circuits.  In  this  class,  the  effects 
of  Inductance  are  noticeable  only  when  the  magnet  is  switched  in  or  out 
of  circuit  and  while  it  is  doing  work. 

If.  An  alternating-current  electromagnet  is  one  which  is  designed 
for  operation  from  alternating-current  circuits.  In  this  case  the  magnitude 
and  the  direction  of  the  current  are  varying  periodically;  hence  the  effects 
of  inductance  are  so  great  as  to  require  the  design  of  the  coil  and  other  parts 
to  be  radically  different  from  those  for  continuous-current  circuits,  although 
the  laws  governing  the  pulls  are  similar. 

14.  Uses.  There  are  so  many  uses  for  electromagnets  that  it  would  be 
a considerable  task  to  enumerate  them  all,  but  in  most  cases  their  uses  are 
familiar.  They  are  being  used  in  increasing  quantities  in  the  electrical 
control  of  machines  wherein  mechanical  devices  were  formerly  employed. 
In  general,  they  may  be  divided  into  two  classes. 

15.  A portative  electromagnet  is  one  designed  for  holding  or  lifting  only; 
that  is.  it  is  merely  intended  to  grip  and  hold  in  place  material  brought  in 
contact  with  it. 

If.  A tractive  electromagnet  is  one  designed  to  pull  a load  through  a 
distance  and  thus  do  work. 

TYPES  OF  ELECTROMAGNETS 

17.  A solenoid  is  a winding  of  insulated  conductor  consisting  of  a series 
of  superimposed  helices  of  right  and  left  pitch.  It  is  the  basis  of  all  of  the 
common  forms  of  electromagnets. 

18.  A solenoid- end-plunger  is  a solenoid  mounted  on  a suitable  non- 
magnetic bobbin  or  spool  ana  provided  with  a movable  bar  of  soft  iron  or 
•teel  called  a plunger.  When  the  coil  is  energised,  the  plunger  becomes 
magnetised  by  the  influence  of  the  magnetic  flux  from  the  current  in  the  coil, 
and  mutual  attraction  then  takes  place  between  the  coil  and  the  plunger. 
If  the  force  of  attraction  s great  enough  to  overcome  the  load,  the  plunger 
will  advance  into  the  coil  until  their  magnetic  centers  coincide,  and  there- 
after no  more  work  can  be  done  unless  the  relative  positions  of  the  coil  and 
the  plunger  are  again  ohanged  by  external  means. 
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19.  An  iron-dad  solenoid  is  a aolenoid-and-plunger  provided  with 
an  iron  or  steel  frame  or  jacket.  The  effect  is  to  confine  the  magnetic  field 
within  the  limits  of  the  frame.  When  provided  with  a stop,  as  in  Fig.  lv 
this  type  is  commonly  known  as  a plunger  electromagnet. 


the  plunger  inserted  in  the  solenoid  and  rigidly 
tion. 


tis 


in  post- 


F i o . 1.  — 

Plunger  elec-  gether. 
tromagnet.  nets 


tl.  ▲ horseshoe  electromagnet  is  a bar  electromagnet 
bent  into  U form  in  order  to  bring  the  pole  ends  near  to- 


ar.  The  practical  type  consists  of  two  bar  electromag- 
magnetically  joined  together  at  one  end  by  means  of 
a yoke  or  backlron.  Both  coils  are  usually  wound  in  the 
same  direction  and  their  inside  wires  connected  together.  The  armature 
consists  of  a piece  of  soft  iron  or  steel  of  sufficient  length  to  bridge  the  sap 
from  pole  to  pole,  and  of  cross-section  great  enough  . to  conduct  the  flux 
economically. 


11.  An  iron-dad  electromagnet  is  a bar  electromagnet  inserted  in  a 
soft-iron  or  steel  cup,  so  that  the  rim  of  the  cup  and  the  oore  of  the  elec- 
tromagnet form  the  attracting  surfaces  (or  poles)  for  the  armature,  which 
usually  consists  of  a disc  of  soft  iron  or  steel. 

IS.  Modified  types.  There  are  many  modifications  of  the  abovo  funda- 
mental types.  For  instance,  plunger  electromagnets  are  sometimes  made  in 
the  horseshoe  form,  and  a modification  of  the  horseshoe  electromagnet  will 
be  recognised  in  the  iron-clad  electromagnet.  In  some  telephone  relays,  an 
angle-iron  is  employed  instead  of  the  shell  or  cup. 


GENUAL  THEORY  OF  ELECTROMAGNETS 
14.  Maxwell's  fundamental  equation  for  the  pull  applies  strictly  to 

a portative  electromagnet  consisting  of  a bar  electromagnet  separated  at  its 
middle  and  having  a hypothetically  sero  air-gap,  so  that  no  flux  can.  leak 
back  from  the  abutting  ends  of  the  half-cores  to  their  opposite  ends.  The 
equation  for  the  pull  in  dynes  per  sq.  cm.  is  P — (B */8r.  But  (B  — 4x3  +3C, 
wherein  3 is  the  intensity  of  magnetisation  in  the  iron  only.  It  is  con- 
venient to  reduce  4x3  to  0»/«,  and  3C  to  4<>/«,  wherein  is  the  iron  flux, 
equivalent  to  the  flux  in  a permanent  magnet;  <t>a  is  the  flux  in  the  air-core 
only,  and  « is  the  cross-sectional  area  of  the  core  in  square  centimeters. 
Then 


s 

(gausses) 

(1) 

whence  P - *••  + **'*+*•' 

OTS7 

(dynes  per  sq.  cm.) 

(2) 

19.  Theoretical  components  of  pull.  Conventionally  stated,  * ,*/ 8x«* 
is  the  purely  magnetic  pull  between  the  two  half-cores;  is  the 

pull  due  to  the  "solenoid  effect"  between  the  half-coils  and  the  half-cores* 
and  ^«V8x«*  is  the  pull  between  the  half-coils,  which  cannot  be  utilised 
in  practical  electromagnets  with  solidly  wound  coils.  The  actual  pull,  in 
dynes  per  square  centimeter,  for  such  a portative  electromagnet,  i.e.,  when 
there  is  no  appreciable  air-gap  between  the  attracting  surfaces  of  the  half- 
cores, and  the  coil  is  solidly  wound,  is 

(dynes  per  sq.  cm.)  (3) 

19.  Total  pull  between  two  polar  surfaces.  An  electromagnet  can 
do  work  only  when  there  is  an  air-gap.  The  longitudinal  contraction  of 
the  flux  in  the  air-gap  of  a tractive  electromagnet  causes  the  pull.  The  pull 
in  dynes  per  square  centimeter  between  the  polar  surfaces  of  the  cores  of  & 
horseshoe  electromagnet  and  its  armature,  or  for  an y other  type  of  elec- 
tromagnet with  the  coils  and  cores  rigidly  fixed,  relatively,  is  P ■»  ^tf*/8x»*. 
wherein  is  the  total  average  flux  producing  the  pull.  This  equation  ex- 
presses the  pull  in  an  air-gap,  or  the  pull  between  two  magnetic  masses  in 
oontact,  ana  holds  for  permanent  magnets. 

Vt.  The  pull  due  to  on  Iron-dad  solenoid  or  a plunger  electromagnet 
consists  of  two  components,  since  there  are  two  magnetic  circuits  in  shunt 
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vith  one  another.  One  of  these  circuits  is  through  the  air-gap,  and  this  pull, 
in  dynes  per  square  centimeter,  is  equal  to  The  other  circuit 


a the  leakage  ^circuit  from  the  inner’end  of  the  plunger  (Fig.  1),  through 
the  coil  and  frame,  hack  to  the  place  where  the  plunger  enters  the  coil. 
Hence  the  pull,  in  dynes  per  square  centimeter,  is 

(dynes  per  sq.  cm.)  (4) 

©art* 

When  the  air-gap  is  relatively  long,  the  value  of  is  generally  greatly 
in  excess  of  that  of  4>§,  since  the  reluctanoe  of  the  leakage  oirouit  is  usually 
lower  than  that  of  the  air-gap. 

IS.  The  useful  work  performed  by  an  electromagnet  is  generally 

defined  as  initial  pull  times  range  or  distance  of  travel.  It  has  been  theo- 
retically proven  that  the  maximum  amount  of  work  may  be  obtained 
from  an  electromagnet  when  the  reluctance  of  the  working  air-gap  is  equa 
to  that  of  the  rest  of  the  magnetic  circuit*  (Fig.  2).  ^ This  is  true  for  electro- 


However,  the  rule  holds  for  all  types  of  electromagnets  so  far  as  the  air-gap, 
only,  is  concerned.  (See  Par.  62.) 

M.  The  maximum  work  in  the  air-gap  (initial  pull  X distance)  is 
obtained  when  5g4>g,  that  is,  the  product  of  the  air-gap  m.m.f.  and  the  flux, 
becomes  a maximum.  The  expression  for  SF^.is 

* ( 


> 


(gilberts) 


(5) 


VOf+tJh. 

wherein  59  is  the  air-gap  m.m.f.,  the  reluctance  of  the  working  air-gap, 
(R,  the  reluctance  of  the  magnetic  circuit  exclusive  of  the  working  air-gap, 
and  the  total  m.m.f.  The  reluctance 
of  the  air-gap  is  <R*  - $*/*#•  The  general 
theoretical  air-gap  characteristics  are 
shown  in  Fig.  2.  This  is  similar,  to  the 
role  for  the  maximum  wattage  which 
may  be  obtained  in  a coil  connected  in 
series  with  a continuous-current  line  of 
constant  e.m.f.  As  is  well  known,  the 
maximum  wattage  is  obtainable  when 
the  resistance  of  the  coil  is  equal  to  the 
sum  of  ail  of  the  other  resistances  in 
series  in  the  line.  Likewise,  when  the 
proper  length  of  the  air-gap  is_  either  in- 
creased oral  minished , the  maximum  pull 
X length  of  air-gap  is  diminished. 

SO.  Electrical  time-constant. 

When  quick  action  is  desired,  it  is  neces- 
sary that  the  current  reach  its  maxi- 
mum value  as  soon  as  possible.  Refer- 
ring to  Sec.  2,  it  will  be  seen  that  a 
definite  time  interval,  in  each  case,  fs 
required  for  the  current  to  reach  its  maxi- 
mum value.  The  relationship  between 
the  i nstant&neous  current,  the  constant 
impressed  e.m.f.  and  the  constants  of 
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Fia.  2. — Theoretical  air-gap 
characteristics  showing  conditions 
for  maximum  work  (pull  X dis- 
tance). 


the  circuit  is  expressed  by  Helmholta’s  law  (Sec.  2)  thus 


L) 


(amp.) 


(6) 


wherein  % is  the  Instantaneous  value  of  the  cuiTent,  E the  e.m.t.in  volte 
imDreased  uoon  the  magnet  winding,  R the  resistance  in  ohms  of  the  wind- 
££73*  ot  ttoSmperiM. logarithm  system  (,-2.71828),  h the  m- 

• Carichoff  E.  R-  “ On  the  Design  of  Electromagnets  for  Specific  Duty;** 
BUe^WarlZ  1994,  Vol.  XXIII,  pp.  113  and  212. 
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ductance  (Par.  SI)  in  henrys,  and  t the  elapsed  time  in  aeoonde  from  the 
moment  the  circuit  was  closed.  Solving  the  above  equation  for  tv 

(!-§•)  (*t.)  (7) 

wherein  h/R  is  called  the  time-constant.  From  this  it  is  seen  that  for  a given 
ratio  of  instantaneous  current  to  the  Ohm’s  law  or  steady  current  the 
time-constant  is  the  only  factor  which  determines  the  time  required  to 
establish  it.  The  time-constant  is  fixed  by  the  magnetic  circuit  and  by  the 
ampere-turns  (when  iron  is  present),  and  is  independent  of  the  number  of 
turns,  since  both  the  resistance  and  the  inductance  vary  as  the  square  of 
the  number  of  turns,  for  a given  winding  volume. 

Si.  The  approximate  inductance  of  a magnet,  in  which  the  air-gap 
is  not  very  long,  can  be  found  by  assuming  the  magnet  to  be  connected  to  a 
source  of  alternating  e.m.f.,  of  known  frequency  and  having  a sine-wave 
form.  Let  U be  the  length  in  cm.  of  the  iron  circuit;  la  the  length  in  centi- 
meters of  the  air-gap;  N the  number  of  turns;  s the  cross-sectional  area  in 
square  centimeters  of  the  magnetic  circuit,  and  ^ the  maximum  value  of  the 
total  flux.  Then  the  alternating  e.m.f.  which  must  be  impressed  upon  the 
winding  to  produce  a maximum  flux  4,  is 

Z? -»4.44/iV$10~*  (volts,  effective)  (8) 

where  / is  the  frequency  in  cycles  per  second.  The  approximate  reluctance 
is, 

<R-y  (£-+*•)  (oersteds)  (9) 

ft  can  be  taken  from  curves  in  Sec.  4.  The  m.m.f.  is  SF  — 1.257WI  wherein 
l is  the  effective  (root  mean  square)  current  in  amperes.  It  follows  from 
(F  ■ 001  that 

r 

“1.257AT 

and  then 


88.  Effect  of  movable  plunger.  Magnets  with  movable  plungers 
which  are  designed  for  quick  and  powerful  action  require  careful  study  of  the 
initial  conditions.  At  the  first  instant,  the  value  of  the  current  ipereases 
at  such  a rate  that  the  flux  interlinked  with  the  winding  will  generate  a 
counter-e.m.f.  equal  to  the  impressed  e.m.f.  The  pull  produced  by  the 
flux  due  to  this  current  will  start  the  plunger,  and  the  sudden  decrease  in 
reluctance  due  to  the  closing  of  the  air-gap  will  produce  a corresponding 
increase  in  flux  and  thus  decrease  the  rate  of  change  of  the  current,  that  is, 
the  current  will  be  retarded  in  reaching  its  fintu  and  permanent  value. 
Because  of  this  phenomenon  it  is  usual  to  design  such  magnets  (for  instance, 
those  used  on  automatic  starters)  for  a much  lower  impressed  e.m.f.  than  is 
actually  used  at  the  start;  in  order  then  to  protect. the  winding,  a higher 
resistance  is  automatically  inserted  in  series  with  it  at  the  moment  the 
plunger  arrives  at  the  end  of  its  stroke.  This  resistance  limits  the  current 
to  that  value  necessary  to  maintain  the  required  final  pull  on  the  plunger. 

83.  The  action  of  the  plunger  in  reducing  the  reluctance  of  the 
magnetic  circuit  may  be  approached  from  the  energy  standpoint;  thus,  the 
total  energy  which  is  supplied  to  the  magnetic  field  up  to  any  instant  is 


(amp.) 

(10) 

(henrys) 

(11) 

~~  +0.113FJ 


(watt-seconds) 


(U) 


wherein  t is  the  instantaneous  value  of  the  ourrent  in  amperes,  L the  in- 
stantaneous value  of  the  inductance  in  henrys,  F the  average  pull  on  the 
plunger  in  pounds,  and  l the  distance  traveled  in  inches. 
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34.  Current-time  coma  for  plunger  electromagnet*.  Referring 
to  Fig.  3.  the  current- time  curves*  for  a certain  magnet  are  plotted  for 
Afferent  stationary  positions  of  the  plunger,  each  curve  representing  a 
even  air-gap.  If  the  plunger  moves  forward  before  the  current  has  reached 
final  and  permanent  value,  the  reluctance  decreases  and  the  current  drops 


Fio.  3. — Theoretical  current-time  curves  for  a plunger  electromagnet. 


from  one  curve  to  the  next,  corresponding  at  each  instant  with  the  air-gap 
and  the  time.  If,  for  instance,  after  0.02  sec.  the  plunger  closes  the  air-gap 
to  1.5  cm.,  it  is  probable  that  the  current  will  have  the  same  value  as  though 
“ U J icreaaed  from  aero  along  the  curve  corresponding  to  the  air-gap  1.5 


In  Fig.  4,  the  current-time  curves 

rra 


it  had  bi 

cm.,  and  it  cannot  have  a greater  value, 
are  given  for  maximum  and  sero  air- 
gaps;  assuming  the  current  to  increase 
along  the  first  curve  until  a is  reached, 
before  the  pull  becomes  sufficient  to 
overcome  the  friction  and  start  the 
plunger,  the  latter  then  moves  forward 
rith  a rapidly  increasing  acceleration  to 
tbe  end  where  the  air-gap  is  sero,  and 
thereafter  the  current  follows  the  curve 
corresponding  to  the  sero  air-gap  to  b, 

*here  the  magnetic  circuit  becomes  sat- 
iated and  the  current  rises  rapidly  to 
the  value  determined  by  the  resistance 
the  winding.  If  an  external  resistance 
« inserted  by  means  of  a short-circuiting 
witch  actuated  by  the  plunger,  the  cur- 
may  be  limited  to  any  desired  value. 

W.  Energy  stored  in  the  magnetic 
•suit.  The  current  curves  in  Fig.  4 
also  be  chosen  to  represent  the  ir 
®“P  in  the  winding;  then  the  difference 
taveen  the  final  value  /•»«*,  and  the 
'toa&taneous  value  a,  represents  the 
ssater-e-m-f.  of  inductance,  that  is, 
to  eounter-e.m.f.  generated  by  the  flux 
toting  the  turns  of  the  winding.  The 
ftoter-e.m.f.  of  inductance  multiplied 
v the  current  in  the  winding  is  the 
tower  supplied  to  the  magnetic  cir- 
tolt.  These  power  curves  are  plotted  above  the  current  curves  in  Fig.  4. 
Cttve  edej  is  the  power  curve  for  the  maximum  air-gap;  cghf  is  that  for 
too  air-gap,  and  edihf  that  for  the  varying  air-gap.  The  areas  under  these 


Time 

Fio.  4.- — Current-time  curves  for 
maximum  and  sero  air-gaps. 


„ * Calculated  and  plotted  by  Mr.  O.  A.  Kenyon;  3rd  edition,  Standard 
awdbook. 
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curves  represent  the  energy  transferred  to  the  magnetic  field,  in  each  caee. 
With  the  moving  plunger,  the  total  energy  input  to  the  magnetio  field  is  the 
area  edihf , while  that  left  as  stored  energy  at  the  end  of  the  stroke  and  which 
must  be  dissipated  when  the  circuit  is  broken  is  the  area  cghf.  The  difference 
between  these  two,  cdihg  (cross-hatched)  represents  the  energy  transformed 
into  mechanical  work  and  dissipated  by  friction  and  impact  of  the  plunger 
during  its  travel,  iron  losses  being  neglecte<j. 

36.  Impressed  e.m.f.  The  final  permanent  value  of  impressed  e.m.f. 
in  continuous-current  magnets  is  determined  by  the  resistance. 

37.  The  speed  of  the  magnet  action  also  depends  upon  the  secondary 
losses  (eddy  currents,  Sec.  2).  These  losses  tend  to  reduce  the  flux  in  the 
core  and  thus  retard  the  attainment  of  the  maximum  pull.  This  effect 
can  be  reduced  >y  laminating  the  core  and  frame  and  by  avoiding  the 
use  of  a metallic  bobbin.  It  can  also  be  reduced  by  using  fewer  turns  and 
larger  current. 

38*  Slow-speed  magnet  action  is  obtained  by  increasing  the  time- 
constant  and  the  secondary  losses.  The  secondary  losses  can  be  greatly 
increased  by  dividing  the  winding  into  sections 
and  short-circuiting  more  or  less  of  the  sections. 
Fig.  5 shows  the  effect  of  short-circuiting  a por- 
tion of  the  winding.*  The  total  number  of 
turns  was  8,400;  in  curve  (1),  only  2,165  turns 
were  energised,  while  in  curve  (2),  2,165  turns 
were  energised  and  6,235  turns  short-circuited. 
In  the  first  case  it  required  about  2.5  seconds 
to  reach  the  maximum  current,  while  in  the 
second  case,  4 seconds  were  required. 

39.  Inertia  of  moving  system.  When  the 
speed  of  action  is  an  important  factor,  the  in- 
ertia of  the  load  to  be  moved  must  be  considered. 

Fio.  5. — Showing  the  ef-  For  the  same  pull  and  range,  a quicker  action 
feet  on  the  current-time  will  be  obtained  in  overcoming  the  tension  of 
curve  of  short-circuiting  a a spring  than  in  moving  a mass  whose  weight 
portion  of  the  winding.  is  equivalent  to  the  tension  of  the  spring.  The 
total  mass  to  be  moved  is  the  sum  of  that  of  the 
plunger  and  the  external  load. 

40.  The  selection  of  the  type  of  electromagnet  for  specific  work 

depends  upon  the  nature  of  the  e.m.f.  (whether  continuous  or  alternating) 
the  range  or  distance  of  travel,  and  the  rate  of  travel  or  the  quickness  of 
action.  In  general,  the  iron-clad  solenoid  type  is  mechanically  the  better 
protected  and  is  the  best  adapted  for  a long  range  and  a strong  pull,  but  it 
is  slow  in  action.  The  horseshoe  type  has  the  quicker  action,  but  is  only 
adapted  for  short  ranges.  The  plunger-electromagnet  type  has  an  action 
intermediate  between  the  above-mentioned  types  and  may  approximate 
one  or  the  other  according  to  the  range  and  the  dimensions  of  tne  plunger. 
The  clapper  type  is  extensively  used  on  control  apparatus,  since  it  acts  very 
quickly  and  has  a strong  sealing  pull.  The  general  rule  is  that  what  ia  lost 
in  time  is  gained  in  pull  and  rice  tersa. 


41.  The  required  dimensions  of  an  electromagnet  are  proportional 
o the  load,  the  range,  the  duration  of  excitation  ana  the  interval  between 


to  the  load,  the  range,  the  duration  of  excitation  and  the  interval  between! 
excitations.  Tho  cross-sections  of  the  plungers,  cores  and  frames  will 
depend  upon  the  flux  required  to  produce  the  desired  pull.  In  long-range 


electromagnets  of  the  solenoid  type,  wherein  the  pull  is  proportional  to  tb< 
product  of  the  magnetizing  force  and  the  flux  in  the.  plunger,  the  plungei 


may  be  of  small  cross-section,  if  the  duration  of  excitation  is  to  be  brief* 
since  the  magnetizing  force  of  a comparatively  small  coil  may  be  madl 

Sreat  for  a short  period  without  danger  of  injury  from  overheating.  Thi 
oes  not  hold  for  a clapper  type,  since  the  main  pull  ie  dependent  upoj 
the  flux  which  the  cores  are  able  to  conduct,  and  is  only  slightly  affected  by  afl 
increase  in  the  magnetising  force  after  the  cores  approach  saturation.  * 


increase  in  the  magnetising  force  after  the  cores  approach  saturation. 

41.  Electromagnets  designed  for  continuous  service  must  have  wim 
ings  of  such  volume  and  radiating  surface,  and  wires  of  such  cross-section 


* Lindquist,  D.  L.  ‘'Alternating-current  Magnets;*'  Electrical  Wo 
1906,  Vol.  XLVII,  p.  1205. 
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“#*.  an  approximate  idea  of  the  c 
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mtTOKtmTtt 

m ffitBwJ  1 1 


10.000  15.000 


1.0 


Maxwell*  per  8q. Cm.  Tn«fci»«  i(_a.n 

' — Curve  showing  relation-  Fiq.  7 pnrvwi  «k -Pi  u 

between  the  pull  per  unit  area  tween  the  mill  in  .Rowing  relation  be- 

" — “d **-  fl“  tty-  JS5S»‘&^Sif  -.SS&E  “d  tho 

,ProPpr.tio“  ean  be  found  from  the  curve,  given 
IJ'Sk  A.U  -h  r the  relation  between  the  pull  in  pound,  Mr  saulro 
«h  and  the  air-gap  for  different  numbers  of  ampere-turns 

COirriNOOUS-CUBMHT  T^CWTE  K.BCTBOMAOOTT8  FOR 

,?  * ,0ifBoia  «•  » maximum  at  Its  centre. 
on®'balf  of  the  maximum  at  each  end  of  the  winding 

**wne!  * ^geT  ^ pl,aced  in  or  near  the  end  of  the  solenoid  ft 

and  mutual  attraction  results  between  the  flux  in 

,^Qg1ofrthe1^ol«K)idia*T^iA,fS*  forc®w  du®  *°  th®  amPore-turns  in  the 
mh  enters  the  ^ltSoid  and & Plunger  becomes  more  and  more  saturated 
* *>leno?d  all  pfW  “ CMe  Hi®  pltiQger  « ®°t  much  longer  than 

<Qbe  solenoid  and  the  plun^e^^cWe^ ^a^uk^th111^116^0 
••ays  occurs  after  tha  foam-fid  si-Ti  , a re8ult*  the  maximum  pull 

of  ti*  aokSSd  ^ of  th®,  plH^er  has  passed  the  middle 

80ienoid»  "though,  in  cases  of  long  solenoids  and  where  the  magnetis- 

351  Google 


Sec.  5-48 


MAGNETS 


ing  foroe  has  a high  value  as  oompared  with  the  cross-sectional  area  of  the 
plunger,  the  maximum  pull  may  occur  for  a considerable  distance  on  each 
side  of  the  middle  of  the  solenoid.  On  the  other  hand,  with  very  short 
solenoids,  the  maximum  pull  may  oocur  at  or  near  the  end  of  the  solenoid 
opposite  to  that  at  which  the  plunger  enters. 

48.  Characteristic  pull  with  solenoid  and  plunger.  Fig.  8 shows 
the  approximate  pull  diagram  for  different  positions  of  the  plunger.  The 
expression  for  the  maximum  uniform  pull  is 


NI 


Ob.) 


(15) 


where  I is  the  current  in  amp.,  N the  number  of  turns,  « the  cross-sectional 
area  of  the  oore  or  plunger  in  square  inches,  l the  length  of  the  solenoid  in 
inches  and  C the  pull  in  pound  per  square 
inch  per  ampere-turn  per  inoh.  C depends 
upon  the  proportions  of  the  coil,  the  degree  of 
saturation,  and  the  length,  physical  character 
and  chemical  purity  of  the  plunger.  Par.  §0 
gives  values  for  C for  various  solenoids  tested 
by  the  author. 

48.  In  magnets  with  long  air-gaps,  the 
path  through  the  iron  can  be  considered  as 
having  no  reluctance.  Therefore  the  satu- 
ration character  is  tie  can  be  assumed  to  be 
a straight  line,  and  the  ampere-turns  for  the 
air-gap  directly  proportioned  to  the  flux  den- 
sity. 


Fiq.  8. — Diagram  of  plun- 
ger pull  for  simple  solenoid 
and  plunger. 


•0.  Maximum  Pull  per  Square  Inch  of  Oore  for  Solenoids  with. 
Open  Magnetic  Circuit* 


Length 
of  ooil 
(in.) 

Length  of 
plunger 

(in.) 

Area  of 
core 

(sq.  in.) 

Total 

amp- 

turns 

Amp- 
turns 
per  in. 

Max. 

pull.  lb. 
per  sq.  in 

6 

Long 

1 

2,500 

22.4 

■KgaS 

9 

Long 

1 

11,330 

1,260 

11.5 

9 

Long 

1 

1,580 

14.6 

2.76 

10 

B&fl 

2.76 

61.6 

10 

2.76 

80.8 

12 

Long 

1 

930 

8.75 

12 

Long 

1 

1,710 

16.75 

9.8 

18 

36 

1 

1,010 

9.8 

18 

36 

1 

2,280 

22.5 

9.8 

18 

18 

1 

1,010 

9.8 

18 

18 

1 

2,280 

22.5 

9.8 

Noth. — These  tests  indicate  that  little  is  gained  in  maximum  pull  by 
making  the  plunger  considerably  longer  than  the  coil. 

81.  The  diameter  of  the  coil  should  be  about  three  times  that  of  the 
plunger,  and  the  length  of  the  coll  should  be  at  least  two  or  three  times  its 
outside  diameter  whenever  possible. 

88.  The  range  is  directly  proportional  to  the  length  of  the  coil,  regardless 
of  the  ampere-turns. 

88.  The  pull  in  an  iron-clad  solenoid,  with  or  without  a stop,  is  com- 
posed of  two  components;  one  is  the  puli  between  the  end  of  the  stop  or 
frame  and  the  plunger,  and  the  other  is  that  between  the  winding  and  tbe 
plunger.  The  latter  is  all  important  at  the  beginning  of  the  stroke,  but  near 
the  end  the  stop-pull  becomes  predominant.  The  expression  for  the  pull  is 
„ /NI\*  , eCNI  „_rArj  , Cl  .... 

F"*(z„c/  + i " JJ  (16> 


* Underhill,  C.  R.  "The  Practical  Design  of  ths  Solenoid;  " Electrical 
World  and  Engineer , 1905,  Vol.  XLV,  p.  796. 
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where  « is  the  crow  sectional  area  of  the  core  in  square  inches,  I the  current 
in  amp.,  N the  number  of  turns.  U the  length  of  the  air  gap  in  inches,  l the 
length  of  the  ooil  in  inches,  and  c and  C constants,  which  depend  on  the  pro- 
portions of  the  magnet,  the  materials  used  and  the  degree  of  saturation. 
Approximate  values  for  ordinary  soft-iron  cores  are  e — 2,600;  for  lengths 
of  coil  greater  than  10  times  the  diameter  of  the  plunger,  C — 0.0096  (see 
Par.  SO  for  values  of  1,000  Q.  . 

•4.  Formula  for  pull  characteristic.  Referring  to  the  pull  diagram 
(Fig.  8),  it  will  be  seen  that  the  solenoid  pull  is  assumed  to  decrease  as  a 
itrmight-line  function,  commencing  at  a point  about  0.41  from  the  end  of 
the  coil.*  From  this  point  on  the  total  pull  due  to  the  plunger  electromagnet 
can  be  expressed  thus: 

°w  (i7> 

wherein  f is  the  distance  in  inches  which  the  plunger  is  inserted  in  thg  ooil. 
The  constants  are  the  same  as  those  given  in  Par.  88. 

88.  Test  data  on  pull  characteristics.  Fig.  9 shows  curves  from 
aetaal  test.*  Curve  (1)  is  that  of  a simple  coil-and-plunger;  (2)  that  of  a 
coil-and-pl unger  with  stop;  (3),  that  of  an  iron-clad  coil-and-plunger;  (4) 
and  (5)  show  the  same  iron-clad 
eoQ  with  different  lengths  of  stop. 

AH  these  curves  were  made  with 
the  same  coil,  which  was  12  in.  long 
and  had  a total  of  10,000  amp- 
tarns,  or  834  amp-turns  per  linear 
inch. 

M.  Analysis  of  test  data  (Par. 

M).  Referring  to  Fig.  9,  the  pull 
with  the  irpn-dad  magnet,  curve 
(4),  corresponding  to  the  position  5 
(U-2  in.)  of  the  plunger,  is 
10.75  lb.,  approximately.  Refer- 
ring to  Par.  49,  the  pull  due  to  the 
coil  alone  is  about  9.7  lb.  per  square 
inch,  per  1 ,000  amp-turns  per  inch, 
or  97X  0.834  — 8.1  lb.  Next  refer- 
ring to  Fig.  7,  it  is  found  that  cor-  Fxo.  9. — Test  curves  on  pull  of  solenoid 
responding  to  lm  — 2 in.,  and  10,000  and  plunger, 

amp-turns,  the  pull  is  about  2.5 

lb.  per  square  inch;  adding  8.1 +2.5 ->10.6  lb.,  which  is  a sufficiently  clow 
check  for  all  practical  purposes. 

CONTXNTJOTJS-CUBBENT  TRACTIVE  ELECTROMAGNETS  FOB 
8BOBT  BANGS 

IT.  Test  data  on  pull  characteristics  of  horseshoe  type  of  elec- 
tromagnet. Fig.  10  shows  the  test  characteristics  of  the  horseshoe  elec- 
tromagnet in  Fig.  11.  t These  curves  should  be  compared  with  those  in  Fig.  7. 

18.  Test  data  on  pull  characteristics  of  clapper  type  of  electro- 
magnet. One  of  the  modifications  of  a horseshoe  electromagnet  is  the 
dapper  type  shown  in  Fig.  12.  Fig.  13  shows  the  teat  characteristics  of  this 
&agnet,  as  determined  by  the  Cutler-Hammer  Mfg.  Co.  The  cylindrical 
•mace  of  this  magnet  is  approximately  25  sq.  in. 

H.  Electromagnets  used  in  railway  signal  apparatus  must  respond 
to  very  slight  changes  in  current  strength.  For  instance,  a 4-ohm  track 
May,  operating  on  an  e.m.f.  of  1 volt,  must  attraqt  its  armature  with 
efficient  force  to  close  four  contacts  with  a current  of  75  milliamp.  and  the 
wmature  must  drop  away  when  the  current  passing  through  the  coils  is 
ftdoeed  to  40  milliamp.  A minimum  air-gap  of  in.  is  maintained  between 
Ac  poles  of  the  magnet  and  the  armature,  by  means  of  stop  pins  of  non- 

• Underhill,  C.  R.  “The Law  of  the  Plunger  Electromagnet;*’  Electrical 
World  and  Engineer,  1905,  Vol.  XLV,  p.  934. 

t Underhill,  C.  R.  “The  Performances  of  Different  Typee  of  Elwctromag- 
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Electrician,  1906,  Vol  LVU,  P-  299. 
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Air-Gsp  In  Inch 

Fio.  10. — Teat  curves  on  pull  of  horse- 
shoe electromagnet. 


Vw  “ 


Fio.  11. — Horseshoe  type  of  elec- 
tromagnet. 


magnetic  material  located  in  the  armature  directly  under  the  centre  of  the 
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Fio.  12.- 


-Clapper  type  of  horseshoe  electro- 
magnet. 


work  through  very  limited  ranges, 
not  exceeding  as  a rule  a very  small  ^ 
fraction  of  an  inch;  the  opposing  force 
is  sometimes  gravity,  sometimes  a light 
spring.  Sucn  relays  are  also  wound 
differentially  for  certain  kinds  of  work, 
and  sometimes  are  polarized  (having  rf 
a permanently  magnetized  steel  core)  ^40 
in  order  to  respond  only  to  currents  a 
flowing  in  a given  predetermined  direr-  — 
tion  around  the  windings  (see  Sec.  21).  ^ 
61.  The  equation  for  the  pull  ^ 


amp  -turns,  with  0.075 
amp.,  are  127.5;  the  cores 
are  | in.  in  diameter,  and 
each  spool  is  4 in.  long  by 
2 in.  in  diameter.  In  gen- 
eral, signal  relays  are  re- 
quired to  release  their  ar- 
matures when  the  energis- 
ing current  is  reduced  one- 
half. 

60.  Klaotr omagneta 
for  telegraph  and  tele- 
phone service,  like  those 
for  signal  apparatus,  are 
designed  to  perform  the 
sole  function  of  closing  or 
opening  one  or  more  local 
contacts  which  control 
other  cirouits  and  appara- 
tus. The  armatures  of 
these  magnets  customarily 

I M 


due  to  electromagnets  of  the  horse-  1 20 
shoe  type  is  given  by  E I 

'•-Cl')' 


(lb.)  (18) 


where  the  constants  arc  the  same  as 
those  given  in  Par.  63.  The  total 
length  of  all  the  air-gaps  is  to  be  taken 
for  j«.  The  equation  1 a only  approxi- 
mately correct,  in  this  case,  owing  to 
leakage.  It  is  better  to  increase  the 
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Watts  per  Sq,  In. 

Fio.  13.— 1 Test  curves  on  pull  of 
olapper  type  of  electromagnet. 
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i mper e-turns  about  50  per  cent,  to  allow  for  leakage,  depending  upon  the 
lenith  of  the  air-gaps. 

CONDITIONS  FOR  MAXIMUM  WORK 
IS.  The  work  in  the  air-gap  (pull  X distance)  of  a magnet  becomes  a 
maximum  when  the  air-gap  reluctance  is  equal  to  that  of  the  rest  of  the 
circuit  (Par.  19).  ' In  Fig.  14,  F$  is  the  solenoid  pull,  F9  is  the  air-gap  pull# 
and  Ft  is  the  total  pull  as  ascertained  by  actual  test*  of  a plunger  electromag- 
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Fro.  14. — Components  of  pull  Flo.  15. — Calculated  air-gap  characteristics 
with  a plunger  electromagnet.  of  a plunger  electromagnet. 

set.  Fig.  15  shows  the  calculated  air-gap  characteristics  which  should  be 
compared  with  those  in  Fig.  2 (Par.  19) ; ^ represents  the  length  of  air-gaps 
in  centimeters.  The  actual  work  obtained  m the  air-gap,  the  work  due  to  the 
ooii-and-pl unger,  and  the  total  work  are  represented  by  curves  W9,  W»,  and 
Wt,  respectively,  in  Fig.  16.  It  is  evident  that  the  work  (pull  X distance)  due 
to  a solenoid-and-plunger,  or  plunger  electromagnet,  of  the  character,  of  that 
tested,  is  limited  only  by  the  length  of  stroke.  When  the  solenoid  pull  is 
▼ery  weak  as  compared  with  the  air-  jq 

Ep  puli,  the  maximum  work  will  fall  

tween  these  two  extremes.  In  gen-  36 1 -r — ^ 


between  these  two  extremes.  In  gen-  36 — ^ ^ 

era],  electromagnets  are  designed  for  jq|  I I 1 1 1 

maximum  initial  pull  X distance  or 


lag  magnets  and  those  used  in  electnc  , 
hammers.  The  amount  of  material  J. 
and  to  construct  an  electromagnet  0 
depends  either  upon  the  time  it  will  & 

(eseive  electric  energy  after  it  has  per- 
formed its  work,  the  frequency  at 
which  it  performs  its  work,  or  both. 

*■  0 1 2 8 4 5 6 7 8 9 It 

STANDARD  ELECTROMAGNETS^'  lg 

63.  Dataon  standard  electro-  Fig.  16.— Components  of  work 
aagnets.  The  following  figures,  ta-  (pull  x distance)  performed  by  a 
"*i  and  charts  show  the  dimensions  plunger  electromagnet, 
and  characteristics  of  some  standard 

deetromagnets  (The  Cutler-Hammer  Mfg.  Co.).  The  curves  in  general 
represent  testa  with  115-volt  direct -current  coils.  .Throe  dosses,  of  duty 
ar«  listed  (see  Figs.  17  to  31,  inclusive). 


• Underhill,  C.  R.  "Operation  of  Plunger  Electromagnets;"  Electrical 
World,  1912,  Vol.  LIX,  p.  1388- 
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44.  C onttaaoua-duty  ileetromaiiMti  may  be  excited  at  full  voltage 
continuously  without  dangerous  heating  of  the  ooils,  but  the  pull  becomes 
somewhat  reduced  when  the  windings  reach  full  temperature, . due  to  the 
increased  resistance  in  the  coil. 


Watts  per  Bq,  In,  Watts  per  Bq.  In. 

Fia.  23. — Test  curves  on  pull  of  Fio.  24. — Test  curves  on  pull  of 
standard  type  of  plunger  electro-  standard  type  of  plunger  electromag  - 
magnet  No.  0 in  Fig.  20.  net  No.  22  in  Fig.  20. 

46.  Intermittent  duty  is  an  arbitrary  rating  and,  in  general,  theee 
magnets  may  be  excited  at  full  voltage  for  not  over  7 min.  during  any 
half-hour,  without  dangerous  heating. 

44.  Momentary  duty  is  also  an  arbitrary  rating  which  represents  the 
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Watts  per  Sq,  In. 


Watts  per  Bq.  In. 


Fio.  2fi. — Test  curves  on  pull  of  Fio.  20. — Test  curves  on  pull  of 
standard  type  of  plunger  electromag-  standard  type  of  plunger  efeotro- 
net  No.  23  in  Fig.  20.  magnet  No.  26  in  Kig.  20. 

highest  practicable  rating  of  these  magnets,  and  full  voltage  should  not  be 
maintained  on  them  for  more  than  2 min.  during  any  half-hour. 

4T.  Protected  coils  have  a resistance  which  is  cut' into  circuit  by  the 
action  of  the  plunger  at  the  completion  of  the  stroke,  for  the  purpose  of 
reducing  the  voltage  at  the  coil  terminals  to  a continuous-duty  value. 
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M.  The  performance  curves  ere  plotted  on  the  basis  of  watts  per 

square  inch  of  cylindrical  surface.  Reference  lines  for  the  three  classes  of 
doty  are  given  as  0.7  watts  per  square  inoh  for  (C)  continuous  duty;  2.8  for 


Watts  per  Bq.  In* 


Watts  per  Bq*  In. 


Fia.  28. — Test  curves  on  pull  Pio.  29. — Test  curves  on  pull  of  standard 

rf  standard  type  of  plunger  type  of  plunger  electromagnet  No.  14  in 
electromagnet  No.  1 1 in  rig.  27.  Rig.  27. 


fj)  intermittent  duty,  and  11.2  for  (Af)  momentary  duty.  Free  ventilation 
is  assumed.  (See  fig.  18,  Fig.  19;  Fig.  21  to  Fig.  26;  Fig.  28,  Fig.  29  and 
R*.  31.) 
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69.  Two  forms  of  plungers  are  shown;  one  is  oonioal,  and  the  other 
square  at  the  ends.  The  curves  show  the  former  to  be  preferable  on  most 
of  the  long-stroke  types,  as  the  tendency  is  to  increase  the  starting  pul  land 
reduce  the  final  pull.  For  short  strokes,  the  square-end  type  is  preferable. 

C I 


Fiq.  30. — Standard  type  of  plunger 
electromagnet  with  flat-end  plungers. 
(See  Fig.  31.) 


Watts  per  8q.  In. 

Fiq.  31. — Test  curves  on  poll  < 
standard  type  plunger  electromagni 
in  Fig.  30. 


PORTATIVE  ELECTROMAGNETS 


TO.  Lifting  magnets.  Large  iron-clad  magnets  called  lifting  magnets 
are  now  extensively  used  for  the  handling  of  materials  in  all  branches  of  the 
iron  and  steel  industry.  They  are  used  for  handling  pig  iron,  scrap,  castings , 


iron  and  steel  industry,  l ney  are  used  ! or  handling  pig  iron,  scrap,  castings , 
billets,  tubes,  rails,  plates  and  crop  ends;  for  loading  and  unloading  cars 
and  ore  vessels,  and  for  handling  skull-cracker  balls  and  miscellaneous 
material. 


Fio.  32. — Cross-section  of  a standard  lifting  magnet. 


Tl.  Operation.  All  lifting  magnets,  of  whatever  make,  are  suitable  for 
use  on  continuous-current  circuits  only.  It  is  not  customary  to  operate  the 
magnets  on  very  high  voltages,  owing  to  the  difficulty  of  securing  insulat- 
ing material  that  will  withstand  the  high  inductive  reaction  that  occura 
when  the  circuit  of  a magnet  is  suddenly  opened.  Standard  magnets  are 
designed  for  operation  on  220-volt  continuous-current  circuits. 

79.  Lifting  load.  It  is  quite  impossible  to  calculate  the  load  which  may 
be  lifted,  owing  to  the  varying  contact  of  the  load,  but  Par.  79,  giving  a 
table  published  by  one  of  the  leading  manufacturers,  shows  the  approximate 
lifts  for  various  magnets  and  materials. 
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With  large  single  pieces  such  as  castings,  skull-cracker  balls,  etc.,  the  lifting  capacity  is  many  times  greater,  becoming  lor 
example  60,000  lb.  in  the  case  of  the  62-in.  magnet. 
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74.  General  construction,  These  magnets  are  very  rugged  in  construc- 
tion, as  they  are  subject  to  ex9eedingly  rough  usage.  Theframe  or  body  of 
the  magnet  is  made,  in  one  ins  tan  oe.  of  a special  grade  of  dynamo  steel 
which  combines  great  strength  and  ductility  with  excellent  magnetic 
qualities.  They  are  designed  to  withstand  heat  without  injury  and  are 
waterproof.  Fig.  32  shows  the  construction  of  a lifting  magnet  made  by  the 
Cutler-Hammer  Clutch  Co.  The  Inland  Steel  Co.  reports  that  about 
4,000,000  lb.  of  machine  cast  pig  iron  were  unloaded  in  10.5  hr.  by  two  62-in. 
magnets.  The  average  lift  per  magnet  was  3,427  lb. 

75.  Magnetic  clutches  and  disc  brakes  arc  of  the  above  general  class, 
but  they  attract  armatures  in  the  forms  of  discs.  In  both  cases,  the  move- 
ments of  the  armatures  are  small.  In  magnetic  clutches  the  clutch  members 
are  engaged  when  the  magnet  is  energised,  whereas  in  magnetic  disc  brakes, 
a spring  presses  against  a disc  brake  when  the  magnet  is  deenergised,  thus 
stopping  rotation  by  means  of  friction. 

76.  Holding  magnets.  Portative  magnets  called  magnetic  chucks 
are  extensively  used  for  holding  tools  and  materials  in  grinding  and  other 
machines.  The  no-load  release  magnet  is  of  this  type.  In  a general  way, 
magnetic  separators  also  belong  to  this  class. 

ALTERNATING-CURRENT  TRACTIVE  ELECTROMAGNETS 

77.  The  design  of  an  alternating- current  magnet  i nvolves  calcula- 
tions which  are  essentially  the  same  as  those  for  an  ordinary  transformer. 
The  total  flux  is  determined  by  the  number  of  turns,  the  supply  voltage  and 
the  frequency;  thus 

E- 2w{N+m.a*  . AAAN+M  10-*  (volts,  effective)  <19) 
V 2 10 1 

and 

E 10* 

4>ma*  - ~4  (maxwells)  (20) 

where  / is  the  frequency  in  cycles  per  second,  N the  number  of  turns,  and 
B the  impressed  e.m.f.  in  volts. 

Taking  / and  N as  constant, 

- i(Bmm  - KB  (maxwells)  (21) 

and 

® »«* -X  ^ (gausses)  (22) 

That  is,  for  a given  impressed  e.m.f.  the  flux  density  will  vary  inversely 
as  the  area  of  the  core. 

78.  Plus  density.  Since  the  air-gap  pull  varies  approximately  as  the 
square  of  the  flux  density,  it  would  appear  that  the  flux  density  should 
be  as  great  as  possible.  However,  the  iron  losses  also  increase  with  the  flux 
density,  so  that  the  maximum  possible  flux  density  is  not  the  most  efficient. 

78.  Iron  losses.  The  major  portion  of  the  total  loss  takes  place  in  the 
iron  rather  than  in  the  copper.  The  hysteresis  loss  (Sec.  2)  is  calculated 
in  the  same  way  as  that  of  a transformer,  and  denoted  by  Pk.  The  eddy- 
current  loss  (Sec.  2)  is  denoted  by  P..  Then  the  total  core  loss  is 

P.-Pa+P.  (watts)  (23) 

•0.  The  quadrature  exciting  watts  are  expressed  thus: 

Pm  - 2.5  (la  + ^ ) 10“  ■ (watts)  (24) 

wherein  la  is  the  length  of  the  air-gap  in  centimeters,  U the  mean  length  in 
centimeters  of  the  magnetic  circuit  in  the  iron,  and  a is  the  cross-sectional 
area  of  the  core  in  square  centimeters.  Expressing  this  in  terms  of  the 
volume  of  the  air-gap  and  of  the  iron,  which  quantities  must  be  known  in 
determining  the  core  losses, 

P,-2.5/(B^IM(r.+  ^,)  io-* 
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Therein  Vm  and  Vi  are  the  volumee  in  oubie  centimeters  of  the  air-gap  and 
the  iron,  respectively.  Values  of  permeability  may  be  found  in  See.  4. 

II.  The  total  exciting  current  may  be  found  as  follows:  The  wattless 
v magnetising  component  is 

I.-P£  (amp.)  (28) 

The  energy  component,  assuming  IlR  losses  in  the  winding  to  be  neg- 
ligible, is 

I,-  (amp.)  (27) 

and  the  total  exciting  current  is 

T - Vi ,*+/.»  (amp.)  (28) 

The  copper  loss  in  the  winding  is 

PC  = I*R  (watts)  (29) 

Adding  this  to  the  core  loss,  we  have  approximately  for  the  total  loss 
P-Pfc+P.+P*  (watts)  (watts)  (30) 

Then  the  energy  component  of  the  exciting  current  is 

I'r-  -g  (amp.)  (31) 

and  the  total  exciting  current  is 

If  - Vi'J+I*'  (amp.)  (32) 

which  is  approximately  correct.  This  current  can  be  used  to  find  a new 

copper  loss,  and  the  calculations  can  be  repeated  as  far  as  it  is  thought  worth 

85.  Effect  of  temperature  on  iron  losses.  The  losses  in  the  eore 
decrease  with  a rise  m temperature,  and  since  the  core  losses  form  the 
major  portion  of  the  total  losses,  the  efficiency  will  increase  with  a rise  in 
temperature. 

88.  Lamination  of  magnetic  circuit.  The  magnetic  circuit  should 
naturally  be  laminated;  this  may  be  done  in  a way  similar  to  that  used  in 
transformer  construction;  or  the  core  can  be  made  solid,  and  slots  N in. 
wide  and  1 in.  or  more  in  depth  milled  lengthwise  in  it.  The  magnetic  cir- 
cuit can  also  be  constructed  by  winding  iron  ribbon  spirally  about  a spider. 

84.  Pulsation  of  pull.  In  single-phase  magnets  the  pull  varies  from 
aero  to  a maximum,  and  back,  twice  during  each  cycle.  This  causes  a 
vibration  of  the  armature  against  the  core  and  gives  rise  to  a considerable 
noise.  The  latter  may  be  largely  overcome  by  means  of  a shading  coll, 
linked  with  a portion  of  the  flux  in  the  end  of  a core  or  in  an  armature.  This 
splits  the  phase  so  that  flux  is  always  present  in  the  sealed  air-gap,  and  the 
poll  is  never  sero. 

86.  Air -gap  pull.  If  there  was  no  reluctance  excepting  in  the  air  gap 
aad  also  if  there  were  no  iron  losses,  the  mean  effective  air-gap  pull*  would  be 
constant  regardless  of  the  length  of  the  air  gap.  In  practical  electromagnets, 
the  presence  of  reluctance  ana  iron  losses  prevents  the  current  from  falling  to 
fcro  when  the  air  gap  closes,  so  that,  for  a very  short  air  gap,  the  pull  charac- 
teristics are  somewhat  similar  to  those  for  continuous-current  electromagnets. 

14.  Calculation  of  pull.  For  a given  number  of  effective  ampere- 
toms,  the  laws  stating  the  pull  with  alternating-current  electromagnets 
vc  identical  with  those  for  continuous-current  electromagnets  (barring 
wre  losses);  but,  since  in  constant-e.m.f.  electromagnets  the  current  is  re- 
duced as  the  reluctance  of  the  ai^-gap  is  reduced,  during  the  travel  of  the 
^mature  or  plunger,  the  characteristics  of  alternating-current  electro- 
magnets are  different  from  those  for  direct-current  electromagnets.  How- 
ler, the  true  pull  may  be  determined,  for  any  length  of  air-gap,  by  calcu- 
lating the  effective  ampere-turns  for  all  lengths  of  air-gap  and  then  calculating 
pulls  with  the  ampere-turns  so  deduced,  by  the  equations  given  in  Par.  88. 


•Underhill.  C.  R.  “ Alternating-current  Electromagnets;"  Electrical 
World,  1914,  Vol.  LXIII,  p.  200. 
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POLYPHASE  ELECTROMAGNETS 
( 8T.  Test  data  on  two-phase  electromagnet.  Fig.  33  shows  the  rela- 
tion between  volt-amperes  and  pounds  pull  for  a two-phase  magnet  designed 
and  tested  by  D.  L.  Lindquist.*  The  magnet  contained  four  ooila,  each 
wound  with  220  turns  of  No.  14  A.W.G.  copper  wire,  the  cross-sectional 
area  of  the  core  being  1.94  sq.  in.  The  test  was  made  with  the  magnet- 
winding connected  to  a two- 
phase  60-cycle  system.  The 
method  of  connecting  the  coils 
is  shown  in  Fig.  34. 


Volt-amp. 

Fiq.  33. — Relation  between  volt-amp.  and  Fio.  34. — Connections  of  two- 
pull  for  a two-phase  electromagnet.  phase  electromagnet. 

88.  Puliation  of  pull.  Theoretically,  the  pull  in  magnets  equipped 
with  polyphase  windings  should  be  constant  and  equal  to  the  maximum  pull 
due  to  the  maximum  flux  produced  in  one  phase.  This,  however,  is  only 
true  when  the  e.m.f.  wave  is  a pure  sine-function.  Distortion  of  the  e.m.f. 
wave  will  alter  the  mean  effective  pull.  In  any  ease,  if  the  load  exceeds 
the  minimum  instantaneous  pull,  there  will  be  ohattering  exactly  similar 
to  that  in  a single-phase  magnet. 

89.  Polyphase  magnets  used  In  signal  relays  are,  in  effect,  induction 
motors  so  designed  that  the  rotor  can  revolve  through  a sufficient  angle  to 
operate  the  contacts.  This  gives  a constant  drag  on  the  rotor  due  to  the 
rotary  magnetic  field  and  avoids  chattering. 

HEATING  OF  'ELECTROMAGNETS 

90.  Oapaeity  limited  by  heating.  The  capacity  of  a given  electro- 
magnet is  limited  by  the  amount  of  heat  which  it  can  dissipate  per  unit  time 
without  exceeding  a given  or  safe  temperature  rise. 

91.  The  temperature  rise  can  be  measured  by  placing  a thermometer 
against  the  outside  surface  or  by  measuring  the  change  in  resistance  ^Sec.  3). 
The  general  formula  given  below  supposes  the  mean  temperature  rise  to  be 
measured  by  the  thermometer  method.  The  resistance  method  gives  re- 
sults which  are  from  1.5  to  2 times  greater  than  those  obtained  with  a ther- 
mometer, depending  upon  the  depth  of  the  winding,  circulation  of  the 
air,  etc. 

99.  Formula  for  temperature  rise.  The  general  equation  for  the  final 
temperature  rise  in  a given  coil  is 

t.-*j  (deg.  cent.)  (33) 

where  P is  the  power,  in  watts,  dissipated  in  the  coil;  A the  outaide  cylin- 
drical surface  of  the  coil  (the  ends  are  counted  only  in  short  coils,  and  the 
inside  surface  is  not  counted),  and  k is  the  temperature  rise  in  centigrade 
degrees  per  watt  per  square  inch  of  outside  cylindrical  surface.  Values  for 
the  constant,  k,  in  the  above  formula  differ  widely  according  to  the  propor- 
tions of  the  coil,  the  depth  of  the  winding,  etc.  The  following  values  repre- 
sent average  practice.  For  open  electromagnets,  * — 130;  for  iron-clad 
electromagnets,  k — 95. 

98.  Safe  temperature  limits.  The  final  temperature  rise  varies  between 
50  deg.  cent,  ana  75  deg.  cent,  according  to  the  specifications,  the  climate,  the 
depth  of  winding,  etc.  The  internal  temperature  rise  is  limited  to  that  which 


•Lindquist,  D.  L.  “Polyphase  Magnets;”  Electrical  W orid,  1906,  Vol. 
XLVIII,  p.  128.  “ Characteristic  Performance  of  Polyphase  Magnets," 

Electrical  World,  1906,  Vol.  XLVIII,  p.  564. 
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the  insulation,  can  successfully  withstand.  The  temperature  inside  the  coil 
Bust  necessarily  be  higher  than  that  on  the  outside.  . 

M.  Tiie  w&tta  per  square  inch  for  a series  of  standard  magnets  are 
given  in  Par.  68.  These  values  may  be  used  for  magnets  within  the  range 
of  proportions  shown  in  Fig.  17,  Fig.  20,  Fig.  27  and  Fig.  30. 

96.  Hot  resistance.  The  approximate  final  resistance  of  a coil  which  has 
been  in  circuit  for  a sufficient  length  of  time  to  become  thoroughly  heated  is 
rti«Re(l+ai.O  (ohms)  (34) 

where  Re  is  the  resistance  of  the  coil  at  room  temperature;  Rt  the  final 
resistance;  t,  the  rise  in  temperature  in  deg.  cent,  above  room  temperature; 
and  ctia  is  the  mass  resistance  temperature  coefficient  at  room  temperature 
(see  Sec.  4).  The  standard  room  temperature  is  25  deg.  cent.  Roughly, 
it  may  be  assumed  that  the  resistance  of  copper  will  be  increased  1 per  cent, 
for  each  2.5  deg.  cent,  rise  in  temperature,  or  for  each  5 deg.  fahr. 

96.  Coils  impregnated  with  high-melting  and  good  heat-conducting 
compounds  are  able  to  withstand  more  applied  power  than  untreated  coils. 
In  alternating-current  magnets,  the  ferric  parte  also  become  heated  (see  Par. 
76). 

MAGNET  WIRES 

97.  Wire  insulation.  Wires  commonly  used  in  the  winding  of  electro- 
magnets are  insulated  with  enamel,  silk  or  cotton;  or  combinations  of  enamel 
ana  cotton,  or  enamel  and  Bilk. 


98.  Table  of  Diameters  of  Magnet  Wires 

(The  Acme  Wire  Co.) 


Sise 

A.  W.  G. 

Single- 

cotton 

covered 

Enamel 

and 

cotton 

Single- 

silk 

covered 

Enamel 

and 

silk 

Enamel 

10 

.1069 

.1088 

.1038 

11 

.0957 

.0975 

.0925 

12 

.0858 

.0876 

.0826 

13 

.0770 

.0787 

.0737 

14 

.0691 

.0708 

.0658 

15 

i ,0621 

.0635 

.0585 

16 

.0558 

.0573 

.0523 

17 

.0503 

.0517 

.0467 

18 

.04  53 

.0408 

.0418 

19 

.0409 

.0424 

.0374 

.0360 

.0372 

.0340 

.0352 

.0332 

.0325 

.0335 

.0305 

.0315 

.02T95 

.0294 

.0305 

.0274 

.0285 

.0265 

.0266 

..0277 

.0246 

.0267 

.0237 

.0241 

.0252 

.0221 

.0232 

.0212 

25 

.0219 

.0229 

.0199 

.0209 

.0189 

26 

.0200 

.0208 

.0180 

.0188 

.0168 

27 

.0182 

.0190 

.0162 

.0170 

.0150 

28 

.0166 

.0174 

.0146 

.0154 

.0134 

29 

.0153 

.0160 

.0133 

.0140 

.0120 

30 

. 0 1 40 

.0147 

.0120 

.0127 

.0107 

31 

.0137 

.'0109 

.0117 

.0097 

32 

.0120 

.0126 

.0100 

.0106 

.0086 

33 

.01  11 

.0117 

.0091 

.0097 

.0077 

34 

.0103 

.0109 

.0083 

.0089 

.0009 

35 

.0096 

.0102 

.0070 

.0082 

.0062 

36 

.0090 

.0096 

.0070 

.0076 

.0056 

37 

.0090 

.0065 

.0070 

.0050 

38 

U-  j0085 

.0060 

.0065 

.0046 
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99.  Ipatpe  factor.  The  most  efficient  winding  is  that  which  contains  the 
maximum  amount  of  conducting  material ; hence  a thin  insulation  of  high 
dielectric  strength  is  desirable.  The  space  factor  or  activity  coefficient 
is  the  ratio  of  the  spaoe  occupied  by  the  insulated  conductor  to  that  occupied 
by  the  bare  conductor.  This  is  conveniently  expressed  in  terms  of  turns  per 
square  inch.  The  Tables  (Par.  98,  101,  104,  100)  show  the  relative  values 
for  the  various  wires.  Enamel  and  silk,  and  enamel  and  cotton,  are  designed 
to  replace  double»silk*  and  double-cotton-oovered  wires,  respectively;  the 
former  two  have  higher  aotivity  coefficients  and  greater  dielectric  strengths 
than  the  latter  two. 


WINDING  CALCULATIONS 


100.  Winding  formulas.  In  what  follows  let 
d — diameter  of  bare  copper  wire  in  inch, 

Ri  —ohms  per  linear  inch. 
di  m diameter  of  insulated  wire  in  inch, 
t"  — turns  per  linear  inch, 
n " m layers  per  inch, 

Nm  « turns  per  square  inch, 

Rw  ■ohms  per  cubic  inch. 

Then  the  number  of  ohms  per  linear  inch  is 

fil-  8, 628d-U0-»*  (80)* 

and  f"  ■*  dr1  (or  is  found  by  actual  count)  (36) 

For  layer  windings  with  no  paper  between  layers, 

(approx.)  (37) 

When  paper  is  used, 

»"-(d, +f,)-»  (38) 

wherein  tp  is  the  thickness  of  the  paper  layer. 

The  turns  per  square  inch  and  the  ohms  per  oubie  inch  are  given  by 
Na-t"n"  (39) 

Rw-NJlt  (40) 

The  properties  and  dimensions  of  bare  copper  wires  will  be  found  in  Sec.  4. 
Furthermore  let 


T — thickness  of  wall  of  winding  in  inches, 

L — actual  length  of  winding  in  inches, 

Pa  ■■  average  perimeter  or  mean  length  of  turn  in  inches, 

8 — longitudinal  cross-sectional  area  of  winding  in  square  inches, 
V - volume  of  winding  in  cubic  inches. 

The  winding  cross-section  and  the  winding  volume  are 
S-7X 

V-8pa 


In  all  usual  shapes  of  coils,  the  thickness  of  coil- wall  is  T - n/n",  where 
n is  the  number  of  layers.  For  ooils  wound  on  cores  or  forms  of  the  shapee  in 
Fig.  36,  the  equation 

P«-2(a+6  + 1.57ir-0.859r)  (43) 


• ! i i • ! t 

Fio.  35. — Core  shapes  and  dimensions  for  electromagnet  windings. 


is  general  and  gives  the  mean  length  of  turn  for  coils  with  cores  of  any  of 
these  shapee.  In  the  case  of  the  perfectly  square  or  rectangular  core,  the 
radius,  r,  is  sero;  whereas,  in  the  case  of  the  round  core,  it  is,  of  course,  equal 
to  one-half  of  the  diameter. 

For  a round  core  only, 

p«-ir(Di+r)  (44) 

where  Di  is  the  inside  diameter  of  the  coil.  In  all  cases,  the  dimensions  of 
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the  insulated  cores  are  assumed,  so  far  as  the  inside  dimensions  of  the  winding 
are  concerned. 

The  total  number  of  turns  in  a winding  is  given  by 

N - TLN*  or  N - n"t"TL  (45) 

The  resistance  of  a winding  is  expressed  by 

R - VR,  or  R - p JVfli  (46) 

101.  Formula  for  ampere-turns.  The  calculations  of  windings  for  elec- 
tromagnets are  generally  controlled  by  the  ampere-turns  to  be  developed 
and  the  energy  Toes  in  watts  which  can  be  safely  allowed.  This  reduces 
to  the  problem  of  finding  the  sise  and  kind  of  insulated  wire  which  will  give 
the  proper  proportions  of  turns  and  resistance.  For  continuous-current 
electromagnets,  the  equation  for  the  ampere-turns  for  a given  e.m.f.  is 


JVX- 


E 

PaRl 


(47) 


Conversely,  the  sise  of  wire  is  found  from  the  table  opposite  the  nearest 
value  for  Ri<—  E/  Nip*.  For  the  proper  dimensions  of  a coil  to  radiate  a 
given  amount  oi  heat  see  Par.  9S. 


102.  Table  of  Turns  per  Square  Inch;  Solid  Layer  Winding 

(The  Acme  Wire  Co.) 


Size 

A.W.G. 

Single- 

cotton 

covered 

Enamel 

and 

cotton 

Single- 

silk 

covered 

Enamel 

and 

silk 

Enamel 

10 

87.5 

84.5 

92.5 

11 

109 

105 



117 

12 

136 

130 

• 

147 

13 

169 

161 

184 

14 

210 

199 

231 

15 

260 

248 

292 

16 

321 

304 

' 

366 

17 

396 

374 

458 

IS 

488 

456 

19 

598 

556 

715 

20 

772 

722 

865 

807 

907 

21 

947 

890 

1,075 

1,010 

1,150 

22 

1,155 

1,075 

1,330 

1,230 

1,425 

23 

1,410 

1,303 

1,650 

1,510 

1,780 

24 

1,720 

1,575 

2,045 

1,860 

2,220 

25 

2,080 

1,910 

2,520 

2,290 

2,800 

26 

2,500 

2,310 

3,090 

2,830 

3,540 

27 

3,020 

2,770 

3,810 

3,460 

4,440 

28 

3,630 

3,300 

4,690 

4,220 

5,570 

29 

4,270 

3,910 

5,650 

5,100 

6,9  50 

30 

5,100 

4,630 

6,950 

6,200 

8,730 

31 

5,920 

5,330 

8,410 

7,300 

10,650 

32 

6,950 

6,300 

10,000 

8,900 

13,500 

33 

8,120  * 

7,300 

12,080 

10,650 

16,900 

34 

9,430 

8,410 

14,500 

12,600 

21,000 

35 

10,850 

9,610 

17,300 

14,900 

26,000 

36 

12,350 

10,850 

20,400 

17,300 

31,900 

37 

23,700 

20,400 

40,000 

38 

— i 

1 

27,800 

23,700 

| 49,300 

10S.  Final  calculation!.  Having  found  the  proper  size  of  wire,  it  is 
customary  to  preliminary  calculations  for  turns,  resistance,  etc.,  and 
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then  to  make  the  final  calculations  after  the  turns  per  layer  and  number  of 
layers  have  been  determined  from  the  preliminary  data. 

For  a round  winding,  with  given  core,  length,  sise  of  wire  and  resistance, 
the  outside  diameter  will  be 


(48) 


The  approximate  thickness  of  wall  of  winding  will  be 

r,  D-Di 
2 


(49) 


The  number  of  layers  will  be  n — 7V',  and  a new  value  for  T will  be 
found  for  an  exact  number  of  layers,  by  T- n/n".  The  mean  length  of 
turn  will  be  p.-xdh+T)  and  the  outside  diameter  will  now  be  D- 
Di+2T.  The  number  of  turns  will  be  N**nl"L,  and  the  resistance, 
R-NvJli.  For  round  windings,  the  radiating  surface  is  A —irDL,  where 
A is  the  cylindrical  surface. 


104.  Ohms  per  Oubie  Inch;  Solid  Layer  Winding 

(The  Acme  Wire  Co.) 


Sise 

A.W.G. 

Single- 

cotton 

covered 

Enamel 

and 

cotton 

Single- 

silk 

covered 

Enamel 

and 

silk 

Enamel 

10 

.00727 

.00702 

.00768 

11 

.0114 

.01 10 

.0123 

12 

.0180 

.0172 

.0194 

13 

.0282 

.0268 

.0307 

14 

.0442 

.0418 

.0485 

15 

.0690 

.0658 

.0774 

16 

.1072 

.1017 

.1225 

17 

.167 

.158 

. 193 

18 

.260 

.243 

.305 

19 

.401 

.373 

.479 

20 

.652 

.610 

.731 

.682 

.767 

21 

1,01 

.948 

1.145 

1.075 

1.225 

22 

1.55 

1.45 

1.788 

1.652 

1.915 

23 

2.39 

2.21 

2.79 

2.56 

3.01 

24 

3.67 

3,36 

4.37 

3.97 

4.74 

25 

5.60 

5.14 

6.79 

6.17 

7.54 

26 

8.50 

7.85 

10.5 

9.62 

12.03 

27 

12.93 

11.85 

16.3 

14.8 

19.0 

28 

19.6 

17.8 

25.3 

22.8 

30.1  . 

29 

29.1 

26.6 

38.5 

34.8 

47.3 

30 

43.8 

39.7 

59.6 

63.2 

74.8 

31 

64.1 

57.7 

91.1 

79.1 

115.3 

32 

94.9 

86.0  * 

136.5 

121.5 

184.2 

33 

140 

125.8 

208 

183.5 

291 

34 

205 

183 

315 

274 

456 

35 

297 

263 

473 

408  . 

711 

36 

426 

375 

705 

597 

1100 

37 

1032 

888 

1742 

38 

1525 

1 1300 

2710 

CONSTRUCTION  OF  COIL8 

100.  Methods  of  winding.  There  are  two  standard  methods  of  winding 
coils.  The  original  method  is  to  prepare  the  bobbin  for  the  wire  and  then  to 
wind  the  coil  by  rotating  the  bobbin  in  a small  special  lathe  and  guiding  the 
wire  by  hand.  In  the  other  method  the  wire  is  wound  in  a form,  And  then 
taped  or  otherwise  mounted. 
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IOC.  Tabl«  of  Ohms  por  Pound 


(The  Acme  Wire  Co.) 


Single- 

Eiamel 

Single- 

Enamel 

cotton 

and 

silk 

and 

Enamel 

covered 

cotton 

covered 

silk 

.0314 

.0312 

.0315 

.0502 

.0797 

.1278 

.2015 

■m 

.0498 

1 

.0789 

.0784 

13  1 

. 1255 

.125 

14 

.199 

.198 

15  1 

.315 

.312 

KB 

.500 

.496 

.792 

.787 

18 

1.26 

1.25 

1.99 

1.98 

EB 

3.04 

3.02 

3.23 

3.19 

3.24 

4.98 

4.95 

5.15 

5.08 

5.16 

Kl 

7.90 

7.82 

8.13 

8.05 

8.19 

12.5 

12.38 

12.95 

12.8 

13. 02 

Kfl 

| 19.8 

19.5 

20.6 

20.3 

20.7 

1 31.3 

30.8 

32.5 

32.1 

32.9 

49.4 

48.7 

51.5 

50.9 

52.2 

1 27 

77.7 

76.3 

81.4 

80.5 

82.9 

28 

121.8 

119.5 

129 

127 

131.5 

192 

188.5 

204 

201 

208.5 

IKSl^ 

296 

823 

319 

334 

472 

464 

509 

503 

530 

741 

718 

805 

793 

840 

1,135 

1.115 

1,267 

1,248 

1,383 

1,758 

1,710 

1,990 

1,950 

2,115 

2,750 

4,270 

M 

3,010 

4,740 

7,370 

11,580 

3,350 

5,320 

8,440 

13,400 

ml 

iUBBI  H|| 

WmM 

ml 

■maiHiaaMi 

1ST . Insulation.  The  use  of  electromagnets  on  lighting  and  power 
mrcuita  makes  it  necessary  to  provide  additional  insulation  between  adjacent 
layers  of  wire  to  prevent  a breakdown  at  the  points  of  maximnm  e.m.f. 
between  layers,  when  the  circuit  is  suddenly  broken.  It  is  customary,  there- 
fore, to  place  one  or  more  wraps  of  thin  paper  between  adjacent  layers  which, 
ns  a further  advantage,  makes  it  possible  to  wind  coils  of  fine  wire  evenly  in 
layers.  Enameled  wire  is  particularly  adapted  for  this  form  of  coil  since  the 
e.m.f.  between  adjacent  turns  in  a layer  is  very  low;  consequently  more  turns 
per  layer  may  be  obtained  and  a high  activity  for  the  coil  maintained. 

ICC.  Form  winding.  Coils  with  or  without  paper  between  successive 
layers  may  be  wound  directly  into  the  bobbin,  or  into  forms,  and  the  coils 
mounted  later.  It  is  customary  in  such  cases  to  guide  the  wire  by  means  of  a 
travels©  screw  or  a cam.  In  one  well-known  method,  several  coils  are 
simultaneously  wound  by  automatic  machinery.  Coils  wound  in  a 
•o-o ailed  haphazard  manner  are  well  named,  since  the  e.m.f.  between 
adj  •cent  wires  may  be  sufficient  to  puncture  the  insulation  under  sudden 
fluctuation  of  the  current. 


melting  compound.  This  protects  them  from  moisture  and  assists  in  con- 
ducting away  the  internal  heat.  Also  see  Par.  96.  Coils  wound  with  tape 
am  m finish  should  be  treated  in  the  same  manner  as  the  field  coils  of  electric 


machines. 

110  Mounting.  A good  method  of  mounting  direct-current  windings 
after  Impregnation  **  40  WTaP  a thin  brass  tube  with  oiled  muslin,  fringed 
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at  the  ends  so  that  the  fringes  will  overlap  one  another  when  bent  at  right 
angles  to  the  tube.  The  ooil  is  then  mounted  on  the  muslin-covered  tube 
ana  several  oiled  muslin  washers  are  placed  on  eaoh  end.  A slotted  fiber 
washer  is  mounted  at  the  end  with  the  inside  lead,  and  the  lead  is  brought 
out  through  the  slot  after  being  wound  once  around  the  tube;  the  inside 
diameter  of  this  washer  should  be  sufficient  to  slip  over  the  turn  of  the  lead. 
More  oiled-muslin  washers  are  then  put  on,  and  the  fringes  are  fanned  out 
at  both  ends  of  the  ooil,  after  which  heavy  fibre  end  'washers  are  put  on  and 
the  ends  of  the  brass  tube  spun  over.  This  makes  a very  solidly  constructed 
and  well-insulated  coil.  In  alternating-current  coils,  the  brass  tube  must 
be  slotted  lengthwise.  When  flat  ribbon  leads  are  used,  it  is  not  necessary 
to  use  a slotted  washer. 

All  splices  should  be  soldered  or  brazed  and  thoroughly  protected  with  oiled 
muslin.  The  leads  should  be  tied  in  position  with  stout  twine. 

111.  Covering.  Mounted  coils  are  covered  with  cord,  pressboard,  oiled 
muslin,  etc.,  ana  are  often  dipped  in  black  air-drying  varnish  to  give  them  a 
protecting  finish. 

TESTING  07  MAGNETS 

lit.  Measurement  of  pull.  The  attracting  effort  of  a small  portative 
magnet  or  a small  tractive  magnet,  with  the  armature  or  plunger  in  contact 
with  the  pole  faces  or  stop,  may  be  measured  with  a spring  balance.  Large 
magnets  may  be  tested  by  direct  loading  or  by  loading  through  a system  of 
levers.  The  pullout  >oint  is  not  preceded  by  any  warning  and,  in  order 
to  obtain  accurate  load  readings,  the  load  must  be  applied  at  a uniform 
rate  and  under  perfect  control. 

A simple  method  is  to  hang  a buoket  below  the  weights  and  to  pour  water 
or  shot  into  it  until  an  amount  equal  to  a weight  unit  is  exceeded,  when  the 
buoket  may  be  removed  and  tne  equivalent  weight  placed  in  position; 
then  the  empty  buoket  is  again  hung  in  plaoe  and  filled,  this  cycle  of  opera- 
tions being  continued  until  the  pullout  point  is  reached,  when  the  total  weight 
is  determined. 

118.  The  pull  tests,  for  various  lengths  of  air-gaps,  may  be  made 
by  the  use  of  brass  discs  or  rings  of  thicknesses  arranged  in  decades.  Thus 
the  first  group  may  be  1 in.,  2 in.,  3 in.,  and  4 in.  respectively,  with  which 
any  combination  in  thickness  from  1 in.  to  10  in.  may  be  obtained.  This 
idea  may  be  carried  out  as  far  as  desired.  Twelve  spacers  will  give  1,000 
combinations.  The  measurement  of  the  pull  should  be  made  as  outlined 
in  Par.  11S. 

114.  The  heating  test  requires  an  ammeter,  a thermometer  (or  volt- 
meter), a watch  ana  a rheostat.  Fig.  36  shows  the  connections  for  a test 

where  the  temperature  rise  is  deter- 
mined by  the  change  in  resistance  (Sec. 
3) . Instruments  and  general  measure- 
ments are  treated  m Sec.  3.  The 
temperature  rise  can  be  measured 
either  by  the  resistance  method  or 
■)  with  a thermometer  placed  against 
T the  outside  of  the  winding.  In  making 

Fio.  36. — Connections  for  heat  the  test  the  current  should  be  kept 
run,  determining  temperature  rise  by  at  a constant  value  Z by  means  of  the 
resistance  method.  rheostat,  and  the  thermometer  (or,  m 

Fig.  36,  the  voltmeter)  read  at  regular 
time  intervals.  While  making  the  test,  either  the  temperature  or  the  e.m.f. 
drop  should  be  plotted  with  time;  this  will  give  the  heating  curve  and  show 
when  the  final  temperature  has  been  reached. 

116.  The  resistance  test  is  usually  made  with  a Wheatstone  bridge  or 
a modification*  of  the  same  designed  to  test  the  ooils  very  rapidly. 

116.  Test  for  short-circuited  turns.  Coils  designed  for  use  on  alter- 
nating-current circuits  are  tested  for  short-circuited  turns  by  placing  them, 
on  the  core  of  a special  transformer,  whereby  a high  e.m.f.  is  induced  in  them. 

11T.  The  breakdown  test  for  direct-current  coils  is  accomplished  by 
placing  them  on  a laminated  core  before  mounting;  then  heavily  overloading 

* Underhill,  C.  R.  “ The  Design  of  a Quick-acting  Wheatstone  Bridge/* 
Electrical  World,  1010,  Vol.  LVI,  p.  29. 
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them,  end  suddenly  interrupting  the  circuit  so  as  to  induce  s high  momentary 
im.1.  A.  reduction  in  the  resistance  of  the  coil  is,  as  determined  by  sub- 
apent  measurement,  an  indication  of  punctured  insulation  in  the  winding. 
Coib  mounted  on  br  iss  tubes  covered  with  six  wraps  of  oiled  muslin  with- 
Hand  a regular  commercial  test,  from  coil  to  tube,  of  3,500  volts  alternating 
efieotive  value.  . 
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INDUCTION  COILS 
BY  CHARLES  B.  UNDERHILL 
GENERAL 

III.  Induction  ooila  may  bs  divided  into  two  class#* : those  with 
a primary  winding  only,  and  those  with  both  primary  and  secondary  wind- 
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ings.  The  former  are  used  extensively  in  connection,  with  the  ignition  of 
internal-combustion’  motors.  The  function  of  both  types  is  to  respond 
to  very  sudden  fluctuations  of  the  e.m.f.  in  the  primary  circuit.  For  thin 
reason,  they  have  open  magnetic  circuits,  which  partly  aooounts  for  their 
generally  low  efficiency. 

In  telephony,  the  function  of  the  induction  coil  is  to  accurately  transform 
the  complex  waves  of  e.m.f.  and  current  corresponding  to  the  sound  waves 
produced  by  articulate  speech.  It  is,  therefore,  in  this  particular  ease, 
simply  a transformer  with  an  open  magnetic  circuit.  Induction  coils  of 
the  secondary  type  arc  also  used  in  radio  telegraphy,  internal-combustion 
motor  ignition,  etc.;  they  operate  on  the  principle  of  the  gradual  or  pro- 
gressive storage  of  energy,  wnich  is  then  suddenly  discharged,  and  the  cycle 
repeated. 

The  performance  of  the  primary  type  of  induction  coil  has  an  important 
bearing  on  the  behavior  of  secondary-type  coils  of  the  jump-spark  type 
and,  for  this  reason,  the  primary-type  coil  is  treated  first  and  separately. 

PBIMARY-TYPX  INDUCTION  COILS 

150.  Definition.  A primary-type  coil  is  a reactor  (Sec.  6)  designed  to 
receive  electrical  energy,  then  convert  it  into  magnetic  energy,  storing  as 
much  of  the  latter  as  feasible,  and  finally  to  reconvert  it  suddenly  into 
electrical  energy.  The  ultimate  object  is  to  utilise  the  heat  of  the  resulting 
spark,  when  the  circuit  is  suddenly  broken.  The  rupture  of  the  circuit 
usually  takes  place  in  the  cylinder  of  an  internal-combustion  engine  or 
motor. 

151.  Theory.  As  commonly  made,  the  primary-type  induction  coil 
consists  of  relatively  few  layers  of  coarse  magnet  wire  wound  over  a core 
consisting  of  a bundle  of  soft-iron  wires.  When  the  circuit  is  closed  through 
a battery,  current  flows  through  the  coil  and  magnetises  the  core;  the  counter* 
e.m.f.  generated  by  the  magnetic  flux  cutting  the  turns  of  wire  in  the  coil 
opposes  the  e.m.f.  of  the  battery,  so  that  a definite  time  interval  is  required 
to  fully  charge  the  iron  core  with  mognctie  energy. 

The  break  is  lesigned  to  have  a snap-action  which  causes  the  circuit  to 
be  opened  very  rapidly,  as  soon  as  the  flux  in  the  core  attains  its  most  efficient 
value;  thereupon  the  current  and  the  flux  decrease  at  a very  rapid  rate,  and 
at  the  same  rate,  to  sero.  This  sudden  rate  of  change  in  the  flux  induces 
a high  e.m.f.  in  the  coil,  proportional  to  d^/di,  in  the  same  direction  as  the 
battery  e.m.f.,  tending  to  retard  the  decrease  of  the  current,  and  thus  pre- 
vent the  sudden  collapse  of  the  magnetic  field.  Hence,  at  the  point  of  rup- 
ture, or  break,  there  results  a -bright  spark  or  arc,  usually  varying  from 
A in.  to  A in.  in  length,  the  energy  of  which  is  the  equivalent  (barring 
losses)  of  the  magnetic  energy  previously  stored  in  the  core.  The  value  of 
the  current  at  the  instant  that  the  metallic  circuit  is  broken  is  given  in 
Par.  SO,  Eq.  0,  under  “Magnets." 

1SS.  Stored  magnetic  energy.  The  magnetic  energy,  in  joules,  stored 
in  time  t is 

(joules)  (50) 

where  L is  the  inductance  in  henrys  and'  i is  the  value  of  the  current  in 
amperes  at  the  end  of  time  t in  seconds.  This  is  the  energy  of  the  spark 
(less  losses). 

1SS.  The  inductance  of  the  coil  is  expressed  by 

Z,-80tf*dl0-»  (henrys)  (51) 

approximately,  for  cores  having  ratios  of  length  to  diameter  between  10 
and  15,  where  N is  the  number  of  turns  in  the  coil,  and  d is  the  diameter  of 
the  core  in  centimeters.*  The  time,  t,  required  for  the  current  to  attain 
63  per  cent,  of  its  final  value  is  the  time  constant  (Sec.  2)  of  the  circuit; 
it  is  numerically  equal  to  L/R.  By  assuming  that  the  rate  of  current  increase 
is  nearly  uniform  between  O and  L/R  seconds,  which  is  approximately  correct, 
the  value  of  the  current  strength  may  be  estimated  for  any  corresponding 
time  after  closing  the  circuit. 


* Armagnat,  H.  “ Induction  Coils  “ (Translated  from  the  French  by  O.  A. 
Kenyon);  New  York,  McGraw-Hill  Book  Co.,  1908. 
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114.  Test  char acterif tics.  In  Fig.  37  are  shown  the  teat  character- 
istics* of  a coil  with  circuit  constants  of  R**9  ohms,  and  £"-0.02  henry. 
When  the  circuit  was  closed  for  0.02  second,  with  an  e.m.f.  of  8 volts,  the 
stored  energy  (or  spark  energy)  was  0.025  watt-second.  The  curve  for 
12  volts  is  also  shown.  It  will  be  seen  that  the  current  at  any  instant  is 
directly  proportional  to  the  e.m.f. 

The  time  required  for  the  current  to  rise  from  0 to  63  per  cent,  of  its  ulti- 
mate value  may  be  lessened  by 
reducing  the  inductance  or  in- 
creasing  the  resistance.  In 
general,  a gain  in  time  causes  a 
corresponding  loss  in  energy 
stored.  The  voltage  should  be 
sufficient  to  overcome  varia- 
tions of  the  resistance  of  the 
contacts,  but  not  great  enough 
to  hold  the  arc  too  long  after 
the  contacts  are  separated.  In 
practice,  battery  e.m.fs.  of  from 
o to  12  volts  are  employed,  but 
a good  rule  is  to  keep  the  e.m.f. 
ss  low  as  possible.  When  a 

generator  is  used  instead  of  a 

tatery.  the  reautence  and  the  o «•“ 

inductance  of  the  generator  _ -Time  of  Contact,  in  Seconds 

must  be  added  to  the  constants  ™*  37 • — Current-time  curves  of  a pnmary- 
of  the  rest  of  the  circuit.  type  induction  coil. 

111.  Instantaneous  current.  Fig.  38  shows  an  oscillagr&m  from  a 
■feast f of  * primary-type  coil.  The  constants  of  the  circuit  were  E — 4 volts 
B — 1 ohm,  £ — 0.01  henry,  and  the  final  value  of  the  current,  I,  4 amp. 
The  circuit  was  closed  at  A and  the  current  attained  a value  of  63  per 
cent,  of  4 amp.  at  B , in  0.01  sec.  The  electric  circuit  was  suddenly 
broken  at  B and  current  had  ceased  to  flow,  t.e.,  there  was  no  are,  after  the 
circuit  had  been  broken,  for  0.0015  sec.  The  circuit  remained  broken 
from  C to  A,  and  then  the  cycle  was  repeated.  If  the  circuit  had  been 
left  closed  for  more  than  0.01  sec.,  the  value  of  the  current,  for  varying 
time,  would  have  been  represented  by  the  dotted  logarithmic  curve. 

— 124.  Variation  of  inductance  and  re- 
sistance. It  will  be  seen  that  the  amount 
a of  eneigy,  IF,  stored  magnetically,  for  a 

5,  given  primary  coil,  is  proportional  to  the 

time  that  the  circuit  is  closed.  Owing  to 
-»  the  fact  that  the  inductance  is  not  con- 
'll stant,  it  is  difficult  to  estimate  accurately 
the  time-constant  of  the  circuit.  A certain 
amount  of  resistance  is  also  introduced  at 

pw-  no the  contacts,  due  to  corrosion,  etc.  For 

oem£'  fn^rrymt t^e8e  reasons,  the  predetermination  of  the 
prim  ary-type  characteristics  of  suoh  a coil  is  only  ap- 

maucuon  coil.  proximate. 

12T.  Efficiency.  When  the  coil  circuit  is  broken,  several  variables 
must  be  considered.  It  is  exceedingly  difficult  to  calculate  the  speed  of  the 
break  exactly.  The  resistance  of  the  arc  at  the  break  depends  upon  the  tem- 
perature and  the  pressure  of  the  medium  in  which  the  arc  occurs,  the  strength 
o*  the  current,  the  self-induction  of  the  circuit  and  the  material  of  the  eleo- 
bodee.  All  of  these  factors  enter  into  the  determination  of  the  time  re- 
quired to  reduce  the  current  to  sero.  Prof.  Bailey  estimated  the  average 
»-m.f.  developed  at  the  break,  in  the  coil  tested  (Par.  125),  to  be  30  volte, 
tod  the  efficiency  to  be  56  per  cent. ; however,  he  considered  that  the  efficiency 
might  be  increased  to  85  per  cent,  by  increasing  the  inductance  four  times 
tod  permitting  the  current  to  rise  to  1.25  amp. 

• Springer,  F.  W.  **  The  Design  and  Operation  of  Spark  Coils:”  Electrical 
Weril  1907,  Vol.  L,  p.  1163. 
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INDUCTION  COILS 


SECOND  ABY-TYPX  INDUCTION  COILS 
1S8.  Theory.  Fig.  39  shows  the  circuit  diagram  of  a typical  secondary- 
type  induction  coil.  The  circuit  is  closed  at  S and  current  established  in 


Fio.  39. — Typical  circuit  diagram 
for  secondary-type  induction  coil. 


Fio.  40. — Current  and  e.m.f.  curves 
of  s secondary-type  induction  coil 
without  condenser. 


the  primary  cirouit;  this  current  produces  a flux  in  the  core  and  when  the 
flux  reaches  a certain  value  the  pull  exerted  on  the  interrupter  contact  arm 


Fio.  41. — Effect  of  loading  the 
secondary.  (No  condenser.) 


primary  Current 
darj 
E.M.F. 

Time 


Fio.  42. — Curves  of  current  and  e.m.f. 
in  an  unloaded  secondary-type  coil  with 
condenser. 


is  sufficient  to  overcome  the  pull  of  the  spring,  r,  and  opens  the  circuit  at  C, 
The  circuit  being  open,  the  flux  quickly  decreases  to  sero  and  thus  generates 

a high  value  of  e.m.f.  in  the  sec- 
ondary winding,  which  consists  of 
many  turns. 

When  no  condenser  (Par.  lit)  is 
used  and  the  secondary  circuit  is 
open,  no  current  flows  through 
the  secondary  and,  consequently, 
the  effect  of  the  secondary  upon 
the  primary  is  nil,  excepting  for 
the  negligible  charging  current  in 
large  coils.  All  actions  in  the  pri- 
mary take  place  exactly  as  though 
the  secondary  were  not  present. 
Fig.  40*  is  the  same  as  Fig.  38  with 
the  secondary  e.m.f.  curves  added. 
The  effect  of  loading  ths  secon- 
dary (without  condenser)  is  shown 
in  Fig.  41. 

It9.  Effect  of  condenser . Fig. 
42  shows  the  effect  of  theoondenser 


F'iq.  43. — Current  curves  of  a loaded 
secondary-type  coil  with  condenser. 


• Bailey,  B.  F.  *'  The  Induction  Coil;”  EUctrical  World,  1910,  Vol.  LV,  p. 
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See.  6-130 


(Fit.  39)  with  an  unloaded  secondary,  while  Fig.  48  represents  the  effects 
<rf  loading  the  secondary.  These  curves  (figs.  41,  42  and  43)  are  taken 
from  oscillograms  made  by  Prof.  Bailey.  The  condenser,  with  the  local 
inductance  of  the  primary,  constitutes  an  oscillating  circuit.  The  self* 
induction  in  the  primary  is  small;  henoe  the  rate  of  oscillation  is  high.  The 
osdll&tions  in  the  primary  react  upon  the  secondary,  producing  an  oscillation 
■uperimpoeed  upon  the  logarithmic  current- time  curve. 

ISO.  Operation  of  interrupter.  The  interrupter  should  be  so  designed 
that  the  current  may  increase  to  its  proper  value  and  the  circuit  then  sud- 
denly open  automatically,  in  order  that  the  time  rate,of  change  in  the  flux  may 
be  as  great  as  possible.  The  interrupter  is  usually  made  adjustable  for  this 
purpose.  When  it  cannot  be  relied  upon  to  give  a sufficiently  brief  duration 
of  contact,  it  is  safer  to  increase  the  resistance  of  the  primary  and  thus  de- 
crease the  time-constant,  rather  than  to  increase  the  e.m.f.  of  the  battery. 
The  condenser  (Par.  169)  should  have  just  sufficient  capacity  to  prevent 
•parking. 

181.  The  design  of  induction  coils  is  largely  empirical,  there  being 
many  points  upon  which  there  are  no  definite  data.  Prof.  Bailey  and  others 
have  published  some  excellent  papers  rn  the  theory  of  induction  coils,  from 
which  part  of  the  foregoing  data  have  been  taken  (see  “Bibliography”). 

18S.  Core  design.  Fig.  44  shows  a curve  plotted*  between  flux  in 
lines  per  square  inch  per  ampere-turn  per  inch  length  of  coil  « %l/NI ),  and 
the  ratio  of  core  length  to  net  cross-sectional  area  of  core  {U/A »).  It  must 
be  noted  that  the  net  area  is  used;  this  is  given  by 

dm- a~  - 0.7  ~ |(sq.  in.)  (62) 


where  d is  the  core  diameter  in  inches,  and  a is  the  space  factor  (Par.  184). 
This  curve  was  plotted  from  data  taken  from  tests  made  on  cores  of  com- 
mercial annealed  round 
iron  wire  0.062  in.  in  dia- 
meter. In  every  case, 
the  exciting  coil  was  3 in. 
long,  and  consisted  of  191 
turns  of  No.  16  A.W.G. 
copper  wire  wound  in  4 
layers.  The  flux  was  | 
measured  with  an  explor- 
ing coil  of  20  turns  placed 
in  the  centre  and  outside 
of  the  exciting  coil.  The 
points  plotted  on  the 
curve  (Fig.  44)  are  for  a 
set  of  cores  1 in.  in  dia- 
meter and  of  different 
lengths;  the  circles 
plotted  on  the  curve  are 
for  a set  of  cores  4 in.  long 
and  of  various  diameters. 

It  is  well  to  note  that  the  same  ratio  of  length  to  diameter  can  correspond 
to  any  ratio  of  length  to  net  area,  and  that  the  flux  density  produced  per 
ampere-turn  per  inch  length  of  coil  varies  with  the  Utter  ratio. 

188.  Flux  density.  Based  upon  the  tests  plotted  in  Fig.  44,  the  flux 
density  along  the  middle  section  of  the  core  of  a straight-core  coil  is,  accord- 
ing to  Mr.  O.  A.  Kenyon, 

a (a.i 


l.l£-+3«) 

A* 


(maxwell’s  per  sq.  in.)  (53) 


where  N is  the  number  of  turns,  I the  maximum  current  in  amperes,  l the 
length  of  the  coil,  h the  length  of  the  core,  and  An  the  net  cross-sectional 
ires  of  the  core.  Ail  dimensions  are  in  inches. 


•Kenyon.  O.  A. 
tioB  of  Spark  Coils 


from  data  by  Springer,  F.  W.  “The  Design  and  Opera- 
Electrical  World , 1907,  Vol.  L,  p.  1163. 
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134.  The  spaoe  factor  of  the  core  is  that  per  oent.  of  the  total  area  which 
if  occupied  by  iron.  In  the  cores  tested  by  Mr.  Springer,  the  space  factor 
varied  from  0.675  to  0.70  and  averaged  0.687. 

136.  Table  of  Core  Dimensions  from  Practice 

(Ehnert)  • 


Spark  length 
(cm.) 

Core  length 
(cm.) 

Core-wire  diam- 
eter (mm.) 

Space-factor 

8 

15-20 

0.8 

0.84 

10 

20-25 

1.0 

0.82 

15 

25-35 

1.2 

0.80 

20 

30-42 

1.4 

0.78 

25 

35-50 

1.5 

0.77 

30 

48-60 

1.6 

0.76 

35 

62-58 

1.7 

0.75 

40 

62-70  * 

1.8 

0.74 

50 

80-90 

1.9 

0.73 

60 

100-120 

2.2 

0.715  . 

70 

120-140 

2.5 

0.70 

136.  The  slse  of  the  primary  wire  should  be  so  chosen  as  to  produce 
heat  at  a very  low  rate,  since  there  is  almost  no  ventilation  of  the  primary 
ooil.  The  current  density  in  the  primary  coil  can  vary  between  600  and 
1,200  amp. /per  square  inch.  It  must  be  remembered  also  that  in  coils  with 
large  cores  the  hysteresis  loss  is  Important.  See  Par.  79. 

137.  Table  of  Sizes  of  Primary  Wire  from  Practice 

(Ehnert)  * 


Spark  length,  cm 

8 

25 

35 

50 

Wire  diameter,  mm 

1 

El 

H 

2.0 

2.5 

3 

Nearest  size  A.  W.  G 

18 

17 

15 

12 

10 

SECONDARY  WINDINGS 

138.  The  necessary  number  of  secondary  turns  to  give  a certain 
secondary  e.m.f.  depends  upon  the  value  of  the  flux  in  the  core,  the  type  of 
interrupter,  the  constants  of  the  circuit,  etc.  As  yet  there  is  no  law  of  gen- 
eral application  which  will  permit  the  accurate  or  even  approximate  deter- 
mination of  the  number  of  secondary  turns.  When  the  magnetic  circuit 
and  the  primary  winding  are  finished,  an  experiment  can  be  made  which 
will  determine  the  approximate  number  of  secondary  turns.  Using  an  in- 
terrupter that  will  give  a definite  and  invariable  duration  of  contact,  find  the 
value  of  e.m.f.  generated  per  turn,  in  a coil  of  only  a few  turns,  and  then 
divide  the  total  desired  e.m.f.  by  this  value  to  obtain  the  required  number  of 
secondary  turns. 

189.  Table  of  Dimensions  of  Secondary  Winding  from  Practice 

(Ehnert)  • 


Spark  length,  cm 

5 to  10 

12 

15 

25 

35 

El 

t,  cm.  (Fig.  46) 

0.4 

0.5 

0.6 

0.7 

0.8 

£9 

h . cm.  (Fig.  46) 

1.5 

2.0 

2.5 

3 to  3.5 

.4.5 

EES 

• Ehqert,  E.  W.  “Theorie  und  Vorausberechnung  der  Funkeninduktoren;” 
Electrotcchnik  und  M aschinenbau,  1907,  Vol.  XXV,  pp.  337,  361  and  377. 
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Sec.  6-140 


140.  T.imUJuff  the  secondary  e.m.f.  If  too  many  secondary  turns  are 
and,  the  maximum  value  of  e.m.f.  can  be  limited  by  connecting  the  terminals 
to  a tpark-gap,  the  length  of  which  corresponds  to  the  maximum  permissible 
e,m.f. 


141.  The  size  of  secondary  wire  does  not  vary  greatly, 
in*  long  sparks,  Ehnert 


For  coils  giv- 


Practlcal  Form 

Flo.  45. — Distribution  of  flux  and  generhl  form 
of  coil. 


states  that  in  practice  the 
wire  varies  in  sizes  from 
those  equivalent  to  No.  35 
to  No.  38  A.W.G.;  and  for 
those  coils  giving  short  hot 
sparks,  it  varies  from  No. 

30  to  No.  34  A.W.G. 

14S.  Arrangement  of 
windings;  1 .yer  method. 

There  are  two  general 
methods  of  arranging  the 
windings,  namely,  the 
layer  method  and  the  sec- 
tion or  “pie”  method 
(Par.  144).  Fig.  45  shows 
the  layer  method;  the  up- 
per half  shows  the  theo- 
r-tical  form  of  the  major 
insulation  and  the  secondary  coil,  whilo  the  lower  half  show’s  the  practical 
form.  The  curve  at  the  top  shows  the  e.m.f.  generated  per  turn  in  the  sec- 
ondary coil  at  different  positions  along 
the  core.  This  curve  shows  that  turns 
: Jv  1 a near  tho  e°4  the  core  are  very  much 

loss  effective  than  near  the  middle. 

ttMAiMiSias&iasI  -*(  tie Designers  differ  as  to  the  proper  length 

of  the  secondary  coil,  but  as  a rule  it 
varies  from  0.25  to  0.50  of  the  length 
of  the  core. 

143.  Construction  of  secondary- 
type  coils  for  ignition.  Immense 
quantities  of  iaduction  coils  are  used 
in  internal-combustion  motor  ignition. 
These  coils  usually  have  secondaries 
consisting  of  two  sections  mounted  on  a 
tube  over  the  primary.  The  coils  are 
wound  evenly  in  layers,  by  automatic 
machinery,  and  several  sheets  of  thin 
paper  arc  inserted  between  successive 
layers  during  the  winding  process. 
These  coils  are  subsequently  treated  with  paraffin  or  some  compound. 

144.  Arrangement  of  windings;  “pie”  method.  Figs.  47  and  48 
•how  the  “pie" 


Fxo.  46. — Coil 


Coils  giving 
thj 


method.  _ 

a spark  longer  than  5 
cm.  (2  in.)  generally 
require  the  secondary 
winding  to  be  made  in 
sever al  sections.  In 
Fig.  47,  the  inaide  of 
one  “pie”  is  connected 
to  the  outside  of  the 
adjacent  “pie,”  etc., 

while  in  Fig.  48,  tho  — - , ,. 

adjacent  coils  are  con-  Fig.  47  and  48. — Methods  of  connecting  ana  ais- 
nected  alternately  h nt  tribution  of  e.m.f.  in  pancake  coils. 

are  ehown  the  e.m.f.  diagram.  In  the  fimt. 
the  maximum  e.m.f.  which  can  exist  between  two  adjacent  coils* ™ 
is  equal  to  the  e.m.f.  generated  in  one  coil  and  is  the  aame  in  all  parts  of  the 
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ooil  ; in  tbe  second,  the  difference  in  potential  between  two  adjacent  coils  in 
sero  at  the  points  where  they  are  connected  (alternately  inside  and  outside), 
and  increases  from  that  point  to  a maximum  value  equal  to  twice  the  e.m.f. 
generated  in  one  coil. 

At  first  sight  it  appears  that  the  first  system  would  require  only  H*lf  the 
insulation  between  sections  or  “pies"  that  the  second  would,  but  in  prac* 
tice  the  connecting  wire,  which  must  run  through  the  insulation  between  the 
coils,  is  run  straight  out  through  the  middle  ana  requires  sufficient  insulation 
on  each  side  to  resist  the  coil  e.m.f.;  thus  it  will  be  seen  that  both  systems 
require  the  same  insulation. 

145.  Details  of  winding  process.  The  pies  are  wound  in  thicknesses 
varying  from  0.0625  in.  to  0.25  in.  As  a rule,  silk-covered  wire  is  used  (Par. 
•8,  108,  104,  106).  The  core  of  the  winding  form  is  given  a bevel,  in  order 
to  tell  the  polarity  of  the  coil  at  a glance,  provided,  of  course,  that  all  coils 
are  wound  in  the  same  direction.  When  cotton-covered  or  silk-covered  wire 
is  used,  it  is  passed  through  a bath  of  melted  paraffin  wax  or  compound  while 
winding;  the  amount  of  wax  retained  by  the  wire  is  controlled  by  passing  the 
wire  from  the  bath  through  several  paper  slits,  varied  to  suit  tne  require- 
ments; in  this  manner  the  wax  is  scraped  off  the  wire  to  any  desired  extent. 
Care  should  be  taken  to  have  the  temperature  of  the  wax  sufficiently  high  to 
prevent  oooling  before  it  is  in  place,  since  the  wax  serves  to  hold  the  wires 
together.  Before  winding,  the  wire  should  be  thoroughly  dried  out  in  an 
oven. 

146.  Table  of  Dimensions  of  Induction  Coils 


Authority 

Eddy* 

Eddy* 

Elec. 
World f 

Spark,  inches , 

Core: 

size  wire  A.W  G 

diameter,  inches. 

length,  inches 

12 

22 

2.125 

24 

6 

22 

1(?) 

12.5 

1.5 

1 

8 

Primary: 

size  wire  A.W.G 

12 

12 

14 

layers 

2.5 

2 

turns  per  layer 

230 

H5(?) 

length  coil,  inches 

22 

n<?> 

6 

Ebonite  tube; 

^ength,  inches 

26 

14.5  ; 

‘din.  outside,  inches 

3.5 

2.75  I 

1.69 

dia.  inside,  inches 

2.75 

2.25 

1.38 

Secondary: 

size  wire  A.W.G.  

34 

34 

X 

No.  of  pies 

64 

34 

4 

total  turns 

75.256 

38,000 

Total  length,  inches  

8 

4.25 

dia.  outside,  inches 

6 

4.87 

3.5 

147.  Insulation.  The  properties  of  insulntors  and  other  materials  are 
given  in  Sec.  4 (see  index).  The  major  insulation  between  the  primary 

and  the  secondary  generally  consists  of  n tube  of  such  material  as  ebonite, 
hard  rubber  or  micanite;  or,  in  small  coils,  parnffined  paper.  Tubes  made 
of  " Micarta  ” also  may  be  used.  The  minor  insulation  is  generally 
obtained  by  impregnating  the  coils  with  paraffin  wax  or  some  compound. 
Over  each  layer  of  the  primary  winding  is  wound  a thickness  of  oiled  paper. 


• Eddv,  W.  O.  "The  Design  of  a 12-in.  Induction  Coil;"  Electrical  World , 

1907.  Vol.  XLIX,  p.  40. 

t "Questions  and  Answers;"  Electrical  World,  1906,  Vol.  XLVII1,  p.  1064. 
1 The  size  or  number  of  turns  of  secondary  wire  is  not  given.  It  is  stated 
that  2 lb.  of  wire  are  required. 
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Sec.  S-148 


•ad  between  the  sections  or  "pies”  of  large  secondaries  there  are  discs  built 
opof  some  treated  material  The  core  wires  should  also  be  insulated  by 
dipping  them  in  some  kind  of  insulating  varnish. 

XHTX&&UPTXK* 

IdS*  Types  of  interrupters.  Interrupters  for  induction  coils  may  be 
dmded  into  two  distinct  classes,  namely;  mechanical  and  electrolytic. 
The  ampler  form  of  mechanical  interrupter  (Fig.  49)  is  suitable  for  so-called 
medical  coils.  It  is  also  used  on  small  spark  coils.  This  type  of  inter- 
rupter is  not  easily  adjusted  to  different  speeds,  since  it  has  a natural  fre- 
quency of  its  own.  and  possesses  co  1 aider  able  inertia. 

14».  An  atonic  interrupter  is  one  that  can  be  ad- 
justed to  operate  at  any  frequency  within  very  wide  limits. 

A successful  interrupter  of  this  type  is  shown  in  Fig.  50. 

Modifications  of  this  type  are  used  on  nearly  all  ignition 
ecdls,  as  well  as  on  lame  and  powerful  induction  coils. 

The  hammer  is  attracted  by  the  core  and  hits  the  spring 
contact,  making  a very  sudden  break.  The  duration  of 


contact  is  regulated  . . 

of  the  break  is  controlled  with 


with  the  spring,  a,  and  the  duration 
the  screws,  r and  r'.  The 


Core  [ 


Fia.  49. — Sim- 
plest form  of  in- 
terrupter. 


■pring,  *,  is  so  attached  that  it  produces  a pull  which  is 
practically  uniform  throughout  the  range  of  action  and 
Urns  permits  the  magnetic  force  to  accelerate  the  hammer 
▼try  rapidly.  The  space  between  the  hammer  and  the 
contact  spring  permits  the  hammer  to  attain  an  appreci- 
able velocity  and  strike  the  spring  a blow  that  Dreaks 
the  circuit  very  suddenly.  The  contact  spring  is  light  and  short,  and  has 
a very  high  natural  frequency,  thus  making  the  "lost  time"  very  small. 
This  interrupter  can  be  adjusted  to  operate  on  alternating-current  supply, 
breaking  the  circuit  when  the  maximum  value  of  current  is  reached. 

150.  Oil-immersed  Interrupter.  When  the 
e.m.f.  of  the  source  exceeds  20  or  30  volte,  the  con- 
tacts are  usually  broken  in  an  insulating  liquid,  which 
will  extinguish  the  arc. 

151.  Mercury  interrupters.  For  high-speed 
work,  mercury  interrupters  are  extensively  used. 
There  are  two  distinct  kinds,  namely;  the  recipro- 
cating type  and  the  turbine  type.  In  the  former. 
a . reciprocating  contact-point  is  plunged  into  and 
withdrawn  from  a basin  of  mercury,  thus  making  and 
breaking  the  circuit.  The  plunging  contact  may  be 
operated  in  a variety  of  ways,  most  usually  with  a 
small  electric  motor.  The  maximum  speed  of  thfo 
type  is  limited  by  the  tendency  of  the  mercury  to  fol- 
low the  plunging  contact  when  it  leaves  the  surface. 

In  the  turbine  type,  a stream  of  mercury  is  made 
to  play  on  a number  of  saw-like  teeth,  by  revolving 
either  the  nossle  or  the  teeth.  When  the  stream 
passes  between  the  teeth  the  circuit  is  interrupted. 

* . . ..  . and  while  in  contact  with  the  teeth  it  is  cloned.  This 

type  is  almost  invariably  driven  by  an  electric  motor  and  is  excellently 
adapted  to  very  high-speed  work. 

Motor-driven  interrupters  can  be  adjusted  to  operate  with 
alternating  current,  and  are  conveniently  driven  by  synchronous  motors  for 
this  purpose. 

153.  Electrolytic  interrupters  differ  greatly  in  their  characteristics 
from  U»e  mechanical  interrupters  described  above.  No  condenser  is  used 
™ this  class.  The  best-known  tvpe  is  that  due  to  Wehnelt,  which  con- 
»>  of  a cathode,  geuerallv  a lead  plate,  immersed  in  a dilute  solution  of 


Flo.  50. — Atonic  in- 
terrupter. 


•orfsee  in  action. 

When  a certain  current  density  at  the  anode  has  been  reached,  the  gas 
released  at  the  surface  of  the  anode  increases  the  resistance  at  that  point 
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to  such  an  extent  that  the  circuit  becomes  practically  interrupted.  As  soon 
as  the  current  density  falls  the  resistance  decreases  and  the  current  again 
rises  to  its  original  value.  Experiments  show  that  electrolytic  interrupters 
will  operate  in  synchronism  when  connected  in  series  or  in  parallel. 
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CONDENSERS 

BY  CHARLES  R.  UNDERHILL 
TYPES 

166.  Typet  and  properties  of  condensers.  There  are  three  principal 
types  of  condensers.  Tne  most  familiar  one  is  the  ordinary  plate  oondenser 
used  with  induction  coils,  telephone  and  telegraph  apparatus,  where  a very 
large  capacity  is  not  required.  The  plate  type  is  also  used  for  laboratory 
standards  (Sec.  3)  in  measurements  of  various  kinds.  Where  a very  large 
capacity  is  required,  the  synchronous  condenser  (synchronous  motor  or 
synchronous  converter  with  overexcited  fields)  is  employed;  such  apparatus 
is  outside  the  scope  of  this  Section  and  will  be  found  under  Sec.  7.  The  third 
type  is  the  electrolytic  condenser  which  is  treated  later  under  its  own  head 
(Par.  176). 

The  properties  of  a condenser  are  covered  fully  in  Sec.  2,  but  in  brief,  the 
chief  function  of  a condenser  is  to  store  electrical  energy  for  subsequent 
usage.  Such  storage  of  energy  may  take  place  in  a variety  of  ways,  according 
to  circumstances:  thus  it  may  be  constant,  if  the  condenser  is  connected  to  a 
source  of  continuous  e.m.f.,  or  it  may  be  intermittent,  as  in  the  case  of  a con- 
denser in  a telegraph  circuit  (Sec.  21);  or  it  may  be  transient;  or,  in  the  case 
of  alternating-current  circuits,  it  may  be  periodic.  In  consequence  of  this 
property  of  storing  electrical  energy,  condensers  can  bo  used  in  numerous 
ways  to  alter  or  modify  the  characteristics  of  circuits  in  some  desired  manner, 
such  as  to  change  the  relative  phase  of  e.m.f.  and  current  in  an  alternating- 
current  circuit,  improve  the  power-factor,  or  to  prevent  the  flow  of  continuous 
current  simultaneously  in  the  same  circuit  with  an  alternating  current. 

PLATE  CONDENSERS 

166.  Types  and  limits  of  sise.  Plate  condensers  are  made  commer- 
cially in  a number  of  types,  usually  designated  by  the  kind  of xLielefttric  em- 
ployed. The  earliest  type,  still  used  in  laboratory  and  class-rootri  work,  is 
the  Leyden  Jar.  which  is  merely  a two-plate  condenser  with  a glass  dieleo- 
trie,  constructed  in  the  form  of  a wide-mouthed  bottle  or  jar  with  tin-fpil 
coatings  inside  and  out.  Other  types  of  simple  plate  condensers  are  made 
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with  various  dielectrics,  such  as  air,  mica  or  paper.  Increase  of  capacity 
is  obtained  by  building  up  alternate  layers  of  conductor  (plate  or  sheet)* and 
dielectric;  alternate  sheets  or  plates  are  connected  in  parallel  to  the  two 
respective  terminals.  Rolled  condensers  are  constructed  as  a rule  of  tin- 
foil and  paper,  rolled  or  folded  over  a mandrel  instead  of  being  laid  up  in 
flat  sheets  or  stacks. 

In  the  Mansbridge*  self-sealing  condenser,  foiled  paper  is  used  which 
makes  it  possible  to  obtain  a high  capacity  for  small  volume.  Before  being 
assembled  into  the  condenser  the  foiled  paper  is  tested  out  electrically  by 
running  the  paper  over  a metal  roll,  with  the  foiled  side  uppermost,  and 
applying  a constant  e.m.f.  between  the  foil  and  the  roller.  Any  weak  spots 
are  thus  burned  out. 

The  capacity  of  a Leyden  jar  is  only  a very  small  fraction  of  a microfarad. 
Plate  or  rolled  condensers  are  made  m various  commercial  si  sea  from  a few 
hundredths  of  a microfarad  up  to  several  microfarads.  Condensers  having 
capacities  as  large  as  100  microfarads,  for  experimental  work,  have  been 
arranged  by  connecting  a large  number  of  small  units  in  parallel. 

1*7.  The  seat  of  stored  energy  in  a condenser  is  in  the  dielectric.  The 
storage  of  energy  is  a consequence  of  the  dielectric  displacement,  or  elec- 
tric charge  in  the  dielectric,  which  accompanies  or  co-exists  with  a state  of 
dectric  stress.  This  displacement  is  expressed 

D**~E  (statcoulombs)  (54) 

when  D is  the  electric  displacement  or  charge,  in  statcoulombs  per  cu.  cm., 
k is  the  dielectric  constant  or  specific  inductive  capacity,  and  E is  the  poten- 
tial gradient  in  statvolts  per  oentimeter;  the  prenx  “stat”  implies  units  in 
the  o.g.8.  electrostatic  system  (Sec.  1). 

lit.  Limits  of  toltage.  When  the  electric  stress  is  increased  indefi- 
nitely, a point  is  reached  at  which  the  dielectric  becomes  unable  to  sustain 
the  intensity  of  stress,  and  electric  rupture  occurs,  that  is  to  say,  the  dielectric 
breaks  down.  The  rupture  limit  is  termed  the  ultimate  dielectric  stre  igth. 
This  limit  is  not  a constant  quantity  under  all  circumstances,  for  a given 
material,  but  is  affected  by  the  shape,  size,  physical  condition,  temperature, 
etc.,  and  by  the  manner  in  which  the  stress  is  applied.  The  properties  of 
dielectrics  are  treated  in  Sec;  4,  under  “ Insulating  Materials.”  The  follow- 
ing table  (Par.  1S9)  gives  the  properties  of  some  of  the  dielectrics  com- 
monly used  in  condensers. 


169.  Table  of  Properties  of  Condenser  Dielectrics 

(Phillips  Thomas) 
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These  values  hold  only  for  sine- waves  at  60  cycles  per  second,  at  about 
20  deg.  cent. 

Iff.  Calculation  of  required  dimensions  of  plate  condensers.  The 
dimensions  of  a plate  condenser  are  determined  by  the  formula 

l “^2.24 Nk10  (sq.  in.)  (55) 


• Mansbridge,  O-  F.  "The  Manufacture  of  Electrical  Condensers;” 
Journal  of  Proceedxrtgm  of  the  Institution  of  Electrical  Engineers,  1908,  Vol. 
XU,  p.  535. 
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where  Lt  is  the  dielectric  thickness  in  inches,  after  impregnation,  between 
each  pair  of  metal  strips;  N is  the  number  of  such  dielectric  strips  in  the  con- 
denser; C is  the  desired  capacity  in  microfarads;  k is  the  specific  inductive 
capacity  of  the  paper  after  impregnation,  and  l is  the  short  dimension  of  the 
foil  (Fig.  51).  This  construction  insures  the  lowest  possible  internal  ohmic 
resistance  and  also  permits  the  use  of  extremely  thin  metal  foil. 

161.  Internal  losses  and  leakage.  A condenser  may  have  internal 
looses  of  two  kinds.  The  first  is  due  to  the  resistance  of  the  plates 
themselves,  and  this  is  most  prominent  in  rolled  condensers  of  very  thin  tin- 
foil,  inasmuch  as  each  plate  is  one  long  continuous  strip  and  the  resistance  of 
the  whole  strip  from  outer  terminal  to  inner  end  may  be  appreciable.  The 
second  kind  is  the  loss  in  the  dielectric  itself,  due  to  dielectric  hysteresis, 
so-called  (Sec.  4) ; this  loss  can  be  expressed  as  an  equivalent  series  resistance, 
which  should  be  added  to  the  reeistanoe  of  the  plates.  Both  forms  of 
resistance  absorb  energy  and  reduce  the  normal  angle  of  lead  of  current 
with  respect  to  terminal  e.m.f.  from  90  deg.  to  some  lesser  angle;  this  is 
equivalent  to  saying  that  the  power-factor  is  increased  from  a value  which 
is  theoretically  (or  in  the  ideal  case)  sero  to  some  definite  value,  although 
not  usually  large. 

Besides  these  two  forms  of  loss,  there  also  may  be  a pure  conduction  current 
flowing  through  a condenser,  in  phase  with  the  terminal  e.m.f.,  which  results 
from  the  lack  of  perfect  insulation,  or  the  presence  of  leakage.  The  resistance 
of  the  condenser  to  a continuous  e.m.f.,  after  the  steady  state  has  been 
reached,  is  termed  the  infulation  resistance.  The  value  of  insulation 
resistance,  of  course,  should  be  as  high  as  possible. 

161.  The  power-factor  of  a condenser  determines  to  what  extent  it 
will  be  heated  when  used  in  alternating-current  circuits.  The  power-factor 
is  the  cosine  of  the  angle  by  which  the  current  leads  the  impressed  voltage, 
with  simple  sine-wave  forms.  It  varies  with  the  frequency  and  impressed 
voltage,  with  the  temperature  of  operation,  and  with  the  dielectric  used. 
The  power-factor  of  a condenser  may  be  determined  by  measuring  the  energy 
loss  or  by  measuring  the  variation  from  90  deg.  phase  angle  directly.* 
The  specific  inductive  capacities,  power-factors,  and  breakdown  strengths 
of  some  materials  suitable  for  condenser  dielectrics  are  given  in  Par.  169. 
The  constants  of  kerosene  oil  are  included  for  comparison.  The  values  given 
hold  only  for  60-cycle  circuits,  at  about  20  deg.  cent.  The  breakdown  sine- 
wave  strengths  are  in  effective  (root-mean-square)  volts  per  mil  thickness  of 
dielectric.  a In  connecting  condensers  in  senes  for  use  on  high-voltage  cir- 
cuits (static  voltmeters  and  the  like),  it  is  important  to  know  the  several 
power-factors,  as  the  distribution  of  voltage  is  affected  thereby.  The  vol- 
tage distribution  among  the  several  condensers  will  be  proportional  to  the 
product  of  capacity  by  power-factor,  for  small  power-factors. 

169.  Absorption  of  charge.  Many  dielectrics  do  not  become  fully 
charged  instantaneously,  nor  do  they,  when  fully  charged,  give  up  then 
complete  charges  instantaneously.  The  time  lag  in  receiving  full  or  com- 
plete charge  is  usually  referred  to  as  absorption.  It  is  noticeable  in  testing 
such  dielectrics  as  glass,  rubber,  gutta-percha,  etc.  The  effect  of  absorption 
on  the  phase  of  the  current  is  equivalent  to  resistance  in  series  with  capacity. 

164.  Glass  condensers  are  made  both  in  the  form  of  Leyden  jars,  and  in 
flat  plates.  Glass-plate  condensers  are  commonly  made  of  the  best  plate- 
glass  with  sheets  of  tin-foil  shellaced  to  each  side  of  the  plate.  The  edges  of 
the  surface  of  the  plate,  not  covered  with  the  tin-foil,  are  varnished  to  prevent 
leakage.  The  finished  plates  are  mounted  in  a rack  and  connected  together 
by  flat  springs  which  touch  the  foil  of  adjacent  plates.  Condensers  of  this 
class  are  employed  on  the  transmitting  side  of  wireless  telegraph  apparatus. 

L.  W.  Austin  t summarises  the  results  of  his  tests  as  follows:  The  losses 
in  the  compressed  air  condenser  used,  at  a pressure  of  15  atmospheres, 
amount  to  an  equivalent  resistance  of  between  0.1  and  0.2  ohms.  Condensers 
in  which  “brushing’'  (brush  discharge)  is  prevented  by  the  nature  of  their 
construction  show  no  change  in  resistance  between  the  limits  of  observation. 


* Grover,  F.  W.  “ Simultaneous  Measurement  of  the  Capacity  and  Power 
Factor  of  Condensers;”  Bulletin  of  the  Bureau  of  Standards,  1907,  Vol.  Ill, 
p.  371. 

t Austin,  L.  W.  " Energy  Losses  in  some  Condensers  used  in  High-fre- 
quency Circuits;”  Bulletin  of  the  Bureau  of  Standards,  1912,  Vol.  IX,  p.79. 
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4,000  to  20,000  volte,  indicating  that  the  internal  loeeee  are  independent  of 
the  voltage.  Leyden  jars  of  commercial  types  immersed  wholly  in  oil 
dtow  losses  but  slightly  greater  than  those  of  the  compressed-air  condenser. 
The  paper  and  micanite  condensers  measured  show  very  much  larger  losses. 
The  resistances  of  the  different  Leyden  jars  in  air  vary  between  1 and  1.8 
ohms  at  14,500  volts.  Between  10,000  and  20,000  volts  the  equivalent 
resistance  increases  approximately  in  proportion  to  the  square  of  the  voltage. 
Placing  Leyden  jars  in  series  parallel,  the  capacity  remaining  the  same,  does 
not  diminish  their  brushing  losses  below  20,000  volts.  Immersing  only  the 
edges  of  the  conducting  coatings  of  Leyden  jars  in  oil  gives  an  equivalent 
resistance  midway  between  that  observed  when  wholly  in  air  and  that  when 
wholly  in  oil.  Brushing  losses  are  much  increased  by  any  scmi-conducting 
material  on  the  surface  of  the  glass  at  the  edges  of  the  conducting  coatings  of 
Leyden  jars. 

ltf.  Mica  condensers.  Those  condensers  in  which  mica  is  employed 
for  the  dielectric  are  more  constant  in  their  properties  than  those  made  with 
paper.  Therefore,  mica  condensers  are  used  as  laboratory  standards 
of  capacity;  and  also  where  high  voltage  is  used,  on  account  of  the  greater 
dielectric  strength  of  mica.  H.  L.  Curtis  has  shown*  that  with  good  mica 
condensers  the  capacity  as  measured  with  continuous  e.m.fs.  does  not  differ 
from  the  capacity  as  measured  with  alternating  e.m.fs.  more  than  0.1  per 
cent.,  for  any  frequency;  the  difference  is  usually  less  than  0.1  per  cent. 
For  the  effect  of  temperature  on  mica  condensers,  see  Par.  167.  R.  Apple- 
yard  has  shown  1 that  with  mica  condensers  the  capacity  remains  con- 
stant with  increasing  temperature,  but  the  safe  voltage  limit  decreases. 

lfg.  Paper  condensers.  According  to  Mr.  Phillips  Thomas,  plate 
eoodensers  are  made  most  conveniently  and  economically  as  follows:  strips 
of  metal  foil  and  squares  of  unglased  paper  of  close  texture  and  short  fibre 
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Flo.  51. — Showing  the  process  of  building  up  a multiple-plate  condenser. 


ire  piled  up  in  alternation,  allowing  the  metal  strips  to  project  on  all  four 
side s of  the  square  centre  portion.  These  projecting  ends  are  folded  down 
sad  melted  into  one  solid  bar.  The  whole  is  then  vacuum  dried  and  impreg- 
latod  with  paraffin,  beeswax  or  the  like,  and  cooled  under  a pressure  not 
icee ding  10  lb.  per  sq.  in.  Fig.  51  shows  the  method  of  placing  the 
sheets  of  foil  and  paper.  The  paper  sheets  are  best  made  in  square  form, 
each  edge  being  slightly  wider  than  the  narrow  dimension  of  the  metal 
foil.  Fig.  51  shows  four  fibre  or  wooden  upright  pegs  forming  a jig,  used 
in  building  such  condense  is.  A strip  of  metal  foil  is  laid  one  way  between 
the  pegs,  then  a square  piece  of  dielectric  (paper)  is  laid  over  the  strip  of 
foil  (the  pegs  are  recessed  to  fit)  and  next  a second  piece  of  foil  is  laid  be- 
tween the  pegs,  at  right  angles  to  the  first.  This  constitutes  one  element 


• Curtiss.  H.  L.  **  Mica  Condensers  as  Standards  of  Capacity;”  Bulletin  of 
the  Bureau  of  Standards,  1910,  Vol.  VI,  p.  431. 

t Appleyard,  R.  **  I>ielectrics;”  Philosophical  Magazine,  1896,  Vol.  XLI1, 

p.  148. 
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of  the  condenser.  This  process  is  repeated  until  as  many  sheets  of  dielec  trio 
as  desired  have  been  used,  after  which  the  projecting  sheets  of  foil  are  rolled 
up  and  melted  into  a solid  bar,  as  in  (2).  The  condenser  is  then  ready  for 
impregnation. 


167.  Xflect  of  Temperature  on  Paraffin-paper  and  Mica  Condensers  * 

(Abst.  from  Proc.  I.  E.  E.,  1896,  Vol.  XXV,  p.  723) 


| Temp.  deg.  cent 

0.4 

12.5 

20.1 

26.9 

32 

37.8 

43.3 

Paraffin  paper. 

R 

17,740 

7,216 

3,622 

1,947 

1.231 

792 

551 

C 

0.98 

0.98 

0.98 

0.96 

0.95 

i 

R 

31,427 

28,427 

22,000 

16,272 

17,010 

15,270 

10,521 

C 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

jR  — effective  series  resistance,  in  ohms.  C — capacity  in  microfarads. 


168.  Table  of  Commercial  Ratings  and  Sizes  of  Telephone  Condensers 

(Paraffin  paper,  rolled  type,  commercial  telephone  condensers) 


Capacity 

(mf.) 

Dimensions 

Safe  maximum  effective 
voltage 

Length 

(in.) 

Breadth 

(in.) 

Thickness 

(in.) 

Continuous 

(volts) 

Alternating 

(volts) 

0.05 

4.44 

1.75 

0.94 



1,200 

0.10 

4.44 

1.75 

0.94 

1,000 

0.10 

4.44 

1.75 

0.41 

500 

0.25 

4.44 

1.75 

1.63 

i.ood 

0.30 

4.44 

1.75 

1.06 

750 

0.50 

4.44 

1.75 

0.53 

0.50 

2.38 

1.25 

0.75 

1.00 

4.44 

1.75 

0.94 

500 

1.00 

3.00 

2.38 

1.00 

1.00 

8.72 

6.25 

1.48 

1,000 

1.50 

4.44 

1.75 

1.63 

500 

2.00 

4.44 

1.75 

1.63 

500 

2.00 

4.38 

2.06 

1.13 

It  should  be  kept  in  mind  in  considering  the  above  dimensions  that  the 
capacity  varies  directly  as  the  area  of  the  plates  and  inversely  as  the 
distance  between  them  (thickness  of  dielectric  or  insulation).  Hence  the 
volume  per  unit  of  capacity  increases  rapidly  as  the  safe  maximum  work- 
ing voltage  increases.  Condensers  of  the  rolled  paper  type  are  not  as 
a rule  tested  at  less  than  500  volts,  continuous  e.m.f.  The  insulation  resist- 
ance should  be  so  high  that  the  leakage  is  entirely  negligible  in  comparison 
with  the  charging  current. 

169.  Condensers  for  use  with  induction  coils  and,  in  general, 
condensers  shunted  across  gaps  to  minimise  sparking,  are  usually  of  the  plate 
type,  since  it  is  difficult  and  expensive  to  construct  rolled  condensers 
having  sufficiently  low  ohmio  resistance  in  their  conducting  plates.  The 
table  of  dimensions  (Par.  174)  applies  to  condensers  used  with  induction 
ooils. 

170.  Static  condensers  for  correcting  power  factor.  Condenser 
sections  assembled  in  oil  within  metal  containers,  combined  with  reactors 
for  each  line  leg,  discharge  resistance  rods  for  each  phase,  a fuse  in  each 
oondenser  section,  and  a switch  for  controlling  the  equipment,  is  known  as  a 


* See  also  Grover,  F.  W.,  * ‘The  Capacity  and  Phase  Difference  of  Paraffin 
Paper  Condensers  as  Functions  of  Temperature  and  Frequency,”  Bulletin 
of  the  Bureau  of  Standards,  1911,  Vol.  VII,  p.  495. 
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static  condenser*  for  correcting  comparatively  small  loads  having  low  power 
factors,  in  a manner  similar  to  which  synchronous  condensers  (Par.  1M) 
are  used  in  large  systems.  The  resistance  rods  very  quickly  drain  off  any 
charge  that  may  be  in  the  condensers  when  disconnected  from  the  line. 

Static  condensers  may  be  obtained  for  installation  on  circuits  ranging  in 
frequency  from  40  to  125  cycles  and  in  voltages  from  220  to  2,300  volts, 
is  capacities  from  60  kv.a.  to  300  kv.a.  The  efficiency  in  all  capacities  is 
at  least  99  per  cent.  At  normal  capacity  the  temperature  rises  of  the  con- 
denser section  and  reactors  are  not  over  10  deg.  cent,  and  50  deg.  cent, 
respectively. 


Additional  Kv  A Capacity  at  Original 
Power  Factor  in  Per  Cent  of  Load 

Fio.  52. — Additional  capacity  obtained  by  increase  of  power  factor. 

Referring  to  Kg.  52,  assume  that  the  load  is  250  kw.  with  60  per  cent, 
power  factor,  and  that  a 90  per  cent,  power  factor  is  desired.  The  projec- 
tion of  the  intersection  of  the  60  per  cent,  power-factor  line  with  the  90 
per  seat,  power-factor  curve  gives  the  kw.  load  at  60  per  cent,  power  factor 
made  available  at  90  per  cent,  power  factor  as  0.358  X 250  kw.  — 89.5  kw. 

1T1.  Incased  mica  condensers  are  used  for  phase  shifting  as  well  as 
for  ling  and  apparatus  protection,  but  they  are  particularly  adapted  for  use 
in  radio  transmission  systems.  The  Dubilier  Mica  Condenser,  extensively 
need  by  the  Army  and  Navy,  consists  of  several  units  comprising  alternate 
sheets  of  mica  and  foil  piled  on  top  of  one  another  in  an  aluminum  casing. 
Each  unit  is  separated  from  the  next  by  a sheet  of  mica.  The  complete 
condenser  contains  over  a thousand  sheets  of  mica  and  foil. 

After  all  moisture  and  air  are  expelled,  an  insulating  adhesive  is  forced 
through  the  entire  condenser.  The  casing  then  is  filled  with  a melting  com- 
poundand  a pressure  plate  is  inserted.  Then  the  insulating  cover  is  screwed 
<m.  A terminal  passes  through  the  cover;  the  aluminum  case  constitutes 
the  other  terminal-  It  is  claimed  that  this  condenser  has  an  efficiency  o! 
more  than  90  per  cent,  when  operating  in  a standard  radio  transmitting 
set  at  500  cycles  and  12,500  volts,  and  that  it  can  withstand  100  per  cent, 
overload. 

ITS.  Measure  merits  of  capacity  of  condensers.  When  possible, 
condensers  should  be  tested  with  the  same  e.m.f . that  will  be  applied  to  them 
in  practical  use.  In  alternating-current  tests,  this  should  include  the  same 
▼ottage,  frequency  and  wave-form.  For  methods  of  measuring  capacity 
see  Sec.  3.  Direct-current  tests  usually  indicate  greater  capacity  than 
aheraating-current  testa'due  to  the  phenomenon  of  electric  absorption.  For 
Uus  reason  the  alternating-current  capacity  increases  slightly  with  decrease 
io  frequency. 

113.  Eatlnp  of  commercial  paper  condensers.  A 2-mf.  condenser 
m— u by  one  American  manufacturer,  using  paraffin  paper,  is  4.5  in.  long, 
2 in.  wide  and  1 in.  thick,  and  the  pre-war  price  was  about  55  cents.  The 


• General  Electric  Co.,  * 'Static  Condensers,”  Bulletin  No.  49714A,  April, 
1919. 
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volume  per  microfarad  is  4.5  cu.  in.  The  rated  voltage  limit  is  400  volts,  alter* 
Dating;  one  of  these  condensers  failed  on  test  at  650  volts,  alternating.  The 
energy  loss  was  from  1 per  cent,  to  2 per  cent.  Another  condenser  of  the 
paper  type,*  built  to  stand  10,000  volts  (alternating),  occupied  2 cu.  ft.  per 
microfarad.  Generally  speaking,  the  ordinary  paper  condensers  of  the  rolled 
type  used  in  telephony  and  telegraphy  are  built  to  stand  about  500  volts, 
alternating,  and  range  in  size  from  a few  hundredths  of  a microfarad  up  to 
.4  mf.  to  6 mf.;  some  of  these  condensers  are  built  to  stand  1,000  volts,  alter- 
nating. The  higher  the  voltage  limit,  the  more  bulky  and  expensive  the 
condensers  become.  The  table  (Par.  168)  gives  the  sizes,  dimensions,  volt- 
age limits,  and  approximate  costs  of  rolled  paper  condensers  used  in  telephone 
practice. 

174.  Table  of  Dimensions  of  Condensers  Used  with  Induction  Coils 

(Ehnert)  t 


Spark-length,  cm 

5 

10 

15 

20 

25 

30 

35 

60 

No.  of  layers  . » 

60 

65 

70 

75 

80 

90 

100 

160 

Dimensions  of  tin-foil  sheets,  cm. 

15 

by 

10 

17 

by 

10 

22 

ft 

22 

by 

11 

26 

ft 

26 

ft 

27 

ft 

89 

ft 

ELECTROLYTIC  CONDENSERS 

176.  Elements  of  electrolytic  condenser.  Certain  metals  sueh  as 
aluminum,  magnesium,  and  tantulum,  when  immersed  in  an  electrolyte, 
possess  the  property  of  allowing  electricity  to  flow  in  one  direction  and  not 
in  the  other,  providing  a certain  critical  value  of  e.m.f.  is  not  exceeded.  Two 
electrodes  of  this  kind  practically  prevent  all  flow  of  electricity  and  consti- 
tute a condenser  which  is  known  as  an  electrolytic  condenser.  Such 
eondensers  are  usually  constructed  with  aluminum  electrodes  and  can  be 
made  in  large  units  at  a cost  well  within  commercial  eeonomio  limits.  The 
greatest  disadvantage  of  the  aluminum  electrolytio  condenser,  as  compared 
with  dry  oondensers,  is  that  it  has  an  appreciable  energy  loss.  Electrolytio 
eondensers  used  as  lightning  arresters  are  usually  connected  in  series 
with  a spark  gap  so  as  to  avoid  the  energy  loss  which  would  exist  were 
the  line  voltage  continually  impressed  across  its  terminals. 

176.  The  critical  voltage  of  an  electrolytio  condenser  is  the  maximum 
value  of  impressed  e.m.f.  which  it  will  stand  without  permitting  an  appre- 
ciable leakage  current.  The  table  in  Par.  177  givee  the  critical  voltages  for 
aluminum  electrodes  with  different  electrolytes. 

177.  Critical  Voltages  for  Aluminum  and  Various  Electrolytes 
(Electrochemical  Metallurgical  Industry,  Vol.  VII,  p.  216,  1909) 


NaaSO« 

40 

| KCN 

295 

NH4HPO4 

460 

KMnOi 

112 

NH«HCO« 

425 

Ammonium  citrate. 

470 

(NHOjCrO,.  . 

122 

| NatSiOi  . . 

445 

j NasB40? 

480 

178.  The  valve  effect  of  the  aluminum  anode  is  due  to  an  exceedingly 
thin  oxide  or  hydroxide  film  on  the  aluminum  plate,  covered  by  a thin  gas 
layer,  the  resistance  of  which  per  square  centimeter  amounts  to  millions  of 
ohms.  Such  an  anode  may  be  considered  as  a condenser.  In  comparing 
such  an  anode  to  an  ordinary  solid  condenser,  the  gas  layer  corresponds  to  the 
dielectric,  while  the  aluminum  electrode  and  the  electrolyte  correspond  to  the 
two  plates  of  the  condenser. 


• Mordey,  W.  M.  '*  Some  Tests  and  Uses  of  Condensers;”  Journal  of  Pro- 
csedings  of  the  Institution  of  Electrical  Engineers,  1909,  Vol.  XLIII,  p.  618. 

t Ehnert,  E.  W.  " Theorie  und  Vorausberechnung  der  Funkeninduktoren;” 
Elektrotechnik  und  Maschinenbau,  1907,  Vol.  XXV,  pp.  837,  861  and 
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lit.  The  capacity  of  this  condenser  depends  only  upon  the  voltage 
■ formation  and  the  material  of  the  anode,  and  is  independent  of  the  nature 
of  the  electrolyte.  Fig.  53  gives  the  capacity  as  a function  of  the  formation 
voltage  for  aluminum*  tantalum  and  magnesium.  The  abscissas  are  the 

voltage  of  formation,  the  ordi- 
nates, the  capacity  per  square  cen- 
timeter of  surface.  The  second 
set  of  curves  in  fig.  53  shows  the 
increase  of  the  calculated  ratio 
(t/k)  of  thickness  of  the  gas  layer 
to  the  specific  electrostatic  capacity 
with  increasing  formation  voltage. 

By  passing  from  lower  to  higher 
voltages  the  thickness  of  the  gas 
layer  increases  and  assumes  its  new 
value  within  a few  minutes.  In 
passing  back  from  higher  to  lower 
voltage,  however,  it  requires 
months  before  the  thickness  of  the 
gas  layer  is  reduced  again  to  its 
former  value.  For  short  experi- 
ments the  thickness  of  the  gas  layer 
may  be  considered  as  constant  as 
long  as  the  voltage  remains  below 
the  voltage  at  which  the  anode 
was  formed.  In  this  case  the  elec- 
trolytic condenser  behaves  like  a 
condenser  with  interchangeable 
dielectric.  However,  if  the  forma- 
, . , tion  voltage  is  increased,  the  ca- 

pacity is  inversely  proportional  to  the  formation  voltage. 

180.  Capacity  with  reverted  currents.  An  electrolytic  condenser  has 
not  necessarily  the  same  capacity  in  opposite  directions  of  the  current.  To 
insure  equal  capacity  in  both  directions,  both  electrodes  must  have  an  equal 
surface  in  the  electrolyte  and  must  be  formed  at  the  same  voltage. 

181.  Precautions  in  manufacture.  In  the  practical  manufacture  of 
electrolytic  condenser*  attention  is  paid  to  the  fact  that  the  oxide  film  and 
the  gas  layer  adherent  to  it  cover  only  those  parts  of  the  aluminum  elec- 
trode which  are  in  the  electrolyte.  From  those  points  of  the  aluminum  sur- 
face which  are  juat  above  the  electrolyte,  the  electricity  tends  to  jump  or 
arc  from  the  aluminum  plate  into  the  electrolyte,  causing  considerable  beat 
and  corrosion  of  the  aluminum.  It  is,  therefore,  important  to  make  this 
aluminum  boundary  line  between  electrolyte  and  air  as  short  as  possible  and 
to  insulate  it  very  carefully. 

188.  Electrolytic  condensers  for  alternating-current  circuits 
should  be  former*  .with  continuous  e.zn.fs.,  equal  to  the  maximum  value  of  the 
alternating  e.m.f. 

188.  The  energy  loaees  are  small  at  low  voltages  and  do  not  increase 
appreciably  when  the  condenser  is  connected  in  the  circuit  for  a long  period 
« time,  but  ae  the  voltage  is  increased  the  losses  increase  with  time  at  an 
increasing  rate.  In  cases  where  condensers  are  to  be  used  continuously,  it 
is  advisable  to  connect  several  low-voltage  condensers  in  series.  Dr.  Gun- 
ther Schulse*  carried  out  an  extensive  investigation  of  electrolytic  condensers 
ln  the  Reichaanstalt  which  was  described  and  discussed  in  an  article:  “ Alumi- 
na1** Electrolytic  Condensers  of  High  Capacity,”  published  in  j Electrochemical 
and  Metallurgical  Industry , Vol.  VII,  p.  216  (1909). 
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RESISTORS  AND  RHEOSTATS 
B7  LEONARD  KEBLER 
TYPES  OF  RHEOSTATS 

185.  Plate-type  rheostats  have  a resistance  in  the  form  of  a reflexed 
metal  wire  or  ribbon  attached  to  a plate  of  porcelain-covered  iron,  or  to 
a plate  of  insulating  material  such  as  soapstone,  by  means  of  a coating  of 
fused  enamel  or  by  cement.  They  are  used  almost  universally  for  small 
field  rheostats,  theatre  dimmers,  small  motor-speed  controllers,  battery  charg- 
ing rheostats,  etc. 

186.  Box-type  rheostats  have  a resistance  in  the  form  of  wire- wound, 
enamel-covered  porcelain  tubes;  cast-iron  grids;  coils  of  bare  wire;  metallic 
ribbon;  carbon  discs,  or  a conducting  liquid.  They  are  used  for  large  field 
rheostats,  motor  starters,  large  motor-speed  controllers,  battery-charging 
rheostats  of  the  larger  sizes,  etc.  (Also  see  Par.  188.) 

FIELD  RHEOSTATS 

187.  Field  rheostats  are  used  in  series  with  the  fields  of  dynamos  for 
regulating  the  field  strength  and  in  turn  the  voltage  of  the  dynamo,  or  in  the 
fields  of  motors  for  varying  the  field  strength  ana  in  turn  the  speed. 

188.  Generator  field  rheostats  for  direct-current  machines  usually  are 
provided  with  such  a value  of  total  resistance  that  it  is  about  equal  to  that 
of  the  field  to  be  regulated,  thus  giving  a variation  in  field  strength  from 
maximum  to  one-half  maximum  with  a constant  exciting  voltage. 

Alternating-current  generators  have  field  rheostats  whose  resistance 
is  usually  about  twice  that  of  the  field,  thus  giving  a variation  in  field  amperes 
from  maximum  to  one-third  maximum,  at  constant  voltage. 

189.  Motor  field  rheostats  have  resistances  of  a value  determined  by  the 
control  desired.  The  resistance  is  about  equal  to  that  of  the  field  when  25 
per  cent,  speed  increase  is  wanted  and  may  be  eight  or  ten  times  that  of  the 
field  when  about  400  per  cent,  increase  is  wanted. 

190.  The  current  capacity  of  a field  rheostat  should  change  by  an  equal 
amount  as  each  additional  step  of  resistance  is  inserted.  If  /MM  is  the  cur- 
rent when  the  rheostat  is  short-circuited,  Imin  the  current  when  all  resist- 
ance is  in  circuit,  N the  total  number  of  steps  and  IN  the  change  in  am- 
peres per  step,  then 

- ■ («mp.)  (56) 

and  the  current  I « when  n steps  are  in  circuit  is 

• Iu-Im*x  — nIN  (amp.)  (57) 
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The  total  resistance  of  the  rheostat 'when  n steps  are  in  circuit  is ' 

R»--j — — v-  (ohms)  (58) 

i a.f  — ni» 

and  when  (n  — 1)  steps  are  in  circuit  the  total  resistance  of  the  rheostat  is 

(ohffi8)  <59> 

The  resistance  of  the  nth  step  is  therefore  Rn—R*-i  ohms.  In  eaoh 
esse  E is  the  e.m.f . in  volts  at  the  terminals  of  the  field  circuit. 

191.  The  maximum  number  of  watts  to  be  dissipated  by  any  one 
step  will  be  approximately  constant,  if  the  change  in  amperes  per  step  of 
resistance  inserted  is  constant,  and  the  resistance  of  each  step  is  figured  as 
above. 

191.  The  maximum  allowable  temperature  rise  for  field  rheostats 

is  350  deg.  cent,  when  measured  by  a thermometer  placed  against  the  re- 
sistive conductor.  The  limiting  observable  temperature  rise  for  the  is- 
suing air  is  175  deg.  cent,  measured  one  ineh  from  the  enclosure  about 
the  resistor. 

191.  The  automatic-release  feature  on  motor  field  rheostats  is 

sometimes  provided.  This  usually  consists  of  a magnetic  device  connected 
across  the  armature  terminals  which  short-circuits  the  rheostat  resistance 
when  the  motor  stops,  so  as  to  prevent  starting  under  weakened  field. 

MOTOR  8PHD-&EGULAT1NQ  RHEOSTATS 

194.  Speed-regulating  rheostats  for  main  armature  circuits  have 
varying  amounts  of  resistance  for  varying  conditions. 

19C.  The  required  resistance  for  a certain  per  cent,  of  speed  reduction, 
with  a constant-potential  shunt-wound  motor,  is  determined  as  follows: 
Let  8 be  the  normal  speed  in  r.p.m.,  Sr  the  reduced  speed  in  r.p.m.,  E the 
line  voltage,  I the  current  taken  at  reduced  speed,  R tbe  rheostat  resistance 
in  ohms  required  to  secure  the  desired  speed  reduction  then 
199.  Motor  current  requirements  at  s E 

reduced  speed.  For  pump,  machine  duty,  (60) 

etc.,  tiie  current  taken  at  reduced  speeds  is  &r  b in 

approximately  that  at  normal  speed.  For  „ E§±  /ai\ 

large  ventilating  fans  the  torque  varies  as  the  a lK  “ 5 '01' 

3uare  of  the  speed,  but  for  ventilating  fans  ~ 

lew  than  20  h.p.,  the  current  will  vary  U(}  Rm—'  (\  - (62) 

more  nearly  as  the  speed.  I \ 8 / 

19T.  Temperature  rise  of  plate-type  rheostats.  For  each  watt 
dissipated  per  sq.  in.  of  free  radiating  surface,  the  rheostat  plate  will  rise 
about  60  deg.  cent.,  and  usually  but  one  side  of  a plate-type  rheostat  can 
radiate  freely.  Therefore  where  A is  the  area  of  one  side  of  the  rheostat 
(m.  in.),  I the  current  flowing  (amp.)  and  R the  resistance  of  the  rheostat 
(ohms)  in  circuit,  the  temperature  rise  will  be  60  (I*R/A)  in  deg.  cent, 
lapprox.). 

198.  The  maximum  allowable  temperature  rise  for  speed  regulat- 
or rheostat*  is  the  same  as  for  field  rheostats  given  in  detail  in  Par.  19t. 

199.  Calculation*  of  resistance,  current-carrying  capacity,  etc., 
for  box-type  rheostats,  regardless  of  the  use  to  be  made  of  them,  may 
be  earned  out  in  the  eame  manner  as  for  plate-type  rheostats. 

999.  Automatic  features  on  armature  speed  controllers  consist  of 
■o-voltage  protection,  overload  protection  and  overload  circuit-breaker. 
No  voltage  protection  and  overload  protection  are  secured  by  the  use  of 
contact  anna  which  are  held  in  the  operating  position  against  the  action  of  a 
awing.  On  no-voltage  or  overload  the  spring  is  magnetically  released  and 
moves  the  arm  to  the  open-circuit  position. 

An  overload  circuit- breaker  on  armature  speed  controllers  consists  of 
a separate  switch  arm  held  closed  by  a latch.  On  overload  this  latch  is 
tripped  by  a magnet,  the  switch  is  opened  by  a spring  and  breaks  the  main- 
line circuit  irrespective  of  the  movement  of  tne  resistance  controlling  arm. 
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SOI.  Speed  regulators  for  series-wound  motors.  For  series  motors 

the  calculation  of  the  exact  resistance  for  a definite  speed  variation  requires 
a curve  of  the  motor  characteristics.  Lacking  this  it  will  be  found  that  a 
controller  designed  as  above  for  a shunt  machine  (Par.  19S)  will  give 
approximately  the  same  regulation  for  a series  machine  running  under  con- 
stant-torque conditions. 

THEATRE  DIMMERS 

SOS.  Theatre  dimmers  are  made  of  a number  of  plates  mounted  In  a 
bank  and  each  plate  controlled  by  its  own  lever.  A master  lever  is  usually 
arranged  with  cams  so  that  it  may  control  all  or  any  number  of  the  plates 


at  once.  A typical  bank  is  shown  in  Fig.  54.  The  circuit  operated  by  one 

f>late  seldom  carries  more  than  50  amp.  except  in  the  case  of  the  dimmer 
or  the  auditorium  lights.  The  latter  often  carries  300  to  400  amp. 

SOS.  For  dimming  carbon- filament  lamps  a resistance  equal  to  about 
3.4  times  that  of  the  Tamps  in  the  circuit  at  full  candle-power  will  dim  suffi- 
ciently so  the  lamps  have  no  illuminating  power.  In  order  that  the  dimming 
may  be  done  smoothly  and  without  flicker.  50  steps  are  required. 

S04.  For  dimming  tungsten-filament  lamps  to  a point  where  the 
filament  is  just  visible  in  the  dark,  a resistance  equal  to  3.6  times  the  re- 
sistance of  the  lamp  load  at  full  candle  power  is  required.  This  reduces  the 
current  flowing  to  25  per  cent,  of  normal.  To  dim  the  lamp  to  blackness,  a 
resistance  equal  to  4.6  times  the  resistance  of  the  lamp  load  at  full  candle 
power  is  required,  which  will  reduce  the  current  to  18.7  per  cent,  of  normal. 
In  order  that  the  lamps  shall  be  dimmed  smoothly  and  without  flicker,  the 
dimmer  must  have  at  least  110  steps. 

>06.  Free  ventilation  of  theatre  dimmers  is  essential,  as  the  amount 
of  heat  radiated  by  a complete  equipment  is  often  large. 

>06.  Overloads  caused  by  using  too  many  lamps,  or  lamps  of  larger 
candle-power  than  the  dimmer  is  designed  for,  must  be  carefully  avoided. 

RESISTORS  FOR  MOTOR  STARTERS 

>07.  Motor-starting  resistors  should  be  so  proportioned  that  the 
total  resistance  and  the  resistance  per  step  admit  sufficient  current  to  start 
the  motor,  but  not  to  exceed  certain  limits. 

>08.  The  normal  current  is  that  necessary  to  keep  the  motor  armature 
turning  over  after  it  is  once  started,  and  is  less  than  the  current  required 
to  overcome  the  torque  plus  the  friction  of  rest  in  starting  from  standstill. 

>09.  The  starting  current  is  equal  to  the  normal  current  plus  a current 
necessary  to  overcome  the  friction  of  rest  at  starting,  overcome  inertia 
and  produce  the  desired  rate  of  acceleration.  In  general  the  starting  cur- 
rent is  assumed  to  be  one  and  one-half  times  the  normal  current. 
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The  current  flowing  at  the  time  the  starting  rheostat  establishes  the 
circuit,  is  limited  not  only  by  the  resistance  of  the  motor  starter  but  also  by 
the  resistance  of  the  armature  of  the  motor,  the  resistance  of  the  line,  the 
inductance  of  “the  motor  armature,  etc.  During  the  time  the  inductance  of 
the  motor  armature  is  dying  down,  the  motor  armature  itself  is  speeding  up 
sad  generating  counter  voltage,  so  that  the  resistance  necessary  in  a motor 
starter  is  in  general  70  per  cent,  of  that  which  would  be  necessary  if  this 
resistance  were  the  only  factor  to  be  considered. 

S10.  Kating  of  resistors  for  motor  starters.  The  resistors  of  motor 
starters  are  in  general  rated  as  for  light  starting  duty  or  for  heavy  starting 
duty. 

111.  Light  starting  duty  resistors  must  not  exceed  the  temperature 
rises  of  Par.  199,  if  used  for  starting  up  a motor  once  every  four  minutes  for 
an  hour,  taking  15  seconds  each  time  for  starting,  with  an  average  current 
of  125  per  cent,  of  normal  current. 

Ilf . Heavy  starting  duty  resistors  must  not  show  a temperature  rise 
greater  than  that  in  Par.  Iff,  if  used  for  starting  up  a motor  once  every  four 
minutes  for  an  hour,  taking  30  seconds  each  time  for  starting,  with  an 
average  current  of  125  per  cent,  of  normal  current. 

SIS.  Tha  raslsttva  conductor  is  usually  in  the  form  of  wire,  ribbons,  or 
east  iron  grids,  and  mounted  in  some  substantial  manner  as  rfext  described. 

214.  Supports  for  resistive  conductors  are  tubes  of  porcelain  or 
asbestos  or  other  insulating  material  when  the  resistive  conductor  is  wire  or 
ribbon,  and  usually  under  these  circumstances  the  resistor  is  enclosed*  in  a 
sheet  iron  case,  when  cast-iron  grids  are  used  they  are  usually  mounted 
in  a separate  case  and  connected  by  cablea  to  the  starter  face  plate. 

BATTIBT-CHIBOIHO  RHEOSTATS 

U5.  The  resistance  of  a battery-charging  rheostat,  for  charging 
storage  batteries  from  a constant-potential  source,  may  be  determined  as 
follows:  If  E is  the  e.m.f.  of  the  charging  circuit  (volte),  Bmi * the  lowest 
e.m.f.  of  the  battery  during  charge  (volts),  I min  the  lowest  value  of  charging 
torrent,  then  the  total  rheostat  resistance  R will  be 

R « & T — min  (ohms)  (63) 

i Mill 

k certain  amount  of  this  resistance  must  carry  the  maximum  charging  current 
/h*;  this  amount  is 

R-  -TE-in  (ohms)  (64) 

i nai 

The  balance  of  the  resistance  will  have  a current  carrying  capacity  varying 
from  Jmi  to  I win* 

116.  Lead-cell  batteries  normally  have  a voltage  per  cell  of  at  least  2 
volts  after  charging  is  started,  so  that  in  calculating  rheostats  for  lead  cells 
Rmi*  referred  to  in  Par.  115  is  equal  to  the  number  of  cells  multiplied  by  two. 

S17.  Edison- cell  batteries  normally  have  a voltage  of  at  least  1.40  volts 
per  cell  after  charging  is  started,  so  that  in  calculating  rheostats  for  Edison 
cells  Bmi*  referred  to  in  Par.  118  is  equal  to  the  number  of  cells  multiplied 
by  two. 

111.  Carbon  battery-charging  rheostats  have  a resistance  that  varies 
inversely  aa  the  pressure  and  may  be  increased  to  any  extent  desirable  by 
loosening  the  pressure  on  the  carbon  discs.  For  this  reason  the  total  amount 
of  resistance  necessary  in  the  rheostat  need  not  be  considered  in  designing 
a carbon  rheostat. 

MISCELLANEOUS  RHEOSTATS 

lit.  Wire  rheostats.  Wire  can  be  wound  in  coils,  or  stretched  over 
lighted  frames.  Wires  larger  than  No.  6 A.W.G.  are  difficult  to  wind 
in  spiral  form  and  wires  smaller  than  No.  21  A.W.G.  must  be  wound  upon 
an  iittnlftting  core.  When  it  is  desired  to  increase  the  current  capacity  of  a 
coil  resastorpeyond  that  of  No.  6 wire,  several  coils  may  be  connected  in 
multiple.  The  table  in  Par.  SSO  gives  the  mechanical  dimensions  of  coils 
m*ilf  of  different  sised  wires. 
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ISO.  Table  of  Dimensions  of  Wire  Coils  for  Rheostats 


Sise, 

] A.W.G. 

Max. 

Feet 

Turns 

. Max.  eoil 

1 

mandrel, 

per 

per 

length. 

inches 

turn 

inch 

inches 

8 

6-8 

1.25 

0.38 

4.0 

18 

. 9-11 

1.00 

0.30 

4.5 

12 

1 

12-14 

0.75 

0.23 

7.0 

12 

■ 

15-18 

0.50 

0.16 

9.0 

12 

I 

19-21 

0.25 

0.082 

14.0 

6 

■ 

22-30 

Must  be  wound  on  insulated  core  | 

1 

Note. — The  maximum  diameter  of  mandrel  given  in  the  table  corresponds 
to  the  length  given  therein,  and  if  a stiffer  coil  is  desired  a smaller  mandrel 
must  be  used. 

SSI.  Mounting  of  wire  coils.  The  finished  coils  are  generally  mounted 
in  an  iron  frame.  They  are  suspended  vertically  from  insulated  supports 
and  interconnected  so  as  to  give  the  proper  current  capacity,  and  resistance. 
The  total  resistance  should  be  divided  into  units  containing  a sufficient  num- 
ber of  ooils  in  multiple  to  give  the  required  current  capacity  and  then  enough 
of  these  units  in  series  to  give  the  required  resistance.  The  terminals  of 
eaoh  unit  should  be  brought  out  and  so  arranged  that  the  unit  can  be  cut 
out  or  short-circuited  when  it  is  desired  to  vary  the  resistance. 

Only  fire-proof  material  should  be  used  in  construction  of  the  rheostat. 
Resistors  wnioh  are  not  used  continuously,  such  as  starters,  etc.,  can  have 
their  heat  capacity  considerably  increased  by  using  plenty  of  heat-conducting 
material,  which  will  delay  the  attainment  of  the  final  temperature.  The 
heat  capacity  and  effective  radiating  surface  of  a coil  resistor  can  be  increased 
by  placing  the  ooils  in  an  iron  box  filled  with  sand,  oil  or  some  other  in- 
sulator which  is  a fair  conductor  of  heat.  Coils  may  be  submerged,  tempo- 
rarily, in  water  when  it  is  desired  to  increase  their  capacity  for  some  special 
purpose.  Wire  under  these  conditions  can  be  worked  at  about  four  times 
its  normal  capacity. 

111.  Radiation.  When  coils  are  to  be  enclosed  in  a weather-proof  box. 
0.5  sq.  in.  to  1 sq.  in.  of  box  surface  should  be  allowed  per  watt  dissipated  by 
the  resistor.  With  a good  ventilation  and  about  1 sq.  in.  per  watt  the 
temperature  rise  will  be  about  100  deg.  fahr.  See  Par.  197. 

Wires  which  contain  sine  should  not  be  used  where  the  resistor  is  likely 
to  be  overheated,  because  they  will  become  brittle. 

193.  Water-cooled  rheostats  for  generator  tests.  Rheostats  made  up 
of  galvanised  iron  wire  mounted  on  wooden  frames  and  submerged  in  run- 
ning water  are  often  used  to  absorb  energy  when  making  acceptance  tests 
of  large  apparatus  in  the  power  house.  In  this  ease  the  power  dissipated 
can  be  assumed  as  directly  proportional  to  the  surface  of  the  resistor. 


924.  Carbon  rheostats  of  the  compression  type  have  the  advantage 
of  fine  adjustment.  These  rheostats  are  generally  made  up  of  plates  held 
in  a frame  and  the  resistance  varied  by  varying  the  pressure  between  the 
plates  with  a screw  clamp.  Carbon  has  a negative  coefficient  of  resistance 
change  with  temperature.  Carbon-filament  incandescent  lamps,  if  heated 
appreciably,  do  not  make  satisfactory  rheostats  because  of  the  rapid  change  of 
resistance  with  current  changes. 


125.  Carbon  rheostat  resistance  varies  inversely  as  the  pressure,  so 
that  any  desired  resistance  within  limits  can  be  secured  if  the  pressure  fc 
lessened  or  increased  sufficiently.  Such  rheostats  are  used  for  laboratory 
tests  and  similar  experimental  work  where  the  currents  to  be  bandied  are 
not  large  and  where  it  is  not  necessary  to  hold  the  resistance  constant  during 
changes  in  temperature  of  the  rheostat. 


296.  Liquid  rheostats  are  especially  adapted  to  the  absorption  of  largo 
amounts  of  power  and  are  often  used  as  an  artificial  load  in  testing  dynamos 
or  as  starting  rheostats  for  large  motors  starting  under  load.  The  adjnstmant 
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ii  perfectly  continuous,  but  imless  there  is  a provision  for  short-circuiting  the 
electrodes  outside  the  solution  it  is  impossible  to  cut  out  the  resistance 
entirely. 

227.  Electrodes  for  liquid  rheostats.  The  electrode  material  is  not 
important  so  long  as  it  is  a 
food  conductor  and  is  not  1.0 
ittacked  by  the  liquid. 

Lead  or  carbon  plates  are  £ .8 
used  with  sulphuric  acid,  ° 
copper  with  copper  sul-\]  g 
phate,  and  iron  in  most  © ' 
other  cases.  The  current  “ , 
density  should  not  exceed  ^ * 

1 amp.  per  sq.  in.  g 

228.  The  solution  dc-H  -2 
pends  upon  the  voltage  and 
upon  the  auantitv  neces- 
sary to  radiate  the  heat. 

Pore  water  is  seldom  used 
for  pressures  under  1,000 
volts.  For  voltages  below 
ttiis,  sulphuric  acid,  or  some  salt  is  added  to  the  water  to  increase  its  conduo- 

Fig.  55  shows  the  relative  conductivity  of  various  solutions  expressed  in 
inches  between  the  plates  with  a current  density  of  1 amp.  per  sq.  in. 
Ordinary  water  gives  a drop  from  2,500  to  3,000  volts  per  in.  gap  at  this 
current  density. 

RESISTOR  UNITS 


1 234  56789  10 

Strength  of  Solution  £ (by  Weight) 


Fio.  55. — Conductivity  of  solutions. 


229.  Resistor  units  are  used  wherever  a resistor  that  is  not  varia- 
ble is  desired.  These  units  are  made  in  many  forms  and  types  for  the  use  of 
those  who  desire  to  purchase  the  units  and  assemble  them  in  rheostats;  for 
use  in  the  speed  regulators  of  desk  and  ceiling  fans;  for  testing  purposes,  etc. 

ISO.  The  resistance  material  is  usually  of  German  silver  or  some  simi- 
lar material  of  low  temperature  coefficient.  This  is  usually  wound  on  tube* 
and  is  then  covered  with 
a cement-like  coating  or 
with  a fused  vitreous  en- 
amel. The  tubes  on  which 
the  wire  is  wound  consist  of 
pottery,  asbestos  paper, 
lava,  etc.  Pottery  tubes 
are  u»ed  when  the  resist- 
ance wire  is  to  be  hermeti- 
cally sealed  in  a fused 
vitreous  enamel. 

231.  Carbon  resistance 
units  are  sometimes  used 
where  exceedingly  high  re- 
sistances with  a very  low 
watt  dissipating  capacity 
are  desired 

283.  The  watt  dissipat- 
ing capacity  ( I*R ) of  such 
tubular  units  as  are  com- 
me r c i a 1 1 y manufactured 
and  listed,  varies  from  1 to 
300  watts.  The  resistance  Fio.  56. — -Large  resistance  unit, 

of  these  units  can  be  made 

a*  high  as  16.000  ohms  on  an  enameled  wire  wound  tube  4 in.  long  and 
1 in.  diameter. 

223.  Large  resistor  units  are  made  of  cases  enclosing  a number  of 
the  tubular  units  described  in  Par.  230,  or  enclosing  cast-iron  grids,  German 
silver  ribbon,  etc.  (See  Fig.  56.) 
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S3 4.  The  temperature  rise  of  resistor  units  is  as  discussed  in  Par 

192. 

230.  Mounted  resistor  units  are  manufactured  with  various  attach- 
ments for  readily  mounting  in  special  apparatus  or  for  giving  various  oom- 


Fia.  57. — Mounted  resistor  units. 


binations,  etc.  Units  designed  to  replaoe  resistance  lamps  in  order  that  a 
resistance  may  be  secured  that  does  not  change  with  time,. or  on  account 
of  heat,  are  so  made  as  to  screw  into  a standard  Edison  socket.  (See  A,  Pig. 
08.)  Other  units  are  made  with  ferrules  on  the  ends,  so  they  may  be  readily 
inserted  in  the  conventional  type  of  fuse  clips  (See  B,  Pig.  58) : still  others  ar< 
mounted  in  brackets  (8ee  C,  Fig.  57) ; on  porcelain  bases  See  L>,  Fig.  57),  etc. 
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INTRODUCTION 

1.  A transformer  is  a device  for  transferring  energy  in  an  alternating- 
current  system  from  one  circuit  to  another.  It  consists  essentially  of  two 
independent  electric  circuits  linked  with  a common  .magnetic  circuit. 
Thus  energy  at  low  voltage  may  be  transformed  to  energy  at  high  voltage,  or 
vice  versa.  In  like  manner,  current  of  a given  value  in  one  circuit  may  be 
transformed  into  current  of  another  value  in  a different  circuit.  The 
winding  of  the  transformer  connected  to  the  supply  circuit  is  referred  to  aa 
the  primary  winding,  and  those  windings  of  the  transformer  that  are 
connected  to  the  receiver  circuits  are  referred  to  as  secondary  windings. 

t.  If  a transformer  with  open  secondary  winding  has  its  primary 
circuit  connected  across  alternating-current  supply  mains,  only  a small 
ourrent  will  flow  through  the  primary.  This  current  is  alternating  and  pro- 
duces an  alternating  magnetic  flux  in  the  iron  core  of  the  transformer, 
which  interlinks  both  the  primary  and  the  secondary  windings  and  by  its 
rate  of  change  induces  an  e.m.f.  in  each.  If  the  two  windings  are  closely 
associated  with  each  other,  the  e.m.f.  induced  in  each  will  be  proportional 
to  their  respective  numbers  of  turns.  The  e.m.f.  induced  in  the  primary 
winding  is  known  as  the  counter  e.m.f.  of  self-induction  of  the  primary, 
or  back  e.m.f.,  and  is  equal  in  magnitude  to  the  e.m.f.  of  the  mains  leas 
the  IR  drop  due  to  the  current  passing  through  the  winding.  There- 
fore, if  the  permeability  of  the  magnetic  circuit  of  the  transformer  is  high 
and  the  resistance  of  the  primary  winding  is  low,  the  counter  e.m.f.  will 
be  very  nearly  equal  in  magnitude  to  the  e.m.f.  of  the  supply  circuit,  and 
it  follows  also  that  the  secondary  induced  e.m.f.  will  be  nearly  equal  to  the 
e.m.f.  of  the  supply  circuit  multiplied  by  the  ratio  of  the  number  of  turns  in 
the  secondary  winding  to  that  of  the  primary  winding. 

t.  If  the  secondary  circuit  is  completed  through  an  impedance  or 
load,  current  will  flow  through  the  secondary  and  the  load;  this  will  tend  to 
demagnetise  the  core,  so  that  the  effective  impedance  of  the  primary  winding 
is  at  once  lowered  and  more  current  flow's  into  it.  The  extra  current,  being 
lust  sufficient  to  overcome  the  demagnetising  effect  of  the  current  flowring 
in  the  secondary  winding,  will  have  the  same  time-phase  as  the  secondary 
ourrent  and  the  ratio  of  the  magnitudes  of  the  two  currents  will  be  equal  to 
the  reciprocal  of  the  ratio  of  the  numbers  of  turns  in  the  respective  windings. 

4.  The  secondary  current  causes  a drop  in  e.m.f.  in  the  secondary 
winding,  partly  due  to  the  resistance  of  the  winding  and  partly  due  to 
magnetic  leakage  caused  by  the  fact  that  all  of  the  flux  which  interlinks  the 
primary  turns  does  not  interlink  all  the  secondary  turns. 

5.  The  primary  current  likewise  produces  a drop  of  e.m.f.  in  the 
primary  winding,  due  to  the  resistance  of  the  primary  winding  and  to  thd 
fact  that  there  is  a portion  of  the  magnetic  flux  which  interlinks  some  of 
the  primary  winding  without  interlinking  any  of  the  secondary  winding.  ] 

6.  The  induced  e.m.f.  will  therefore  be  proportional  to  the  e.m.f.  of  i _ 
supply  circuit,  less  the  drop  in  the  primary  winding;  and  the  secondar; 
terminal  e.m.f.  will  he  eaual  to  the  secondary  induced  e.m.f.  less  the  drop  f 
the  secondary  winding,  the  drops  being  taken  in  their  proper  phase  relatic.ru 
The  total  drop  from  supply  e.m.f.  to  secondary  terminal  e.m.f.  is  usually  quit! 
email  in  power  transformers,  so  that  the  product  of  the  secondary  current, 
and  terminal  e.m.f.,  measured  in  kilovolt-amperes,  differs  from  that  of  thfl 
primary  by  2 or  4 per  cent.,  only,  at  full  load,  while  the  ratio  of  the  output 
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If  the  input,  or  commercial  efficiency,  may  be  as  high  as  99  per  oent.  at  full 
load. 

t.  The  ratio  of  transformation  is  the  ratio  of  primary  voltage  to 

secondary  voltage,  or  very  approximately  the  ratio  of  primary  turns  to 
secondary  turns:  it  is  also  approximately  the  same  as  the  ratio  of  the  second- 
ary current  to  the  primary  current. 

8.  Constant-potential  transformers,  or  transformers  having  nearly 
constant  ratio  at  all  loads,  are  most  generally  used  for  transmission  and  dis- 
tribution of  power;  they  are  then  designated  power  transformers  (Par.  89). 
When  used  for  the  purpose  of  raising  the  voltage  they  are  referred  to  as  Btep- 
np  transformers,  and  when  used  for  lowering  the  voltage  are  referred  to  as 
stsp-down  transformers.  If  it  is  desired  to  call  attention  to  the  windings  of 
a transformer  without  considering  their  relation  to  the  supply  circuit  they  are 
termed  the  high-voltage  winding  and  the  low-voltage  winding. 

9.  Constant-current  transformers  are  those  in  which  the  current  in 
the  secondary  or  receiver  circuit  is  automatically  maintained  constant  when 
the  primary  is  connected  to  a oonstant-potential  source  of  supply.  Ths 
mutual  inductance  varies  with  the  load. 

10.  Instrument  transformers  are  those  employed  to  connect  measuring 
instruments  or  relays  with  power  mains,  the  primary  being  connected  to  the 
mains  and  the  secondary  connected  directly  to  the  instrument.  When  their 
function  is  to  transform  from  the  voltage  of  the  supply  circuit  to  a voltage 
ratable  for  operating  instruments  or  relays  they  are  termed  shunt- type  or 

tr^wfarmari:  _ When  their  function  is  to  transform  the  current 
u the  supply  circuit  to  a suitable  value  in  the  secondary  or  instrument  circuit 
they  are  termed  aeriss-typs  or  current  transformers. 

11.  Auto-transformers  are  those  in  which  the  primary  and  secondary 

rircufta  are  electrically  connected  so  that  part  of  the  load  in  the  receiver 
oreuit  is  supplied  directly  from  the  supply  circuit  through  the  primary* 
winding,  the  remainder  being  supplied  indirectly  through  the  secondary 
winding  by  electromagnetic  induction.  * 

U.  Transformers  may  be  conveniently  classified  as  follows: 

(a)  Power  transformers  for  the  transmission  and  distribution  of  rela* 
tirely  large  quantities  of  energy. 

(b)  Instrument  transformers  for  use  with  measuring  instruments  and 
relays. 

(c)  Auto-transformers  for  general  power  purposes,  balancing  electric 
circuits,  etc. 

(d)  Constant-current  transformers  and  regulators,  used  for  street 
lighting. 

(e)  voltage  regulator!,  used  for  regulating  the  voltage  of  alternating 
dectrie  circuits. 

18.  All  these  different  classes  of  transformers  have  the  same 
‘‘General  Theory,* * which  will  first  of  all  be  discussed:  certain  considera- 
tions in  design  common  to  all  will  next  be  taken  up;  and  finally  the  character- 
istics peculiar  to  each  class  will  be  presented  in  tne  order  given,  together  with 
commercial  data. 

GENERAL  THEORY 

14.  The  magnitude  and  direction  of  the  induced  e.m.f.  in  a circuit 
are  given  in  the  two  laws  known  as  Neumann’s  Law  and  Lens’s  Law 
(Sec.  2).  If  theae  laws  are  applied  to  the  case  of  the  transformer  on  opes 
circuit  the  following  relations  are  obtained. 

f2iio+^(Liio)  •»  «x 
at 

▼here  (£*«§)  and  iMu>)  are  the  numbers  of  interlinkages  of  tubes  of  induction 
with  the  primary  and  secondary  windings  respectively,  to  is  the  primary 
openrrireait  or  exciting  current,  Ri  is  the  resistance  of  the  primary  winding. 
<i  is  the  e.m.f.  impressed  on  the  primary  winding,  and  et  is  tne  e.m.f.  induced 
>n  the  secondary  winding. 

18.  Practical  formula  for  transformers.  If  it  is  assumed  that 
afi  the  turns  of  the  primary  and  the  secondary  winding  completely  encircle 
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a magnetic  circuit  of  uniform  crose-seotion  and  infinite  permeability,  ax 
that  ei,  the  instantaneous  value  of  the  e.m.f.  impressed  on  the  primary, 
a simple  harmonio  time-function  of  the  form 

ei-10«X>/2£i  coe  » t (2 

where  Ei  is  the  root-mean-square  or  effective  value  of  the  impressed  voltas 
and  w is  equal  to  2 wf  where  / is  the  frequency  of  the  alternating  e.m.f 
it  becomes  sero,  and  the  resulting  solution  of  these  equations  will  give 

(Lito)  ~niAiB  sin  ut 

(Afto)  — mA\B  sin  ut  (« 


where  m,  m are  the  number  of  turns  in  the  primary  and  secondary  windinj 
respectively,  Ei  is  the  effective  value  of  the  secondary  voltage,  Ax  is  the  crow 
sectional  area  of  the  magnetic  circuit  and  B the  maximum  instantaneoi 
value  of  the  induction  in  C.Q.S.  lines  per  unit  area.  The  relations  betwec 
Ex  and  B are  given  by 

„ y/2Ei  X 10*  £iX10«  , .. 

B — — - «■  ; — (c.g.s.  lines  per  unit  area)  i 


ffi- 


umAi 

tan\A\B 


- 4.44 


4.44  fntAx 
fnxAxB 


10» 


(volts) 


o 


V^XIO* 

These  are  the  equations  used  to  determine  the  value  of  the  open-drcti 
secondary  voltage  and  the  induction  in  power  transformers.  Even  if  th 
reluctance  of  the  magnetic  circuit  be  taken  into  account  the  value  of  B i 
not  materially  altered,  and  since  exigencies  of  manufacture  may  cause  large 
errors  in  this  quantity  than  that  due  to  the  assumption  of  infinite  permeabi 
ity,  greater  refinement  is  useless.  The  error  in  the  value  of  Ei  due  to  thi 
assumption  is  not  of  consequence  in  most  commercial  transformers. 

It.  Tie  primary  open-circuit  characteristics  of  power  transforms* 
may  be  obtained  with  sufficient  accuracy  by  means  of  a curve  giving  th 
loss  per  unit  mass  of  iron  at  different  indue 
tions  (Sec.  4),  and  another  giving  the  exdtlxt 
volt  amperes  per  unit  mass  at  differeo 
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Fio.  2. — Core-loss  curve. 


Fro.  1. — Vector  diagram  of  equivar 
lent  sine-wave  exciting  current. 

inductions.  The  latter  curve  is  preferably  obtained  from  the  average  i 
tests  on  a number  of  transformers.  Sometimes  tests  are  made  on  differei 
rises  of  transformer  cores  and  the  resulting  curves  plotted  separately;  this 
done  to  take  care  of  the  variations  due  to  building,  which  are  greater  in  sxxU) 
transformers  than  in  large  ones.  The  value  of  the  exciting  current  obtain! 
in  this  manner  is  known  as  the  equivalent  sine- wave  value.  The  relatk| 
between  these  equivalent  sine- wave  values  of  core-loss  current  and  excitll 
current  as  obtained  above  is  shown  by  vector  diagram  Fig.  1.  Typlfl 
core-loss  and  exciting  volt-ampere  curves  are  shown  in  Fig.  2 and  Fig*] 
respectively.  J 

17.  The  current  in  the  primary  winding  of  an  unloaded  trad 
former,  which  has  a sine-wave  e.m.f.  impressed  across  its  terminals,  is  noi 
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fee-wave,  but  has  harmonic  components.  This  is  due  to  the  variable  per- 
atability  of  iron  at  different  inductions  and  to  its  retentiveness.  The 
Usdy  of  the  wave  distortion  due  to  iron 
■agnetic  circuits  assumes  importance  in 
iastrument  transformers  on  account  of 
the  possible  introduction  of  error  thereby. 

^knowledge  of  the  properties  of  different 
kinds  of  transformer  steels  is  therefore 
MMntial  to  the  design  of  instrument 
transformers  (Sec.  4). 

IS.  The  secondary  open-circuit 
voltage.  Referring  to  Eqs.  1,  Lit#  and 
Aft#  are  variables  of  time,  but  Lt  and  M 
should  also  be  considered  as  variables  de- 
pending on  the  instantaneous  value  of  the 
induction.  Then  assuming  unity  ratio  of 
primary  and  secondary  turns, 


• — *x-f-A2ii#+^  {(L»  — Af)*) 


(5) 


Fio.  3. — Exciting  volt-amperes 
curve. 


Rt  (LfJkf)  (LfM) 


where  the  quantity  (Li  — Af)  depends  on  the  leakage  flux  through  the  wind" 
This  flux  will  vary  directly  with  the  current  in  the  primary,  provided 
that  the  relative  reluctance  of  different 
parts  of  the  magnetic  circuit  remains 
unchanged  throughout  the  cycle. 
Hence,  if  the  dimensions  of  the  winding 
1IC  space  are  large  and  the  permeability  of 
the  core  is  high,  even  wide  fluctuation 
of  value  in  the  latter  will  produce  an 
inappreciable  effect  on  the  total  re- 
A*o  luctance  of  the  leakage  paths.  It 
may  therefore  be  safely  assumed  that 
(Li  — Af)  is  constant  at  all  inductions 
and  Eq.  5,  becomes 

ej«  — ei+Jfci*o-f  (Lt  — Af)-^  (6) 

It.  Characteristics  of  a loaded  transformer.  The  equations  of  a 
transformer  supplying  a load  of  resistance  R$  and  inductance  Lo  are 

x Riii  +-|j(Li»i)  +-|^( Af»i)  - ei 

<*.+&)«+ -|i(L.+Z.)u+|i<JK.)  -0 

From  these  equations  the  following  is  derived: — 


Fig.  4. — Equivalent  simple  alter- 
nating-current circuit  for  a trans- 
former. 


(7) 


Jj | Jf<i, | 


(8) 


The  quantities  (Li  — Af ) and  (L*  — Af)  are  very  nearly  constant,  but  the  value 
of  Af  is  dependent  on  the  instantaneous  value  of  the  induction.  If  t»  be 

taken  equal  to  — *'*  to  repre- 
sent the  load  component  of  the 
primary  current  the  trans- 
former may  be  represented  by 
the  following  simple  alternat- 
ing current  diagram.  Fig.  4, 
where  Y is  an  admittance  of 
such  a character  as  to  give  an 
exciting  component  (ii  — »*), 
which  includes  the  core-loss 
current.  This  is  known  as  the 
“Steinmets  equivalent  circuit 
for  a transformer."  The  cur- 
rent and  voltage  relations  may 
be  given  by  the  vector  diagram, 
Fig.  5,  on  the  assumption  that 
Y is  a simple  admittance. 


Fio.  5. — Vector  diagram  of  current  and  volt- 
age relations  in  equivalent  circuit. 
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10.  The  short-circuit  characteristics  of  a transformer  are  obtained 
from  those  of  the  loaded  transformer  by  making  R$  and  L%  equal  to  aero. 
It  is  usual  to  consider  the  quantity  «Af  in  the  resulting  equation  as  in- 
finite in  which  case  the  short-circuited  transformer  may  be  treated  as  a 
simple  impedance  so  that  the  effective  reactance  of  a transformer  of  unity 
ratio  when  short-circuited  is  the  sum  of  «(Li  — Af)  and  «(!*—  AT)-  More- 
over under  load  conditions  the  effective  transformer  impedance  differs  from 
the  short-circuit  value  only  on  aocount  of  the  influence  of  the  normal  induc- 
tion on  the  permeability  of  the  core,  and  since  the  effect  of  uM  may  be  ignored 
in  the  short-circuit  reactance,  the  effect  due  the  difference  of  00 M under 
short  circuit  and  when  there  is  normal  induction  m the  iron  being  of  atiD 
smaller  order  of  magnitude  may  also  be  ignored.  The  quantities  which 
in  transformers  under  load  are  the  equivalents  of  the  short-circuit  copper 
loss  and  impedance  have  been  measured  with  varying  inductions  in  the  iron 
and  have  been  invariably  found  to  be  practically  constant. 

11.  The  current  in  the  secondary  winding  of  a transformer  supplying 
a load  may  be  obtained  by  means  of  the  simple  alternating-current  circuit 
shown  in  Fig.  4.  But  since  the  admittance  Y is  not  readily  expressible,  it 
is  inconvenient  to  use  this  circuit.  Moreover  the  quantity  \Li  — AO  cannot 
be  evaluated  very  exactly  and  therefore  more  or  less  error  is  introduced  when 
It  is  used.  The  following  formula  derived  mathematically  from  Eq.  fl 
and  7 with  the  assumption  made  in  the  preceding  paragraph  has  the  advan- 
tage of  great  simplicity 

« - R^+Ua~  + ) (9) 

where  Rt  and  L»  are  the  effective  resistance  and  effective  inductance  when 
load  current  is  circulated  in  the  secondary  with  the  primary  short-circuited. 

11.  With  sine-wave  secondary  open-circuit  voltages  Eq.  9 be- 
comes that  of  a simple  reactive  circuit  having  resistance  equal  to  the  sum 
of  the  load  resistance  and  the  secondary  effective  short-circuit  resistance 
and  having  reactance  equal  to  the  sum  of  the  load  reactance  and  the  secon- 
dary short-circuit  reactance.  The  secondary  current  may  then  be  multi- 
plied by  the  ratio  of  transformation  to  obtain  the  primary  load  current, 
and  from  this  the  primary  current  is  obtained  by  adding  the  equivalent 
sine-wave  exciting  current  in  proper  phase  relation.  Eq.  9 under  these 
circumstances  may  be  represented  symbolically  as  follows: 

St  - f (r.+r.)  +/(:*+*.) \It  (10) 

where  Es  and  Ii  are  both  vectors.  The  vector  diagram  and  current  loci  for 
aH  loads  are  given  in  Fig.  6. 

13.  The  construction  of  Fig.  • may  be  explained  as  follows:  OA  — — Bi 
or  the  primary  impressed  e.m.f.,  reversed  in  time  phase.  OB  — Et,  or  the 
secondary  open-circuit  e.m.f.  The  radius  of  the  heavy-line  circle  with  B 
as  centre  represents  the  secondary  short-circuit  impedance  of  the  trans- 
former, drawn  to  the  same  scale  as  OB.  To  obtain  the  loci  of  the  secondary 
terminal  e.m.f.  for  any  load,  bisect  OB,  at  Ci  and  draw  the  line  Ci,  C% 
Ct  at  right  angles.  The  locus  of  all  loads  having  a g iven  power-factor  is  a 
circle  passing  through  B with  its  centre  at  some  point  on  the  line  Ct,  C\. 
Ct.  The  unity-power-factor  centre  Ci,  is  obtained  by  making  Ci,  Ct  equal 
to  CiB  multiplied  by  the  ratio  of  the  secondary  short-circuit  resistance  to 
the  seoondarv  short-circuit  reactance;  the  centres  Ct,  Ct,  C\ , etc.,  for  loads  of 
other  power-factor  are  obtained  by  making  cos  at,  cos  cm,  etc.,  equal  to  the  re- 
spective power-factors,  making  the  angle  lag  behind  or  lead  the  phase  of  BCt, 
according  as  the  power-factor  is  lagging  or  leading.  The  loci  are  then  ob- 
tained by  describing  circles  passing  through  B with  these  centres.  The  loci 
for  different  load  currents  are  concentric  circles  having  B as  centre  and 
radii  proportional  to  the  respective  short-circuit  impedance  drops  at  these 
loads.  Thus  the  secondary  terminal  e.m.f.  with  full-load  secondary  current 
and  90  per  cent,  leading  power-factor  is  represented  in  time-phase  and  mag- 
nitude by  the  vector  drawn  from  0 to  the  point  C where  the  90  per  oent. 
leading-power-factor  circle  intersects  the  full-load  impedance-drop  circle.  To 
obtain  the  loci  of  the  current  vectors,  describe  with  centre  O a circle  of 
radius  to  represent  the  effective  full-load  secondary  current  on  any  suitable 
scale;  with  the  same  oentre  draw  another  circle  of  radius  equal  to  that  of  tbs 


Digitized  by 


TRA  N8P0R  AfBRS 


Sec.  G-24 


fin*  one  multiplied  by  the  ratio  of  one-haH  the  secondary  open-circuit  voltage 
to  the  secondary  short-circuit  impedance  volts  at  full-load  current.  Take 
OB  equal  in  time-phase  and  magmtude  to  the  secondary  open-circuit  voltage, 
draw  Ott  at  right  angles  to  OB  and  make  the  angle  eiOei  such  that  its  cosine  is 
. short-circuit  reactance  , . . . 

equal  to  — — - — ; r— : j ; draw  also  a line  tangential  to  the 

short-circuit  impedance 

iccond  circle  at  the  point  ei;  this  line  is  the  locus  of  the  centres  of  the  circles 
passing  through  O,  which  are  the  loci  of  the  secondary  load  currents  for 
different  power-factors,  et 
is  the  centre  for  the  circle  <h\> 
passing  through  O which  is 
the  locos  for  the  currants 
for  all  loads  of  unity -power- 
factor;  the  other  centres 
are  found  in  the  same  way 
as  for  the  secondary  volt- 
age loci.  The  loci  for  dif- 
ferent values  off  secondary 
load  current  are  circles  with 
0 as  centre  sand  radii  pro- 
portional to  the  effective 
values  of  the  load  currents. 

The  vector  for  any  given 
value  of  load  current  and 
power-factor  of  load  is 
therefore  the  line  drawn 
from  O to  the  point  of  in- 
tersection of  the  load-cur- 
rent circle  and  the  power- 
factor  circle.  The  approxi- 
mate primary  current  is 
then  obtained  by  combin- 
ing th«s  vector  with  the 
rector  OB  representing  the 
open-circuit  exciting  cur- 
rent. 

14.  The  abort-circuit 
cepper-loss  with  full-load 
current  circulated  in  the 
secondary  winding  is  not 
the  true  copper-loss,  but  a 
correction  must  be  made  on 
account  of  the  loss 

caused  by  the  exciting  cur- 
rent. Part  of  this  extra  - „ ..  m 

loss  is  practically  constant  Flo.  6. — Vector  diagram  showing  voltage  and 
at  all  loads  and  is  included  current  relations  in  a transformer  at  all  loads, 
in  the  core-loes  measure- 
ments* the  other  part  varies  with  the  load.  If  9 be  the  angle  corresponding 
to  the*  secondary  power-factor,  a the  angle  of  hysteretio  lead,  ft  and  It  the 
effective  values  of  the  exciting  current  and  the  oomponent  of  the  primary 
cwrant  corresponding  to  the  secondary  current,  respectively,  then  the  cor- 
rection to  be  added  is 

Correction  »27o/a/?i  sin  (fl+a)  (watts)  (11) 
In  substituting  values  of  f?i  the  effective  primary  resistance  should  be  used. 
The  correct  value  of  induced  e.m.f.  at  which  to  take  the  core-loss  is  the  voltage 
across  the  admittance  V,  Fig.  4,  and  it  can  be  found  in  the  usual  way  by 
Eq.  10  after  (Z/t  — 3ff)  has  been  obtained.  But  it  is  not  usual  or  necessary 
in  practice  to  go  to  such  refinements.  The  core-loss  measured  at  the  rated 
voltage  plus  the  secondary  IR  drop  is  sufficiently  close  for  practical  work: 
yhe  efficiency  may  now  be  obtained  by  the  usual  formula 

Efficiency  - °»*E*  _ 0»S«* (12) 

Input  Output -flosses 

ff  The  regulation  may  be  defined  as  the  difference  between  the  full-load 
fr,A  the  no-load  secondary  voltage  of  the  transformer,  for  thp^sapae  primary 
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voltage,  expressed  u a percentage  of  the  full-load  secondary  voltage,  which 
is  also  the  rated  voltage.  If  JR/E  and  IX/E  are  respectively  the  effeethro 
short-circuit  ohmic  and  the  reactance  drops  expressed  as  fractions  of  the 
rated  voltage,  then 


JR 


, IX 


Regulation  — -=-  cos  sin  5-f 

JS  IS 


fix  . IR 

(_  co»,-  B , 


'Y 


(13) 


GENERAL  DESIGN 

IT.  The  design  of  successful  commercial  transformers  requires  the 
selection  of  a simple  form  of  structure,  so  that  the  coils  may  be  easy  to  wind 
and  the  magnetic  circuit  easy  to  build.  At  the  same  time  the  mean  length 
of  the  windings  and  of  the  magnetic  circuit  must  be  as  short  ss  possible 
for  a given  croes-sectional  area,  so  that  the  amount  of  material  reouired 
and  the  losses  shall  be  as  low  as  possible.  The  form  of  construction  should 
permit  of  the  easy  removal  of  heat  by  means  of  ventilating  ducts,  it  should 
admit  of  being  insulated  in  a simple  and  economical  manner,  and  the  wind- 
ings should  be  of  such  forms  as  may  be  easily  reinforced  to  withstand 
mechanical  stresses. 


18.  Two  types  of  transformers  are  in  common  use.  When  the  i 

netic  circuit  taxes  the  form  of  a single  ring  encircled  by  two  or  more  groups  of 

primary  and  secondary  windings  dis- 
tributed around  the  periphery  of  the 
ring,  the  transformer  is  termed  a core- 
type transformer.  When  the  primary 
and  secondary  windings  take  the  form 
of  a common  ring  which  is  encircled 
by  two  or  more  rings  of  magnetic  ma- 
terial distributed  around  its  periphery, 
the  transformer  is  termed  a shell-type 
transformer. 


Cm  Tjp» 


Fio.  7. — Forms  of  magnetic  circuits 
of  transformers. 


19.  The  characteristic  features  of 
the  core-type  transformer  are  a long 
mean  length  of  magnetic  circuit  and  a 
short  mean  length  of  windings;  those 
of  the  shell-type  are  short  mean  length  of  magnetic  circuit  and  long  mean 
length  of  windings.  The  result  of  these  features  is  that  for  a given  output 
ana  performance  the  core-type  will  have  a smaller  area  of  core  and  larger 
number  of  turns  than  the  corresponding  shell- type.  As  a general  rule  toe 
core-type  construction  is  more  economical  for  small  high-voltage  trans- 
formers than  the  shell-type  construction,  the  dividing  line  for  sise  being 
dependent  on  the  voltage.  In  the  matter  of  relative  weights  of  iron  and 
copper,  the  two  types  tend  to  merge  into  each  other  if  steps  are  taken  to 
alter  the  construction  so  that  their  features  are  more  nearly  alike.  Fig.  7 
and  Fig.  8 illustrate  the  forms  of  magnetic  circuits  that  have  been  found 
to  result  in  the  most  economical  and  satisfactory  designs. 

SO.  Eleetrleal  design. 

The  fundamental  formula  in 
the  electrical  design  of  a trans- 
former are  those  given  under 
"General  Theory/'  Par.  18, 

Eq.  4.  If  a certain  current- 
density  and  induction  be  as- 
sumed, the  allowable  thickness 
of  the  coils  for  the  proper  cool- 
ing may  be  predetermined. 

The  electrical  stress  between 
layers  and  between  adjacent 
ooils  may  also  be  predicted 
with  sufficient  accuracy  to  spec- 
ify the  amount  of  insulation 
that  it  will  be  necessary  to  use 
in  each  case. 

81.  The  area  occupied  by 
a primary  or  a secondary 


Fio. 


8. — Shell-type  distributed  magnetic 
circuit. 
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cccdnetor,  including  Uie  duot  space  and  the  insulation  clearances  necessary 
M insure  proper  cooling  and  insulation  respectively,  and  the  proper  me- 
chanical allowances  may  be  accurately  calculated.  Denote  these  two  areas 
bj  oi  and  at  respectively  and  the  corresponding  net  area  of  the  conductors 
bjr  71  and  y%.  Then  if  P be  the  out-put  of  the  transformer  in  watts  and 
and  Wt  the  I*R  loss  per  lb  in  the  primary  and  secondary  windings 
at  rated  output  and  temperature  0 centigrade 

P 0.0014^1  +0.004280 

yt  - p 7= (14) 


Bx 


vwi 


and  7*  may  be  found  by  substituting  Bt  for  E\  and  Wt  for  Wx.  If  Ax  and 
At  be  the  gross  areas  of  the  magnetic  circuit  and  the  windings  respectively 
and  if  Sm  and  St  be  the  corresponding  space  factors  the  following  relations 
sis  obtained 

I*  aw 


Si- 


*8oB 
Biyx+Btyt 


(16) 


Eiax-\-Bt«n 

Where  the  mean  length  of  both  windings  is  the  same  Wt  the  mean  I*R  loss 
ptr  lb.  will  be  Wt  Wt.  If  h and  It  are  the  mean  lengths  of  one  turn  of  each 
winding  to  be  determined  when  the  dimensions  are  known 
nr.  _Bx7xhWi+BrrtltWt 

Wh Biyxli+Errih  (17) 

It  is  in  general  advantageous  to  have  Wx  — Wi  — Wt.  Denote  the  ratio 
Ai/Ai  by  X and  let  the  ratio  of  the  dimensions  of  the  cross-section  of  the 
space  and  magnetic  circuit  be  Y and  Z respectively.  The  area  and 
■--i  of  the  magnetic  circuit  and  winding  space  will  then  be 


* 


Ax  — ^ ^ 

At  — (,XAxAt)i,  Dimensions  — ^by  (FAi)^ 


(18) 


(19) 


The  volume  of  iron  and  copper  for  any  type  of  transformer  may  be 
obtained  from  the  formula 

Volume  of  iron -S.(AiAt)f  /»  { X,F,Z,  - Cl 


(A1A1) 


} 


(20) 


Volume  of  copper— &>(AiAt)^  ft  { X,F,Z,  — — — . } (21) 

• 1 (AxAt)*1 

1 Ci  and  Ct  are  determined  from  the  insulation  constants  and  ft  and  ft 
denote  that  the  quantities  preceding  it  are  to  be  multiplied  by  a function 
•f  the  quantities  in  the  bracket.  The  quantities  in  the  brackets  are  not 
dimensional  quantities  and  therefore  fi  and  ft  will  be  independent  of  the  rise 
of  the  transformer  but  will  vary  with  different  forma  If  conditions  for 
minimum  oost  and  loss  are  introduced,  F and  Z become  definite  functions  of 
tbs  remaining  variables  so  that  the  functions  fi  and  ft  may  be  plotted  in 
sets  of  curves  having  X as  the  independent  variable  and  Cx/ v'AiA*  and 
Cj  v''  At  At  as  parameters. 

ft  The  relations  between  the  output  of  a transformer  and  its 
dimensions,  weight,  and  cost  of  copper  and  iron,  derived  from  the  above 
formulas,  assuming  no  change  in  the  space  factors,  densities  and  proportions, 
sad  provided  that  the  insulation  clearances  between  windings  are  very  small, 
**»  approximately  as  follows: 


.(22) 


Area  of  core 

varies  as  P 

Area  of  winding  space 

••  ••  p 

Weight 

Cost 

For  cent,  loss 

Volts  per  turn 

««  «l  p 

403 
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SI.  Core  material.  Silicon  steel  is  used  almost  entirely’  for  powi 
and  distributing  transformers.  For  the  first  class  of  transformers  ehiefl 
on  account  of  its  non-ageing  characteristics.  For  the  second  class  on  aecoum 
of  its  extremely  low  hysteresis  and  eddy  ourrent  loss.  A great  deal  of  id 
vestigation  is  being  carried  on  by  various  manufacturers  with  a view  q| 
producing  steels  having  characteristics  suitable  for  different  classes  of  worsj 
A complete  discussion  of  various  olasses  of  sheet  steel  for  electrical  a» 
par  at  us  will  be  found  in  Sec.  4. 

84.  Insulation,  cooling  and  mechanical  stresses.  These  factors 

will  have  a large  influence  on  the  form  and  dimensions  of  large  power  trans- 
formers and  are  taken  up  in  detail  under  separate  headings  below. 

DESIGN  OF  INSULATION 

15.  High  insulation  strength  is  one  of  the  most  important  requirements 
of  a well-designed  transformer.  However,  provided  that  the  proper 
strength  is  obtained  at  every  point,  the  less  insulating  material  used  the 
better,  because  the  insulating  material  is  the  chief  factor  limiting  the  tem- 
perature at  which  it  is  permissible  to  operate  and  it  is  also  the  main  factor 
in  producing  the  rise  of  temperature  of  the  windings. 

86.  The  electric  stresses  to  which  a transformer  is  subtoctad  hex 
service  may  be  transient  in  nature,  or  they  may  be  steady.  Belonging  to 
the  former  class  ore  surges  set  up  by  switching,  breaking  down  of  line  insulat- 
ors, arcing  grounds,  and  Bhort-circuits.  Steady  electric  stresses  are  caused 
by  such  accidents  as  the  grounding  of  one  line  of  a transmission  circuit, 
and  will  be  preceded  by  a surge  or  transient  wave  due  to  the  change  in 
the  electric  field  brought  about  by  the  new  condition  of  stress.  Thus 
high  electric  stress  to  ground,  in  a transformer,  may  be  preceded  by  high 
stresses  between  coils  and  turns  of  the  high-potential  parts  of  the  wind- 
ings. A breakdown  between  turns  in  a high-voltage  transformer  may  there- 
fore be  due  to  a combination  of  the  two  forms  of  stress. . Another  form  of 
stress  that  may  cause  breakdown  of  the  low-tension  winding  is  likely  to 
occur  when  the  electrostatic  capacity  between  the  high-tension  and  low- 
tension  windings  is  high  in  comparison  with  that  of  the  low-tension  wind- 
ing to  ground,  in  which  case  a dissymmetry  of  the  high-tension  circuit 
such  as  that  due  to  a ground  on  one  line  may  cause  a potential  elevation  of 
the  low-tension  winding  sufficient  to  break  down  the  insulation,  or  to  cauae 
loss  of  life. 

87.  The  transient  stresses  are  difficult  to  estimate  with  any  degree 
of  certainty  and  the  designer  usually  has  to  satisfy  himself  with  results 
obtained  by  experience  with  transformers  in  service. 

88.  The  steady  stresses  may  be  easily  calculated,  and  the  usual  practice 
is  to  design  the  insulation  so  that  it  will  withstand  a difference  of  potential 
between  the  low-tension  and  high-tension  windings  and  between  case  and 
high-tension  winding,  ranging  from  two  to  two  and  one-half  times  the  possible 
steady  stress  under  service  conditions. 

89.  The  insulation  between  adjacent  coils  and  adjacent  turns  of 
the  transformer  must  be  capable  of  withstanding  with  an  ample  margin 
of  safety  the  normal  and  transient  stresses  that  occur.  It  is  customary  in 
large  transformers  to  give  an  overpotential  test  of  double  voltage,  mainly 
for  the  purpose  of  making  sure  that  there  are  no  weak  spots  in  the  cou 
insulation. 

40.  Effect  of  polarity  of  windings.  Polarity  in  a transformer  depends 
upon  the  relative  direction  of  the  induced  electromotive  forces  in  the  primary 
and  secondary  windings  considered  with  respect  to  the  two  adjacent  ends  of 
the  two  windings.*  In  a single-phase  transformer  under  normal  conditions 
of  service,  the  middle  points  of  both  primary  and  secondary  windings  ara  at 
ground  potential;  but  the  maximum  difference  between  adjacent  primaivr  and 
secondary  coils  may  be  half  the  sum  of  the  primary  and  secondary  voltages 
or  half  their  differences  according  to  the  polarity.  This  factor  becomes  of 
extreme  importance  in  the  design  of  transformer  for  interlinking  two  high 
voltage  systems. 


• A full  discussion  of  this  question  will  be  found  in  an  article  by  C.  Fort- 
••eue,  Electric  Journal,  1907,  and  also  one  by  Wm.  MeConahey,  Electric 
Journal,  1910. 
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41.  Matliod*  of  insulating.  The  methods  employed  in  insulating  a 
transformer  • will  depend  largely  upon  the  type,  upon  the  high-tension 
railage,  and  upon  the  method  of  cooling,  employed.  Small  transformers 
to  operate  on  2,200-volt  circuits  are  usually  insulated  between  the  high- 
teosion  and  low-tension  windings  with  a cylindrical  barrier  of  mica  and 
fibrous  material  about  /j  in.  thick.  The  usual  way  of  applying  this  barrier 
ia  to  wrap  it  over  one  winding;  the  second  winding  is  then  wound  on  top  of 
it  One  company  uses  a tube  of  mica  with  a pure  shellac  bond  which  has 
been  moulded  from  a circular  cylinder  under  heat  to  the  proper  form  with 
which  to  insulate  the  high-tension  and  low-tension  windings  from  each 
other.  The  adjacent  ends  of  the  two  windings  are  insulated  from  each  other 
by  of  collars  or  spacing  pieces  and  heavy  paper  corner  pieces.  The 

complete  coil  may  be  vacuum  dried  and  impregnated  with  a compoi^d  in- 
soluble in  oil,  before  the  iron  is  built  in,  or  the  iron  may  be  built  in  first 
and  the  whole  transformer  impregnated. 

41.  Insulation  between  turns  and  layers.  In  small  transformers 
in  which  round  wire  is  used,  and  where  the  volts  per  turn  are  small, 
and  the  windings  are  not  subjected  to  high  stresses,  the  cotton  cover- 
ing is  sufficient  for  insulation  between  turns,  and  with  proper  subdi- 
vision of  the  coils  only  a little  additional  insulation  need  be  used  between 
layers.  In  larger  transformers  where  round  wires  are  used,  the  layers  roust 
be  heavily  insulated.  In  high-voltage  transformers  the  line  coils  are  some- 
times wound  with  cord  between  adjacent  turns  to  secure  high  insulation 
strength.  In  large  transformers  where  the  conductors  are  copper  straps, 
the  coils  are  wound  spirally  with  the  conductor  fiat,  and  the  conductor  is 
either  heavily  sleeved  with  cambric  or  doth,  or,  according  to  the  practice  of 
one  company,  the  adjacent  turns  are  insulated  from  each  other  by  micanite 
•trips.  The  turns  of  the  coils  next  to  the  line  are  always  heavily  rein- 
forced. In  wire-wound  ooils  the  voltage  per  layer  rarely  exceeds  150  volts 
ia  the  inner  coils  and  is  much  leas  than  this  in  the  coils  nearest  the  line. 

4t.  Coil  Insulation.  In  order  to  reduce  the  stress  and  thereby  obtain 
more  effective  insulation,  the  windings  arc  subdivided  into  coils.  The 
adjacent  coils  may  be  insulated  from  each  other  by  taping,  or  by  insulating 
washer  and  edge  strips  or  angle  pieces.  For  insulating  the  coils  of  small 
transformers  and  air-blast  transformers  the  former  method  is  used  by  some 
manufacturers,  the  coils  first  being  impregnated  with  an  oil-prOof  gum.  For 
insulating  the  coils  of  large  oil-insulated  transformers  the  oil  spaces  between 
ducts  one  or  more  |-in.  fuller-board  washers  are  depended  on. 

44.  The  insulation  between  the  high-voltage  and  low-voltage 
windings  in  large  transformers  of  the  shell-type  is  constructed  of  sheets  of 
fuBcr-board  about  i in.  thick  and  angle  pieces  of  the  same  material.  The 
•beets  of  fuller  board  and  the  angle  pieces  are  arranged  in  the  form  of  a box- 
ing surrounding  each  group  of  high-tension  or  low-tension  coils;  all  joints 
are  lapped  and  in  high-voltage  transformers  the  corners  of  the  coils  are 
insulated  by  specially  formed  angle  pieces  so  that  when  the  insulation  of 
a group  of  cotie  is  completed,  it  forms  a boxing  around  the  group  which 
completely  isolates  it  from  the  adjacent  group. 

41.  Heavy  cylindrical  tubes  of  paper  are  used  between  the  high- 
voltage  and  the  low-voltage  windings  in  large  core-type  transformers. 
One  company  uses  a paper  tube  rolJeaWith  shellac  as  a bond;  another  Com- 
pany uses  fibre  or  fuller-board  tubes.  Small  high-voltage  Core-type 
transformers  may  have  their  high-voltage  winding  wound  directly  on  one 
of  these  tubes;  this  furnishes  a cheap  and  effective  method  of  manufacture. 

44.  The  Insulating  value  of  the  oil,  in  oil-insulated  transformers, 
is  depended  on  very  largely  to  help  insulate  the  transformer;  this  Is  done 
by  interspersing  the  oil  and  the  fuller-board  in  all  the  barriers.  At  the  ends 
of  the  high-tension  coils  the  insulation  is  effected  mainly  by  oil  spaces  rein- 
forced with  corner  pieces  of  fibrous  material. 

4T.  In  air-blast  transformers  the  same  general  method  of  construc- 
ts on  is  used,  but  in  addition  the  coils  are  heavily  taped  and  treated  with 
waterproof  compounds.  In  air-blast  transformers  the  insulation  clear*- 
assess  are  very  much  larger  than  in  oil-insulated  transformers,  particularly 
at  the  ends  of  the  colls  where  distance  insulation  must  be  used  to  a great 
extent. 
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48.  Outlet  terminate.  The  outlet  terminals  in  general  use  are  the 
oondenser  terminal  (Par.  49)  and  the  oil-filled  terminal  (Par.  80). 

49.  The  oondenser-type  terminal  consists  (Fig.  9)  of  alternate  cylin- 
ders of  thin  tin-foil  and  shellac-treated  paper,  rolled  hot  on  a central  Draw 
rod  of  the  proper  diameter:  they  ore  so  arranged  that  the  capacities  be- 
tween adjacent  tin-foil  cylinders  are  the  same  throughout,  and  the  tin -foil 
cylinders  differ  in  length  by  equal  steps.  The  potential  stress  is  distributed 

evenly  over  the  whole  length  of  the  terminal. 
The  addition  of  a disc  at  the  top  of  the  terminal 
and  an  external  cylinder  of  insulating  material 
extending  between  the  flange  and  the  disc,  the 
space  between  the  condensers  and  the  cylinder 
being  filled  with  gum,  complete  the  outlet  lead. 

80.  The  oil-insulated  terminal  (Pic.  0) 
depends  upon  oil  as  an  insulator  and  as  a 
means  for  insuring  equal  distribution  of  heat  in 
the  terminal.  It  consists  of  segments  of  porce- 
lain or  moulded  material  cemented  together  to 
form  an  enclosure  for  the  oil;  a conducting  rod 
extends  from  top  to  bottom  of  this  enclosure. 


The  oil  space  is  subdivided  by  insulating  cyl- 


inders to  prevent  lining  up  of  partieh 
oil. 


51.  In  transformers  for  high-voltage 
transmission  the  ooils  adjacent  to  the  line  ter- 
minals are  more  heavily  insulated  from  one  sm- 
other than  the  rest  of  the  coils.  In  large  trans- 
formers the  normal  stress  between  adjacent  coils 
is  seldom  permitted  to  exceed  15,000  volts.  As 
the  sise  of  a transformer  is  increased,  keening  the 
current  density  and  the  coil  thickness  the  same 
the  voltage  per  coil  will  vary  inversely  as  the 
fourth  power  of  the  output.  Since  the  thickness 
of  the  coils  and  the  spacing  between  them  are 
usually  determined  by  the  cooling  requirements, 
a large  transformer  is  more  easily  insulated  than 
a small  one. 


61.  Grounding  of  the  neutral  point.  A 

considerable  saving  in  cost  of  insulation  may 
be  obtained  if  transformers  are  designed  for 
operation  with  the  neutral  point  of  the  line- 
circuit  grounded.  The  insulation  stresses  to 
, PnnHfln/wr  which  a transformer  may  be  subjected  in  service 

M2  *">  “y  “d  the  d*n««  of 

_ « , , breakdown  of  low-tension  insulation  due  to  the 

Pio.  9.  Oil-filled  and  effect  described  in  the  latter  part  of  Pax.  88 
condenser-type  terminals.  is  entirely  eliminated,  in  polyphase  transfor- 
mations. 


88.  The  effect  of  insulation  on  cooling.  The  fabrics  which  are  used 
fof  insulating  the  conductors  deteriorate  when  subjected  to  high  temperature. 
This  is  true  also  of  cooling  fluids  such  as  oil.  The  temperature  at  which  it 
is  permissible  to  operate  is  therefore  limited  by  these  factors.  These  limita- 
tions are  particularly  emphasized  in  small  transformers  and  those  of  the  air- 
blast  type  where  the  heat  must  pass  through  thick  barriers. 


COOLING  8T8TXM8 

84.  Methods  of  removing  heat.  The  losses  in  a transformer  appear  as 
heat  in  the  windings  and  the  core.  Means  must  therefore  be  provided  for 
removing  it;  otherwise  high  temperature  will  result,  which  will  destroy  the 
fibrous  materials  used  for  insulating  the  various  parts  of  the  transformer. 
Methods  of  removing  heat  may  be  classified  as  follows: 

(a)  By  natural  convection  of  air  and  radiation.  This  method  Is 
employed  in  oertain  special  cases  for  small  distributing  transformers  up  to 
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25  Jrv-a.  It  is  the  method  generally  used  for  oooling  instrument  and  sma  1 
switchboard  transformers. 

(b)  By  forced  oonvsction  of  air.  Transformers  in  which  this  method 
it  used  are  commonly  called  air-blast  transformers.  They  may  be  built 
with  ratings  ae  large  as  required  and  voltages  not  exceeding  35,000  volts. 

(e)  By  natural  convection  and  radiation  with  two  fluids.  Oil- 
insulated  air-cooled  transformers  are  cooled  in  this  manner.  This  method 
may  be  applied  to  transformers  for  all  voltages  and  for  ratings  up  to  8,000 
kr-a 

(d)  By  a combination  of  natural  convection  of  a fluid  medium 
with  forced  oonvection  of  cooling  air.  This  method  has  not  been  used 
in  this  country  to  any  great  extent,  but  is  in  great  favor  in  Europe. 

(e)  By  natural  convection  of  an  insulating  fluid  which  is  cooled 
artificially  by  another  fluid.  This  method  is  used  in  oil-insulated  water* 
cooled  transformers. 

(0  By  forced  convection  of  an  insulating  fluid  which  may  be  cooled 
In  any  convenient  way.  This  method  has  been  employed  to  cool  large 
transformers  by  forcing  the  cooled  fluid  through  the  windings. 

Forced  oil  circulation  with  t ho  oil  cooled  by  air-blast  may  be  employed 
is  one  self-contained  unit. 

H.  Conduction  outward  to  the  aurfaoe  exposed  to  the  «^»"g 
medium  is  the  first  step  in  the  removal  of  heat  from  the  winding  of  a trans- 
former. This  conduction  will  partly  be  through  copper  and  partly  through 
insolation.  The  flow  of  heat  between  parallel  faces  of  any  material  for  a 
difference  of  temperature  of  1 deg.  cent,  may  be  given  in  watts  per  sq* 
is.,  and  in  this  work  it  is  convenient  to  express  it  in  this  form.  The  tem- 
perature gradient  at  any  point  of  the  coil  will  therefore  be  oppoeite  in 
direction  and  proportional  to  the  maximum  value  of  the  heat  flux  {expressed 
in  watts  per  eq.  in.)  at  that  point. 

N.  The  maximum  temperature  rise  through  a boil  at  any  point 
viU  be  the  line  integral  of  the  temperature  gradient  in  the  direction  of  th< 
beat  flow  to  that  point. 

fT.  The  average  temperature  rise  through  a coil  at  any  point  of  its 
surface  is  the  weighted  average  temperature  rise  of  all  the  portions  of  the 
conductors  contributing  to  the  heat  now  at  that  point. 

M.  Cooling  by  convection  is  the  next  step  in  the  removal  of  heat 
conducted  to  the  surface  of  the  coil.  Convection  currents  are  caused  by 
the  upward  motion  of  the  heated  fluid,  thereby  permitting  unheated  fluid 
to  displace  it.  Therefore,  it  is  essential  in  order  to  obtain  efficient  cooling 
of  the  coil  surface,  that  the  windings  be  so  constructed  that  they  present 
vertical  surfaces,  forming  paths  free  from  obstructions  to  the  flow  of  these 
convection  currents.  After  the  heated  fluid  has  risen  to  the  surface  it  must 
be  cooled,  and  in  order  that  this  may  be  done  efficiently  its  temperature  must 
be  as  high  as  compatible  with  the  limiting  value  set  for  the  maximum  tem- 
perature of  the  transformer.  The  winding  must  therefore  be  so  constructed 
that  no  part  of  the  fluid  flowing  past  a surface  shall  be  far  removed  from  it; 
furthermore,  the  difference  in  velocity  between  the  fluid  in  intimate  contact 
with  the  surfaces  of  the  winding  and  that  furthest  removed  must  be  kept  as. 
anall  as  possible. 

H.  The  structural  requirements  are  fulfilled  by  arranging  the  wind- 
ings so  that  the  exposed  surfaces  are  concentric  cylinders  with  vertical  axes 
or  parallel  vertical  planes.  The  thickness  of  the  coils  is  determined  by  the 
currentr-denaitv  in  the  copper  and  the  permissible  maximum  temperature- 
riss  through  the  coil. 

M.  The  physical  characteristics  requisite  in  a cooling  fluid  in  order 
that  it  shall  be  an  efficient  cooling  agent  for  transformers  are: 

(a)  It  must  be  a good  insulator. 

(b)  It  must  have  good  thermal  conductivity. 
it)  It  must  have  high  specific  heat. 

id)  It  must  have  a high  coefficient  of  expansion. 

(e)  Its  viscosity  must  be  as  low  as  possible. 

(f)  It  must  be  capable  of  withstanding  the  operating  temperature#  without 
carbonising  or  proaucing  gummy  deposits  on  the  coil  surfaces. 

(f)  It  must  Se  stable,  difficult  to  ignite,  and  free  from  acids  or  any  other 
ingredient  that  will  attack  fibrous  materials,  iron,  copper,  or  varnishes. 
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The  reason  for  most  of  these  requirements  axe  obvious,  but  (b),  (c),  (d)  a&4 
(e)  require  some  explanation,  which  is  given  in  the  next  paragraph. 

•1.  Explanation  of  heat  transfers  in  cooling  fluid.  Consider  two 
adjacent  surfaces  of  a winding  taking  the  form  of  two  parallel  planes  a small 
distance  apart,  and  assume  that  all  the  heat  is  emitted  in  a direction  normal 
to  the  planes.  The  fluid  directly  in  contact  with  the  surface  will  first  be- 
come heated  and  expand,  thereby  becoming 
lighter  and  rising.  It  will  thus  at  every 
point  of  its  passage  assume  a temperature 
which  will  increase  progressively  along  the 
\ vertical.  At  the  lowest  point  of  the  coils 
the  oil  nearest  the  surface  will  perform  afl 
\ the  cooling,  but  as  it  rises  the  temperature 
gradient  through  the  fluid  normal  to  the 
surface  will  increase,  thus  permitting  the 
conduction  of  heat  to  the  fluid  further 
removed  from  the  surface.  The  temperature 
gradient  through  the  oil  at  the  top  of  the 
coils  will  therefore  depend  upon  the  velocity 
of  the  fluid  and  its  distance  from  the  surface. 
The  more  nearly  uniform  the  velocity  of 
the  fluid  at  each  point,  the  less  will  be  the 
temperature  gradient.  The  velocity  of  the 
fluid  at  each  point  depends  among  other 
things  upon  the  viscosity  of  the  fluid  bring 
more  umform  the  lower  the  viscosity.  High 
specific  heat  is  important  because  it  permits  a 
given  amount  of  heat  to  be  removed  per 
unit  time  at  lower  velocity  and  lower  temper- 
ature rise  along  the  surface.  High  thermal 
J conductivity  is  necessary  so  that  heat  may 
Fig.  10. — Oil-insulated  self-  be  transmitted  through  the  fluid  normal  to 
cooled  transformer.  the  surface  wit  ha  small  temperature  gradient. 

It  should  be  noted  that  where  the  fluid  Is  a 
gas,  a certain  amount  of  work  is  absorbed  during  expansion,  so  that  the 
specific  heat  at  constant  pressure  should  be  used. 


62.  The  temperature  difference  between  the 
fluid  at  the  top  of  the  coil  and  that  at  the  bot- 
tom is  a measure  of  the  force  required  to  circulate 
the  fluid.  Part  of  this  force  is  used  up  in  overcoming 
the  friction  offered  by  the  surfaces  and  the  viscosity 
of  the  fluid. 

63.  In  transformers  cooled  by  free  convec- 
tion in  air  the  remainder  of  this  force  is  that 
necessary  to  bring  the  velocity  of  the  air  up  to  the 
required  value  to  effectively  remove  the  losses.  In 
oil-insulated  self-cooled  types  (Fig.  10),  where 
the  transformer  is  immersed  in  a liquid  which  circu- 
lates by  free  convection,  cooling  the  surfaces  of  the 
windings  and  being  cooled  in  turn  at  the  surface  of 
the  container  by  convection  of  the  air,  the  hydraulic 
force  or  head  developed  in  the  windings  due  to  the 
difference  in  temperature  has  to  overcome  not  only 
the  resistance  to  flow  within  the  windings  them- 
selves, but  also  that  external  to  the  windings  due  to 
the  sides  of  the  case.  In  addition  to  this  there  is  a 
back  pressure  or  counter-head  which  represents  the 
force  required  to  overcome  the  friction  resistance  of 
the  external  surface  of  the  case  to  the  convection 
currents  of  air  and  that  required  to  set  them  in 
motion. 

64.  In  the  air-blast  method  of  cooling  (Fig. 

11),  instead  of  depending  solely  on  free  convection 
of  air  to  cool  the  transformer,  pressure  is  used  and  air  is  forced  through 
the  windings.  The  temperature  rise  of  the  hottest  part  of  the  surfaces,  above 


Fig.  11. — Air-LUat 

transformer. 
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Ike  incoming  air,  may  therefore  be  made  as  small  as  desired  by  using  suffi- 
cient pressure,  and  the  limits  of  this  method  of  cooling  will  be  set  only  by 
the  cost  of  maintaining  a large  flow  of  air  at  sufficient  pressure,  ana  by 
the  temperature  gradient  through  the  ooils  and  insulation. 


•S.  Artificial  cooling  of  the  hot  oil  after  it  flows  from  the  top  of 
the  coils  affords  the  same  advantage  in  oil-immersed  transformers  (Par.  84). 
la  water-cooled  transformers  (Fig.  12)  this  is  done  by  placing  a coil  of  pipe 
M«r  the  surface  of  the  oil,  through  which  cold  water  is  circulated.  i 


€6.  In  forced  oil  circulation  (Fig.  13),  the  liquid  is  circulated  as 
•HI  as  cooled  artificially,  and  a still  further  gain  can  be  made  in  efficiency  of 
cooling,  but  it  is  only  in  transformers  of  large  capacity  that  the  gain  in 
— * — cooling  efficiency  overbalances  the  in- 

creased outlay. 

67.  Limitations  in  design  on 
account  of  cooling.  As  the  size  of 
the  transformer  is  increased,  keep- 
ing constant  the  current  density,  the 


Flo.  12. — Oil-insulated  water-  Fig.  13. — Forced-oil  circulation  system 

cooled  transformer.  of  cooling. 


induction  and  the  watts  lost  per  aq.  in.  of  effective  coil  surface,  the  dimen- 
sions will  be  proportional  to  the  one-fourth  power  of  the  output.  The 
duct  area  per  watt  lost  will  therefore  become  leas,  and  the  length  of  path 
the  cooling  fluid  must  travel  will  be  greater. 

68.  In  transformers  cooled  by  natural  oonvection  a larger  difference 
in  temperature  will  be  required  between  the  top  and  the  bottom  of  the 
coils  to  set  up  the  necessary  circulation  of  air,  the  greater  the  capacity  of  the 
transformer,  on  account  of  the  decrease  of  the  duct  area  per  watt  lost  and 
the  increase  of  the  mean  length  of  fiow  path,  with  increasing  capacity  or 
rating.  Consequently,  unless  these  factors  are  changed  in  proportional 
ratio  with  the  losses,  the  temperature  rise  of  this  style  of  transformer  will 
increase  as  the  rise  increases. 


II.  In  oil-inaulnted  self-cooled  transformers  as  the  capacity  or 
rating  is  increased  there  is  more  resistance  to  the  flow  of  oil  in  the  ducts  on 
account  of  their  greater  length.  Moreover  since  the  dimensions  of  the 
case  are  determined  largely  by  the  dimensk>ns  of  the  coils  and  these  are 
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approximately  proportional  to  the  one-fourth  power  of  the  output  whil^the 
losses  increase  ae  its  three-fourth  power,  the  additional  surface  necessary 
to  dissipate  the  heat  must  be  obtained  by  corrugating  the  tank  surface. 
The  air  flow  has  therefore  to  encounter  a more  constricted  area  of  entry  and 
a longer  path  of  higher  resistance.  The  volume  of  air  per  watt  lost  will 
consequently  decrease  and  the  average  temperature  of  the  air  flowing  over 
the  surface  increase,  resulting  in  a higher  average  temperature  of  the  oil, 
unless  the  gradient  between  the  oil  and  cooling  air  has  been  sufficiently  de- 
creased by  increasing  the  tank  area  per  watt  lost.  The  maximum  tem- 
perature of  the  oil  will  tend  to  be  higher,  and  therefore  the  maximum 
temperature  of  the  windings  which  is  the  limiting  factor  in  any  electrical 
apparatus  will  also  tend  to  be  higher.  Accordingly  in  large  transformers 
the  difference  between  the  average  temperature  of  the  air  flowing  over 
the  surface  and  the  average  temperature  of  the  oil  must  be  kept  lower  for  a 

K'ven  temperature  rise  in  the  coils  than  in  small  transformers,  and  there- 
in a larger  tank  area  per  watt  lost,  will  he  required,  or  else  the  tempera- 
ture gradient  through  the  coils  themselves  must  be  decreased. 


F i o . 14.  — Oil-insulated  Fio.  15. — Oil-insulated  self-cooled  trans 

self-cooled  transformer  (tu-  former  (radiator  type), 

bul at  type). 

70.  Tubular  and  radiator  type  tanka.  The  usual  course  is  a compromise 
between  these  two  methods  of  keeping  down  the  temperature  rise  in  the 
coils,  but  with  very  large  transformers  this  becomes  costly  and  more  efficient 
cooling  tanks  must  be  used,  good  examples  of  which  are  the  tubular  and 
radiator  types  of  tanks  (Figs.  14  and  15)  or  else  recourse  must  be  had  to 
artificial  methods  of  cooling  such  as  water  cooling,  forced  circulation,  etc. 

71.  The  watts  loat  per  sq.  in.  of  coil  aurfaoe  for  cylindrical  ooils 
of  large  radius  and  for  discoidal  coils,  may  be  obtained  by  very  simple  formu- 
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lu  from  the  current-density  or  the  lose  in  watte  per  lb.  at  operating  tem- 
perature. 

W,  — watte  loss  per  sq.  in.  of  coil  surface  at  9 deg.  cent., 

Wfc—  watte  lose  per  lb.  of  copper  at  9 deg.  cent., 
y — area  of  bare  conductor  in  sq.  in., 

6«  — thickness  or  diameter  of  wire  uninsulated, 

6i  — thickness  or  diameter  of  insulated  wire  plus  layer  insulation, 
n — number  of  turns  per  layer  in  layer-wound  coil  or  number  of 
layers  in  cylindrical  coil, 
width  of  rectangular  conductor  uninsulated, 
beds  — y + c (for  rectangular  wire) 


6#*  — — y (for  round  wire) 


(23) 


where  c is  the  difference  in  area  between  a circle  hnving  a diameter  equal  to 
double  the  radius  of  the  corners  of  the  conductor  and  its  inscribed  square. 

TL  The  Tallies  of  W,  (Par.  Tl)  for  different  types  of  layer-wound  coils 
with  one  surface  exposed  are 

0.3212,,MVt 


(rectangular  wire) 
(round  wire) 


(24) 


When  two  sides  are  exposed  the  results  given  above  are  divided  by  two. 

Tl.  The  temperature  gradient  through  a coil  having  one  surface 
exposed  may  be  obtained  on  the  assumption  that  it  is  homogeneous, 
has  a thermal  conductivity  Xs  and  thickness  and  that  the  insulation 
covering  has  thermal  conductivity  Xi  and  thickness  6i.  In  which  case 


"'•(£.+£)  deeoen‘- 


(25) 


deg.  cent. 

CoQs  with  two  surfaces  exposed  are  considered  as  two  ooils  of  one- 
half  the  thickness  with  one  surface  only  exposed. 

74.  The  equation  of  cooling  for  an  oil-insulated  self-cooled  trans- 
former may  be  based  on  the  assumption  that  the  emissivity  of  the  case  is  s 
constant.  The  calculation  is  made  m two  steps:  first,  the  calculation  of  the 
mean  temperature  reached  by  the  oil  above  the  mean  air  temperature: 
second,  the  calculation  of  the  mean  rise  of  the  windings  above  the  mean  oil 
temperature.  Let 

P»  — total  loss— Pi+Pt,  — iron  loss  4-  copper  loss, 
a*  — emissivity  of  tank  in  watts  per  sq.  in.  per  deg., 
a«- emissivity  of  coil  surface  in  watts  per  sq.  in.  per  deg., 

A»  ■ area  of  cooling  surface  of  tank  in  sq.  in., 

.A*  — area  of  cooling  surface  of  coils  in.  sq.  in., 

0%  — specific  heat  of  oil, 
w*  — specific  heat  of  coils, 

— initial  temp,  rise  (oent.)  of  oil  above  air, 

9i  — rise  of  oil  temp,  (oent.)  after  time  h, 

#«  — initial  rise  (cent.)  of  coils  above  oil, 

* rise  of  coil, temp,  (cent.)  after  time  ft  (hours), 

G»  — weight  of  oil  (pounds), 

Gi  — weight  of  coils  (pounds), 

U * time  measured  in  hours  to  raise  temp,  of  oil  from  9 • to  9\ 


•i-- 


iAi 


(-ar)- 

/0.823atAo/i  \ 


(deg.  cent.)  (26) 
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Gw 9 ) 

&-) 


‘-‘■“•(Sb)  1o«”  (P,  _ 

VaoA, 


•0 


(hours) 


(27) 
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The  same  equations  apply  to  0«,  and  0*  if  we  substitute  these  values  for 
0b  and  0i  respectively;  and  also  substitute  P,  A*  <r*  0,  and  a«  for PoA*.  as,  Om, 
and  ao  respectively;  we  shall  then  have  the  temperature  rise  of  the  coils 
above  the  oil  at  the  end  of  an  interval  ti,  starting  with  a temperature  rise  0b. 


75.  In  water-cooled  transformers  the  length  of  cooling  coil  required 

will  depend  upon  the  rate  of  flow  of  the  water.  Using  the  same  symbols  as 
before,  except  that  the  temperature  rises  will  be  measured  above  the  incom- 
ing water,  we  shall  have,  if  radiation  from  the  surface  of  the  tank  is  negligible 
and  taking  0»  as  the  temperature  rise  of  the  water,  F as  the  flow  in  gallons 
per  min.,  L as  the  length  of  cooling  coil  in  feet  and  a»  the  emissivity  of 
the  surface  of  the  cooling  coil  in  watts  per  ft.  per  deg.  cent., 


0.- 


0.0038Po 

F 


(28) 


Temperature  rise  above 
entering  water  under 
steady  conditions 


L — 006—  logi# 

a*>  a — 

* 0.0038P# 


(0  00165a^  j 


(feet)  (20) 

(deg.  cent.)  (30) 


Denote  the  bracketed 
by  (7;  then, 


portion  of  the  denominator  of  the  above  fraction 


10 


C 99 
/21Q5FCti 
\ Own 


) 


(deg.  cent.)  (81) 


Gq&q  - fj 

‘“2165 FClotU0T~  (h°U”)  <32) 

C ** 

C is  constant  for  a given  length  of  pipe  and  flow  of  water.  The  temperature 
rise  of  the  coils  above  the  oil  may  be  obtained  by  the  formulas  given  in  the 
last  paragraph-  The  above  formulas  with  some  modification  may  be  used 
for  forcedi  circulation. 

78.  The  cooling  surface  required  for  a transformer  having  a rise  of 
40  deg.  oent.,  based  on  a room  temperature  of  2S  deg.,  will  vary  from  4 
sq.  in.  per  watt  lost,  to  8 or  9 sq.  in.,  according  to  the  ate  of  the  trans- 
former. The  value  of  on  will  vary  from  0.008  to  0.004  watts  per  sq.  in.  per 
deg.  cent. 

77.  The  following  relations  will  be  found  useful  to  transformer 
designers.  Energy  dissipated  in  1 lb.  of  copper  at  the  rate  of  1 watt  will 
raise  the  temperature  of  the  copper  at  the  rate  of  H deg.  cent,  per  min.  if 
no  heat  be  permitted  to  escape.  Water  flowing  at  the  rate  of  3.8  gal.  per 
min.  will  absorb  1,000  watts,  with  a temperature  rise  of  1 deg.  cent.  Air. 
at  atmospheric  pressure,  flowing  at  the  rate  of  1,650  eu.  ft.  per  min.  will 
absorb  1,000  watts,  with  a temperature  rise  of  1 deg.  cent. 


MECHANICAL  DESIGN  AND  COIL  GROUPING 

78.  Mechanical  stresses  in  service  are  due  to  the  heavy  currents  de- 
veloped in  electrical  apparatus  under  short-circuit,  caused  by  the  tremendous 
amount  of  energy  developed  in  modern  electrical  systems.  Reactance 
in  a transformer,  on  account  of  the  great  length  of  the  leakage  paths  in  air. 
furnishes  practically  the  same  protection  to  connected  apparatus  as  an  air 
reactance. 

79.  Coil  grouping  and  reactance.  The  reactance  of  a transformer 
depends  on  the  grouping  of  the  high-tension  and  the  low-tension  windings. 
The  same  general  principles  apply  to  the  grouping  of  the  windings  of  any 
type  of  transformer.  Tne  element  of  a given  grouping  is  formed  by  a set 
of  high-tension  and  low-tension  coils  of  equivalent  number  of  turns,  generally 
an  even  submultiple  of  the  total  number  of  turns,  placed  as  near  together  as 
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\ he  fnselation  will  permit  This  is  termed  s group  end  is  designated  thus: 
BL  or  LH.  A grouping  arranged  thus,  LH HL,  is  a symmetrical  2HL  group- 
iag;  a group  arranged  thus,  LHHLLHHL,  is  a symmetrical  4 HL  grouping, 
and  so  on.  Given  a stated  number  of  turns,  and  a thickness  of  insulation 
between  high-tension  and  low-tension  windings  very  thin  compared  with  the 
coil  spaces,  the  reactance  varies  approximately  as  the  reciprocal  of  the  square 
of  the  grouping.  A convenient  method  of  calculating  reactance  is  to 
consider  both  the  high-tension  and  the  low-tension  coils  m a given  element 
as  each  concentrated  into  a thin  shell  one-third  of  the  combined  thickness 
of  the  coils  from  the  surface  next  to  the  insulating  barrier  between  the 
high-tension  and  low-tension  coils. 


80.  Influence  of  mechanical  stress  on  design  of  winding.  High 
reactance  may  be  obtained  in  three  ways:  (a)  By  reducing  the  grouping; 
(b)  by  increasing  the  number  of  turns;  (c)  by  increasing  the  spacing  between 
coils.  The  methods  (a)  and  (b)  increase  the  mechanical  stress  for  a given 
value  of  current,  while  the  method  (c)  decreases  it,  but  the  latter  is  costly;  a 
compromise  between  these  methods  is  best.  All  of  the  coil  groups  are  sub- 
jected to  compressive  forces  during  short-circuit,  and  must  therefore  be 
properly  supported.  In  shell  type  transformers,  to  prevent  buckling  of  the 
coils  under  short-circuit,  one  company  uses  two  heavy  T-beams,  spread 
apart  by  two  end-studs  equipped  with  threads  and  nuts  for  the  purpose. 
The  free  ends  of  the  coils  in  all  types  of  large  transformers  should  be  held 
firmly  in  position  by  bracing  against  the  end-frames  or  by  clamping  the 
c^iila  together  between  heavy  plates  by  tiebolts. 

81.  Formulas  for  reactance.  The  reactance  in  ohms  is  equal  to  uL, 
there  L is  given  in  henrys. 

The  value  of  L may  be  ob-  / ’ ' " - ■ ■■  » 

lained  by  the  following  / 

formulas:  / \ 

8hell-type  discoidal  coils 

(Fig.  16); 

L lO-SnK/i  -MO  (2 Nc+b) 

AT*Cai  + o*)X10* 

(henries)  (33) 

Shell-type  cylindrical 
coils  (Fig.  17); 

I0.6n*2(2JVc  + a) 

Ltm  N*bX  10» 

(henries)  (34) 

Core-type  rectangular- 
core  concentric  coils 
III*.  18); 


L- 


Fia.  16. — Shell-type  discoidal  coils. 

10.6n«(2i  -H»)(2iVc  + a-d) 


**(hi+k)XlO« 


(henries)  (36) 


Fia.  18. — Core-type  rectan- 
gular core  concentric  coils. 


Where  n is  the  number  of  turns  Id  the  winding*  h 2s  are  the  primary  and  sec- 
ondary mean  length  of  winding,  2 is  the  mean  length  of  complete  winding* 
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N is  the  number  of  HL  groups,  c is  the  space  between  adjaoent  high- tension 
and  l o w-tension  windings,  ana  ai,  at,  61,  bt,  b and  d are  as  shown  in  Figs. 
16  to  18. 

61.  Formulas  for  mechanical  force  exerted  on  colls.  In  a trans- 
former the  electrokinetic  energy  is  given  by 

W--.LI'  (Joules)  (36) 

i I 

dw 

where  It  is  the  primary  current,  and  therefore  since  F — • — 

ox 

(dyne.)  (37) 


x being  in  the  direction  of  the  maximum  force,  that  is,  at  right  angles  to  the 
surfaoe  of  the  coils.  For  shell-type  transformers  with  discoidal  coils. 


F 1r*\  4ww«(Ii-Hs) 

"2  U.46X10W*(oi+at) 


Gb.)  (38) 


S3.  Mechanical  design  of  cases.  Where  fluted  cases  are  used  they 
should  be  made  of  ingot  steel  at  least  0.079  in.  thick,  except  for  transformers 
below  100  kw.,  then  j1*  in.  may  be  used.  Cases  for  oil-insulated  self- 
cooled  transformers  have  the  sides  cast  in  a base  of  cast  iron.  Boiler- 
iron  cases  such  as  are  used  for  water-cooled  transformers  are  usually  guar- 
anteed to  withstand  a pressure  of  50  lb.  per  sq.  in.  The  covers  of  large  trans- 
formers are  provided  with  vents  to  release  the  pressure  if  an  explosion  should 
take  place.  The  tank  is  provided  also  with  a large  gate  valve,  so  that  the  oil 
may  be  drawn  off  very  quickly.  The  cases  of  large  transformers  should  be 
made  as  nearly  air-tight  as  possible,  as  this  prevents  dirt  or  moisture  finding 
its  way  into  the  tank. 

84.  In  the  design  of  end-frames  for  large  transformers  structural 

steel  has  come  into  general  use.  This  affords  a much  greater  latitude  to 
the  designer,  as  he  then  has  freedom  to  make  the  proportions  of  the  core 
anything  he  pleases.  The  cooling  coils  of  water-cooled  transformers  are 
usually  made  of  I-  to  1-in.  brass,  copper  or  iron  pipe  and  are  tested  up  to 
250  lb.  per  in.  hydraulic  pressure. 


TRAN  8F ORMER8  FOR  POWER  SERVICE 

85.  General  consideration  in  design.  The  most  important  quality  in 
a power  transformer  is  durability ; it  should  be  able  to  withstand  the  most 
exacting  conditions  to  be  met  in  service  without  being  sensibly  weakened. 
It  is  important  that  the  insulating  material  shall  not  be  subjected  to  excessive 
temperatures,  and  therefore  every  portion  of  the  coil  surfaces  should  be  well 
exposed  to  the  cooling  medium.  The  coils  directly  connected  to  the  lines 
in  high-voltage  transformers  should  have  reinforced  insulation. 

88.  The  cheapest  transformer  consistent  with  durability  that  has  a 
reasonably  good  performance,  is  what  is  generally  required.  Such  features 
as  efficiency  and  regulation  are  usually  of  secondary  mportanoe.  The  flux- 
density  in  the  iron  of  Buch  a transformer  will  be  made  as  high  as  consistent 
with  a reasonable  exciting  current;  the  loss  per  lb.  at  commercial  frequencies 
in  silicon  steels  is  so  low  that  the  core-loss  is  seldom  a limiting  feature.  The 
current-density,  on  the  other  hand,  is  limited  chiefly  by  considerations  of 
cost,  because  when  the  density  is  increased  beyond  a certain  point,  for  a 
transformer  designed  to  operate  at  a given  temperature  rise,  the  cost  begins 
to  increase  again.  < 

87.  Types  and  characteristics.  Power  transformers  differ  mainly 
in  the  methods  used  to  cool  them;  the  characteristics  pertaining  to  different 
methods  of  cooling  are  taken  up  under  “ Cooling”  (Par.  54  to  Par.  T7). 
Transformers  cooled  by  natural  circulation  of  oil  and  air  must  be  designed 
on  a more  liberal  scale  than  water-cooled  transformers,  or  those  cooled  by 
forced  oil  circulation,  and  therefore  the  losses  will  be  lower  in  the  former 
than  in  the  latter.  Air-b]ast«transformers,  on  aocount  of  the  heavy  insula- 
tion  and  large  insulation  clearances  needed,  are  not  as  efficient  as  other  power 
transformers  of  the  same  voltage-class. 
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88.  Urn  transformer*  for  ftnsral  poWsr  service  are  usually  built 
ia  one  of  toe  following  types:  self-cooled  i n tubular  or  radiator  tanks;  water- 
cooled:  oil-insulated  with  forced  circulation  of  air;  forced-oil-circulation 
type;  or  air-blaet.  Their  characteristics  are  moderate  efficiencies,  low  tem- 

' . : l rru__. 1 — -.i i_.ii  ... .1 


perature  rise,  and  durability.  They  may  be  either  of  the  shell-type  or  the 
core-type  of  construction,  according  to  sise  and  voltage;  if  of  the  latter 
type,  cruciform  cores  and  circular  coils  ire  used. 

81.  Throo-pliase  transformers.  Two  types  are  in  general  use,  vis.. 


common  point  the  third  harmonic  must  be  practically  absent.  It  is  possible, 
therefore,  to  use  a star-star  connection  with  this  type  of  transformer 
without  producing  voltage  distortion.  The  shell-type  three-phase  trans- 
former does  not  differ  materially  from  three  single-phase  transformers;  Fig. 
20 illustrates  such  a type  of  transformer.  It 
will  be  noted  that  a small  amount  of  iron  is  cm 

■red,  but  though  the  total  saving  in  ma- 
terial over  three  single-phase  transformers  is 
■mall,  there  is  a decided  gain  in  cost  of  in- 


Fio.  19. — Core-type  three-phase 
transformer. 


Fio.  20. — Shell-type  three- 
phase  transformer;  shell-type 
single-phase  transformer  of  one- 
third  rating  shown  for  compari- 


sullation  of  one  three-phase  transformer  over  three  single-phase  trans- 
formers, and  it  occupies  considerably  less  floor  space.  The  performance  of 


tne  rating,  the  water  rates  ana  weights  being  multiplied  by  three,  f or  the 
core  type  three-phase  take  a single  phase  of  two-thirds  the  rating  and  add 
50  per  cent,  to  tne  water  rate  and  weight. 

98.  Transformers  designed  for  outdoor  service.  There  is  a large 
Jtf»d  increasing  demand  for  these  transformers  in  large  voltage  transmission 
nrstems  owing  to  the  cost  of  buildings  and  wiring  increasing  very  rapidly  as 
the  transmission  voltage  increases. 

91.  The  design  of  the  outlet  terminal  for  outdoor  service  is  not 
very  different  from  the  design  of  an  indoor  bushing  except  that,  on  account 
of  the  rain  test  it  must  needs  stand,  it  is  usually  longer  and  in  the  condenser 
type  the  terminal  proper  is  encasod  in  a sheath  of  porcelain  petticoats  or 
bells  nesting  into  each  other  and  sealed  with  a cement.  The  space  between 
the  terminal  and  the  porcelain  sheath  is  filled  with  a gum  of  high  specific 
inductive  capacity  ana  high  melting-point. 

9t.  Voltage  classification.  Standard  transformers  are  classified  accord- 
ing to  tbe  voltage  of  the  transmission  lines  on  which  they  are  i ntended  to 
operate.  The  voltages  which  are  considered  standard  are  as  follows: 


Step-down  transformers  designed  for  these  voltages  arc  usually  provided 


Google 


Sec.  e-93 


TRANSFORMERS 


with  taps  giving  four  steps  of  2.5  per  cent.  each.  Step-up  transformers 
provided  with  taps  are  considered  as  special.  The  usual  secondary  distrib- 
uting voltages  are  considered  standard.  Transformers  used  for  intercon- 
necting two  high-voltage  systems  are  considered  special. 

93.  A standard  transformer  is  completely  specified  when  the 

method  of  cooling,  the  frequency  of  the  circuit  (either  25  or  60  cycles),  the 
voltage  class,  and  low-tension  voltages  are  given.  Manufacturers  have 
type  numbers  or  letters  for  their  standard  lines,  and  in  some  cases  two 
different  lines  may  overlap  for  a few  Bises.  In  general,  however,  no  am- 
biguity wdl  exist  if  the  method  of  cooling  is  specified  with  the  other  dats 
required. 

94.  Tables  giving  ratings,  efficiencies,  regulation  and  weights 
typical  of  standard  single-phase  oil-insulated  air-oooled  transform- 
ers. These  transformers  have  a guaranteed  temperature  rise  not  exceeding 
55'  deg.  cent,  at  continuous  full-load  rating.  They  are  maximum  rated 
according  to  the  A.  I.  E.  E.  standardisation  rules,  and  the  insulation  tests 
are  in  accordance  with  these  rules  (see  also  Electric  Power  Club  Standard- 
ization Rules).  The  tables  follow  in  Par.  91  to  Par.  IPS. 


97.  Single-phase — 60  Cycles — 33,000-volt  Class 


Kv-a. 

Efficiencies  | 

Regulation 

Net 

i load 

f load 

Full 

load 

100% 
p.  f. 

80% 
p.  f. 

weight 

including 

oil 

250 

97.1 

97.6 

97.6 

1.6 

4.8 

6,000  lb. 

333 

97.3 

97.6 

97.7 

1.5 

4.7 

8,000  lb. 

400 

97  5 

97.8 

97.8 

1.5 

4.7 

9.000  lb. 

500 

97.6 

97.9 

97  9 

1.4 

4.6 

9,600  lb. 

667 

97.7 

97.9 

98.0 

1.4 

4.6 

14,000  lb. 

833 

97.8 

98.0 

98.1 

1.3 

4.5 

16,000  lb. 

1,000 

97.9 

98.1 

98.2 

1.3 

4.5 

18,000  lb. 

101.  Single-phase — SO  Cycles — S3 ,000- volt  Class 


SCC.  &-103  TRA  N8PORMRR8 

108.  Tables  tivini  ratines,  •fltetondw.  regulation  and  weights  of 
standard  oil-msulated  water-cooled  transformers.  The  rise  of 

temperature  of  these  transformers  above  incoming  water  is  55  deg.  cent, 
with  continuous  full  load.  They  are  “ maximum  rated  ” units  in  accord- 
ance with  the  Standardisation  Rules  of  the  A.  1.  E.  E. 


104.  Single-phase — 00  Cycles — It, 000-volt  Class 


100.  Single-phase — 00  Cycles — 44,000-volt  Class 


100.  Single-phase — 00  Cycles — 00,000-volt  Class 
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107.  BlngU-ph— - 00  Cyclaa — 00, 000-volt  CUu 


109.  Sinfli-phtM — 90  Cycle* — ill, 000- volt  Class 


Regulation 

Net 

weight 

with 

oil 

Water 

rate: 

sal. 

per 

mm. 

100% 
P.  f. 

1.50 

mm 

55,000  lb. 

22 

1.45 

111 

66.000  lb. 

85 

1.30 

ka 

90,000  lb. 

50 
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111.  Single-phase  40  Cycles — tto, 006^  volt  GHub 


16,667 

23,300 

30,000 

98.2 

98.46 

98.5 

111.  Single-phase — IS  Cycles — 21,000-volt  Class 


Regulation 


' Net 
weight 
with 
oil 

Water 
rate: 
gal  per 

min 

12,600  lb. 

19.000  lb. 
23,200  lb. 

28.000  lb. 

40.000  lb. 

7.0 
7.0 
. 8*5 
10.0 
12.0 

15.0 

20.0 

113.  Single-phase — IS  Cycles— -44, 000- volt  Class1 


Regulation  | Net 
weight 


16,5001b. 
18,300  lb. 
21,400  lb. 
23,200  lb. 
26,500  lb. 
32,000  lb. 
44,360  fb. 


gal.  per 
min. 


114.  Single-phase 


16  Cycles — 66,000-volt  Class 


TBAN8FOBMEB8  FOB  DISTBIBUTIWO  SYSTEMS 

116.  General  considerations  in  design.  Transformers  for  distributing 
systems  should  be  of  high  efficiency.  Copip^tition  has  brought  about  a 
oertain  degree  of  standardization  of  the  losses  of  each  Size  of  transformer. 
The  problem  is,  therefore,  to  produce  a design  having  a minimum  cost  which 
is  durable  in  service  and  conforms  to  definite  performance  specifications. 

116.  The  relative  values  of  core-loss  and  copper-logs  in  lighting 
transformer*  have  been  largely  determined  by  competition,  but  it  is  probable 
that  the  present  values  give  about  the  best  average  results  in  service. 

420 
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117.  Th*  two  tarns  of  transformers,  fit.#  the  stall- type  md  the 
core-type  are  both  used  for  distributing  transformers.  The  form 
of  shell-type  shown  in  Fig.  (8)  has  shorter  mean  length  of  winding  and 
magnetic  circuit  than  the  usual  form.  The  dividing  line  between  shell- 
type  and  core- type  design  depends  both  upon  voltage  and  rating.  The 
former  being  more  economical  for  low-voltages  and  large  ratings  and  the 
latter  for  high  voltage  and  low  ratings.  It  is  usual  however  to  have  one 
type  for  a line  of  transformers.  The  core-type  is  better  adapted  for  direct 
cooling  in  air  than  the  shell-type. 

118. ^  Standard  lighting  and  power  transformers  are  designed  for 
operation  on  60-cycle  circuits  and  nave  a nominal  primary  voltage  of  2,300 
volts  and  seoondary  voltages  of  230  volts  and  115  volts,  or  460  and  230  volts. 

The  temperature  guarantees  for'  these  transformers  are  usually  45  deg. 
cent,  above  atmosphere  after  8 hr.  full-load  run,  and  55  deg.  after  continuous 
full-load  ran.  Some  manufacturers  guarantee  a temperature  rise  of  60  deg. 
cent,  at  25  per  cent,  overload  for  4 hr.,  starting  with  the  oil  tem- 
perature obtained  under  no-load  conditions.  The  insulation  test  is  usually 
10,000  volts,  for  1 min.,  between  high-tension  and  low-tension  windings 
and  ground;  an  overpotential  test  varying  with  different  manufacturers 
from  double  to  five  times  normal  voltage  is  also  applied. 

UP.  Balings  and  efficiencies.  The  accompanying  data  (Par.  ISO  to  Pan  4 

Ilf)  on  standard  lighting  transformers  have  been  chosen  as  giving  a fair 
representation  of  the  general  practice  in  the  United  States.  Two  type, 
are  manufactured  for  2,300- volt  60-cycle  service,  namely,  a “High-efficiency 
Type"  or  (standard)  and  a “Low-efficiency  Type.”  The  former  type  should  ^ 

be  used  when  the  cost  of  energy  is  high  and  wnen  it  is  desirable  to  operate  at 
high  efficiency  both  all-day  and  underload.  The  latter  type  is  justifiable 
for  installation  when  the  cost  of  energy  is  low,  and  where  it  is  not  so  es- 
sential to  have  a high-operating  efficiency.  The  tablo  (Par.  ISO)  gives  per- 
formances of  “standard”  or  “High -efficiency”  lighting  transformers.*  The  re- 
maining 60-oy©le  transformers  are  designed  for  operation  on  circuits  oi 
higher  voltage  than  2,300  volts  and  therefore  have  correspondingly  lower 
performances.  J 

ISO.  Performances  of  60-cycle  Lighting  Transformers:  Standard 
Voltages  2.300  to  230  115  or  460  230 


1 

« 

l > 

V* 

1 

'm 

Per 

Per  cent.  cent, 

efficiency  regula- 

tion 

Outline 

dimensions 

Approx. 

net 

weight 

C 

s 

7 

& 

5 

o 

O 

Full  load 

\ load 

1 load 

1 load 

100%  p.  f. 

1 80%  p.  f. 



Floor 

space 

Height 

of 

trans- 

formers 

1 

21 

29 

95.295.2  94.1|91. 6 3.1  3.2 

9JX14J 

11 

80 

2 

! 30 

52 

90. 0 96.2  95.8  93  8 2.5  2.8 

12  X 16 

13 

120 

3 

35 

76| 

96.4  96.6  96.5  95.0  2.4  3.0 

12  X 16 

14 

150 

5 

44 

99 

97.2  97.4  97.2(95  1 2.  1 2.9 

14  X 18 

161 

225 

7.5 

60 

128 

97 . 5 97 . 7 97 . 5 90.5  1 8 2.8 

151X191 

18 

310 

10 

74 

168 

97.6  97.8  97.7  96.7  1.8  2.7 

15$ X 191 

21 

360 

15 

103 

222 

97.898.0  97.9  96.9  1.6  2 6 

15$ X 191 

281 

490 

25 

' 137 

367 

98.0  98.2  98.1  97.4  1.6  2.6 

22  X 24 

30$ 

790 

37  5 

200 

490 

98.2  98.3  98. 2 97.5  1 .5  2.8 

24  X 284 

1 371 

1070 

50 

258 

607 

98.3  98.4  98.3197.6  1.3  12 .7 

24  X 28 i 

1 441 

1280 

75 

460 

825  98.3  98  3 08.2  97.311.15:2.55 

30* X 371 

1 391 

1680 

100 

615 

1120  98  3!9S  3 98 . 2 97 . 3 1 . 20  2 00 

301X37J 

1 48$ 

1820 

150 

1 840 

1800  98.2  98  3 98. 2,97. 5 1 .30  3. 15 

34  X40| 

69 

2480 

200 

' 1 1301 

2400108  2 98  3 98.2  97.5ll.30  3. 15 
1 II  111 

34  X 401 

75 

2560 

'The  iron  loss  is  measured  by  wattmeter,  and  the  copper  loss  is  measured 

by  wattmeter  and  corrected  to  75  deg.  cent. 
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121.  Performance  of  16-cycle  Transformers:  Standard  VolUres 
2,800  to  280/118 


<s 

£ 

Iron  loss  (watte) 

3 

! 

1 

i 

o 

Per  oent. 
efficiency 

Per 

oent. 

regula- 

tion 

Outline 

dimenaiona 

Approx. 

net 

wrijbt 

trans- 

formers 

Full  load 

1 load 

1 

1 load 

100%  p.  f. 

80%  p.  f. 

Floor 

space 

Height 

1 

22 

48 

93.4 

93.8 

93.6 

90.9 

4.9 

5.2 

12 

X 16 

13 

HO 

2 

39 

75 

94.6 

94.8 

94.5 

91.9 

3.9 

4.5 

14 

X 18 

16 

ISO 

3 

48 

100 

95.3 

95.6 

95.3 

93.2 

3.4 

4.0 

14 

X 18 

16 

160 

5 

71 

150 

95.8 

96.0 

95.8 

93.9 

3.1 

3.9 

154X194 

18 

230 

7.5 

101 

187 

96.3 

96.4 

96.1 

94.3 

2.6 

3.4 

20 

X23 

22 

340 

10 

124 

240 

96.5 

96.6 

96.6 

94.7 

2.5 

3.4 

22 

X244 

22 

426 

15 

154 

326 

96.9 

97.1 

96.9 

95.5 

2.3 

3.0 

22 

X244 

31 

545 

25 

250 

438 

97.3 

97.4 

97.2 

95.7 

1.9 

2.6 

24 

X28{ 

374 

820 

37.5 

274 

760 

97.3 

97.5 

97.5 

96.6 

2.1 

2.8 

31 

X33 

39 

1680 

50 

325 

955 

97.5 

97.7 

97.7 

96.9 

2.0 

2.8 

31 

X33 

454 

1690 

75 

450 

1550 

97.4 

97.7 

97.8 

97.1 

2.2 

2.8 

34 

X404 

51 

2150 

100 

580 

2100 

97.4 

97.7 

97.7 

97.2 

2.2 

2.7 

34 

X404 

74 

2700 

150 

1520 

2400 

97.4 

97.5 

97.2 

95.7 

1.7 

2.9 

33 

X33 

81 

3370 

200 

1 

1750 

3500 

97.4 

97.6 

97.4 

96.2 

1.8 

3.0 

39 

X39 

71 

4500 

122.  Performance  of  80-cycle  Transformers:  Standard  Voltages 
6,900-8, 888-8,276  to  280/116  or  480/280 


Kv-a. 

Iron  loss  (watte) 

Copper  loss  (watts) 

Per  cent, 
efficiency 

Per 

cent. 

regula- 

tion 

Outline 

dimensions 

Approx. 

net 

we^ht 

trans- 

formers 

Full  load 

! load 

1 

-*« 

4 load 

100%  p.  f. 

80%  p.  f. 

Floor 

space 

Height 

1.5 

34 

55 

94.4 

94.6 

94.0 

90.9 

3.7 

4.15 

114X164 

184 

140 

3 

48 

87 

95.7 

95.9 

95.5 

93.3 

3.1 

3.85 

12  X 184 

214 

190 

5 

55 

150 

96. 1 

96.4 

96.4 

95.1 

3.05 

3.50 

13  X 20 

23 

240 

7.5 

79 

200 

96.4 

96.7 

96.6 

95.3 

2.7 

3.1 

154X224 

254 

346 

10 

102 

220 

96.9 

97.1 

96.9 

95.6 

2.2 

2.55 

154X224 

26 

380 

15 

123 

314 

97.2 

97.4 

97.3 

96.3 

2.1 

2.65 

17  X24| 

31 

540 

25 

172 

476 

97.5 

97.7 

97.7 

96.9 

1.95 

2.76 

211X31 

36 

860 

37.5 

230 

624 

97.8 

98.0 

98.0 

97.2 

1.75 

2.85 

23  X33 

42 

1060 

50 

270 

787 

98.0 

98.1 

98.1 

97.5 

1.65 

2.6 

244X354 

48 

1540 

75 

417 

1035 

98.1 

98.3 

08.2 

07.5 

1.45 

2.6 

304  X 37 

58 

1810 

100 

655 

1150 

98.2 

98.2 

98.1 

97.1 

1.25 

2.45 

34  X 404 

56 

2170 

150 

820 

1960 

98.2 

98.3 

98.2 

97.5 

1.40 

2.50 

34  X 40| 

69 

2600 

200 

1200 

' 

2500 

98.2 

98.3 

98.2 

97.3 

1.3 

2.5 

34  X40J 

80 

2670 

422 
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M.  Nrfornunoe  of  60-oyoIo  Transformers:  Standard  Voltages 
U, 600-16, Mt-19, MO  to  Mi/116  or  460/130 


t 

X 

Iron  loss  (watts) 

! 

s 

I 

& 

o 

Per  oent. 
efficiency 

Per 

oent. 

regula- 

tion 

Outline 

dimensions 

Approx. 

net 

weight 

trans- 

formers 

Full  load 

1 load 

1 

| 

•4* 

100%  p.  f. 

80%  p.  f. 

Floor 

space 

Height 

2.5 

40 

72 

95.4 

95.4 

94.9 

92.1 

2.9 

4.0 

13  X22 

26 

286 

5 

72 

139 

95.9 

96.1 

95.9 

93.9 

2.9 

3.8 

15  X241 

271 

376 

10 

134 

258 

96.2 

96.4 

96.1 

94.3 

2.7 

3.6 

15  X24{ 

27} 

420 

16 

155 

320 

96.9 

97.1 

96.9 

95.5 

2.1 

3.1 

17  X25j 

32 1 

580 

26 

232 

430 

97.4 

97.5 

97.3 

96.0 

1.8 

2.9 

211X31 

36 

860 

17.5 

300 

605 

97.6 

97.7 

97.6 

96.5 

1.7 

2.8 

23  X33 

42 

1080 

SO 

348 

745 

97.9 

98.0 

97.9 

97.0 

1.6 

2.7 

241X351 

48 

1390 

76 

663 

950 

97.9 

97.9 

97.6 

96.3 

1.4 

2.5 

301X37 

581 

1800 

100 

810 

1210 

98.0 

98.0 

97.7 

96.5 

1.3 

2.5 

34  X401 

51 

2150 

160 

1162 

1440 

98.3 

98.3 

98.0 

96.8 

1.1 

2.6 

34  X401 

69 

2600 

200 

1200 

2400 

98.2 

98.3 

98.1 

97.3 

1.1 

2.6 

34  X40{ 

80 

3010 

34.  Mormanes  of  M-cycle  Transformers:  Standard  Voltages 
13,000-13,110- 11, 410  to  460/130  or  130/116 


t 

X 

Iron  loss  (watts)  * 

Copper  loss  (watts) 

Per  cent, 
efficiency 

Per 

cent. 

regula- 

tion 

Outline 

dimensions 

Approx. 

net 

weight 

trans- 

formers 

Full  load 

jo 

•+* 

o 

•4* 

Floor 

space 

Height 

2.5 

53 

69 

95.3 

95.4 

94.7 

91.6 

2.8 

3.7 

13  X22 

26 

286 

5 

89 

124 

95.9 

96.0 

95.4 

92.8 

2.6 

3.5 

15  X24* 

27J 

376 

10 

134 

W7\i] 

96.4 

96.5 

96.2 

94.4 

2.5 

3.5 

15  X24j 

27} 

420 

15 

176 

318 

96.8 

96.9 

96.7 

95.1 

2.2 

3.2 

17  X 251 

321 

575 

25 

263 

392 

97.4 

97.5 

97.2 

95.7 

1.7 

2.8 

211X31 

36 

853 

37.5 

338 

569 

97.6 

97.7 

97.5 

96.2 

1.6 

2.7 

23  X33 

42 

1081 

SO 

383 

765 

97.8 

97.9 

97.7 

96.7 

1.6 

2.7 

24 1 X35J 

48 

1390 

75 

559 

iTiTTfl 

97.9 

98.0 

97.8 

96.8 

1.5 

2.6 

301X37 

581  | 

1800 

100 

692 

1165 

98.2 

98.3 

98.0 

97.0 

1.3 

2.5 

34  X 404 

51 

2150 

150 

960 

1860 

98.1 

98.2 

97.2 

1.3 

2.5 

34  X40) 

69 

2600 

200 

m 

Wm 

Sfi 

mi 

!BI 

m 

34  X401 

80 

3000 
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Ilf.  Performance  of  SO-cyele  Transformers;  Standard  foltsfti 
ss,  ooo-si,  8 so-ae^roe  to  eee/aso  or  tsoAis 


Kv-a. 

Iron  loss  (watts) 

Copper  loss  (watts) 

Per  cent, 
efficiency 

Per 

oent. 

regula- 

tion 

Outline 

dimensions 

Approx 

net 

trans- 

formers 

Full  load 

1 load 

JO 

1 

100%  p.  f. 

ft 

s 

Floor 

space 

Height 

5 

145 

140 

94.6 

94.9 

93.3 

89.1 

2.9 

4.3 

21  X30 

38 

500 

10 

247 

228 

95.5 

95.3 

95.3 

90.2 

2.4 

3.4 

24  X33 

394 

720 

15 

324 

281 

96.2 

95.9 

96.0 

91.6 

2.0 

8.0 

25^X34 

41 

890 

25 

324 

430 

97.0 

97.096.6 

94.7 

1.8 

2.9 

27|X35 

424 

1150 

37.5 

592 

547 

97.5 

96.9  96.3  93.8 

1.6 

2.7 

29  X37 

47j 

1360 

50 

635 

695 

97.4 

97.3:96.8(94.7 

1.5 

2.7 

32  X35 

49 

1660 

75 

882 

930 

97.7 

97.2:97.2:95.3 

1.3 

2.5 

354X364 

564 

2040 

100 

960 

1300 

97.8 

97.8j97. 596.0'1. 4 

2.6 

35} X 364 

64 

2170 

150 

1443 

1865 

97.9 

97. 997. 596. 0 1. 3 

2.5 

40  X44 

63 

2960 

200 

1532 

2240 

98.5 

98.2j98.097.8  1.2 

2.4 

40  X44 

80 

3440 

116.  Manhole  transformers.  It  is  the  general  practice  In  large  cities  to 
supply  energy  for  lighting  by  means  of  underground  cables.  Manhole 
transformers  are  simply  lighting  transformers  fitted  with  cases  of  a type 
suited  for  operation  in  a manhole.  These  cases  are  rendered  water-tight  and 
air-tight  and  have  an  extra  amount  of  radiating  surface.  The  cover  is  pro- 
vided with  a vent  covered  by  a thin  air-tight  metal  diaphragm,  so  that  if 
the  pressure  in  the  case  becomes  excessive  the  diaphragm  null  rupture}  The 
outlet  bushings  should  be  so  designed  that  they  are  moisture  proof  and  yet 
admit  of  ready  disconnection  of  the  transformer.  The  rating,  efficiency  and 
regulation  are  the  same  as  for  standard  distributing  transformers. 


MULTIPLE  OPERATION 


117.  General  principles.  In  Par.  16  of  this  section  it  is  shown  that 
the  transformer  of  unity  ratio  may  be  represented  by  a simple  alternating- 
current  circuit  shunted  by  an  admittance  Y.  Where  the  ratio  is  not  unity 
this  equivalent  circuit  still  holds,  if  one  winding  is  taken  as  the  reference 
winding  and  all  admittances  are  reduced  to  terms  of  this  winding;  thii 
may  be  done  by  multiplying  (or  dividing)  all  these  quantities  in  the  othei 
winding  by  the  square  of  the  ratio.  The  admittance  Y does  not  enter  tin 
problem  of  relative  division  of  the  load  and  may  therefore  be  ignored; 
the  effective  impedance  of  the  transformer  with  respect  to  the  reference 
winding  will  then  be  the  same  as  the  short-circuit  impedance  with  that 
winding  considered  as  the  primary'  and  the  other  short-circuited. 

It  is  shown  in  Sec.  2,  that  in  a branched  circuit  the  current  in  eacl 
branch  will  be  inversely  proportional  to  the  impedance  of  the  branch 
Since  the  effects  of  the  primary  and  the  secondary  resistance  and  the  magj 
netic  leakage  of  the  transformer  may  be  represented  by  a simple  impedance 
the  rule  of  branch  circuits  will  also  apply  to  parallel  operation  of  transform; 
ers.  In  actual  calculations  the  problem  is  usually  to  determine  how  j 

f;iven  number  of  transformers  will  divide  a load  of  given  kv-a.  and  power 
actor.  It  will  be  found  convenient  in  most  cases,  Instead  of  using  actogj 
impedances  or  admittances,  to  use  the  ohmic  and  reactance  drops  expressed 
as  fractions  of  the  secondary  voltage.  Admittances  derived  from  thMf 
are  proportional  to  the  actual  admittance. 

168.  Formulas.  Let  the  kv-a.  rating  of  the  transformers  be  Pi. 

P«,  etc.,  and  let  the  impedance  volts  of  each,  expressed  as  a fraction  oi  1 
rated  voltage,  be  (ci+;7ii),  (c* +;dj) . (c»-f  jdt),  etc.,  respectively,  then  1. 
admittances  (gt—  jbi),  (ji—jbt),  (gi—jbt),  etc.,  will  have  tne  following  valu«l 
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*"(« ’+<*»*)*  G>i+Pi+Pi+);  6l"  Ci*+diO*  G>i+P,+P.  + ) 
**" (e»*+dt*) " (pi+Pi+P«  + )»  6t"  Ci*+di«)‘  (pi+P* +/»•  + ) 


+P*+P«  + , 

— ^ 

-fPi+P»+/ 


P,"(c*«+d«*)'  G>i+P>+Pi+)'b#“(c*+df.)*  (pi 
The  joint  admittance  Y is  equal  to  the  sum  of  all  the  admittances,  or 
Y — g—jb—0\+fft+g*-\-  . . . — ;(bi -f  ba -f  b« -f  . . . ) 


(39) 


(40) 


The  loads  taken  by  the  first,  second,  and  third  transformers  expressed  as 
fractions  of  the  total  kv-a.  are  respectively  . 

VVt*  + hi1  y/ g**  4*  b*1  y/gt*  + b«* 

— . : — * — 7 — * — 7 ^;r-—  (41; 

y/g * + 6*  Vff*  + 6*  V tf*  4*  b* 


The  power-factor  of  the  load  supplied  by  the  transformers  when  the  power- 
factor  of  the  combined  load  is  cos  a are  respectively 

, cos  (a  -h  0i  — 0),  cos  (a  + 0a  — 0),  cos(or  -f  0a  — 0)  (42) 

where  0,  0t  and  0a  are  given  by 

b bi  ba 

0 — tan”1—  0i  "tan”1—  0a ■*  tan-1  — , etc.  (43) 

g g 1 0a 

11®.  When  the  transformation  ratios  of  two  transformers  are 
■lightly  different  they  may  be  operated  in  multiple,  without  incurring 
much  trouble.  The  currents  Ji  ana  It  taken  by  the  two  transformers  will 
depend  upon  the  transformation  ratios  mi  and  mj,  the  two  transformer 
impedances  Zi  and  Z*  and  the  load  impedance  Zo.  The  following  formulas 
maybe  readily  used  by  those  familiar  with  complex  imaginary  quantities: 
miZt:\-(mi  — mt)Zo 
II  “ Z,Z.  + Zo(_Zi  + Z.j y* 
mtZi  — (mi  — m»)Zo 
ZiZ*  + Zo(f 


B 


21. — Vector  diagram  of  two  transformers  operating  in  multiple. 


UO.  Compensation  for  differences  in  impedance  may  be  made  by 
*«ing  external  reactance  and  resistance  to  the  transformers  whose  react- 
JJ®®  ®»d  resistance  are  too  low.  The  amount  to  be  added  in  each  case  is 
obnoualy  that  which  will  make  the  percentage  value  of  the  reactance  drop 
gjthe  ohmic  drop,  at  the  rated  currents,  the  same  in  all  transformers, 
wiurs  the  ratio  is  different,  compensation  by  external  reactances  cannot 
06  but  resort  must  be  had  to  balance  coils  or  auto-transformers.  This 
f*®*  will  be  dealt  with  under  autes-transformers  (Par.  180).  Auto- trans- 
former may  be  used  for  producing  proper  distribution  of  load  in  all  cases. 
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181.  Explanation  of  vector  diagram,  Fig.  81,  for  multiple  operation. 

In  the  Above  diagram  AB  is  taken  of  any  arbitrary  length  to  represent 
the  combined  impedance  drop.  ADi  and  ADt  are  each  taken  the  same 
fraction  of  AB  that  the  resistance  drops  of  the  respective  transformers  bear 
to  their  impedance  drops.  ACi  is  taken  equal  to  the  current  that  will 
produce  the  drop  ADi  in  one  transformer,  and  ACt  is  taken  equal  to  the 
current  that  will  produce  the  drop  ADt  in  the  other  transformer.  The 
resultant  AC  is  the  combined  current.  The  corresponding  combined 
resistance  drop  is  AD.  The  line  AC  will  then  represent  the  combined 
load  current  on  a certain  scale,  and  AC i and  ACt  will  represent  the  currents 
in  the  respective  transformers,  in  magnitude  and  phase,  on  the  same  scale. 
Sinoe  the  currents  are  known,  the  value  of  the  impedance  drop  is  known, 
and  therefore  the  scale  on  which  AB  represents  the  impedance  drop  is 
known  also:  we  may  take  a certain  length  to  represent  the  magnitude 
of  the  secondary  open-circuit  voltage  on  the  same  scale,  and  with  B as  a 
centre  strike  an  arc  EOF-,  then,  extending  CA  to  E,  draw  AO,  making  the 
angle  a with  AE,  where  oos  a is  the  power-factor  of  the  load.  OA  represents 
the  secondary  terminal  voltage  and  OB  represents  the  secondary  open- 
circuit  voltage,  or  approximately  the  primary  e.m.f.  multiplied  by  the 
ratio  of  transformation,  and  with  phase  reversed. 


POLYPHASE  TRANSFORMATIONS 


A polyphase  system  is  classified  as  a 
e.m.fs.  and  < 


188.  General  considerations  __  _ 

balanced  n-phase  system  when  the  e.m.fs.  and  currents  in  corresponding 
branches  at  every  point  of  the  system  are  sinusoidal,  have  equal  effective 
values,  and  differ  in  phase  by  1/nth  of  a period.  # If  Ei  be  one  of  the  e.m.fs. 
and  1,  on,  at,  . . . are  the  n roots  of  the  equation  x*  — 1—0,  the  balanced 
n-phaae  system  of  e.m.fs.  may  be  expressed  symbolically  as  follows: 

Ei  ""Ri,  Et  — aiEi,  Ei " atEi . . • . E*  ™ an-iEi  (45) 

In  such  a system 

+ $,  + £.+ . . : . +£*-0  (46) 

188.  A symmetrical  n-phase  system  of  currents  or  e.m.fs.  is  one  in 
which  the  effective  values  of  all  the  constituents  are  equal  and  when  taken  in 
fixed  order  or  sequence,  they  differ  in  phase  by  any  integral  multiple  of 
2 v/n  from  sero  to  (n—  1).  That  system  for  which  the  integral  multiplier 
is  sero  is  termed  a sero  phase-sequence  system;  that  for  which  the  integral 
multiplier  is  unity  is  called  a system  of  phase  sequence  one.  In  a three- 
phase  system  tne  second  phase  sequence  is  the  same  as  the  first  with 
sequence  reversed;  it  is  convenient  to  call  the  first  phase  sequence  the 
positive  phase  sequence  and  the  second  the  negative  phase  sequence. 

184.  An  unbalanced  polyphase  system  is  one  in  which  the  e.m.fs.  or 
currents  in  any  part  of  the  system  are  unequal  in  effective  value  or  are 
unsymmetrical  in  phase-relation.  The  unbalanced  currents  and  e.m.fs. 
may  be  resolved  uniquely  into  n symmetrical  systems  of  sero,  1st.  2d, 
3d  . . . (n  — l)th  phase  sequence,  each  of  which  may  be  considered  in- 
dependently of  the  remaining  Bystems,  so  that  the  problem  reduces  to  the 
solution  of  n symmetrical  systems. 


188.  The  resolution  of  an  unbalanced  system  of  8 -phase  currents 

be  effected  very 


or  e.m.fs.  into  its  symmetrical  components  may 

simply;  thus  if  the  currents  in  phase  .4,  B and  C be  Ja,  Jb  and  Jc  respectively 
and  the  sero  phase  sequence,  positive  phase  sequence  and  negative  phase 
sequence  components  in  phase  A be  Jao,  JA\  and  jAt  respectively,  and  if 


1,  a and  a * are  the  cube-roots  of  unity  or  1,  ^ — | +/  . and 


respectively. 


JA0> 


JA  ±JB  « Jc 
3 


U 1 


jA+alB  + a'IC 
3 


_ Ja  +a*TB  + aIC 
/At- « 


(47) 
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Fig.  22. — Graphic  resolution  of  three-phase  fa)  and  two-phase  unbalanced 
systems  into  symmetrical  systems. 

12C.  The  resolution  may  be  done  graphically  as  follows.  In  Fig. 
22(a)  let  OA,  OB,  and  OC  represent  in  magnitude  and  phase  the  line  currents 
l A,  4B  and  Jc  respectively.  The  line  drawn  from  0 to  the  center  of  the  tri- 
angle ABC  will  represent  in  magnitude  and  phase  the  aero  phase-sequence 
component  /yts.  Erect  on  both  Bides  of  BC  an  equilateral  triangle;  draw  a 
line  from  O equal  and  parallel  to  the  line  joining  the  centroid  of  the  equi- 
lateral triangle  on  BC  having  its  apex  on  the  opposite  side  to  A,  to  the 
centroid  of  the  triangle  ABC;  this  line  will  represent  I A 1 in  magnitude  and 
phase.  The  line  drawn  through  0 parallel  and  equal  to  that  joining  the 
eentroid  of  the  other  equilateral  triangle  to  the  centroid  of  ABC  will  repre- 
sent Jax  in  magnitude  and  phase. 

1ST.  Phase  ' A”  is  termed  the  principal  phase  and  all  the  members 
of  any  given  phase  sequence  are  expressed  in  terms  of  the  component  in 
Phase  A. 


A 


Fio.  23. — Conventions  used 
for  directions  of  e.m.fs.  and  of 
current  flow  in  symmetrical 
components. 

lit.  The  delta  symmetrical  components  of  current  and  e.m.f. 
bear  simple  relations  to  the  corresponding  star  components.  Using  the 
usual  trigonometrical  conventions  for  the  angles  and  sides  of  the  triangle 
ABC,  the  positive  direction  for  star  being  outward  from  0 and  for  delta 
from  A to  B,  B to  C and  C to  A,  as  indicated  in  Fig.  23, 
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?a»-0 

Jm  — indefinite 

£ai-  +jy/Z&Ai 

&cn  ■ —j  \^3RAi 

Jen - -J-  — 

V* 

189.  The  two-phase  system  is  in  reality  a four-phase  system  so 

constrained  that  unbalancing  does  not  involve  components  of  aero  and 
second  phase  sequences,  but  where  the  two  phases  are  interconnected 
electrically  through  connections  between  transformer  windings  or  in  rotating 
apparatus  it  becomes  a true  four-phase  system  and  must  be  dealt  with 
accordingly. 

140.  In  the  simple  two-phase  system  without  interconnections 

if  Jz  and  /*  are  the  currents  in  the  two  phases,  they  may  be  resolved  into  the 
two  component  systems  of  positive  and  negative  phase  sequence  for  which 
the  currents  in  the  x phase  are 


!*+}!, 

2 

Jr-iTv 

2 


(49) 


The  solution  is  graphically  carried  out  as  follows.  In  Fig.  22(6)  let  OX 
and  OY  represent  in  magnitude  and  phase  the  currents  /*  and/*  respectively. 
Draw  a line  OP  equal  to  and  at  an  angle  -r/2  in  advance  of  OY;  then  the  line 
joining  O to  the  middle  point  of  PX  represents  in  magnitude  and  phase  the 
member  of  the  positive  phase  sequence  component  in  the  X phase,  namely 
/*i.  Draw  a line  OQ  equal  to  OY  and  lagging  t/2  behind  OY.  The  Une 
OXt  drawn  from  0 to  the  middle  point  of  QX  will  represent  in  magnitude 
and  phase  /»*,  the  member  of  the  X phase  of  the  negative  phase  sequence 
component  of  the  two-phase  system  of  currents. 


141.  The  zero  phase  sequence  component  does  not  enter  into  poly- 
phase transformations  except  where  there  are  connections  to  ground  or 
where  an  ungrounded  system  has  unsymmetrical  admittance  to  ground. 
The  zero  phase  sequence  component  of  current  will  appear  also  in  un- 
symmetrical delta  or  ring  connections.  When  the  zero  phase  sequence 
components  of  current  appear  in  the  lines  due  to  ground  connections  or 
unsymmetrical  ground  admittances,  while  f otherwise  negligible,  they 
may  give  rise  to  inductive  interference  with  near-by  communication 
circuits  and  they  are  commonly  known  to  telephone  engineers  as  residual 
cunents. 


148.  Except  when  considering  the  effects  of  grounds  on  the  system. 

only  the  positive  and  negative  phase  sequence  components  of  a three-phase 
system  will  be  considered. 

148.  ▲ convenient  method  of  calculating  simple  unbalanced 
transformer  connections  is  to  consider  the  effect  of  each  symmetrical 
component  in  the  system  separately,  expressing  each  member  in  terms  of 
that  of  the  principal  phase,  and  the  currents  in  the  delta  connections  in 
terms  of  the  line  currents  by  means  of  the  relations  in  Eq.  48  in  Par.  138. 
The  e.m.fs.  may  then  be  resolved  into  symmetrical  components  with  Phase 
A as  the  principal  phase  by  Eq.  47.  For  more  direct  methods  see  “Sym- 
metrical Co-ordinates  Applied  to  the  Solution  of  Polyphase  Networks," 
by  Fortescue,  C.  L.  G.,  Tran*.  A.  I.  E.  E.,  Vol.  XXXVl£  Part  2.  p.  1027. 

144.  In  this  sub-section  we  shall  confine  ourselves  to  the  unbalanc- 
ing effect  of  unsymmetrical  transformation,  and  to  a few  cases  of 
grounding.  The  general  problem  of  unbalancing  of  polyphase  systems 
belongs  properly  to  Polyphase  Networks. 

145.  Two-phase  to  two-phase  transformation.  The  usual  trans- 
formation is  effected  in  each  phase  independently  by  means  of  a transformer; 
the  four  secondary  leads  are  independent,  forming  the  terminals  of  a four- 
wire  non-interhnked  two-phase  system.  If  the  middle  points  of  the  second- 
ary windings  are  connected  together  the  four-wire  symmetrical  interlinked 
two-phase  system  is  obtained.  If  two  ends  of  the  secondary  winding  arej 
connected  together  the  two-phase  three- wire  system  results,  which  is  an  I 
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Inter  linked  unaymmetric&l  polyphase  system  not  well  adapted  for  long 
distance  transmission.  In  this  system  the  e.m.f.  between  the  other  two  ends 
of  the  windings  is  \/2  times  the  e.m.f.  across  the  windings.  Fig.  24  illustrates 
these  systems. 


Generator  But  bam 


4 Wire  Interlinked  S Wire 
Fia.  24. — Two-phase  systems.* 


141.  Transformations  between  two-phase  and  three-phase  sys- 
tems. The  most  usual  arrangement  of  transformers  is  that  shown  in 


Fio."  25. — "Scott  connection",  two-phase 
to  three-phase  or  three-phase  to  two-phase. 


Fig.  25.  The  two  transformers  DQ  and  BR  are  usually  of  like  design,  both 
being  provided  with  a tap  at  the  middle  point  of  one  winding  and  also  one 
at  a point  y/ 3/2  or  0.866  of  the  winding  from  one  end,  as  shown  at  D and  A 
respectively.  When  the  transformers  are  supplying  balanced  currents,  the 
current  density  in  the  working  portions  of  the  windings  of  both  transformers 
is  the  same.  The  transformer  DQ  has  13.4  per  cent,  less  loss  in  the  wind- 
ing DE  than  the  transformer  BR.  The  unbalance  due  to  the  tap  A being 
inaccurately  located  is  best  shown  by  expressing  the  transformation  equa- 
tions in  symmetrical  components.  Thus  if  Rax  and  Ba*  are  the  symmetrical 
components  of  the  three-phase  e.zn.fs.  measured  from  the  neutral,  and 
£*  and  Bn  are  those  of  the  two-phase  system,  and  if  m be  the  ratio  of  the 
winding  DA  to  the  whole,  and  p the  ratio  of  transformation  from  RS ' to  £C, 
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Thus  if  the  transformation  is  from  two-phase  to  three-phase  and  if  the  two- 
phase  side  is  balanced  (#**  — 0),  the  component  EAt  will  be  sero  if  m/V 3 — ) 
or  m—  \/3/2.  Vice-versa  if  the  three-phase  side  is  balanced  (#4i“0), 
will  be  sero  if  the  same  condition  is  satisfied. 

147.  The  condition  of  perfect  balance  will  usually  exist  only  when  the 
transformer  is  carrying  no  load.  Assuming  that  the  transformer  BR  is 
symmetrical  about  D,  out  that  the  ratio  m of  the  other  transformer  may- 
be in  error,  the  positive  and  negative  phase-sequence  components  of  current 
for  a symmetrical  load  having  impedances  Zo  and  Zol  respectively  to  these 
components  may  be  found  when  tne  following  impedances  are  known: 

Z * measured  between  A and  D with  PQ  short-circuited 
Zy  measured  between  B and  C with  RS  short-circuited 
Zm  measured  between  D and  B with  BC  short-circuited 


The  solution  is 
l Ax 


4 

Z 0 


3{zoZo'+Zo(z*  + Z.+|z,)  }zxi-3Zo(Zr  + Z.-|-Z,)Zx 


ZoZo'  + (Zo  + Zo')  (Z,  + Z.  + Zv)  + 3 Zy(Zz  +Z#.) 


■I 


fAt- 


1 

Zo 


3 { ZoZo'  + Zo'  (z, + Z.  + | Zy)  } Eai  - 3Zo'(Zx  + Z,  - ? Z9)  Ea  i 
ZoZo'  + (Z o + Z o')  ( Z x + Z , + ~ Z9)  + 3Z„ (Z,  + Z,) 


(51) 


The  expression  in  brackets  in  the  solution  for  Ja\  is  the  positive  phase 
sequence  component  of  the  terminal  e.m.f.  under  load;  and  that  in  the 
solution  for  jAt  is  the  negative  phase-sequence  component  of  the 
terminal  e.m.f.  If  m has  the  correct  value,  namely  V3/2  and  the  two- 
phase  circuit  is  balanced,  Ra\  in  the  above  expression  becomes  sero.  If 
m addition  to  this 

Z,-~(Z,  + Z.)  (52) 


JAt  will  also  be  sero  and  the  transformation  will  be  symmetrical  with  respect 
to  e.m.fs.  between  lines. 

143.  If  a neutral  point  be  provided  for  grounding  which  is  correctly 
located  for  no  load,  it  will  shift  as  the  load  increases  and  the  system  will 
have  a mean  potential  to  ground  given  by  the  zero  phaso-aequenee  com- 
ponent of  the  e.m.f.  to  neutral  and  is  given  by 

Ea*-  -\z,{lAx+lAt)  (53) 

140.  When  the  load  includes  no  rotating  machinery  Zo  and  Zo' 

have  the  same  value;  but  when  the  load  consists  of  induction  or  synchron- 
ous motors  or  converters,  Zo'  becomes  relatively  small  compared  to  Zo.  and 
consequently  dissymmetry  in  transformation  may  lead  to  excessive  heat- 
ing in  rotating  apparatus.  In  rotating  apparatus  Zo'  is  a fixed  auantity  at  a 
given  speed,  approximately  equal  to  tne  locked  impedance  in  the  induction 
motor;  Zo  will  depend  on  the  load  and  in  synchronous  apparatus  will  vary 
with  the  excitation.  It  may  in  every  case  be  expressed  m the  form  r*4* 
rw  +ro  +i»o,  where  3/41*^  is  the  wasted  work  done  against  iron  loss,  windage, 
and  friction,  and  a small  amount  of  work  required  to  overcome  the  negative 
torque  due  to  /A*.  The  total  loss  in  the  motor  will  then  be 
3{ /Ai^rw-f-ro)  + /A**rtl) 

ISO.  If  the  transformation  is  from  three-phase  to  two-phase. 

Ex i and  E* i should  be  obtained  in  terms  of  Eai  ana  Ea s the  positive  and 
negative  phase-sequence  components  of  the  three-phase  impressed 
e.m.f.  from  equation  47,  and  if  /* i and  fnare  the  corresponding  symmetrical 
components  of  the  two-phase  system  of  currents  and  Zo  and  Zo'  the  respective 
impedances  to  these  components  of  a symmetrical  two-phase  load, 
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"■>[ 


r .Za+Zt  2*.  .Za'VZt  Zp. 

Z.Z.-+  (Z.+Z.0  (till + t)  +*-t(t±ll)  J 

* • V (mp)*  pJ/  p»  \ (mp)*  / 

t fZa^Zt  Zp.  .Zx-\-Za  Zp . 

2 { ?.f-'+y(^r+pT)^-^'(Tm7,r-^)^, 


Z«Zo'+  (Zo4*Zo') 


^,  + Z,  Zf>v  f 4Zr/Z,  + Z«N 

\ (wp)1  ~^p*  / p*  \ impjs  / 


(55) 


The  expressions  in  brackets  are  the  positive  and  negative  phase-seaueaoe 
components  of  the  terminal  e.m.ls.  on  the  two-phase  siae.  If  s»  has  the 
correct  value  and  the  three-phase  impressed  e.m.f.  is  balanced,  Eat  is  aero. 
If  in  addition  to  this, 

Z.  + Za 


Zp 


m* 


(56) 


lx i will  also  be  sero.  This  is  clearly  seen  to  be  the  same  condition  as  that 
given  by  Eq.  52.  A stable  neutral  may  be  obtained  on  the  two-phase  side 
under  all  conditions. 


181.  If  a corrective  impedance  is  required  to  increase  the  value  of  Zr, 
its  equivalent  must  be  added  on  the  two-phase  side  of  transformer  &R 
(Fig.  25),  for  if  it  were  added  to  Zp  on  the  three-phase  side  it  would  have 
the  effect  of  increasing  Z,  also.  With  properly  designed  transformers  the 
unbalance  due  to  the  impedances  is  trifling  compared  to  that  arising  from 
other  causes,  but  there  are  occasions  when  it  oecomee  necessary  to  use 
transformers  designed  for  other  purposes  having  incorrect  ratios  and  high 
▼slues  for  Z«;  it  is  then  desirable  to  be  able  to  determine  the  extent  of  un- 
balance due  to  these  causes  and  if  necessary  correct  them. 

188.  Two-phase  to  six-phase  transformation.  A double  Scott 
connection  is  employed  almost  universally  for  this  transformation;  which 
is  used  solely  for  supplying  six-phase  power  to  synchronous  convertors 
from  two-phase  supply  systems.  Two  transformers  are  required  having 


Pio.  26. — Two-phase  to  six-phase  “Scott  connection/* 
Letters  are  arranged  to  show  the  relation  to  Scott  connec- 
tion two-phase  to  three-phase  (Fio.  25). 


their  secondaries  connected  as  shown  in  Fig.  26.  The  transformers  are 
usually  made  alike  so  as  to  be  interchangeable  and  the  two  secondaries  are 
symmetrically  arranged  with  respect  to  each  other  and  the  primary  wind- 
1Q€-  The  transformation  may  therefore  be  considered  as  a double  two- 
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Shase  to  three-phase  transformation  and  the  unbalance  calculated  by 
Iq.  60.  The  impedance  measurements  for  Zx,  Zw  and  Z.  must  be  made 
with  equal  currents  in  both  windings;  this  may  be  done  conveniently  by 
connecting  the  two  parts  in  multiple  when  making  the  measurements  and 
taking  twice  the  values  obtained  in  this  way  for  the  values  of  Zt,  Zw  and  Zm. 
In  the  case  of  the  synchronous  convertor  the  positive  and  negative  phase- 
sequence  impedances  based  on  six-phase  measurements  or  calculations 
should  be  used,  the  proper  value  being  that  obtained  from  the  current  in 
one  lead  and  one-hau  the  diametrical  voltage.  As  the  rating  of  a rotary 
convertor  is  very  much  affected  by  unbalance,  it  is  important  to  see  that 
the  necessary  conditions  given  in  Par.  lil  are  fulfilled  so  as  to  minimise  it. 

IfS.  Three-phase  to  two-phase  transformation  with  three  trans- 
formers. These  methods  of  transformation  offer  some  advantages  in 
small  installations  where  the  oost  of  a spare  unit  is  prohibitive,  and  it  is 
desired  to  provide  against  the  possibility  of  complete  interruption  of  service 
due  to  the  loss  of  one  unit  of  a bank.  They  are  also  useful  in  installations 
where  it  is  the  intention  at  a later  period  to  change  over  from  two-phase  to 
three-phase  and  it  is  desired  to  provide  for  standard  three-phase  connee- 
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JJL_K  ® a IB  r 
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Taylor  Connection  8 Phase  to  2 Phase 
8 Phase  to  2 Phase  with  with 

8 Transformers  8 Transformers 

Pio.  27.  Fiq.  28. 

Flos.  27  and  28. — Three-phase  connections 
using  three  transformers. 


tions.  That  shown  in  Fig.  27  is  known  as  the  Taylor  connection.  Another 
of  equal  practicability  is  that  shown  in  Fig.  28. 

164.  Xn  all  the  preceding  connections  balanced  currents  in  one 
■ystem  will  produce  balanced  currents  in  the  other  system.  There 
are  numerous  connections  which  will  give  balanoed  e.m.fa.  but  will  not 


A 


A 

11 

8 Phase  2 Phase  2 Phase  2 Phase 

Flo.  20. — Three-phase  to  two-phase  trans- 
formation systems. 


transform  a balanoed  load  on  one  system  to  a balanced  load  on  the  other 
system.  They  are  consequently  of  little  importance.  A few  of  the  most 
important  are  illustrated  in  Fig.  29. 

166.  Three-phase  to  three-phase  transformations.  The  delta- 
delta,  the  delta-star  and  the  star-star  connections  are  the  most  generally 
used;  they  are  illustrated  in  Fig.  30.  The  star-delta  and  delta-delta  con- 
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motions  miy  be  used  as  step-up  transformers  for  moderate  voltages;  the 
farmer  has  the  advantage  of  providing  a good  grounding  point  in  the  low- 
voltage  system  which  does  not  shift  with  unbalanced  load,  and  has  the 
farther  advantage  of  beinf  free  from  third  harmonic  pulsation;  the  latter 
b»  the  advantage  of  permitting  operation  in  “ V ” in  case  of  damage  to  one 
of  the  units.  These  connections  are  not  suitable  for  transmission  at  very  high 
voltage,  but  may  be  associated  with  other  connections  which  provide  means 
far  properly  grounding  the  high-voltage  system;  it  is  better,  however,  to 
•void  mixed  systems  of  connections.  The  delta-star  step-up  and  star- 
delta  step-down  connections  are  without  question  the  best  lor  high-voltage 


jTpnrri  ^ pnmn  ^ pnrcr| 


lofloo/~~[ooQo}  loop <J 

pmnr  pnrjnn  pnmrj 
O To  »J>  d 


Delta-Delta 

Connection 


U A a 

ip>oi  rioflir  fiooftti 
pnrrrj  pmnr|  prwrj 

Ola  ti  lc 


8tac*8tar 
I c Connection 

Delta-Star 
Connection 

Fio.  30. — Standard  three-phase  to  three-phase  transfor- 
mation systems. 


transmission,  as  they  are  economical  in  cost  and  provide  a stable  neutral 
whereby  the  high-voltage  system  may  be  directly  grounded,  or  grounded 
through  resistance  of  such  a value  as  to  critically  damp  the  system  pre- 
venting thereby  the  possibility  of  oscillation.  The  star-star  oonneotion  is  dis- 
cussed in  the  following  paragraphs. 

1M.  Star-star  connection.  To  render  this  connection  suitable  for 
high-volt«ge  transmission  delta-connected  tertiary  windings  must  be 
provided.  This  arrangement  of  transformers  is  frequently  used  to  inter- 
connect two  delta  systems  and  provide  a suitable  neutral  for  grounding 
each  of  them.  Sometimes  auto-transformers  are  used  for  this  purpose  in- 
stead of  two-coil  transformers.  In  either  case  the  delta-connected  tertiary 
winding  secures  a two-fold  purpose,  as  follows: 

(a)  It  permits  a path  for  the  flow  of  the  third  harmonic  com- 
ponent of  the  magnetising  current,  which  in  a star-connected  bank 
of  transformers  is  a aero-phase  sequence  system  of  currents  and  would,  if 
the  delta  connection  were  absent,  find  a path  through  the  neutral  point  and 
the  capacity  to  ground  of  the  transmission  lines,  and  cause  inductive  dis- 
turbances. 

(h)  In  case  of  a ground  on  the  system  it  permits  enough  current 
to  flow  to  operate  the  protective  apparatus. 

in.  The  effect  of  the  tertiary  delta  in  eliminating  the  flow  of  third 
harmonic  currents  through  around,  (a)  First  consider  the  neutral 
Point  isolated;  then  the  thira  harmonic  component  of  the  magnetising 
cwvent  can  flow  only  in  the  tertiary  delta,  and  therefore  encounters  the 
Jfftual  impedance  of  this  winding  only.  The  limiting  value  for  the  third 
harmonic  e.m.f.  of  neutral  to  ground  is  therefore  the  product  of  the  third 
“•nnonie  component  of  the  magnetising  current  of  the  tertiary  winding  at 
*°naal  induction,  and  its  virtual  impedance  multiplied  by  the  proper 
hamformation  ratio. 

Cb)  Secondly  consider  the  tertiary  delta  open  and  the  neutral 
Potat  grounded.  Then  the  limiting  value  for  the  third  harmonic  current 
that  win  flow  will  depend  upon  the  character  of  the  external  admittance 
and  may  be  considerably  greater  than  the  third  harmonic  of  the  magnetising 
currant  under  normal  conditions. 
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(e)  Lastly  consider  the  neutral  grounded  with  tertiary  delta  closed. 

Then  the  action  may  be  regarded  as  arising  within  the  oore  in  the  form  of  a 
third  harmonic  e.m.f.  causing  current  to  now  both  through  the  neutral  tc 
ground  by  way  of  the  external  admittance  to  ground  and  around  the  tertiary 
delta.  The  equivalent  simple  circuit  is  shown  in  Fig.  31  and  consists  of  the 
equivalent  circuit  of  a transformer  (Par.  18)  short-circuited  at  the  e«uj 
representing  the  tertiary  and  shunted  on  the  grounded  neutral  side  by  ar 
admittance  representing  the  external  admittance  of  the  system  to  ground, 
The  limiting  value  of  the  current  that  can  flow  in  the  joint  circuit  due  to  an 
internally  set  up  third  harmonic  e.m.f.  is  equal  to  that  of  the  third  har- 
monic component  of  the  magnetising  current  under  normal  conditions. 
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Fio.  31. — Showing  equivalent  circuit  illustrating 
source  and  flow  of  third  harmonic  current. 


But  a condition  of  resonance  may  exist  between  the  tertiary  virtual  react- 
ance and  the  oircuit  through  ground  and  neutral  due  to  the  external  capacity 
to  ground,  such  that  the  joint  path  may  have  a very  high  impedance  to  the 
flow  of  the  third  harmonic  current.  In  this  case  the  limiting  value  ol 
the  current  that  can  flow  in  the  neutral  will  be  obtained  by  dividing 
the  third  harmonic  component  of  e.m.f.  obtained  with  tertiary  delta  open 
and  neutral  ungrounded  by  the  sura  of  the  virtual  impedance  of  the  wind- 
ing to  be  grounded  and  the  external  impedance  of  one  wire  to  ground. 

(d)  Where  two-coil  transformers  are  used  and  both  windings  are 
grounded  there  are  three  possible  paths  for  the  flow  of  the  third  harmonk 
magnetising  current,  namely,  the  delta  tertiary  and  the  two  paths  through 
the  neutrals  of  each  winding. 

158.  In  star-star  connected  core-type  transformers  the  third  harmonk 
component  of  the  e.m.f.  becomes  very  small  on  account  of  the  mutual  induct- 
ance between  phases,  but  it  is  advisable  to  provide  such  transformers  wit! 
delta  connected  tertiaries. 


lit.  The  second  function  of  the  tertiary  winding.  It  is  importani 
0 be  able  to  estimate  the  amount  of  current  tnat  will  flow  through  ground 


in  case  one  of  the  high-voltage  lines  becomes  grounded.  Take  the  siinptal 
case  and  suppose  a step-up  star-star  transformer  is  supplied  by  a generates 
Let  the  ratio  of  transformation  be  p and  let  the  positive  and  negative  phsfl 
sequence  impedance  of  the  generator  be  Zai  and  Zai,  respectively  ail 
Let  the  internal  generated  voltage  be  RAi.  Let  the  high-voltage  and  low 
voltage  neutrals  of  the  transformer  both  be  grounded,  but  let  that  of  ta 
generator  be  free.  Two  impedance  measurements  will  be  required  for  th 
transformer;  the  ordinary  snort-circuit  impedance  measured  on  the  bin 
voltage  aide  with  tertiary  open,  and  the  short-circuit  impedance  with  tertisi 
closed,  the  low-voltage  winding  being  open.  Denote  these  by  Zt  and  Z fi 
respectively.  At  the  point  of  short  circuit  we  shall  have  the  ground  currenl 
in  the  high-voltage  phases  U,  V%  W respectively  /,  0 and  0,  which  resolve 
into  its  symmetrical  components  gives 

I Trr  * . 

V rUl~3’ 

We  obtain  for  the  value  of  1/3 

* gj?*L (jf 

3 ZTo+pKZa\  + Zai)+2Zt  ^ 


7t/o  = 


lu,-L 
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Fi^da  value  of  V/3  of  1/3  for  a tentative  value  E'Ai  of  Eai.  Then  the  e.m.f. 
mom  phase  AB  of  the  low-voltage  winding  will  be 

Bc'-jy/3  {aBAi'-~(ZAx-ZAt*)  } (59) 

If  Ei  be  the  effective  value  at  which  the  voltage  across  AB  is  held, 

(60) 

and  from  this  the  true  value  of  1/3  may  be  obtained.  The  ourrents  in  the 
high-  and  low-voltage  windings  of  the  transformer  and  in  the  tertiary  winding 


Fie.  33. — Showing  distribution  of  current  in  star-star  transformer  with  delta 
tertiary  when  lino  becomes  grounded. 


nay  then  be  calculated.  They  are  shown  in  Fig.  32,  the  tertiary  winding 
being  assumed  to  have  the  same  number  of  turns  as  the  low-voltage  wind- 
ing. If  the  supply  system  instead  of  being  a generator  is  a transmission 
line  fed  from  generators  through  step-up  delta-delta  transformers,  the 
impedance  of  the  transmission  system  should  be  added  to  Zai  and  Za%  after 
they  have  been  multiplied  by  the  proper  transformation  factor. 

1M.  If  the  transformer  is  a three-phase  core-type,  the  value  of 
£r.  should  be  measured  with  all  the  high-voltage  terminals  connected  to-' 
Cfther  and  the  tertiary  in  delta,  Zr*  being  one-tnird  the  value  obtained  in 
this  manner. 

ltl.  Delta-delta  connections  are  widely  used  for  moderate  trans- 
mimon  voltages.  The  case  of  unbalanced  banks  is  of  interest.  If  Z* 
Z\  and  Z«  be  the  short-circuit  impedance  of  the  individual  transformers 


A 


Delta  connection  with 
unlike  transformers 


b 

" V'  ‘ connection  limit  of 
Delta  with  unlike  trans- 
formers. 


Fia.  33. 


i 


«f  a bank,  Kg.  33(a),  let  Z‘  + Z£  + Z’,  Z-‘  + <^  + a'Z-.  and  Z.+  oMa  + aZ. 

J*  represented  by  Za«,  Zai  and  Za*  respectively.  If  the  impressed  e.m.f. 
has  components  represented  by  &Ai  and  &Ai,  and  if  Zo  and  Z o'  be  the  i m- 
Pfoaaeea  of  a symmetrical  star  connected  load  to  the  positive  and  negative 
pha«  sequence  currents,  multiplied  by  the  proper  transformation  factors, 
and  if  /4i  and  Jax  are  the  component  currents  in  the  line, 
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lA  i- 


Zi4i*\ 


Zj4  iZx*\ 


Z^  t*\ 


Z^|«\ 


lAt  — 


(Z.+ZA,-^g!)SAt+(ZAt-^£)4Al 


Zai%\ 


(C 


Za»)(ZA'  Za,J 
The  positive  and  negative  phase-sequence  components  of  the  delta 
currents  are  obtained  by  the  transformation  in  Eq.  48.  The  sero  phase- 
sequence  current  /•  o is  given  by 

j‘Ia  i Zxi  I A 


l * 


Zai 


(62) 


a— h;’—  - 1 — 

v3  ZA9  v3  Zao 
'161.  Ths  open-delta  or  '«V’'  connection  is  an  unsymmetrical  connec- 
tion which  is  used  when  one  of  a bank  of  a delta-connected  transformeri 
fails.  It  is  sometimes  used  as  a temporary  connection  with  the  intention 
of  completing  the  delta  when  conditions  of  load  warrant  by  the  addition 
of  a third  transformer.  Since  the  line  currents  pass  through  each  trane- 
former  the  rating  of  each  should  be  0.577  of  the  total  kv-a.  of  the  load.  It 


may  be  considered  as  a limiting  case  of  the  unsymmetrical  bank  of  delta 


connected  transformers.  If  both  transformers  are  alike  and  have  impedance 
Z (Fiq.  336)  we  shall  have  Za\  - Zji*»Z.4#~Z/3  and  Eq.  61  when  Za%  is 
made  indefinitely  large  reduces  to 

(|z+Z,')&».  + |z&l, 

JA  i 


(lz+z.)(*z+z.')-lz' 


U 


(Iz+Z,)za,+^ZBai 


(fz  + 2.)(iz+Z.')-}z. 


(63) 


If  an  impedance  equal  to  Z,  the  impedance  of  one  transformer,  be  placed 
in  the  line  lead  A on  the  primary  side,  the  system  will  become  symmetrica 
and  we  shall  have  Ea  i 


Z + Zo 

lAt~z+% 

jAt  becoming  sero  when  Ea*  is  sero. 

163.  Delta-star  and  star-delta  connections.  These  are  the  bes 
connections  for  use  with  hlgh-volta^e  transmission  systems.  The  aam< 
actions  take  place  in  the  delta  as  in  the  delta-connected  tertiary  of  th 
star-star  connection  (Par.  166),  but  on  account  of  the  low  virtual  impedano 
of  these  windings  there  is  no  possibility  of  resonance,  and  therefore  tb 
neutral  of  the  star  may  be  grounded  without  introducing  any  trouble. 

164 . The  solution  for  transformers  of  unequal  impedance  con  nected  ii 
a delta-star  bank  may  be  obtained  from  the  solution  for  delta-delta  connecthM 
(Eq.  61)  by  making  ZaiZai/Zao.  Zai*/Za*  and  ZAtVZ^lo  all  sero.  The  loarf 


impedances  Z#,  Zo'  are  the  star  impedances  multiplied  by  the  proper  trend 

ry  this  tram 


formation  constant.  If  p is  the  ratio  of  secondary  to  primary  _ 

formation  constant  is  1/3P*..  The  sero  phase  sequence  component  of  th 
currents  in  the  primary  delta  is  purely  a magnetising  current  and  is  negligible 
The  terminal  e.m.fs.  of  the  secondary  circuit  are  given  by  the  symmetric! 
component  e.m.fs.  EU«,  EU\  and  Em  where 

EU9-p3j{lAiZAi-lA\ZAl) 


Eui » p y/ZjlA\Zo 
Eut—  — p y/WjlA  *Zo 


yG00< 
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The  sero  phase  sequence  component  is  absent  if  the  transformers  are 
thlce.  The  secondary  positive  and  negative  phase  sequence  components  of 
current  are 

i-1—- 

P v3  p 

p V 3 p 


(66) 


1M.  If  ths  neural  point  of  the  star  secondary  is  solidly  grounded, 

a {round  on  one  line  wul  be  equivalent  to  a short-circuit  across  one  pair  of 
terminals  of  the  generators  through  an  impedance  equal  to  that  of  one 
tramformer  measured  acroes  the  secondary  terminals  plus  the  line  and 
ground-return  impedance  up  to  the  point  of  short-circuit  multiplied  by 

1/p*. 

IK.  The  **T”  connection  is  not  extensively  used.  It  has  an  ad- 
vantage over  the  “V  " connection  in  being  more  nearly  symmetrical  if  the 
proper  tape  have  been  provided.  Aa  in  the  case  of  the  “V"  connection 
two  transformers  of  a bank  of  delta-connected  transformers,  one  of  which 
h m failed,  may  be  connected  in  ' 'T  ” and  if  the  10  per  cent,  tape  be  used 
lor  the  teaser  transformer  the  transformation  will  be  more  nearly  sym- 
metrical than  if  the  * 'V  ” connection  were  used.  Where  "T  ” connected 
traiuformers  are  installed  they  may  later  be  changed  to  delta  with  the 
addition  of  one  more  transformer  and  an  increase  in  rating  of  the  bank  of 
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Fio.  34. — 'T*  Connected  Transformers. 


73  per  cent.  In  the  "T"  connection  (Fig.  34)  the  transformer  AD  known 
as  the  "teaser”  transformer  may  be  a duplicate  of  the  main  transformer  so 
as  to  be  interchangeable  with  it,  and  it  may  or  may  not  be  provided  with 
an  86.6  per  cent.  tape.  Its  rated  capacity  will  then  be  15.5  per  cent,  more 
more  than  actually  necessary.  The  main  transformer  operates  at  a power 
factor  of  0.866,  and  therefore  if  the  two  transformers  are  duplicates  their 
total  rated  capacity  will  be  15.5  per  cent,  greater  than  the  capacity  of  the 
load  in  kv-a.,  or  each  transformer  must  have  a rating  of  0.577  of  the  kv-a. 
defivered.  If  the  transformers  are  not  interchangeable  the  teaser  may 
be  reduced  to  a rating  of  one-half  the  kv-a.  delivered. 

. If  Z\  is  the  impedance  of  the  teaser  transformer  with  the  secondary  short- 
amuited,  and  if  Zt  is  that  of  the  main  transformer  through  one-half  of  the 
secondary  with  the  corresponding  half  of  the  secondary  being  short-circuited, 
“d  if  Z»  and  Z©*  are  the  positive  and  negative  phase-sequence  impedances 
of  the  symmetrical  star-connected  load  referred  to  the  primary. 
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In  connecting  transformers  in  * *T  ” care  should  be  taken  to  keep  the 
relative  phase  sequence  of  the  windings  the  same,  other-wise  the 

impedance  of  the  main  transformer  may  be  excessively  high  and  cause  un- 
due unbalance.  Fig.  34  illustrates  the  right  and  the  wrong  way.  If  Zt 
and  Zt  are  equal  the  system  will  transform  symmetrically. 


167*  Three-phase  to  six-phase,  double  delta, 
banks  of  transfori  ’ a '* 


, J If  two  delta-connected 

uormers  be  taken,  and  the  polarity  of  one  bank  be  reversed, 
the  two  banks  together  will  furnish  six-phase  e.m.f.  The  relations  between 
the  secondaries  is  indicated  in  Fig.  35.  Instead  of  using  two  banks  of  trans- 
formers, it  is  usual  to  place  two  equal  secondary  windings  on  each  trans- 
former and  connect  one  set  so  as  to  give  opposite  polarity  to  the  other  set. 

168.  Three-phase  to  six-phase,  diametrical.  Similarly,  if  the  two 
sets  be  connected  in  star,  one  set  having  its  windings  reversely  connected 
with  respect  to  the  other  set  (Fig.  36),  we  shall  have  six-phase  e.m.fs.  It 
is  not  necessary  in  this  transformation  when  the  neutral  connection  is  re- 
quired, to  have  two  secondary  windings;  instead  a middle  tap  may  be 
brought  out.  all  the  middle  taps  of  the  three  transformers  being  connected 
together  to  form  the  neutral. 

169.  The  inter  connected-star  con- 
nection shown  ifi  Fig.  37  is  used  in 
connection  with  direct-current  three- 
wire  distributing  systems.  This  con- 
nection permits  continuous  current  in 
the  neutral  wire  to  flow  through  the 
transformers  without  magnetizing 
them. 


CONSTANT-CURRENT 

TRANSFORMERS 


170.  The  constant- current 
transformer  depends  for  its  regu- 
lation on  the  force  of  repulsion 
between  the  primary  and  the 
secondary  coils  which  carry  cur- 
rents that  are  in  opposite  time-phase. 

Referring  to  Fig.  35  and  Fig.  4,  as  the 
load  impedance  decreases,  tne  current 
will  first  increase,  if  the  quantities 
(la  — AT)  and  ( Lt  — M)  remain  constant, 
but  if  the  latter  increases  in  the  right 
proportion  the  current  will  remain 
constant.  As  the  load  impedance 
is  decreased,  the  total  reactance 
in  the  secondary  circuit  will  decrease, 
and  the  short-circuit  reactance  of  the  primary  circuit  will  increase  a corre- 
sponding amount.  The  ratio  of  current  transformation  will  therefore  remain 
practically  constant  throughout  the  range.  The  apparatus  may  thus  be 
considered  as  a device  to  maintain  a constant  effective  primary  impedance, 
independent  of  the  load.  The  short-circuit  impedance  with  full-load  coil 
separation  should  be  as  low  as  consistent  with  a reasonable  cost  or  satisfac- 
tory operation,  but  with  no-load  separation  it  should  be  high  enough  to 
limit  the  current  to  its  normal  value.  Sometimes  the  transformer  is  designed 

Digitized  by  VjOOQlC 

437a 


Fia.  37. — Interconnected  star 
connection. 


TRANSFORMERS 


Sec.  6-171 


irith  regulation  to  take  care  of  the  cutting  out  of  a portion,  only  of  the  load 
impedance,  in  which  case  the  short- 
circuit  impedance  voltage  of  the 
primary  circuit  for  normal  current 
will  be  less  than  the  primary  im- 
pressed voltage. 

171.  In  the  design  of  constant- 
currant  transformers  for  tung- 
iten  lamps,  requiring  a given  total 
number  of  kv-a.,  a smaller  trans- 
former is  required  than  that  for  arc 
lamps  of  the  same  kv-a  rating,  on 
account  of  the  low  power-factor  of 
the  arc  lamp.  The  design  may  be 
made  along  the  same  general  lines  as 
for  power  transformers,  except  that 
the  short  dimension  of  the  coil  space 
will  be  determined  from  the  effective 
short-circuit  impedance  of  the  regu- 
lator with  full-load  coil  separation, 
while  the  long  dimension  will  be  de- 
termined by  the  no-load  short-circuit 
impedance  required,  and  the  length 
of  the  coils.  The  transformers  are 
sir  cooled,  the  nature  of  the  design 
affording  free  access  of  air  to  all 
working  parts. 

178.  Mechanical  design  and 
adjustments.  The  design  usually 
comprises  one  stationary  coil  and  a 
moving  coiL  the  latter  being  the  pri- 
mary. with  a suitable  counter- 
weight, as  in  fig.  38.  When  both 
coib  are  movable  they  are  usually 
arranged  to  counter-balance  each 
other  by  means  of  lever  arms  or 
wheels.  In  both  types,  adjusting 
wrights  are  required  to  obtain  proper 
balance;  adjustment  also  may  be 
necessary  in  the  relative  lengths  of 
lever  arms  at  different  positions.  A dash  pot  should  be  provided  to  prevent 
pumping  of  the  regulator  and  flickering  of  the  lamps.  Ten  per  cent,  primary 

voltage  taps  above  ana 
below  normal  are  some- 


times provided. 

173.  Types  and  char- 
acteristics. The  one 
general  type  now  in  use, 
which  experience  has 
shown  most  efficient,  con- 
sists of  a shell-type  mag- 
netic circuit  of  rectangular 
or  cruciform  cross-section, 
witha  movable  coilsystem 
as  described  in  Par.  172. 

174.  Formulas  for 
constant-current 
transformers.  The  for- 


Fia. 


38. — Constant-current  regula- 
tor transformer. 


F t o . 3 9. — Magnetic 
circuit  of  constant  cur- 
rent regulator. 


Fio.  40. — Cross-sec- 
tion of  cruciform  core  of 
constant  current  regu- 
lator. 


mmai  for  the  effective  primary  inductance  and  repulsive  force  are  given  below : 
the  symbols  refer  to  the  dimensions  shown  in  Fig.'  39  and  Fig.  40.  The 
inductance  for  a rectangular-core  regulator  is 


L - 


4 *CN* 
10* 


5.08d 
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The  inductance  for  a cruciform-core  regulator  is 

L - 4*^v'  / — — \ (henry.)  («9) 

10  \0.23  + lo  ,'fj 

For  each  caee  the  repulsive  force  F ie 

r“>7|,(T45X^MXc)  (P°UDdS>  <70) 

The  value  of  C is  obtained  by  adding  to  the  coil  separation  the  insulation 
clearance  between  coils  plus  0.45  times  the  length  of  each  ooil.  All  dimen- 
sions are  to  be  measured  in  inches. 

175.  Regulation,  of  constant-current  transformers  for  arc-lighting 
is  usually  guaranteed  over  a range  from  full  load  to  no  load.  If  properly 
adjusted,  the  current  should  be  within  0.1  amp.  of  the  normal  value  of 
current  for  any  number  cf  lamps  between  full  loaa  and  no  load. 

176.  The  satisfactory  working  of  alternating-current  arc  lamps 
demands  a oertain  amount  of  reactance  in  the  lamp  circuit.  This  is  provided 
in  the  transformer  by  its  own  effective  reactance.  The  full-load  operating 
power-factor  of  an  alternating-current  arc-lamp  system  seldom  excells 
70  per  cent. ; at  small  loads  the  power-factor  is  very  much  less.  A table  of 
efficiency  and  rating  is  given  in  Par.  178. 

177.  Constant-current  regulators  for  series  tungsten  lamp  lighting 
are  similar  in  design  to  the  alternating-current  series  arc  lamp  constant- 
current  transformer,  except  that  the  dashpot  is  omitted.  Ratings  and  effi- 
ciencies are  given  in  Par.  179. 

178.  Constant-current  Transformers  for  Arc-Lighting ; Ratings  and 
Efficiencies 

60  Cycles 


Secondary  amp. 

Full-load 

6.6 

7.5 

10.0 

efficiency 

No.  of  lamps 

6 

5 

6 

90.2 

No.  of  lamps 

13 

11 

12 

92.5 

No.  of  lamps 

20 

17 

18 

92.7 

No.  of  lamps 

27 

24 

25 

93.3 

No.  of  lamps 

38 

34 

35 

93.9 

No.  of  lamps 

55 

48 

50 

94.6 

No.  of  lamps 

83 

72 

75 

95.3 

No.  of  lamps 

110 

96 

100 

95.7 

179.  Ratings,  Power-factors  and  Efficiencies  of  Constant-Current 
Transformers  for  Operating  Series  Tungsten  Lamps 

60  Cycles 


Kw. 

Efficiency  per  cent. 

Primary  power-factor  per  cenlj| 

iload 

1 load 

} load 

full  load 

i load 

i load 

{load 

full  load 

4.0 

73.7 

86.5 

90.5 

91.7 

22.9 

50.6 

75.6 

83.7 

8.0 

78.7 

89.2 

92.5 

93.65 

23.1 

51.8 

77.4 

84.9 

12.0 

79.7 

89.8 

93.0 

93.8 

23.3 

52.3 

78.1 

85.2 

17.0 

81.2 

90.7 

93.5 

94.5 

23.6 

52.5 

78.5 

S5.4 

24.0 

82.8 

91.6 

94.2 

95.0 

23.8 

52.7 

79.0 

85.6 

25  Cycles  | 

4.75 

71.9 

86.0 

90.3 

91.0 

24.5 

51.2 

76.8 

84.2 

7.0 

74.5 

87.6 

91  3 

92.0 

24.9 

52.7 

78.3 

85.7 

10  0 

76.4 

88.7 

92.0 

92.3 

25.3 

53.6 

79.8 

87  0 

14.0 
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Sec.  6-180 


The  above  values  of  performance  are  based  on  oonstant-current  trans- 
formers designed  to  operate  on  a 2,200-volt  circuit;  the  number  of  lamps 
comprising  the  secondary  load  will  depend  upon 
tbeir  operating  current  and  voltage. 

Impressed 

ATJTO-TRAN8FORMKR8  " 

IN.  Oeneral  principles.  The  auto-trans- 
former is  nothing  more  than  a transformer  so 
connected  that  part  of  the  load  current  is  sup- 
plied by  the  primary  current,  and  part  by  the 
secondary  current.  The  relative  amount  sup- 
plied by  each  will  depend  upon  the  ratio  of 
transformation.  If  the  ratio  of  transformation 
is  large,  the  current  in  the  secondary  will  ba 
large  compered  with  that  in  the  primary,  and 
the  proportion  of  the  load  current  contributed  F i o . 4 1. — Transformer 
by  the  primary  current  will  be  small;  on  the  shown  connected  as  an  auto- 
other  hand,  if  the  ratio  of  transformation  ap-  transformer, 
proaches  unity  the  primary  current  will  be  large 

compared  with  the  secondary  current,  and  therefore  the  primary  current 
will  supply  the  greater  portion  of  the  load.  Fig.  41  illustrates  the  connec- 
tions of  a transformer  for  use  as  an  auto-transformer,  and  gives  also  a physical 
conception  of  the  current  relations  in  the  latter.  The  primary  voltage 
is  the  difference  between  the  voltage  of  the  supply  circuit  and  that  of  the 
secondary  circuit.  The  load  current  is  supplied  from  the  primary  and  the 
secondary  in  approximately  inverse  proportion  to  the  respective  number 
of  turns  in  their  windings.  Therefore,  the  lower  the  ratio  of  transformation, 
the  smaller  will  be  the  transformer  required  to  deliver  a given  load,  and  the 
more  efficient  will  be  the  transformation.  The  method  of  connection  may 
be  modified  from  that  shown  in  Fig.  41,  but  the  principle  is  unchanged. 
As  the  load  on  the  secondary  is  increased  the  primary  voltage  becomes 
greater,  so  that  the  regulation  of  an  auto-transformer  is  very  much  better 

than  when  used  as  a simple 
Bus-bar  transformer. 

181.  Types  and  charac- 
teristics. Auto-transform- 
ers may  be  used  for  every 
purpose  for  which  transform- 
ers are  used,  but  there  is 
little  to  be  gained  by  using 
them  for  large  ratios  of  trans- 
formation, and  on  high-vol- 
tage work  their  use  requires 
a grounded  system  for  the 
sake  of  safety  in  operation. 

181.  Auto-transformers 
for  power  purposes  may 
be  used  instead  of  trans- 
formers to  step-up  or  step-down  the  voltage  of  a grounded  transmission 
line.  8uch  an  arrangement  is  found  very  convenient  when  supplying 
power  to  a grounded  system  from  a grounded  supply  circuit.  A good 
example  of  the  use  of  auto-transformers  for  power  purposes  is  afforded  by 
the  New  York,  New  Haven  and  Hartford  Railroad  system,  in  which  the 
11,000-v-olt  trolley  circuit  is  supplied  through  auto-transformers  at  each 
section  from  the  22,000  volt-feeder  circuits.  Auto-transformers  may  also 
be  used  as  a means  of  interlinking  two  systems  of  different  voltages;  the 
three-phase  auto-transformer  is  commonly  used  for  this  purpose. 

181.  Auto- transformers  or  balance  coils  are  often  employed  to  ob- 
tain the  middle  wire,  or  neutral  wire,  of  a three-wire  alternating-current 
eystem.  The  rise  of  balance  coil  used  is  ordinarily  one  that  will  take  care  of 
21  per  cent,  unbalancing  of  the  system. 

184.  Auto-transformers  or  balance  coils  for  three-wire  direct-cur- 
rent systems.  The  connection  shown  in  Fig.  23  of  Sec.  9 is  sometimee  used 
to  obtain  the  neutral  of  a three-wire  direct-current  system. 
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Fig.  42. — Use  of  auto-transformers  for  par- 
alleling transformers. 
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18S.  Auto-transformers  for  producing  a proper  division  of  the  load 
between  transformers  operating  In  parallel.  There  are  several  way® 

in  which  auto- transformers  may  be  used  for  this  purpose;  one  of  these,  by 
which  a group  of  any  number  of  transformers  of  one  design  may  be  connected 
so  as  to  operate  in  multiple  with  a group  of  any  number  of  transformers  of 

another  design,  is  illustrated 
M by  Fig.  42.  The  illustration 

show,  only  mnglc-phM* 
I I I [ groups,  but  polyphase  groups 

£ /// / may  be  paralleled  in  a aiin- 

— JilSjllL  . ilar  manner. 

IS  \S  Another  method  of  paral- 

soo  kva  800  KVA  900  kva  ioo  KVA  leling  two  groups  of  trans- 
formers is  illustrated  in  Fig. 
43.  In  this  method  it  is 
riecessaary  to  have  an  auto- 
transformer with  a number 
of  taps,  so  that  the  proper 
tap  may  be  used  for  each 


~~|s  ~Js  ~}s 


Fia.  43. — Use  of  auto-transformers  for  par- 
alleling transformers. 


combination  of  groups.  When  paralleling  two  transformers  of  unequal  im- 
pedance drop  at  their  rated  currents,  the  voltage  across  the  whole  winding  of 
the  auto  transformer  will  be 


\/(Ii  n - Itn)  * + (Iixi  - / lx,)  * (71) 

The  winding  should  be  designed  to  have  the  turns  in  each  portion  inversely 
proportional  to  the  rated  current  of  the  transformer  connected  to  it. 

186.  The  regulation  of  an  auto-transformer  is  illustrated  most 
clearly  by  means  of  a vector  diagram.  Fig.  44  shows  the  vector  diagram  of  a 
step-down  auto-transformer.  Fig.  45  shows  that  of  a step-up  auto-trans- 


Fia.  44. — Step-down.  Fio.  45. — Step-up. 

Fias.  44  and  45. — Vector  diagrams  of  voltage  relations  in  step-down  and 
step-up  auto-transformers. 


former.  The  construction  is  as  follows:  OA  is  the  primary  counter  c.m.f.  OB  is 
equal  to  OA  multiplied  by  the  ratio  of  transformation.  The  impedance  drop 
BE,  in  the  case  of  the  step-down  auto-transformer  (Fig.  44)  is  equal  to 
(1—  m)  times  the  short-circuit  impedance  voltage  of  the  auto- transformer 
considered  as  a transformer  with  tne  primary  short-circuited,  the  secondary 
of  the  transformer  being  that  portion  of  the  winding  which  forms  the  sec- 
ondary of  the  auto- transformer,  the  primary  being  the  remaining  portion. 
*m’  being  the  ratio  of  transformation.  In  the  vector  diagram  for  the  step- 
up  auto-transformer  (Fig.  45)  the  impedance  drop  BB  is  equal  to  the  short- 
circuit  impedance  of  the  secondary  with  the  primary  winding  short-d**1 
cuitcd,  the  secondary  being  that  of  the  auto-transformer  considered  as  a 
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transformer.  In  each  case  OB  is  the  secondary  e.m.f.  at  100  per  cent,  power- 
factor  and  OO  is  the  e.m.f.  across  the  remaining  portion  of  the  winding.  The 
triangle  HGK  is  equal  to  BEF.  The  vector  diagrams,  Fig.  44  and  Fig.  45, 
show  the  regulation  for  a load  of  100  per  cent,  power-factor;  the  loci  for  any 
load  of  any  power-factor  mav  be  obtained  by  following  the  construction 
shown  in  Fig.  6,  described  under  “General  Theory,”  Par.  IS. 

187.  The  cost  of  an  auto-transformer  designed  to  deliver  a given 
amount  of  power  P,  depends  upon  the  ratio  of  transformation.  The  actual 
rate  at  which  energy  is  transformed  electromagnetically  in  the  auto-trans- 
former, is  the  true  criterion  of  its  cost;  this  rating  may  be  conveniently 
referred  to  as  the  equivalent  transformer  rating,  though  it  should  be 
kept  in  mind  that  in  the  auto-transformer  the  insulation  stresses  may  be 
different  from  those  that  occur  in  the  transformer.  If  m be  the  ratio  of  the 
low-tension  e.m.f.  to  the  high-tension  e.m.f.  of  the  auto-transformer  at  no 
load,  the  equivalent  transformer  rating  will  be  (1  — m)P,  where  Pis  the  auto- 
transformer  rating.  If  m— J,  the  transformer  rating  of  the  auto-trans- 
former is  one-half  its  auto-transformer  rating.  If  m be  very  small,  the  two 
ratings  approach  equality;  if  m be  larger,  the  transformer  rating  is  very  small 
compared  with  the  auto-transformer  rating.  The  cost  of  the  auto-trans- 
former  may  thus  be  expressed  in  terms  of  a two-winding  transformer  with 
certain  conditions  of  insulation  stress  to  be  considered.  Since  auto- 
transformers  are  most  generally  used  on  low-voltage  circuits,  the  effect  of 
the  difference  in  insulation  stress  is  usually  negligible. 

188.  Induction  starters  are  auto-transformers  connected  for  opera- 
tion on  polyphase  circuits,  to  reduce  the  voltage  applied  to  an  induction 
motor  at  starting.  Usually  a number  of  starting-points  are1  provided,  so 
that  the  same  design  may  be  used  for  different  starting  conditions. 

INSTRUMENT  TRANSFORMERS 

189.  Voltage  (shunt-type)  transformers  are  used  for  many  classes 
of  work,  such  as  operating  relays  for  voltage  regulation  and  protection, 
operating  recording  instruments,  power-factor  meters,  and  switchboard 
instruments,  including  voltmeters  and  wattmeters.  For  accurate  work  a 
potential  transformer  should  carry  the  load  of  one  instrument  only,  and 
should  be  compensated  for  this  load. 

180.  In  the  design  of  voltc^e  (shunt-type)  transformers  it  is  im- 
portant to  keep  the  weight  of  iron  and  the  effective  impedance  as  low  as 
possible;  therefore  the  insulating  material  used  must  be  highly  efficient  as  an 
insulator,  and  the  coils  must  be  so  subdivided,  wound,  and  insulated  as  to 
occupy  the  minimum  amount  of  space.  The  induction  must  be  fairly  low,  so 
as  to  avoid  distortion  of  wave  form  due  to  the  exciting  current. 

181.  Compensation  for  the  effect  of  the  load  current  and  the  ex- 
citing current  may  be  calculated  from  the  equivalent  circuit  as  discussed 
in  Par.  19,  under  u General  Theory.”  No  definite  rules  can  be  laid;  the 
best  guide  is  a comparison  between  calculated  values  and  test  results. 

198.  Voltage  transformers  are  manufactured  to  operate  on  all 
voltages,  up  to  100,000  volts.  For  very  high  voltages  tne  design  of  a 
reliable  transformer  of  low  cost  becomes  exceedingly  difficult;  the  cost  of 
the  terminals  alone  is  a very  large  item. 

198.  Current  (series  type)  transformers.  It  has  been  shown  that  in 
such  transformers  the  effect  of  wave-form  distortion  of  the  secondary  cur- 
rent on  the  accuracy  of  measurements  is  so  small  as  to  be  undetectable,  even 
with  the  most  accurate  instruments  available.  It  follows  that  in  considering 
any  particular  load  the  wave  form  of  the  secondary  current  may  be  assumed 
to  be  a sine-wave  and  the  equivalent  sine-wave  value  of  the  exciting  current 
may  be  taken.  It  will  be  found  convenient  in  practical  work  to  consider  the 
ratio  as  unity,  and  the  primary  current  reversed  in  time  phase  so  as  to  be 
nearly  in  phase  with,  instead  of  being  nearly  in  opposition  to,  the  secondary 
current,  it  being  of  course  understood  that  the  phase  of  one  of  them  must 
be  reversed  in  a transformer.  Then,  referring  to  Fig.  4 under  “General 
Theory”  (Par.  19  to  Par.  S3),  we  find  that  the  induced  voltage  in  the  sec- 
ondary circuit  under  load  of  impedance  Zo  « Ro  -{-juLo  is 

(72) 


+ R*  + / 1 (w[Lt—  AfJ-f- wLo  j j 
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The  mean  induction  in  the  core  will  depend  on  this  e.m.f.  and  mar  be  (onnd 
by  means  of  Eq.  4.  Let  the  angle  of  lag  of  the  exciting  current  behind  the 
induced  e.m.f.  be  a and  let  its  value  considered  with  reference  to  the  second- 
ary winding  be  /«;  then  if  the  angle  of  lead  of  the  induced  e.m.f.  over  In 
be  0,  determined  by  the  formula, 

-- sfei&!rfe 

we  shall  have  

J9\ 


?rf’[V1+  (s)  '+2r,  (*-a>  ]'* 


(74) 


where  0 and  a are  already  defined,  and  the  value  of  0i  is  found  from  the  formula 


tan  0i- 


sin  (0  — a) 
1+^*  cos  (0  — a) 


(75) 


The  quantity  under  the  radical  in  Eq.  74  is  the  factor  by  which  the  ratio  of 
turns  must  be  multiplied  in  order  to  get  the  ratio  of  transformation,  and  0i 
is  the  lay  of  the  primary  current  over  the  secondary  current. 

194.  The  important  factors  in  the  design  of  series  (current)  trans- 
formers are  the  load  impedance  and  the  effective  secondary  impedance  for 
these  together  determine  the  mean  induction  in  the  iron  for  a given  secondary 
current.  These  factors  being  fixed  the  excellence  of  the  design  will  depend 
on  the  quality  of  the  iron  and  the  care  taken  in  building  which  should  be 
such  as  to  make  /«  as  small  as  possible.  Care  should  be  taken  in  the 
mechanical  design  to  avoid  eddy  currents  in  the  end  frames,  and  in  the 
electrical  design  that  in  the  endeavor  to  make  the  induction  low  by  using  a 
large  number  of  turns  this  purpose  is  not  defeated  by  the  large  increase  in 
secondary  reactance  produced  thereby. 

195.  The  offset  of  these  factors  and  of  different  qualities  of  iron 
may  be  studied  by  means  of  curves  of  ratio  and  phase  displacement,  such  as 
that  shown  in  Fig.  46  which  was  made  by  a method  similar  to  those  recom- 
mended by  Crawford  and  Sharp,  Agnew  and  others  (see  Sec.  3). 
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Fio.  46. — Calibration  curve  of  a standard  bus-bar  type  series  transformer. 

199.  Current  (series)  transformers  for  high-voltage  circuits  are 

generally  costly  on  account  of  the  necessity  of  insulating  them  heavily  and 
if  they  are  oil-immersed  they  require  in  addition  a high-voltage  terminal. 
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k new  design  has  been  developed  for  high  voltages  which  Is  less  costly. 
It  consists  of  a core  which  is  wound  with  the  secondary  wiwding,  while  the 
primary  winding  is  wound  through  a condenser  lead  which  passes  through 
the  opening  of  the  core. 

1*7.  Correction  factors  for  power  measurements.  Errors  introduced 
is  measurements  made  with  the  use  of  series  (current)  and  shunt  (potential) 
tnnsformers  are  usually  negligible,  if  the  power-factor  of  the  load  measured 
is  high.  On  low  power-factors  the  results  will  be  inaccurate  to  an  appreciable 
degree  and  the  calibration  curves  of  the  transformers  should  be  used  in 
order  to  make  the  necessary  corrections.  If  the  power-factor  of  the 
load  be  cos  a and  the  angle  of  lead  of  the  secondary  current  of  the  aeries 
(current)  transformer  be  $i  and  the  angle  of  lead  of  the  secondary  e.m.f. 
of  the  shunt  (potential)  transformer  be  9t,  and  if  p\  and  pt  are  the  corrections 
to  be  applied  to  their  name-plate  or  nominal  ratios  aa  indicated  on  the 
correction  curve  (Fig-  46),  and  further  if  Et  and  It  are  the  observed  values  of 
the  secondary  e.m.f.  of  the  shunt  (potential)  transformer  and  the  secondary 
current  of  the  series  (current)  tranrformer,  respectively,  then 

, * , * \ wattmeter  reading 

cos  (a  — 0i+$i)  gj* (76) 

The  correct  value  for  the  power  measured  will  then  be  obtained  by  multiply- 
ing the  observed  reading  by  the  factor 

009  a . multiplied  by  (product  of  nominal  ratios) 

cos  (a  — 0i+0a)  J 

1*6.  Standard  current  (series)  transformers  are  designed  to  five  a 
current  of  5 amp.  in  the  secondary  winding  with  full-load  current  in  the 
primary  winding,  and  a load  of  25  volt-amp.  They  are  made  for  use  on 
circuits  from  2,200  volts  up  to  20,000  volts,  air-oooled,  and  for  primary  cur- 
rents of  5,  10,  15,  20,  30,  40,  50,  60,  75,  80,  100,  120,  200,  300  and  400  amp. 
Transformers  designed  to  slip  over  a stud  or  oable  which  constitutes  a 
one-turn  winding,  are  made  for  primary  currents  from  600  amp.  up  to  3,000 
amp.  Series  (current)  transformers  for  higher  voltages  than  20,000  volts 
are  usually  oil -insula  ted. 

199.  All  instrument  transformers  should  have  their  secondary 
windings  grounded,  because  a high  potential  may  be  induced  in  the 
secondary  winding  depending  on  the  mean  potential  of  the  primary  winding 
to  ground  and  the  ratio  between  the  electrostatic  capacity  of  the  secondary 
winding  to  ground,  and  the  electrostatic  between  primary  and  secondary 
windings.  In  addition  to  this  in  the  case  of  current  transformers  precaution 
should  bis  taken  to  see  that  the  secondary  winding  is  short-circuited  before 
<n»  instrument  is  removed,  otherwise  an  excessive  e.m.f.  will  be  induced  in 
the  secondary  winding  due  to  the  line  current  now  becoming  the  magnetis- 
ing current  of  the  transformer.  This  iB  tiue  of  all  series  (current)  transform- 
ers, but  the  e.m.f.  becomes  particularly  high  in  transformers  designed  for 
ft  high  degree  of  accuracy,  and  in  bus-bar  type  transformers  for  1,000  amp. 
tad  above. 

transformers  fob  miscellaneous  uses 

*00.  Track  transformers  for  operating  signals  are  small  transformers 
rinular  in  design  to  those  used  for  sign  lighting,  hereafter  described.  The 
secondaries  of  the  transformer  are  connected  across  the  two  rails  of  a track 
while  the  primaries  are  supplied  from  110  volt  feeders  which  are  in  turn 
supplied  by  step-down  transformers  similar  to  standard  lighting  trans- 

fonaeis  from  60  cycles  or  25  cycles  2,200-  or  6, 600- volt  transmission  lines. 

*01.  A line-drop  compensator  is  a device  for  obtaining  with  a volt- 
asm  located  in  the  generating  or  substation  the  voltage  at  the  end  of  a 
lies,  or  at  some  predetermined  point,  and  consists  essentially  of  a reactance 
uxl  a resistance  m series,  which  may  be  varied  by  means  of  taps.  A current 
Proportional  to  the  line  current  is  circulated  through  them  by  means  of  a 
series-type  (current)  transformer,  and  the  secondary  of  a shuntrtype  (po- 
tential) transformer  is  connected  to  the  proper  point  of  one  of  them  by 
means  of  a dial;  the  voltmeter  or  potential  relay  is  connected  between  the 
remaining  terminal  of  the  shunt-type  transformer,  and  the  proper  point 
of  the  other  element  of  the  compensation,  by  means  of  a dial.  With  a proper 
choioe  of  current  transformer  and  with  proper  connections  and  adjustment 
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of  the  dials  the  voltmeter  or  potential  relay  will  indicate  the  voltage  at  the 
desired  point  of  the  feeder  or  line  for  any  load. 

SOS.  Theory  of  line-drop  compensators.  Refer  to  Fig.  6 (under 
"General  Theory").  The  voltage  at  the  station  is  represented  by  the 
secondary  open-circuit  voltage,  and  the  voltage  at  the  end  of  the  lute  or 
centre  of  distribution  is  represented  by  the  secondary  full-load  voltage;  the 
reactance  drop  and  the  ohmic  drop  of  the  compensator  are  represented  by 
the  secondary  short-circuit  reactance  drop  and  resistance  drop,  respectively. 

308.  In  order  to  obtain  the  highest  accuracy  with  line-drop  com- 
pensators, it  is  necessary  that  the  voltmeter  operate  on  a small  current 
compared  with  that  passing  through  the  compensator.  Compensator* 
for  use  with  potential  regulators,  should  be  designed  for  larger  currents  than 
those  for  use  with  indicating  instruments. 

204.  Compensating  transformers  for  neutralising  inductive  dis- 
turbances in  telephone  and  telegraph  lines.  Where  telephone  or 
telegraph  circuits  parallel  an  alternating-current  traction  system,  high 
voltages  may  bo  induced  in  them  due  to  electromagnetic  induction 
from  the  railway  system.  To  overcome  this  trouble,  a number  of  extra 
pairs  of  wires  are  placed  among  the  other  telephone  wires  so  that  their 
mutual  inductance  to  the  railway  circuits  is  the  same  as  those  of  the  regular 
telegraph  or  telephone  wires.  These  extra  wires  are  grounded  at  various 
points,  and  connected  to  the  primary  windings  of  a special  transformer, 
so  that  the  e.m.fs.  induced  in  them  magnetise  the*  transformer  in  the 
same  direction.  The  telephone  or  telegraph  wires  are  then  connected  to 
secondary  coils  of  this  transformer,  so  that  the  induced  e.m.f.  of  the 
transformer  opposes  and  neutralises  the  induced  e.m.f.  due  to  the  railway 
system.  Since  the  two  wires  of  any  pair  encircle  the  core  in  the  same  direc- 
tion, the  secondary  windings  are  practically  non-inductive,  as  far  ms  the 
telephone  currents  are  concerned.  The  transformers  are  usually  of  the  oore- 
type  construction  and  differ  from  ordinary  transformers  only  in  the  large 
number  of  secondary  coils  and  the  manner  in  which  they  are  wound  so  as  to 
obtain  freedom  from  cross  talk.  * 

205.  Insulating  transformers  for  telephone  lines  arc  designed  to 
protect  both  the  telephone  and  the  user  from  high  voltages,  due  either  to 
induction  or  accidental  contact  with  a high-tension  Hne.  This  device  con- 
sists of  a shunt  transformer  provided  with  a condenser  across  the  primary 
terminals,  the  purpose  of  the  condenser  being  to  supply  the  greater  portion 
of  the  magnetizing  current  of  the  transformer  under  normal  operation.  The 
secondary  terminals  are  connected  to  the  telephone  in  the  usual  way.  8ucb 
transformers  are  usually  built  to  stand  a 25.000-volt  teat,  for  1 min., 
between  the  windings,  and  between  windings  ana  ease.  A lightning  arrester 
and  special  fuses  are  generally  provided  for  the  primary  circuit.  Tbs 
secondary  may  be  grounded  if  desired,  or  an  insulated  stool  provided  for  tbs 
user  to  stand  upon. 

205.  Extra-high-voltage  testing  transformers.  Test  voltages  a* 
high  as  375,000  volts  above  ground  potential  are  becoming  common,  such  a 
teat  voltage  requires  a testing  transformer  equivalent  in  insulation  strength 
to  one  designed  for  750,000  volts  with  the  middle-point  grounded.  In  the 
testing  of  insulators  an  artificial  ground  is  commonly  used  for  the  higher 
voltages.  This  method  of  testing  is  economical  in  the  respect  that  it  require* 
a transformer  insulated  for  only  one-half  the  potential  necessary  when  test 
specifications  require  that  one  terminal  be  grounded;  but  it  is  open  to  doubt 
whether  tests  made  in  this  manner  are  as  exacting  as  those  made  with  one 
side  of  the  circuit  grounded.  Testing  transformers  may  now  be  obtained 
suitable  for  intermittent  testing  up  to  600,000  volts  with  one  terminal 
grounded,  and  up  to  750,000  volts  with  the  middle-point  grounded.  One 
testing  transformer  in  present  service  has  been  tested  up  to  720,000  voltgji 
effective  (by  spark-gap  measurement),  with  one  end  grounded;  another  big 
been  tested  momentarily  up  to  900,000  volts,  effective  (by  spark  gap),  wit* 
the  middle-point  grounded.  The  voltage  impressed  on  the  primary  m 
raised  either  by  cutting  out  resistance  as  in  the  potentiometer  method  of 
oontroll  or  by  employing  a dial  and  a separate  regulator  transformer.  J 

207.  Bell-ringing’  transformers.  The  bell-ringing  transformer,  cow 
nected  to  a 110-volt,  60-cyete,  lighting  circuit,  produces  at  its  secondary 


•See  article  in  Electric  Journal  for  October,  1914,  by  Shaw,  t* 
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rises  under  certain  .specified  conditions  must  meet  the  guaranteed  values. 
Par.  819  to  888. 

(e)  Insulation  tests.  These  comprise  the  overpotential  test  which  is 
made  for  the  purpose  of  exposing  any  defect  or  injury  in  the  insulation 
between  turns,  between  layers,  and  between  coils;  the  disruptive  test  for 
determining  whether  the  insulation  between  the  primary  and  the  secondary 
windings  and  between  these  two  windings  and  ground  is  sufficiently  strong. 
Par.  884  to  887. 

(f)  Tests  on  instrument  transformers;  calibration. 

818.  Shop  testa.  In  the  case  of  large  power  transformers  these  tests 
are  sometimes  omitted,  but  in  their  stead  each  coil  is  very  carefully  inspected 
during  the  course  of  winding  and  insulating.  The  tests  to  determine  any 
defects  in  winding  are  made  by  placing  each  coil  on  a core  which  is  furnished 
with  a removable  yoke,  and  inducing  in  each  turn  of  the  coil  a specified  e.m.f. 
A test  to  determine  whether  the  insulation  is  intact  after  the  coils  are 
assembled  and  the  iron  built  in,  is  made  by  subjecting  the  insulation  between 
the  primary  and  the  secondary  windings,  and  between  each  of  these  windings 
and  ground,  to  a teat  of  several  thousand  volts.  The  transformer  is  then 
ready  for  the  testing  department. 

814.  Tests  to  determine  whether  the  transformer  is  correctly 
wound  and  assembled.  The  first  test  to  make  is  the  ratio  test.  Thu 
determines  whether  the  transformer  has  been  wound  correctly  and  the  leads 
and  tap  brought  out  in  the  right  places.  The  methods  used  in  making  this 
test  will  depend  upon  the  transformer  to  be  tested.  Large  power  trans- 
formers are  tested  for  ratio  by  having  a fraction  of  the  normal  voltage 
impressed  on  a winding  while  the  voltage  between  tape  is  measured  by  means 
of  a voltmeter,  and  the  ratio  of  the  tap  voltage  to  the  total  is  thus  obtained. 
The  ratio  of  the  primary  voltage  to  the  secondary  voltage  is  obtained  in 
the  same  manner.  Small  transformers  for  lighting  and  small  power  service 
may  be  tested  by  balancing  against  a standard  of  known  ratio.  The  same 
method  applies  to  shunt- type  (potential)  transformers  for  instruments. 

815.  Polarity  teat.  In  power  transformers  this  test  follows  the  ratio 
test,  and  is  made  by  connecting  two  adjaoent  primary  and  secondary 
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leads  together  and  noting  whether  the  secondary  e.m.f.  is  thereby  added 
to  the  primary  e.m.f.,  or  subtracted  from  it.  In  the  case  of  small  trans- 
formers, the  ratios  of  which  are  tested  by  comparison  with  a standard,  the 
polarity  is  given  at  once  by  reference  to  that  of  the  standard.  Thus  the 
apparatus  for  testing  may  be  so  arranged  that  if  the  polarity  of  the  traru* 
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former  to  be  tested  is  wrong,  a red  pilot  lamp  becomes  energised.  This 
method  of  determining  polarity  is  characteristic  of  all  balanoe  methods 
applied  to  alternating-current  work,  such  as,  for  instance,  the  shunt-resist* 
method  of  testing  the  ratio  and  the  phase  displacement  of  series-type 
(current)  transformers. 

11$.  Measurement!  of  losses  comprise  those  for  core-loss,  and  those 
/or  oopper-loas  and  impedance  volts.  The  core-loss  consists  of  both  hys- 
teresis and  eddy-current  losses  in  the  iron.  Since  the  "flux-linkages”  are 
the  time  integral  of  the  induced  e.m.f.,  and  since  all  commercial  e.m.f. 
wave-forms  contain  the  odd  harmonics  only,  the  maximum  value  of  B will 
be  determined  by  the  average  value  of  E.  And  therefore  the  hysteresis 
loss  will  depend,  not  on  the  root-mean-square  value  of  E , but  on  its  average 
value.  The  eddy-current  loss,  on  the  other  hand,  will  depend  on  the  root- 
mean-equare  value  of  E.  Hence  the  core-loss,  to  be  measured  accurately, 
must  either  be  obtained  on  a circuit  having  an  e.m.f.  wave,  whose  average 
value  and  root- mean-square  value  have  a specified  ratio  (the  standard  wave 
is  sine- wave  and  the  standard  ratio  of  root- mean-square  to  average 
value  is  1.11).  or  else  compensation  must  be  made  for  any  deviation  from 
this  ratio  by  some  device  which  indicates  how  much  to  raise  or  lower  the 
voltage  to  obtain  the  correct  loss.  It  is  essential  in  the  former  case  that 
the  wave  form  at  the  terminals  of  the  transformer,  after  correction  has 
been  made  for  wave  distortion  due  to  voltage,  regulating  devices,  etc.,  shall 
be  such  that  this  ratio  is  equal  to  1.11.  The  second  method  may  be 
used  with  the  aid  of  an  "Iron-lots  voltmeter"  (Sec.  3).  Fig.  47  shows 
the  connections  used  for  measuring  iron-loss.  When  the  iron-loss  voltmeter 
is  used  it  should  be  connected  in  circuit  with  the  root-mean-aquare  voltmeter: 
both  readings  should  be  noted  and  correction  made  for  the  shunt  loss  of  the 
wattmeter  from  the  readings  of  the  root-mean-square  voltmeter.  Strictly 
•peaking,  the  loss  should  be  taken  with  both  voltmeters  in  circuit  and  correc- 
tions made  for  their  losses  also.  The  iron-loss  voltmeter  is  provided  with  a 
scale  by  which  its  loss  may  be  read  directly. 

SIT.  In  measuring  the  core-loss  care  should  be  taken  that  when  a 
portion,  only,  of  the  winding  of  the  transformer  is  used  it  is  so  situated  that 


Flo.  48. — Connections  for  making  copper-loss  and  impedance-drop  test. 

tbs  magnetic  leakage  is  practically  the  same  as  under  normal  open-circuit 
condition*.  In  general  it  is  better  to  sacrifice  a little  in  convenience  and  use 
tbs  whole  winding,  than  run  the  chance  of  error  by  using  a portion  of  the 
wisding.  The  value  of  impressed  voltage  used  when  the  measurement  is 
made  on  the  secondary  side  should  be  the  rated  voltage  plus  the  secondary 
IR  drop.  The  equivalent  sine-wave  exciting  current  is  obtained  by 
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the  ammeter  reading,  and  the  true- watts  component  is  obtained  by  dividing 
the  observed  core-loss  by  the  value  of  rated  secondary  voltage  plus  the 
secondary  IR  drop. 

118.  Copper-loss  and  impedance  volts.  This  measurement  is  made 

by  short-circuiting  one  winding  (properly  it  should  be  the  primary  winding) 
and  circulating  rated  full-load  current  in  the  other,  observing  the  loss  in 
watts  and  the  impressed  voltage.  The  connections  for  the  test  should  be 
made  as  shown  in  Fig.  48.  The  current  should  be  adjusted  with  the  volt- 
meter and  the  wattmeter  shunt  winding  disconnected.  The  wattmeter 
may  then  be  read  first,  followed  by  the  voltmeter.  If  the  exciting  current 
of  the  transformer  is  high,  a correction,  obtained  from  Eq.  11,  Par.  14, 
must  be  added  to  the  copper-loss  measured  as  above.  The  copper-loss  so  ob- 
tained will  be  the  true  copper-loss  of  the  transformer  and  includes  the  eddy- 
current  loss  in  the  conductors.  By  dividing  the  copper-loss  by  the  rated  out- 
put, the  effective  IR  drop,  expressed  as  a fraction  of  the  rated  voltage,  will  be 
obtained.  Divide  the  observed  voltage  by  the  rated  voltage,  and  the  effective 
impedance-drop,  expressed  as  a fraction  of  the  rated  voltage,  will  be  obtained: 
the  effective  reactance  drop,  expressed  as  a fraction  of  the  rated  voltage,  may 
then  be  obtained  by  taking  the  square  root  of  the  difference  of  the  squares 
of  these  two  quantities.  Efficiencies  and  regulation  may  then  be  computed 
from  these  results  by  the  usual  formulas,  which  are  given  under  "General 
Theory,”  Par.  14  to  Par.  16. 

119.  Tests  for  efficiency  of  cooling  include  the  measurement  of  tempera- 
ture rise  above  the  cooling  medium  at  various  loads.  Resistance  measure- 
ments are  also  included,  because  they  are  necessary  to  determine  the  rise  in 
temperature  of  the  copper. 

110.  Resistance  measurements  may  be  made  with  a Wheatstone  or 
a Kelvin  .bridge  of  the  proper  range.  The  conditions  for  measuring  the 
cold  resistance  should  be  carefully  prepared,  so  that  the  apparatus  whose 
resistance  is  under  determination  will  be  at  the  temperature  of  the  sur- 
rounding air.  If  the  temperature  of  the  room  fluctuates,  it  is  recommended 
that  an  idle  unit  be  employed,  of  the  same  design  as  those  on  test.  The 
resistance  of  the  winding  of  tne  idle  transformer  may  then  be  used  as  a 
basis  from  which  to  measure  the  temperature,  by  increase  of  resistance  of  the 
loaded  transformer. 

111.  Methods  of  loading.  There  are  various  methods  of  artificially 
loading  transformers.  The  best  method,  where  two  or  more  transformers 
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Fia.  49. — Method  of  artificially  loading  a transformer  (opposition  method), 
are  obtainable,  is  the  opposition  method.  The  simplest  arrangement  of 
this  method  is  illustrated  in  Fig.  49.  Two  transformers  are  connected  as 
ifior  multiple  operation;  then  one  of  the  connections  of  one  ect  of  windings  is 
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opened  and  full-load  current  is  circulated  in  the  circuit  from  an  external 
•xtrce  of  energy.  Either  pair  of  windings  is  then  excited  from  a suitable 
source  at  proper  voltage  and  frequency.  It  is  preferable  that  the  time-phase 
relations  of  the  exciting  e.m.f.,  and  the  current-circulating  e.m.f.,  should  be 
etpable  of  variation,  so  that  the  conditions  of  load  may  be  varied  to  suit 
different  requirements. 

tSS.  Measurements  of  temperature.  After  steady  conditions  have 
ben  reached,  as  indicated  by  thermometers  placed  at  various  points  in 
the  windings,  preparations  should  be  made  for  taking  the  hot  resistance. 
To  insure  prompt  measurement,  the  instruments  should  be  sot  before-hand 
for  the  expected  values,  so  that  a quick  adjustment  may  be  made. 

M3.  In  making  the  heat  test  both  wattmeters  and  ammeters 
may  be  used.  The  wattmeters  may  be  arranged  to  read  the  total  core- 
low,  the  total  copper-loss,  and  the  power  input  or  output.  The  power-factor 
of  the  load  may  be  obtained  and  adjusted. 

334.  Insulation  tests  include  overpotential  tests  for  the  purpose  of 
determining  whether  the  insulation  between  turns  and  coils  is  intact;  and 
disruptive  tests  to  determine  the  condition  of  insulation  between  primary 
and  secondary  windings  and  between  these  windings  and  ground.  Some- 
times, also,  the  insulation  resistance  between  primary  and  secondary 
windings  is  measured. 

383.  Ovarpotantial  test.  For  large  transformers  an  overpotential 
of  double  the  rated  low-tension  voltage  is  usually  applied  for  5 min. 
to  the  low-tension  terminals.  It  is  desirable  when  making  this  teat  on  high- 
voltage  transformers  to  disconnect  the  high-voltage  winding  so  as  to  reduce 
the  voltage.  In  small  transformers  an  overpotential  of  five  times  rated 
voltage  at  500  cycles  may  be  used.  The  overpotential  test  should  be  made 
while  the  transformer  is  hot. 

338.  Disruptive  test.  In  making  this  test  on  power  transformers  the 
low-tension  winding  is  connected  to  the  iron  and  to  ground,  and  the  primary 
winding  is  connected  to  one  end  of  a testing  transformer,  the  other  end  of 
which  is  grounded.  A sphere  spark-gap  should  always  be  used,  with  testa 
above  50,000  volts,  for  measuring  the  voltage,  as  a rise  in  voltage  is  likely  to 
occur  in  the  testing  transformer.  The  usual  test  is  from  two  to  two  and 
one-half  times  lino  voltage.  The  Standards  Committee  of  the  A.  I.  E.  E. 
grve  definite  recommendations  in  regard  to  the  tests  to  employ,  and  it  is 
eustomarv  to  follow  them.  8mall  transformers  for  operation  on  2,200-volt 
circuits  should  receive  a test  of  10,000  volts  for  1 min. 

337.  Tasts  on  instrument  transformers.  Instrument  transformers, 
if  they  are  to  be  used  for  precise  measurements,  must  have  a calibration 
curve  made  for  the  conditions  of  load  under  which  they  will  be  operated. 
These  calibration  curves  rive  the  ratio  and  the  phase  displacement  for 
different  current-values.  For  methods  of  obtaining  calibration  curves  on 
instrument  transformers,  see  Sec.  3. 

338.  Instruments  used  for  testing  should  be  carefully  chosen. 

The  use  of  series  (current)  transformers  and  shunt  (potential)  transformers 
should  be  avoided  unless  they  have  been  calibrated  for  the  particular  instru- 
ments to  be  used.  In  testing  with  high-voltage  transformers  at  pressures 
above  50,000  volts,  a sphere  spark-gap  should  always  be  used,  both  for  meas- 
uring the  maximum  of  the  applied  voltage  and  also  for  the  protection  of  both 
the  testing  transformer  ana  the  apparatus  to  be  tested.  The  sphere  gap 
can  be  relied  on  as  an  accurate  method  of  measuring  the  maximum  value  of 
the  applied  voltage.  * 

INSTALLATION,  CAR!  AND  OPERATION 

339.  General.  A transformer  is  usually  verjr  rugged  and  is  capable  of 
withstanding  a great  deal  of  abuse;  nevertheless,  it  will  be  found  to  respond 
to  good  treatment  by  exhibiting  longer  life  and  higher  operating  efficiency. 

•Farnsworth.  S.  W.  and  Fortescue,  C.  L.  Q.  “ Sphero  Spark  Gap;” 
Trtwt  A.  I.  E.  E.,  Vol.  XXXII,  pt.  1,  p.  733. 

Chubb,  L.  W.  and  Fortescue,  C.  L.  G.  “ Calibration  of  the  Sphere-gap,” 
Thau.  A.  I.  E.  E.,  VoL  XXXII,  pt,  1,  p.  739.  Disouasion  by  Peck,  p.  812. 
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130.  Shipping  and  unpacking.  Before  leaving  the  factory,  trans- 
formers  are  carefully  packed.  They  are  now  generally  shipped  in  their 
tanks  with  oil,  and  are  ready  for  operation  as  soon  as  they  arrive;  but  it  is 
always  a wise  precaution,  particularly  with  high-voltage  transformers,  to 
draw  off  from  tne  bottom  ol  the  tank  some  of  the  oil  and  give  it  the  usual 
disruptive  test.  If  the  dielectric  strength  is  not  high  enough  the  oil  should 
be  dehydrated  (Par.  239).  This  may  be  done  without  removing  the 
transformer  from  the  tank,  by  drawing  the  oil  from  the  bottom  of  the  tank 
through  the  dehydrating  outfit  and  returning  it  at  the  top;  this  should  be 
continued  until  repeated  tests  show  the  oil  to  be  in  good  condition.  If  the 
transformer  has  been  shipped  in  a packing  case,  and  is  one  of  a high-voltage 
type,  it  should  be  dried  out  before  installation,  unless  it  is  hermetically 
sealed  in  an  air-tight  metal  casing.  The  safest  and  best  method  that  can 
be  used  to  dry  out  a transformer  is  to  force  dry  air  at  a temperature  of  90 
deg.  cent,  through  the  windings.  Grid  resistances  may  be  used  for  heating 
the  air,  and  it  may  be  forced  through  the  windings  by  a blower. 

231.  Precautions  in  making  connections.  When  installed  ready  for 
operation  the  transformers  should  be  carefully  inspected  to  see  that  they  are 
all  connected  properly,  both  internally  and  externally;  that  all  switching 
apparatus  is  in  good  working  order;  and  if  new  banks  are  to  run  in  multiple 
with  previously  installed  banks,  it  should  be  noted  that  they  are  connected 
at  the  proper  operating  taps,  and  so  as  to  have  the  same  polarity  as  the  older 
banks.  It  the  new  transformers  are  of  the  same  manufacture  as  the  old, 
the  polarity  will  be  the  same  as  that  of  the  old,  if  the  banks  are  similarly 
connected.  If  they  are  of  different  manufacture  from  the  old,  the  polarity 
when  similarly  connected  may  be  such  as  to  make  parallel  operation  impos- 
sible. It  is  therefore  a wise  precaution  to  check  up  the  relative  polarity  of 
the  old  and  the  new  banks  before  connecting  together.  This  may  be  acme 
by  connecting  the  new  bank  on  the  high-tension  side  and  connecting  one  of 
the  low-tension  terminals  to  the  common  bus  bar;  then,  with  a voltmeter, 
and  if  necessary  with  the  aid  of  a shunt  (potential)  transformer,  measure 
the  voltage  between  the  other  two  terminals  and  the  respective  busses  with 
which  they  are  to  connect  (a  bank  of  lamps  may  be  used  instead  of  a volt- 
meter, with  110-  or  220-volt  connections)  and  observe  the  following  rules: 

(a)  If  the  polarities  are  alike  the  voltmeter  will  read  sero,  in  each  case. 

(b)  If  the  polarities  are  reversed  the  voltmeter  will  read,  in  each  esse, 
double  the  secondary  voltage.  The  remedy  is  to  reverse  the  connections  of 
the  low-tension  leads  of  each  transformer  in  the  new  bank.  (In  thxee-pbase 
transformers  it  may  be  found  more  convenient  to  reverse  the  connections 
of  the  high-tension  coils.) 

(c)  In  three-phase  transformers  the  following  cases  may  be  met, 
in  addition  to  the  above.  Having  two  similarly  located  low-tension  ter- 
minals, of  the  old  and  new  banks,  connected  together,  the  high-tension 
terminals  of  each  bank  being  similarly  connected  to  the  same  source  of 
e.m.f.,  measure  the  voltage  between  corresponding  free  low-tension  terminals. 

(c-1)  If  one  voltmeter  reads  the  secondary  voltage  oorrectly  and 
the  other  reads  double  this  value,  the  external  polarity  of  the  two  trans- 
formers is  the  same,  but  the  terminals  are  in  different  order.  The  remedy  is 
to  interchange  the  internal  low-tenaion  connections  to  the  terminals  of  the 
new  transformers,  so  that  the  lead  connected  to  the  terminal  for  which  the 
voltmeter  reads  double  voltage  will  take  the  place  of  the  lead  connected  to 
the  terminal  tied  to  the  corresponding  terminal  of  the  old  transformer. 
Equivalent  external  transposition  may  be  made  instead. 

(c-2)  If  one  voltmeter  reads  zero  and  the  other  reads  1.73  times 
the  secondary  voltage,  then  we  have  a case  of  reversed  external  polarity 
and  transposition  of  terminals,  combined.  The  remedy  in  the  case  of  a 
delta  connection  is  to  disconnect  the  ends  of  the  two  coils  from  the  terminal 
showing  high  voltage  and  connect  the  other  ends  of  these  two  coils  to  this 
terminal;  the  ends  previously  removed  should  then  be  connected  to  the  two 
remaining  terminals,  so  that  a coil  that  was  originally  connected  to  any  one  of 
these  two  terminals  will  now  be  connected  to  the  other  one.  An  equivalent 
change  of  connections  must  be  made  in  the  case  of  a star  connection. 

232.  Multiple  connections.  Transformers  having  like  primary  and 
secondary  connections  may  be  run  in  multiple  with  one  another,  but  trans- 
formers having  unlike  primary  and  secondary  connections  cannot  be  made 
to  run  in  multiple  with  the  former  except  by  the  use  of  auxiliary  devices. 
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neb  as  auto-transformers.  It  is  of  great  importance,  therefore,  when  buying 
transformers  for  multiple  operation  with  previously  installed  banks,  that 
the  connections  of  the  latter  are  given. 

133.  Where  independent  energy  sources  supply  each  bank  of  trans- 
formers, relative  polarity  is  of  no  consequence,  nor  is  it  of  any  impor- 
tance whether  the  primaries  and  the  secondaries  are  both  delta-connected, 
or  one  delta-connected  and  the  other  star-connected. 

S34.  Causes  of  insulation  failures.  First,  inadequate  insulation 
ftrength  at  the  point  of  failure.  Second,  imperfect  mechanical  supporting 
and  bracing  of  coils,  so  that  when  subjected  to  the  short-circuits  that  occur 
under  operation,  the  coils  are  deflected  or  buckled,  thereby  tearing  or  weak- 
ening the  insulation,  which  otherwise  would  be  quite  adequate.  Third, 
poor  design  in  the  matter  of  cooling,  such  that  while  showing  a normal 
temperature  by  thermometer  or  by  rise  of  resistance,  the  windings  hsve 
portions  that  are  blanketed  or  far  removed  from  the  cooling  medium;  in 
other  words,  have  “hot  spots.”  Such  a condition  will,  in  the  course  of  time, 
oause  a weakening  of  the  mechanical  strength  of  the  fibrous  materials  of  which 
the  insulation  is  composed,  so  that  with  the  least  jar  the  insulation  is  broken 
and  an  internal  short-circuit  results.  Fourth,  imperfect  operation  of  appara- 
tus on  the  line,  such  as  circuit-breakers,  electrolytic  lightning  arresters,  etc. 
Fifth,  improper  operating  conditions,  such  as  overloading,  or  multiple  opera- 
tion without  a proper  division  of  load.  8ixth,  lack  of  care  in  regard  to  condi- 
tions of  oil.  dirt,  moisture,  etc.  Seventh,  direct  stroke  of  lightning.  Assum- 
ing that  the  transformer  has  been  carefully  designed  in  every  feature,  only 
the  last  four  causes  need  receive  consideration. 

SIS.  Lins  disturbances.  The  operation  of  circuit-breakers,  charging 
of  electrolytic  arresters,  breaking  down  of  line  insulators,  and  short-circuits 
on  the  line,  all  create  disturbances  which  produce  more  or  less  stress  on 
the  transformer  insulation;  but  transformers  are  insulated  to  withstand  the 
stresses  due  to  the  above  causes  as  they  arise  under  normal  working  con- 
ditions. When,  however,  circuit-breakers  fail  to  operate  properly,  these 
stresses  may  be  unusually  severe.  It  is  therefore  important  to  see  that  all 
protective  devices  are  in  perfect  working  order.  With  certain  connections, 
such  as  the  8cott  connection  and  the  “ T ’’-connection,  the  charging  of  elec- 
trolytic lightning  arresters  may  cause  unusually  severe  stresses.  The 
behavior  of  the  transformers  under  such  conditions  should  be  carefully 
observed  and  if  any  unusual  conditions  are  present  they  should  be  looked 
into. 

139.  Improper  operating  conditions  are  very  often  the  source  of  trans- 
former failures;  particularly  due  to  the  fact  that  lack  of  care  in  other  matters 
foes  hand  in  hand  with  carelessness  in  operation.  Conditions  sometimes 
■rise  under  which  it  is  imperative  that  a transformer  be  overloaded  for  a 
considerable  length  of  time.  After  such  an  overload,  the  transformer  at 
the  first  opportunity  should  be  examined  to  see  that  the  ducts  have  not  be- 
come clogged  by  any  deposits  from  the  oil.  Transformers  should  not  be 
operated  tor  any  great  length  of  time  on  a system,  one  line  of  which  has 
become  grounded;  the  factor  of  safety  in  such  operation  is  only  one-half 
of  that  under  normal  operating  conditions. 

SST.  Grounded  secondaries.  Troubles  may  be  caused  when  supplying 
energy  for  lighting  from  high-voltage  polyphase  circuits,  due  to  the  relative 
electrostatic  capacity  of  the  high-tension  and  low-tension  circuits,  to  each 
other  and  to  earth.  This  condition  may  cause  high  insulation  stresses  in 
the  low-tension  circuit,  and  may  shock  anyone  touching  the  low-tension 
dreuit  sufficiently  to  cause  death.  The  only  remedy  for  this  condition  is 
to  ground  the  secondary  circuit,  preferably  at  the  neutral  point.  (See 
National  Electrical  Code,  and  also  dec.  12  and  13.) 

ttg.  Care  of  transformer  oil.  Lack  of  attention  to  such  details  as 
the  periodic  inspection  of  transformers,  and  testing  of  the  oil,  is  responsible 
for  most  transformer  failures.  The  oil  in  a high-voltage  transformer  should 
he  tested  once  a month  and  if  its  strength  is  below  par  it  should  be  dehydrated 
(Psr.  139).  It  must  be  remembered  that  the  oil  furnishes  one-half  the 
inmlation  strength  of  the  transformer. 

139.  The  best  method  for  dehydrating  oil  is  by  the  use  of  the  filter- 
press  type  of  dehydrator.  In  this  type  the  oil  is  pumped  through  several 
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thicknesses  of  blotting  paper.  When  usin$  this  apparatus  it  should  1m 
seen  that  the  paper  is  carefully  dried,  and  it  is  better  to  soak  it,  first  of  all, 
in  clean  oil  that  is  perfectly  dry.  Fig.  50  shows  this  form  of  oil  dehydrator. 
When  the  oil  is  in  very  bad  condition,  the  paper  should  be  changed  from  time 
to  time,  as  often  as  found  necessary.  Oil  in  first-class  condition  should  brestk 
down  at  not  less  than  40,000  volts,  with  a gap  of  0.15  in.  between  |-in. 
spheres. 


240.  Regulation  of  quantity  of  cooling  medium.  When  water- 
cooled  transformers  are  subjected  to  heavy  overloads  the  water  rate  should 
be  increased  correspondingly.  Any  oil-immersed  transformer  will  with- 
stand a heavy  load,  for  a short  period  very  much  better  than  an  air-cooled 
transformer.  Allowance  should  therefore  be  made  in  operation  for  the  cool- 
ing characteristics  of  the  transformers,  and  where  artificial  means  are  used 
for  cooling,  the  cooling  may  be  improved  under  abnormal  load  conditions 
by  using  more  of  the  cooling  medium. 

241.  The  oil-piping  layout  of  transformers  when  installed  should  be 
arranged  so  that  tne  oil  in  any  unit  may  be  filtered  without  disturbing  the 
others;  there  aie  several  obvious  methods  of  accompUBhing  this.  Whatever 
scheme  be  used,  care  should  be  taken  that  all  the  air  is  removed  from  the 
oil  in  the  transformer  tanks;  this  may  be  done  by  creating  a vacuum  under 
the  oover  during  the  process  of  pumping.  * 

242.  A transformer  when  burned  out  or  defective  should  immediately 
be  replaced  by  a spare  unit  if  one  is  available.  A careful  examination 
should  then  be  made  of  the  windings;  if  nothing  is  disclosed,  the  transformer 
should  be  returned  to  its  tank  and  measurements  made  of  its  open-circuit 
losses.  If  there  are  any  short-circuited  turns  or  layers,  the  open-circuit 
losses  will  be  abnormally  high.  The  location  of  the  trouble  can  (generally 
be  traced  by  the  blackening  due  to  smoke,  and  by  feeling  the  coils,  after 
first  removing  the  exciting  voltage,  for  the  point  of  highest  temperature. 
If  either  of  these  methods  fail,  measurement  may  be  taken  of  the  resistance 
of  primary  and  secondary  windings;  a short-circuit  will  be  indicated  by  a 
lower  resistance  than  normal.  In  many  cases,  however,  a short-circuit 
which  cripples  the  transformer  may  involve  only  a few  turns  in  a large  total 
number,  so  that  the  continuous-current  resistance  measurement  may  not 
be  sensitive  enough  to  detect  it. 

24S.  Formation  of  scale  in  cooling  coils.  A water-cooled  transformer 
may  progressively  increase  in  temperature  and  appear  to  be  defective,  due 
to  no  apparent  cause.  In  such  a case  the  cause  of  the  trouble  can  generally 
be  traced  to  the  water  supply,  which  will  be  found  to  contain  foreign  matter 
in  solution,  such  as  lime  ana  carbonates;  these  impurities,  when  the  water  be* 
comes  heated  in  passing  through  the  tube*,  are  precipitated  in  the  form  at 

• Electrical  World,  Feb.,  1913,  p.  360. 
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scale,  which,  in  addition  to  being  a bad  conductor  of  heat,  chokee  the  flow  of 
water. 

244.  Criterion  for  replacing  inefficient  transformers  with  units  of 
higher  efficiency.  A transformer  should  be  replaced  by  another  of  higher 
efficiency  when  the  difference  in  cost  of  operating  the  two  is  greater  than  the 
interest  on  the  additional  capital  that  would  be  invested  in-  the  change. 
Opinions  will  differ  in  regard  to  the  proper  method  of  computing  the  cost  of 
operating  a transformer.  The  author’s  opinion  is  that  the  energy  consumed 
in  iron  losses  should  constitute  a fixed  charge  to  the  consumer  depending 
upon  his  maximum  demand.  When  it  is  found  that  by  changing  to  a more 
modern  line  of  transformers  the  fixed  charge,  after  making  proper  allowances 
for  interest  and  depreciation  on  both  the  old  and  the  new,  is  leas  than  the 
former  fixed  charge  the  change  should  be  made. 


REGULATORS 

POTENTIAL  REGULATORS 

249.  General  principles.  • The  principle  of  operation  of  all  potential 
regulators  consists  in  changing  the  mutual  inductance  between  the  pri- 
mary and  the  secondary  windings  of  a transformer  or  auto-transformer, 
either  by  mechanical  means  or  by  changing  the  ratio  of  the  two  windings. 

24$.  The  variable-ratio  type  of  regulator  is  simply  a transformer 

provided  with  means  for  changing  the  secondary  e.ra.f.,  either  by  cutting  out 
portions  of  the  winding,  or  by  opposing  or  adding  the  e.m.f.  of  auxiliary 
windings  of  the  transformer  provided  for  this  purpose.  These  auxiliary 
windings  are  provided  with  taps,  so  that  their  voltage  may  be  increased  or 
decreased,  step  by  Btep.  The  secondary  winding  proper  has  only  a few 
tape,  the  voltages  of  which  are  “bucked”  or  “boosted”  by  the  auxiliary 
coils,  according  to  the  position  of  the  regulator  drum.  In  this  way  a 
large  range  of  regulation  may  be  provided  with  a comparatively  simple 
equipment.  Auto-transformers  are  some- 
times used  instead  of  the  auxiliary  wind- 
ings. They  have  some  advantage  over  the 
auxiliary  winding  scheme  because  finer 
steps  are  obtainable  thereby. 

247.  The  single-phase  induction 
regulator  depends  _ upon  mechanical 
means  to  produce  this  change  in  mutual 
inductance  (Par.  249).  It  consists  usually 
of  a stationary  primary  wound  in  a slotted 
field,  and  a secondary  wound  on  a drum- 
shaped core  which  is  rotatable  with  re- 
spect to  the  primary.  The  secondary 
e.m.f.  is  always  practically  in  time  phase 
with,  or  in  time  phase  opposition  to,  the 
e.m_f.  in  the  primary  circuit. 

248.  The  simplest  conception  of  an 
induction  regulator  is  a transformer  with 
variable  mutual  inductance,  and  it  may 
therefore  be  represented  by  the  circuit 
abown  in  Fig.  4 (Par.  19).  When  At  be- 
comes aero,  the  secondary  inductance  is  Lt , 
which  is  very  high:  to  overcome  this  defect  another  independent  winding, 
■hort-circuited  on  iteelf,  is  wound  on  the  primary  core  in  electrical  space- 
quadrature  with  the  primary  wrinding.  A current  is  induced  in  this  ter- 
tiary winding,  depending  upon  the  electrical  space-phase  difference  between 
Hand  the  secondary  wrinding,  which  reduces  the  self-inductance  of  the  latter. 

249.  Definitions  of  currents  Ins  potential  regulator.  The  secondary 
current  is  the  line  current,  and  the  primary  load  current  is  that  current 
which  counterbalances  the  magnetising  or  demagnetising  effect  of  the 
secondary  current. 

290.  The  variation  of  secondary  e.m.f.  with  change  in  angular  posi- 
tion, for  a certain  type  of  single-phase  potential  regulator  is  shown  in  Fig. 
53.  A vertical  cross-section  is  shown  in  Fig.  52. 
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Fig.  51. — Horisontal  croes-sec- 
tion  of  single-phase  induction 
regulator. 
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251.  The  polyphase  regulator  in  every  essential  detail,  is  a polyphase 

induction  motor,  the  polyphase  coil-wound  rotor  of  w’hich  can  be  locked  in 

_ any  position  desired.  The  primary 

“rf*  yr|  |\  n windings  are  connected  across  the 
supply  lines,  precisely  like  the 
primary  windings  of  a polyphase 
induction  motor;  however,  the 
secondary  phase-windings  of  the 
induction  regulator,  instead 
of  being  closed  upon  themselves, 
as  is  true  of  the  secondary  wind- 
ings of  an  induction  motor,  are 
separately  insulated  and  sepa- 
rately connected  in  series  with  the 
delivery  circuits  from  the  regu- 
lator. When  polyphase  e.m.fs 
are  impressed  upon  the  primary 
windings,  the  o.m.f.  generated  in 
each  secondary  coil  is  of  the  same 
frequency  as  the  primary  e.m.f. 
and  its  value  is  entirely  indepen- 
dent of  the  mechanical  position 
of  the  movable  member;  the  time- 
phase  position  of  their  e.ro.fa, 
however,  varies  directly  with  the 
electrical  space  position  of  the 
movable  member.  ^Compare 
with  the  single-phase  induction 
regulator;  see  Par.  247.) . The 
resultant  delivered  e.m.f.  is  the 


Angular  KoUtion  of  f 

Fio.  52. — Vertical  cross-section  of  Fio.  53. — Secondary  voltage  of  si*1' 
single-phase  induction  regulator.  gle-phase  potential  regulator  ftr  vary- 
ing positions  oi  rotating  meinbpf. 

vector  sum  of  (or  difference  between)  the  primary  and  the  secondary 
e.m.fs.;  it  is  not  constantin  value  but  varies  largely  with  the  position  of 
movable  member. 

15S.  Currents  and  m.m.fs.  In  polyphase  regulators.  The  current 
in  the  delivery  circuit  (which  is  the  same  as  that  in  the  secondary  coil) 
depends  directly  upon  the  delivered  resultant  e.m.f.  and  the  impedes* 
of  the  delivery  circuit.  In  the  polyphase  induction  regulator  there  is  no 
special  "tertiary”  circuit,  but  each  primary  phase-winding  acta  in  part  * 
the  tertiary  circuit  for  the  remaining  primary  phase-windings  and  tne*^ 
eTal  secondary  phase-windings.  Thus  the  m.m.f.  of  the  current  in  any  MS 
ondary  phase- winding,  in  auy  position  whatsoever,  is  fully  counterbalance 
(except  for  magnetic  leakage;  by  the  m.m.f.  of  the  current,  or  currents,  of  w 
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or  more  primary  phase- windings,  and  the  reactance  of  the  secondary  is  re- 
<hnd  to  that  due  to  the  magnetic  leakage  between  the  stationary  and  the 
sorsble  members. 


Ml.  Feeder  voltage  regulators,  of  either  the  step-by-step  type  or  the 
iiduction  type,  may  be  operated  by  a motor,  which  in  turn  may  be  controlled 
by  & voltage  relay  arranged  to  start  the  motor  in  positive  or  negative  direc- 
ts according  as  the  voltage  is  low  or  high.  A polyphase  induction  motor  is 
anally  employed,  except  when  polyphase  energy  is  not  available;  in  this 
oae  a single-phase  series  motor  may  be  used.  The  motor  is  stopped,  when 
the  relay  opens,  by  means  of  a magnetically  operated  brake.  The  relay  may 
be  wed  in  connection  with  a line-drop  compensator  (Par.  SOI),  so  that  the 
voltage  at  the  centre  of  distribution  may  be  automatically  kept  constant  at 
any  desired  value. 


M4.  Pole-type  feeder  voltage  regulators.  Small  feeder  voltage  regu- 
lators arranged  for  mounting  on  poles  have  been  brought  out  by  one  firm 
of  manufacturers.  In  many  lighting  systems,  consumers  may  be  supplied 
from  one  common  feeder  in  such  a way  that  there  is  no  definite  centre  of 
attribution;  thus  consumers  on  short  branch  feeders  may  receive  per- 
holy  satisfactory  service,  whereas  others  served  from  long  branches  may 
fterire  poor  service  due  to  the  larger  drop  in  such  branches.  It  is  claimed 
jbat  a saving  may  be  effected  by  installing  one  of  these  pole-type,  automatic, 
fader  voltage  regulators  instead  of  increasing  the  cross-section  of  the  branch 
fadera.  The  regulator  proper  consists  of  a shuttle-shaped  rotor  on  which 
primary  is  wound  in  one  coil;  the  rotor  also  carries  the  tertiary  short- 
onuited  winding.  The  secondary  is  a single,  form-wound,  undistributed 
m&ding,  fitting  in  two  slots  in  the  stationary  core. 

Th*  regulator  is  operated  by  a single-phase  induction  motor  provided  with 
a Parting  dutch,  and  is  controlled  by  a voltage  relay  which  may  be  adjusted 
fa  say  voltage  from  10  per  oent.  above  to  10  per  cent,  below  normal.  The 
raajr  may  also  be  used  in  connection  with  a line-drop  compensator,  which 
baa  to  be  installed  outside  of  the  regulator.  The  regulator  and  mechanism 
are  suspended  in  a cast-iron  tank,  and  the  lower  part,  containing  the  regu- 
lator core  and  coils,  is  filled  with  oil. 


*M.  Vector  diagram  of  e.m.fs.  in  polyphase  regulator.  Referring 
to  Fig.  54,  let  OA  represent  the  e.m.f.  of  a certain  primary  phase  both  in  value 
time-phase  position.  Let  OB  (or  OD)  represent  the  e.m.f.  of  the  cor* 

responding  secondary  phase-winding  in  

the  maximum  positive  (or  maximum  neg-  / S.  o 
auve)  boost  poeitiorl.  Let  OB  (or  OD)  ' x 

Btaultaneously  represent  the  mechan- 
wm  position  (in  electrical  space  degrees)  . 

of  the  moving  member  when  the  second-  Jb n 

e.mi.  is  in  time-phase  with  (or  time-  " u D A 

Phase  opposition  to)  the  primary  e.m.f.  Fio.  54.— Vector  diagram  of  poly- 
J*  a°y  mechanical  position  of  the  mov-  phase  inductor  regulator, 
member,  such  as  OD,  the  secondary 

t-cU.  has  a value  equal  to  OB  (or  OD)  and  its  timephase  position  is  cor- 
JJtly  represented  by  the  line  OL  provided  that  the  “revolving  field’* 
is  the  resultant  of  the  fluxes  set  up  by  the  separate  primary  phases  is 
®*rtsnt  in  magnitude.  In  Fig.  54  the  primary  e.m.f.  isOA  and  the  seo- 
•adaiy  e.m.f.  is  OB,  the  resultant  e.m.f.  is  AB. 


CURRENT  REGULATORS 

jJJJ*  General  principle*.  This  apparatus  generally  consists  of  an  ad- 
J’Jtttble  reactance,  which  may  comprise  a winding  on  an  open  magnetio 
The  coil  is  counterbalanced,  so  that  with  a change  in  the  load  re- 
r140®*  the  coil  will  so  adjust  itself  with  respect  to  the  core  that  there  will 
change  in  the  value  of  the  current.  If  a large  reactance  be  placed  in 
"fa*  with  a lesser  non-inductive  resistance,  and  a constant  e.m.f.  be  im- 
the  current  will  vary  but  slightly  with  this  resistance  “all  in”  or 
w out”  of  circuit.  The  actual  ratio  of  the  currents  with  resistance  " all  in" 
■kd  “ifl  out”  will  be  equal  to  the  value  of  y/ 1 — (power-factor)*,  the  power- 
being  the  value  with  resistance  all  in.  It  is  evident  that  if  the  operat- 
es Power-factor  be  made  low  enough,  a series  system  of  incandescent  lamps 
D*y  be  operated  at  constant  current,  froth  a constant-potential  source,  with 
little  variation  in  the  series  reactance. 

by  Google 
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257.  Limitations.  The  constant-current  regulator  has  a limits 
application  combined  with  a vapor  oonvertor  for  supplying  light  for  motioi 
picture  machines,  but  for  general  lighting  it  cannot  advanUtgeously  take  th 
place  of  the  constant-current  transformer,  since  it  requires  an  additions 
transformer  for  insulation  purposes  (see  National  Electrical  Code). 

158.  Types  and  characteristics.  The  usual  type  manufactured  i 
air-cooled  and  of  the  form  described  in  Par.  158.  An  automatic  constant 
current  regulator  may  also  be  made  by  connecting  in  opposition  two  coil 
which  surround  a closed  magnetic  circuit,  using  their  leakage  reactance  fo 
the  regulating  reactance.  The  two  coils  are  pivoted  so  as  to  approach  ead 
other  at  the  middle  of  the  core.  In  action  they  will  repel  each  other  with  t 
force  nearly  proportional  to  the  current,  for  any  position;  with  proper  counter 
weight,  therefore,  the  current  will  automatically  be  kept  constant. 

159.  A motor-controlled  potential  regulator  may  be  used  as  i 
constant-current  regulator  by  controlling  it  from  a cons  ten  t-curren 
relay;  it  is  usually,  however,  too  sluggish  in  operation  to  give  perfect  satis 
faction. 


REACTORS 


180.  General  types.  Reactors,  choke  coils,  or  reactances  for  pow« 
purposes  may  be  divided  into  two  classes,  vis.,  those  in  which  iron  is  use* 
and  those  in  which  no  magnetic  material  whatever  is  used.  The  first  typ 
consists  of  a coil  encircling  a circuit  of  iron  which  is  usually  broken  by  ai 
air-gap  or  a series  of  air-gaps.  The  second  type  is  simply  a carefully  con 
structed,  circular  coil  of  rectangular  croee-section,  of  suitable  proportion 
for  cooling,  and  well  supported  mechanically. 

181.  Iron  core  reactances.  The  fundamental  equations  and  genera 
design  are  the  same  as  for  constant-potential  transformers.  The  air-gai 
should  be  subdivided  so  as  to  avoid  concentrated  leakage,  which  causes  each 
currents  in  the  conductors  (which  are  difficult  to  eliminate)  and  also  makes  r 
difficult  to  calculate  the  reactance  accurately.  The  relative  amount  d 
copper  and  iron  will  be  determined  largely  by  the  condition  for  minimun 
cost,  but  where  the  conductors  are  very  large,  it  is  advisable  to  increase  tb 
area  of  the  core  and  reduce  the  number  of  turns  in  order  to  keep  down  tt» 
eddy-current  losses  in  the  conductors.  In  winding  with  multiple  conductor 
every  care  should  be  taken  to  see  that  the  reactance  of  each  conductor  a» 
its  resistance  is  the  same;  this  may  be  accomplished  by  properly  distributini 
the  “start”  and  “finish”  leads  of  the  conductors. 

If  the  length  of  the  air-gap  is  l,  the  required  inductanoe  L,  the  current  /.  th 
number  of  turns  n,  the  effective  area  of  the  air  gaps  must  be  obtained  a» 
it  will  depend  on  tbeir  number  and  distribution.  The  value  of  <B  may  the) 
be  calculated  from  this  area  by  Eq.  4,  Par.  5. 

Thus  the  value  of  l will  be 


4.51nJ 

<B 


(in.)  (77 


where  (B  is  the  induction  in  lines  per  sq.  in. 

882.  The  current  densities  and  the  flux  densities  will  be  about  th 
same  as  for  transformers.  The  methods  of  insulating  the  coils  are  very  rim 
lar  and  need  no  special  treatment  here,  os  they  are  covered  under  the  hemdia 
of  “ Insulation,”  Par.  41  to  Par.  47.  , 

283.  Cooling  may  be  effected  by  any  of  the  various  methods  applied! 

transformers.  The  problem  is  the  same  in  every  particular  and  is  tresw 
under  that  heading,  Par.  81  to  Par.  70.  j 

284.  Applications.  Iron  reactors  for  power  purposes  are  mo« 
used  in  connection  with  compound-wound  rotary  converters  to  obtain  co 
pounding  or  ovcrcompoundmg  of  the  voltage  at  the  continuoua-curn 
terminals.  Iron  reactors  are  also  used  to  shunt  the  series  coils  of  compoul 
wound  continuous-current  machines,  in  which  case  they  are  known 
inductive  shunts.  They  may  be  used  for  innumerable  purposes,  such 
compensating  for  the  leading  current  in  cable  testing;  tor  compensa! 
long  telephone  circuits  (Pupln  coils);  shunting  series  incandescent  laf 
(economy  coils)  to  prevent  an  open  circuit  as  the  result  of  a lamp  faill 
etc. 
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Sec.ft-265 


W.  Ur  reactors  for  precise  measurements  are  made  of  a single  layer 
S toe  enameled  wire,  carefully  wound  on  a marble  cylinder  that  has  been 
wide  as  nearly  perfect  as  possible;  such  reactors  are  used  as  absolute  stand- 
SS:«£f>22r'HS?1?llg  £eactor?  w«  described  in  Par.  266  and  267.  The  re- 
mak®8  1186  of  an  air  reactance  to  limit  the  current 
JLiTkv*1*1  *Lreak  80  ikat.a  circuit  may  be  opened  in  two  stages;  the  first 
being  the  introduction  of  the 
K-wtance,  and  the  second  stage  being 
toe  complete  opening  of  the  circuit. 

Air  reactors  have  also  been  put  into 
*mce  for  supplying  lagging  current 
to  compensate  for  the  leading  current 
due  to  the  distributed  capacity  of 
transmission  lines;  and  are  inserted  in 
with  transmission  lines  (choke 
Mill),  for  protection  against  lighting 
daturbance.  Their  office  in  the  last 
in&tance  is  to  choke  back  any  line  surge 
that  may  arise  and  prevent  it  from 
injunng  the  station  apparatus. 

tfi6.  Power-limiting  reactors  are 

mw  usually  made  with  no  magnetio 
material,  although  the  first  reactors 
made  for  this  purpose  and  installed  in 
Cos  Cob  station  of  the  New  York, 

Aew  Haven  A Hartford  Railroad  Co. 

of  the  iron-core  type  with  dis- 
tributed windings. 

u *!!;  Methods  of  winding  power - 
Hmitinf  reactors.  The  methods  of 
winding  adopted  by  the  various  manu- 
jnctuTCTs  do  not  differ  materially. 

Jaw  one  firm  winds  with  long  cylin- 
drical layers,  using  wooden  cleats  as 
wporators;  another  firm  uses  flat  dis- 
'wdal-shaped  layers  or  sections,  each 
conductor  of  which  fits  into  a groove 
to  porcelain  cleats;  the  cleats  when 
camped  together  insulate  and  separate 
teeinjvidual  iayers.  A third  firm  uses  methods  similar  to  the  second,  but 
**“^S^eF?gl<§58  moulded  heat-resisting  material  as  a substitute  for  porce* 

SfhllSf  O£POW0r"Umitl?g  ?«*ori  is  effected  by  natural  circular 
e^^theTwt  ^thSd”  ° **  m particuIarly  wel1  adaPte<* 

269.  Mechanical  stresses  in  the  windings, 

u - while  severe,  are  not  of  such  a nature  as  to  produce 

any  trouble.  Thus  the  radial  stresses  tend  to 
elongate  the  conductors,  while  at  the  same  time 
they  produce  a compressive  action  on  tue  coil  sec- 
tion. The  axial  stresses  are  compressive  and  tend 
to  crush  the  conductors  into  less  space.  These 
forces  are  difficult  to  calculate  with  any  degree  of 
acouracy,  but  experience  has  shown  that  with  the 
methods  of  winding  which  have  been  described,  and 
with  reasonable  care  in  installing,  reactors  will  be 
amply  strong  enough  to  withstand  any  stress  that 
may  anae  in  service. 

270.  Formulas  for  self-inductance ; Rota's 
formula.  This  is  accurate  for  any  shape  of  coil. 
For  practical  work  the  correction  for  the  form  of 

Id  a nn  m a«r  hn  iL  - e l _ a i i _ 


Fio.  55. — Power-limiting  reactor. 


t>„  56- — Croes-sec- 
Uo°  reactance  coil. 


tie  . • i or  practical  work  the  correction  for  the  form  < 

factor  is  negligible  and  may  be  omitted;  the  formula  then  becomes 

L =L,—&iL  (78) 
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To  obtain  the  value  of  L,  the  formula  below  may  be  used  (Eq.  79): 

L.-on*QX^J  (henrya)  (79 

Where  Q is  a function  of  2a/b,  the  values  of  which  for  different  values  of  thi 
ratio  are  given  in  the  table  below,  in  Par.  271.  The  correction  term  AiL  i 
given  by  the  formula 

Ai L - 4ra(^)(A,  + B,)  X (henry®)  (8(^ 

Where  A$  and  B$  are  given  in  the  * tables  below  (Par.  272  and  Par.  272)  s 
functions  of  c/a.  1 


271.  Values  of  the  Constant  Q in  Eq.  79 


2 a/b 

Q 

2 a/b 

o 

0.20 

3.63240 

1.80 

19.57938 

0.30 

5.23368 

2.00 

20.74631 

0.40 

6.71017 

2.20 

21.82049 

0.50 

8.07470 

2.40 

22.81496 

0.60 

9.33892 

2.60 

23.74013 

0.70 

10.51349 

2.80 

24.60482  ; 

0.80 

11,60790 

3.00 

25.41613 

0.90 

12.63059 

3.20 

26.18009  1 

1.00 

13.58892 

3.40 

26.90177  \ 

1.20 

15.33799 

3.60 

27.58548  ] 

1.40 

16.89840 

3.80 

28 . 23494.  I 

1.60 

18.30354 

4.00 

28.8333$  ^ 

272.  Value  of  the  Constant  A,  as  a Function  of  c/a,  c being  the  Dept 
of  the  Winding  and  a the  Mean  Radius  J 


c/a 

At 

c/a 

n 

0.00 

0.6949 

0.20 

0.6922  | 

0.10 

0 . 6942 

0.26 

0.6909 

0.15 

0.6933 

4 

273.  Values  of  the  Correction  Term  B.  Depending  on  the  Ratio  b. 


b/c 

B • 

b/c 

B» 

b/c 

1 

0.0000 

11 

0.2844 

21 

0.31*1 

2 

0.1202 

12 

0.2888 

22 

0 3131 

3 

0.1753 

13 

0.2927 

23 

0.3145 

4 

0 . 2076 

14 

0.2961 

24 

0.3157 

5 

0.2292 

15 

0.2991 

25 

0.3169 

6 

0.2446 

16 

0.3017 

26 

0.3180 

7 

0.2563 

17 

0.3041 

27 

0.3190 

8 

0.2656 

18 

0.3062 

28 

0.3200 

9 

0.2730 

19 

0.3082 

29 

0.3209 

10 

0.2792 

20 

0.3099 

30 

0.3218 
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P i a . 5 7. — Single-phase 
Mercury- vapor  rectifier. 


RECTIFIERS 

VAPOR  TYPE  RECTIFIERS 

IT4.  The  mercury-vapor  rectifier  is  exceedingly  simple  in  structure. 
Hie  single-phase  type  consists  of  a chamber  from  which  the  air  and  all 
foreign  gases  have  been  exhausted,  and  in  which  there  is  a mercurv  pool 
connected  to  a terminal  which  passes  through  the  chamber;  projecting 
utto  the  upper  part  of  chamber  are  two  terminals 
of  iron  or  graphite  which  are  commonly  i ailed  the 
•nodes  (but  which  in  actual  service  are  alter- 
nately anode  and  cathode),  the  mercury  pool  being 
termed  the  catliode.  The  general  arrangement 
is  shown  in  Fig.  57.  In  addition  to  the  above, 
there  may  be  a supplementary  anode  which 
asy  be  a separate  rod  or,  in  glass-bulb  rectifiers, 
a portion  of  the  mercury  pool  separated  from  the 
remainder  by  a alight  space.  This  supplementary 
aaode  is  used  for  starting  or  exciting  the  rectifier; 
vhen  used  fora  t&rting  only,  a tilting  mechanism 
p provided  which  enables  the  two  edges  of  the 
mercury  pool  to  be  brought  together,  closing  an 
aexiliary  circuit,  and  thus  causing  a spark  or  arc 
to  form  where  the  edges  recede.  Once  the  recti- 
fier starts,  it  will  continue  to  operate  if  the  proper 
aaount  of  inductance  is  included  in  the  circuit. 

There  the  supplementary  anode  is  used  for  con- 
tinuous excitation,  it  is  connected  to  a source 
d direct  current.  Where  the  mercury  pool  is  di- 
vided into  three  small  pools,  the  two  outer  pcola 
my  be  used  as  anodes  with  the  centre  pool  as 
cathode,  and  a continuous  arc  may  be  supplied  for 
■astsining  purposes  by  means  of  a small  auxiliary  transforming  device  or 
uto-tranaformcr. 

ITf.  Characteristics . From  the  viewpoint  of  the  electrical  engineer 
tbs  mercury-vapor  rectifier  may  be  considered  as  an  electrical  valve,  which 
permits  current  to  flow  only  from  a positive  terminal  to  the  pool  of  mercury. 
Thus,  as  long  as  the  terminal  has  a certain  definite  potential  above  that 
of  the  mercury  pool,  current  will  pass,  but  the  moment  that  this  potential 
becomes  lower  tnan  this  critical  value,  the  current  commences  to  decrease. 

ITf.  The  theory  of  operation.  An  ionising  agent  is  required  to  start 
the  electron  stream  issuing  from  the  cathode.  The  liberated  electrons  pro- 
ceed at  high  velocity  toward  the  anode  ionising  molecules  of  gas  on  their 
course  thereby  producing  positively  charged  bodies  and  increasing  the  stream 
■f  electrons  moving  toward  the  anode.  The  positive  charges  are  drawn 
toward  the  cathode  where  they  become  neutralised  again  or  negatively 
Aar  fed;  in  so  doing  they  further  increase  the  ionisation  at  the  cathode,  and 
poduoein  its  neighborhood  a high  intensity  or  potential  gradient  which  as- 
sets in  accelerating  the  electrons  emitted  at  the  surface  of  the  cathode.  The 
Beutral  or  negatively  charged  molecule  is  forced  back  toward  the  anode, 
but  becomes  ionised  again  by  the  stream  of  electrons  issuing  from  the  cathode. 
The  negatively  charged  molecules  apparently  rarely  move  far  enough  away 
from  the  cathode,  before  becoming  ionised  by  collision,  and  positively 
charged,  so  as  to  come  under  the  influence  of  the  electric  field  of  the  inactive 
electrode.  There  is,  therefore,  no  leakage  or  an  extremely  small  one  between 
the  active  and  inactive  anode. 

ITT.  The  thermionic  or  hot  cathode  rectifier  consists  of  a tungsten 
•node  and  a hot  filament  cathode,  which  is  heated  by  a separate  circuit; 
both  are  contained  in  a highly  evacuated  bulb.  The  theory  of  operation 
it  as  follows:  The  hot  cathode  emits  electrons  at  a rate  corresponding  to  the 
&>w  of  current  required,  until  the  limit  set  by  the  Richardson  curve  is 
reached;  from  this  point  on  the  rate  of  emission  of  electrons  remains  con- 
stant for  a given  temperature  of  the  cathode.  Any  further  increase  merely 
reduces  the  spaced  charge  in  the  bulb,  increasing  the  difference  of  potential 
between  anode  and  cathode,  and  thereby  increasing  the  velocity  of  the 
electrons.  The  kinetic  energy  so  imparted  is  dissipated  in  the  form  of 
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heat  at  the  anode  due  to  ita  bombardment  “d 

of  X-rays.  Recent  improvements  make  use  of  an  inert  gas  argon  whicfc 
affords  the  means  for  producing  more  electrons  by  colhsion,  so  that  a d louble 
action  takes  place  similar  to  that  in  the  vapor  convertor,  and  the  limitation 
due  to  the  Richardson  effect  is  no  longer  present. 

278.  Auxiliary  apparatus.  The  vapor  convertor  requires  a trarnj- 
former  or  autentranaformer  with  a tap  at  ^^/^^PTThe  alUrnatiS 

current  supplied  are  utilised  j 
this  iB  necessary  in  order  to 
give  the  necessary  sustaining 
effect,  which  must  be  further* 
enhanced  by  a choke  coil  in 
series  with  the  direct-current 
circuit  or  its  equivalent,  incor- 
porated in  the  design  of  the 
transformer;  otherwise  the 
rectifier  would  become  deioJ 
nised  and  go  out.  The  hot 
cathode  (argon  filled)  con- 
vertor does  not  require  sus- 
taining and  it  is  not  neceesart 
to  utilise  every  half  wave.  A 
single  anode  may  therefore  b< 
used  and  the  whole  arrange- 
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no  58  — Typical  wave  form  of  single-phase  ment  is  simpler  and  cheapei 
rectifiers.  than  that  for  the  vapor  conJ 

vertor. 

279.  Typical  waveforms  obtained  in  a low-voltage  self-sustained  vapoi 
convertor  are  shown  in  Fig.  58. 


direct-current  wave. — - , 

60,  where  a,  6,  c,  are  the  consecutive  positive  voltage  waves  of  a three-phasd 
system.  The  secondary  current  will  flow  first  from  the  anode  connected  tj 
phase  a,  to  the  cathode,  and  thence  through  the  direct-current  circuit  bacl 
to  the  neutral  point  of  the  three-phase  system! 
This  will  continue  until  the  point  n in  the  wavi 
a is  reached;  the  current  will  then  be  transferred 
to  the  anode  connected  to  the  phase  b ; the  cur 
rent  will  continue  to  flow  from  this,  wave  uhti 
the  point  k is  reached,  when  it^  will  again  b 
transferred,  to  the  wave  c;  it  will  continue  t 
flow  from  c until  the  point  e is  reached,  when  1 
will  once  more  be  transferred  to  the  wave  < 
completing  the  cycle.  The  dotted  line  represent 
the  cathode  potential  with  reference  to  that  < 
6 « 


the  neutral  point  of  the  three-phase  system;  the  latter  is  the  positive  term 
nal  of  the  direct-current  system  supplied  by  the  rectifier,  its  potential  ben 
represented  in  Fig.  60  by  the  line  (ox). 

281.  With  the  advent  of  high- efficiency  (nitrogen- filled)  incst 
descent  lighting  and  the  use  of  carbon  flame,  alternating-current  lams 
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187.  Theory  of  operation.  It  has  been  found  that  when  a plate  of 
ilaroinum  and  a plate  of  lead  or  carbon  arc  immersed  in  certain  solutions,  an 

electric  current  can  be  made  to 


Alternating  Current 
Supply  Maine 


Electrolyte  Ammonium 
- Phosphate 


pass  in  one  direction,  but  not  in 
a reverse  direction.  # In  other 
wo^ds,  this  combination  will  act 
as  an  electric  valve  and  is  the 
basis  upon  which  the  electrolytic 
rectifier  and  electrolytic  lightning 
arresters  are  designed.  The  more 
complex  the  acid  radical  employed 
in  the  solution  of  the  electrolyte, 
the  more  complete  will  bo  the  valve 
action  with  a given  voltage,  or,  in 
other  words,  the  higher  will  be  the 
voltage  which  may  be  satisfactorily 
rectified.  In  view  of  this  fact,  re- 
cent developments  have  been  made 
in  the  use  of  ammonium  phosphate 
or  sodium  borate  dissolved  in 
water,  as  the  basis  of  the  elec- 
trolyte. 

The  electrolytio  rectifier,  there- 
fore, consists  essentially  of  two 
aluminum  plates  and  a lead  plate 
immersed  in  a solution  of  ammo- 
nium phosphate  and  connected  to 
some  transforming  device,  as  shown 
in  Fig.  61.  Such  an  arrangement 
will  allow  the  current  to  pass  from 
the  lead  plate,  but  never  from  the 


^.-Diaeran,  oTe.ectro.ytic  rectifier,  ?htcutt 

the  terminals  marked  A and  B will  be  unidirectional,  but  pulsating. 

•See  Sec.  19. 
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288.  General  characteristic*.  Such  a rectifier  is  comparatively  cheap 
ample  to  construct,  requires  no  sustaining  circuits,  and  to  this  extent  u 
satisfactory  for  handling  very  small  loads  where  the  service  is  intermittent 

289.  The  efficiency  of  the  rectifier  is  relatively  low,  seldom  exoeedini 
60  per  cent,  and  frequently  averaging  much  less.  The  efficiency  increase* 
with  decrease  in  the  amount  of  current  to  be  rectified. 

290.  Heating.  Since  the  efficiency  is  low,  the  heat  lose  in  the  rectifie] 
is  comparatively  large,  which  results  in  rapid  deterioration  of  the  plates 
The  degree  of  rectification,  as  the  temperature  rises,  is  much  less  complete 
In  other  words,  the  leakage  of  current  becomes  excessive  as  the  current  in- 
creases, unless  cooling  means  are  provided. 

291.  Treatment  of  plates.  A further  objection  to  the  electrolytic 
rectifier  is  the  necessity  lor  occasionally  “treating”  the  plates  to  form  the 
necessary  insulating  and  rectifying  films. 

292.  General  applications.  As  a result  of  the  low  efficiency,  the  rapid 
deterioration,  and  the  rapid  heating  of  the  electrolytic  rectifier,  it  is  setdon 
used  for  ordinary  loads.  Its  present  field  appears  to  be  limited  to  X-ra^ 
equipments  and  experimental  purposes  where  a cheap  rectifying  device  u 
required  for  light  intermittent  service. 

298.  Artificially  cooled  electrodes.  Recent  improvements  have  beei 
made  in  electrolytic  rectifiers  which  permit  operation  at  higher  curran 
densities.  One  of  these  consists  in  cooling  the  aluminum  cathode  by  a stress 
of  water.  The  effect  is  such  that  a current  ten  times  as  large  can  be  permittee 
with  the  cooled  cell  as  with  the  same  cell  uncooled.  An  excellent  rectifyinj 
effect  with  a cooled  cell  may  be  obtained  with  frequencies  as  high  as  4,001 
to  10,000  cycles  per  second. 

MECHANICAL  HECTIFUUtB 

294.  The  vibrating  type  of  alternating- current  rectifier  is  a simple 

efficient  and  inexpensive  piece  of  apparatus  adapted  particularly  to  the  chaig 
ing  of  three-cell  vehicle  batteries.  However  thiB  type  is  being  replaced  b: 
the  thermionic  converter,  which  overcomes  the  difficulties  with  the  mech 
anical  type  due  to  sparking  contacts. 

298.  General  characteristics  of  vibrating  type  of  rectifier.  It  i 
essentially  an  electrically  operated  vibrating  switch  which  reverses  the  coq 
nection  of  the  alternating-current  line  to  the  battery  in  synchronism  with  t b 
alternations  of  the  current,  this  reversing  action  being  accomplished  at  tb 
moment  when  the  current  flow  is  sero.  There  is  therefore  very  little  sparkin 
at  the  contacts  and  the  current  delivered  is  unidirectional  and  putsatini 
290.  The  principle  on  which  the  vibrating  rectifier  operates  is  a 
follows:  a small  transformer  Berves  to  reduce  the  alternating-current  lin 
voltage  to  a suitable  value;  two  alternating-current  magnets  are  connect* 
across  one-half  of  the  low-voltage  winding  and  are  so  arranged  as  to  preset) 
at  any  instant  poles  of  like  polarity  before  those  of  a steel  magnet  which  t 
excited  from  the  battery.  Hence  during  one-half  cycle  of  the  alternatin 
current,  one  of  the  poles  of  the  pivoted  magnet  will  be  attracted  and  the  oth« 
repelled,  and  the  opposite  action  will  take  place  during  the  other  half-cych 
The  pivoted  magnet  is  connected  to  one  terminal  of  the  battery  and  the  oth< 
terminal  of  the  latter  is  connected  to  the  middle  point  of  the  low-tensio 
winding  of  the  transformer.  Two  platinum  contacts  carried  on  the  pivot* 
magnet  are  thereby  brought  alternately  in  contact  with  two  other  contact 
connected  to  the  low-voltage  terminals  of  the  transformer.  It  is  of  no  in 
portance  which  terminals  of  the  battery  are  connected  to  the  binding  post 
of  the  apparatus,  since  the  winding  of  the  pivoted  magnet  automatical! 
determines  the  proper  polarity  of  the  binding  poets. 

297.  Sparking.  A properly  designed  vibrating  rectifier  should  operai 
without  sparking,  otherwise  the  life  of  contacts  will  be  short.  To  secui 
sparkless  operation,  contact  should  be  broken  at  the  instant  the  currw 
falls  to  aero  and  should  be  made  again  at  the  moment  the  instantanrot 
value  of  the  alternating  voltage  wave  is  equal  to  the  e.m.f.  of  the  etorti 
battery.  If  contact  is  broken  before  the  current  reaches  aero  and  made  agai 
some  time  after  the  alternating  e.m.f.  has  reached  the  proper  value,  the  mal 
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wm  input  to  the  battery  will  not  be  obtained;  on  the  other  hand,  if  the 
evrent  reverses  before  contact  is  broken,  part  of  the  battery  charge  will  be 
dUpsted  in  the  circuit. 

When  the  wave-form  of  the  alternating-current  supply  differs  from  a sine- 
it  may  be  necessary  to  change  the  adjustment  slightly  to  prevent 
shirking.  This  may  be  accomplished  by  means  of  a variable  resistance  in 
Ktin  with  the  alternating-current  magnets,  which  permits  the  time-phase 
U|  of  the  magnetizing  current  behind  the  secondary  e.m.f.  to  be  adjusted 
util  tparkless  operation  is  obtained. 

198.  Eatings  and  efficiency.  The  efficiency  is  usually  about  55  per  cent- 
Commercial  types  are  made  for  operation  on  60,  50,  40,  or  25  cycles,  at  110 
roits.  They  are  designed  to  charge  3 cells  of  storage  battery  and  deliver 
ft  current  of  from  8 to  8.5  amp. 

999.  A commutator  type  rectifier  is  being  manufactured  by  one 
tanpsny  for  charging  small  batteries. 

988.  Other  forms  of  mechanical  rectifiers.  Mechanical  synchronous 
tutsctors  are  used  for  rectifying  alternating-current  waves  so  that  direct- 
•vrent  galvanometers  may  be  employed  for  precise  and  delicate  measure- 
ments on  alternating-current  circuits.  Since  it  is  essential  in  such  cases  to 
*nne  the  contacts  as  quickly  as  possible,  so  that  as  much  a a possible  of  the 
•kern* ting  waves  shall  be  rectified,  these  devices  are  costly  and  require  a 
put  deal  of  care  in  their  design.  Some  high-voltage  contact  rectifiers 
icn  also  been  devised  for  laboratory  work. 
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SYNCHRONOUS  MACHINES 

GENERAL 

1.  Definition.  A synchronous  generator  (or  motor)  usually  consists  i 
a system  of  alternately  north  ana  south  magnetic  poles,  comprising  tl 
field,  which  moves  with  respect  to  a system  of  suitably  connected  coi 
ductors  in  which  the  alternating  e.m.f.  is  induced.  These  conductors  ti 
gether  with  their  mounting  are  called  the  armature.  See  Fig.  1.  Tl 
magnetic  poles  of  the  field  are  usually  excited  with  direct-current  supphc 
by  a separate  generator  called  an  exciter.  See  Par.  t. 


Fio.  1. — A portion  of  the  armature 
and  field  of  a synchronous  machine. 


Fio.  2. — A graph  of  a cycle  of 
e.m.f. 


2.  The  “cycle.”  In  the  ordinary  heteropolar  alternator,  the  e.m. 
induced  in  each  armature  conductor  reverses  with  the  passage  of  each  pol 
i.e.,  for  a peripheral  movement  equal  to  one  pole  pitch  (the  peripheral  distan< 
between  the  centres  of  adjacent  poles).  The  set  of  values  comprised  withi 
a double  reversal,  or  corresponding  to  a movement  equal  to  twioe  the  po 
pitch,  repeats  itself  indefinitely,  and  is  called  a cycle  of  values,  or  simply 
cycle.  See  Fig.  2.  The  graph  of  these  values  plotted  against  time  in  re 
tangular  coordinates,  is  referred  to  as  the  e.m.f.  wave  of  the  machine  i 
question. 

8.  Frequency.  The  time  required  for  the  execution  of  a cycle  is  call* 
the  period  of  the  alternating  e.m.f.,  and  the  number  of  cycles  per  secoc 
is  called  the  frequency.  Frequency,  /,  is  expressed  by  the  relation:/  — p’ 
rev.  per  second,  where  2p  is  the  number  of  poles.  Modern  commerce 
frequencies  in  the  United  States  are  60  and  25  cycles  per  sec. 

4.  Electrical  and  magnetic  degrees.  It  is  customary  to  refer  to  a eye! 
as  360  electrical  degrees  (see  Fig.  2),  or  one  electrical  revolution,  and  to  ti 
circumferential  distance  from  the  oentre  of  one  pole  to  that  of  the  nei 
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tit  of  the  »ame  polarity , a b 360  magnetio  degrees.  Thus  two  active  armature 
oductors  displaced  from  each  other  by  0 magnetic  degrees  will  experience 
a.fi.  differing  in  phase  by  0 electrical  degrees.  Two  active  conductors 
SO  magnetic  degrees  apart  would  naturally  be  connected  in  series  to  form 
tloop  or  coil,  since  their  two  e.m.fs.  will  then  be  always  in  the  same  direo- 
m around  the  circuit  of  the  loop  (see  coils  I and  II,  Fig.  3). 

I.  The  two-phase  (quarter-phase)  alternator.  Referring  to  FIs.  3, 
ttb  I and  II  are  displaced  from  each  other  by  90  magnetic  degrees.  The 


Fio.  3. — Part  of  the  arma- 
ture and  field  of  a quarter- 
phase  alternator. 


Fio.  4. — Graph  of  the  elec- 
tromotive forces  in  a quar- 
ter-phase alternator,  plotted 
against  time. 


►.afa  induced  in  these  two  coils  therefore  differ  in  phase  by  90  deg.  If  all 
nl»  in  the  same  phase  as  I,  are  connected  in  series,  and  all  those 
» the  same  phase  as  II  in  another  series,  the  two  circuits  being 
ftparate  and  distinct  electrically,  the  machine  is  called  a two-phase 
machine.  The  circuits  themselves  are  referred  to  as  the  two  phases 
v phase  windings  of  the  machine.  Sometimes  this  type  of  machine 
» called  a quarter-phase  machine,  since  its  two 
s.m  fs.  differ  in  phase  by  90  deg.  or  one-quarter 
►jd*.  The  electromotive  force  in  coil  I is  aero 
vhen  that  in  coil  II  is  a maximum,  and  vice 
xrta.  If  the  value  of  the  electromotive  force  from 
J^unt  to  instant  is  a sine  function  of  the  relative 
lagular  position  of  die  armature  coils  and  revolv- 
field,  the  curves  of  the  electromotive  forces  in 
toih  1 and  II,  may  be  plotted  as  indicated  in  Fig. 
t in  which  the  ordinates  represent  the  instan-  Fig.  5. — Part  of  the 
isaeous  values  of  tho  electromotive  force,  and  the  armature  and  field  of  a 
ihscisaas  represent  time.  The  four  terminals  of  three-phase  alternator, 
the  two  windings  of  a two-phase  alternator  are 

usually  brought  out  to  tho  terminal  board.  The  load  may  be  fed  by  three 
*iw,  one  the  common  return  for.  the  other  two,  or  four  wires  may  be 
eupluyed  as  two  independent  circuits. 

$.  The  three-phase  alternator.  If  three  sets  of  overlapping  coils  dis- 
placed by  60  magnetic  degrees  (Fig.  5)  be  connected  to  three  separate  cir- 


7 7/  III 


foms  in  the  three  armature  circuits  of 
• thr«-pbase  alternator. 


Fio.  7. — Graph  of  terminal  pres- 
sures in  the  three  phases  of  a three- 
phase  alternator. 


nut*,  their  e.m.fs.  will  differ  in  phase  by  60  deg.  (see  Fig.  6).  By  reversing 
the  terminal  connections  of  phase  II,  we  reverse  the  phase  of  its  e.m.f.  with 
•••IW  to  the  load  and  obtain  the  three  voltages  shown  in  Fig.  7.  These  vol- 
differ  in  phase  by  120  deg.  The  difference  between  the  three  e.m.fs. 
o*  fif.  6 and  those  of  Fig.  7 is  obviously  external  to  the  machine  in  which  they 
^ generated,  which  is  called  a three-phase  alternator.  In  many  three-phase 
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alternators  the  phases  are  internally  connected,  with  only  three  termini 
brought  out.  There  are  two  principal  methods  of  making  these  connectioz 
FandA  (see  Figs.8and9).  Let  .Sand  I represent  respectively  .volts  ai 
amperes  per  armature  phase;  and  Ei  and  /i the  line  volts  and  ampen 
Then,  in  the  Y armature,  Ei~E  >/$,  and  J|— J;  and  in  the  A armatui 
Ei  — E,  and  J/  — \/ 3 I.  Therefore  the  power  in  each  case  will  be  3 EI  cos 
— \/3  Eil i cos  6,  where  0 is  the  common  phase  difference  between  the  v< 
tago  and  current  of  each  phase,  balanced  load  assumed. 


I 

i 


J . 


Figs.  8 and 9. — Internal  and  external  e.m.fs.  and  currents  in  three-phases 
ternators  with  Y and  A connections. 


7.  Note  on  phase  classification.  There  is  a alight  inconsistency  i 
the  usual  classification  of  alternators  and  systems.  In  the  ordinary  thre> 
phase  alternator  (Fig.  5)  there  are,  in  each  360  magnetic  degrees  of  circus 
ference,  six  coil  groups  or  belts  of  conductors.  In  these  groups  ai 
being  generated  six  different  e.m.fs.  differing  in  phase  progressive] 
by  60  deg.  or  one-sixth  of  a cycle.  If  the  six  terminals  of  tl 
three  phases  be  connected  to  three  equal  loads,  the  six  currents  in  the  s 
leads,  when  counted  positive  in  the  same  direction  along  the  line,  will  diff< 
in  phase  progressively  by  60  deg.  If,  however,  the  three  phases  be  connects 
in  V or  A,  with  three  leads  connected  to  the  load,  the  three  currents,  counts 
positive  in  the  same  direction  along  the  line,  will  differ  in  phase  by  120  def 
or  one-third  of  a cycle.  To  be  consistent  these  two  systems  should  be  refem 
to  as  " six-phase  ” and  “three-phase"  respectively,  although  the  alternate 
is  the  same.  Moreover  when  a closed-coil  armature  is  used  for  al  terns  tin 
e.m.f.  generation,  as  in  the  case  of  a synchronous  converter,  it  is  calls 
"three  phase"  when  it  has  three  120-deg.  taps  and  three  phase-belts  « 
120-deg.  span,  and  six  phase  when  it  has  six  60-deg.  taps  and  six  phase-bell 
each  of  60-deg.  Bpan.  Thus,  to  be  consistent,  the  ordinary  three-phai 
alternator  should  be  called  a six-phase  alternator,  although  mostly  use 
to  supply  three-phase  circuits. 

8.  Single-phase  generators*  are  occasionally  required  for  railways  an 
also  for  certain  electrochemical  and  electrothermal  processes.  Mol 
single-phase  generators  are  Bimply  Y-connected  three-phase  generate! 
with  one  of  the  three  legs  left  idle.  When  a generator  is  operate 
■ingle-phase,  it  is  important  that  the  pole  shoes  should  be  fitted  wit 
a heavy  amortisseur  or  squirrel  cage  winding  to  damp  out  the  effects  of  th 
pulsating  armature  reaction  (Par.  44).  Furthermore  it  is  important  tha 
all  parts  of  the  magnetic  circuit  shall  be  well  laminated  in  order  that  pukfl 
tions  in  the  resultant  m.m.f.  may  not  occasion  excessive  iron  losses. 

Occasionally  single-phase  generators  are  supplied  with  distinctly  sing)' 
phase  windings  as  shown  diagrammatically  in  Figs.  10  and  11.  The  winding 
in  these  two  figures  differ  from  one  another  in  the  extent  to  which  the  co* 
ductors  are  distributed  ov^the  surface  of  the  stator.  The  complete  du 
tribution  employed  in  Fig.  11  is  wasteful.  The  proportions  of  Fig.  1 
are  more  nearly  correct.  (See  Par.  28,  Par.  81,  and  Fig.  32.)  A single 
phase  generator  for  a given  kv-a.  output  and  a given  power  factor,  volts* 
and  speed,  is  inherently  more  heavy  and  expensive  than  theequivalentpolj 
phase  generator  by  fully  65  per  cent.  Even  then , if  the  speed  is  very  higb.  * 


•Waters,  W.  L.  "Modem  Development  in  Single-phase  Generators 
Trans.  American  Institute  of  Electrical  Engineers.  Vol.  XXVII,  1908,1 
1069  and  from  1086  to  1097. 

Hobart,  H.  M.  "The  Relative  Costs  and  Operating  Efficiencies  of  Polj 
phase  and  8ingle-phase  Generators  and  Transmitting  Systems."  Tran) 
American  Institute  of  Electrical  Engineers,  VoL  XXXI,  1912,  p.  11 A 
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fa  the  case  of  a steam  turbine-driven  generator,  the  temperature  rise  will  be 
mater  and  its  efficiency  will  be  lower  than  in  the  case  of  the  polyphase  ma- 
rine. Very  few  manufacturers  of  dynamo- electric  machinery  have  realised 
the  difficulties  attending  the  design  and  construction  of  single-phase  genera- 
tors, and  many  faultily  designed  machines  have  been  built.  Singular  as  it 
aay  seem,  there  is  even  now  a general  failure  to  pay  heed  to  these  unsuccessful 
rerelts.  Even  for  cases  where  polyphase  machines  are  required  to  carry  differ- 
iag  loads  and  power-factors  on  the  various  phases,  the  heating  may  be  decid- 
edly excessive  unless  such  machines  are  designed  with  due  regard  to  the 
pulsating  m.m.f.  which  will  be  present  under  these  conditions  of  load. 


Figs.  10  and  11. — Single-phase  alternators  with  distinctly  single-phase 
windings. 

t.  Excitation:  Separate  excitation  is  almost  always  employed  in  modern 
•ynchronous  generators.  The  exciter  is  usually  either  mounted  on  an  exten- 
•on  of  the  main  generator  shaft  or  driven  by  a motor  from  the  generator 
boa.  This  is,  however,  objectionable  in  that  a given  percentage  variation 
in  the  speed  of  the  generator  will  occasion  a greater  percentage  variation 
in  its  voltage.  Thus  if,  for  instanoe,  the  speed  varies  1 per  cent.,  the  speed 
of  the  exciter  will  vary  1 per  cent,  and  the  voltage  of  the  exciter  by  a little 
more  than  1 per  cent.;  this  causes  a little  more  than  2 per  cent,  variation 
in  the  voltage  of  the  main  generator.  It  is,  therefore,  desirable  that  ex- 
citers be  driven  by  independent  prime  movers  whenever  it  is  possible. 
Various  methods  have  been  devised  for  rendering  alternators  self-exciting 
bat,  except  for  comparatively  small  machines,  these  are  never  used. 

10.  Relative  motion:  revolving  armature  and  revolving  field.  The 
revolving-armature  type  of  alternator  is  now  rarely  employed  even  in  very 
•null  si  see.  Revolving-field  alternators  fall  into  two  classes : (a)  those  with 
cylindrical  rotors  provided  with  windings  embedded  in  slots  in  the  surface; 
w those  with  salient-pole  rotors.  The  former  are  now  almost  universally 
used  for  extra  high-speed  generators  driven  from  steam  turbines,  owing  to 
monger  mechanical  construction,  better  balance,  less  noise  and  lower  air 
faction  (which  last  may  represent  a loss  as  great  as  the  aggregate  of  all  the 
others).  For  water-wheel  generators  and  for  generators  driven  by  recipro- 
cating engines  the  salient-pole  construction  is  usually  the  most  appropriate, 
although,  for  other  than  very  low  speeds,  a good  argument  can  usually  be 
Presented  for  the  cylindrical  type  of  rotor. 

11.  Vertical  and  horizontal  types.  Until  1911  a considerable  propor- 
tion of  the  steam  turbine-driven  alternators  were  of  the  vertical  type.  The 
subsequent  large  increase  of  speeds  of  steam  turbo-alternators  (in  many  cases 
Arable)  involving  greater  lengths,  smaller  diameters,  and  greater  vibra- 
tional difficulties,  has  made  more  desirable  the  horisontal  type  with  its 
inherently  better  provision  for  strength  of  frame  and  accessibility  of  parts. 
The  vertical  type  is  generally  used  for  low-speed  water-wheel  generators. 
As  a notable  instance  of  the  vertical  type  may  be  mentioned  the  30  Keokuk 
generators,  each  9.000  kv-a.,  25  cycles  and  6o  r.p.m.  with  52  poles.  The 
external  diameter  of  the  rotor  is  25  ft.  and  it  weighs  116  tons.  The  entire 
machine  weighs  some  275  tons. 

U.  Engine  type.  (Direct-connected  to  reciprocating  engines.)  In  this 
type  sufficient  momentum  must  be  provided  in  the  rotating  element  to  en- 
ters the  required  degree  of  uniformity  in  the  angular  velocity.  Three  ar- 
rangements to  accomplish  this  end  are:  (a)  a separate  fly-wheel;  (b)  the 
fly-wheel  as  an  integral  part  of  an  internal  rotor,  Fig.  12;  (c)  the  fly-wheel 
as  an  integral  part  of  an  overhung  rotor,  Fig.  13. 

Ia  America  the  fly-wheel  effect  is  expressed  in  terms  of  the  WR * where  the 
weight  of  the  rotor  in  pounds  is  denoted  by  W,  and  the  radius  to  the  centre 
of  gyration,  in  feet,  is  denoted  by  R.  In  countries  employing  the  metric 
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system,  the  fly-wheel  effect  is  expressed  in  terms  of  the  QD*.  where  D is  thi 
diameter  at  the  centre  of  gyration  in  meters,  and  0 is  the  weight  of  the  roto 
in  kilograms.  The  greater  the  weight  of  the  required  fly 

Awheel,  the  more  liberal  must  be  the  design  of  the  bearings 
IS.  Water-wheel  type  alternators  have  speeds  rang 
ing  widely  in  accordance  with  the  head  of  water  unde 
which  the  prime  movers  operate.  The  Keokuk  9,000 
kv-a.  generator  (Par.  11)  has  a rotative  speed  of  58  rev 


Fig.  12. — Fly-wheel  Fig.  13. — Umbrella  type  of  revolving-field 
rotor  for  alternator.  alternator. 


per  min.,  and  the  5,000-kv-a.  (Niagara)  generator  (Fig.  13)  260  rev.  per  mil 
Even  for  the  same  head,|water-wheels  are  built  for  any  speed  within  quit 
a wide  range.  On  the  whole,  the  water-wheel  will  be  lower  m price  and  mox 
efficient  when  constructed  for  a moderately  low  speed.  On  the  other  hanc 
the  weight  and  oost  of  the  generator  will  decrease  with  increasing  rate 
speed,  up  to  fairly  high  speeds.  At  all  but  very  low  heads,  therefore,  th 
tendency  is  toward  fairly  high  speeds.  For  10,000  to  20,000  kv-a.  watei 
wheel  seta,  speeds  of  some  300  to  600  rev.  per  min.  are  now  often  employee 
In  event  of  accident  to  governors  or  heaa-gates,  the  runaway  speed  will  at 

E roach  double  the  normal  speed;  see  paper  in  Vol.  XXXI  of  Trans.  A.  I.  E.  r 
y D.  W.  Mead  entitled  “The  Runaway  Speed  of  Water-wheels  and  it 
Effect  on  Connected  Rotary  Machinery,”  and  a paper  by  F.  Nagler,  entitle 
“ A New  Type  of  Hydraulic  Turbine  Runner,  at  p.  921  of  r‘ Mechanic* 
Engineering  ” for  December,  1919.  Water-wheel  driven  generators  hav 
been  built  up  to  capacities  of  22,000  kv-a.  in  the  horisontal-shaft  type,  an 
are  being  built  up  to  45,000  kv-a.  in  the  vertical-shaft  type. 


14.  Typical  vertical  type  water-whoel  generators 


Location 

No.  of 
poles 

Rating 

in 

kv-a. 

Speed 

in 

r.p.m. 

Ex- 
ternal 
dia. 
in 
' feet 

1 

Cedar  Rapids  (Quebec) . 
Whitney  (North  Caro- 

136 

10,000 

656 

30.5 

lina) 

28 

18,000 

164 

19.5 

Niagara  Falls 

20 

32,500 

160 

21.5 

gOfifl 

Ebro  (Spain) 

16 

14,000 

376 

14.5 

IjBf 

Spain 

10 

18,760 

600 

14.5 
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If.  Steam  turbine-driven  types. • Extra  high-speed  generators  are 
■ow  almost  invariably  constructed  with  the  cylindrical  type  of  rotor  carry- 
ing the  field  winding  embedded  in  slots  distributed  over  its  surface.  Owing 
k>  the  p’eat  stresses  associated  with  high  peripheral  speeds,  the  entire 
rotor  (including  the  extensions  constituting  the  shaft)  is  often  made  from  a 
ingle  piece  of  steel.  In  the  largest  machines,  peripheral  speeds  of  the  order 
tf  25,000  ft.  per  min.  (127  meters  per  sec.)  are  employed.  Bipolar  26-cycle 
designs  are  now  under  construction  for  rated  loads  of  40,000  kv-a.  at  a speed 
of  1,500  rev.  per  min.  # Bipolar  60-cycle  designs  for  a speed  of  3,600  rev.  per 
sin.,  have  been  built  in  sues  up  to  9,375  kv-a. 

It  is  characteristic  of  extra  high-speed  alternators  of  great  capacity  that 
since  they  are  so  exceedingly  small  for  their  output  they  can  only  be  main- 
tained at  appropriately  low  temperatures  when  in  operation,  by  circulating 
through  them  enormous  quantities  of  air.  For  this  purpose,  and  also  in 
order  to  ensure  reasonable  absence  of  noise  in  their  neighborhood,  such 
generators  are  of  the  completely  enclosed  type  with  definite  inlets  and 
outlets  for  the  circulating  air.  These  subjects  are  discussed  in  Par.  119  to  IN. 

ABMATU&K  WINDING 

11  Considerations  affecting  the  choice  of  armature  winding  for 

&n  alternator,  (a)  Efficient  e.m.f.  generation*,  i.  e.,  without  considerable  dif- 
ferential generation  in  series-connected  conductors.  This  indicates  coils 
whose  pitch  or  span  is  about  180  deg.  The  pitch  is  on  other  accounts 
sometimes  as  low  as  0.66  or  even  0.50.  (b)  Wave  shape.  In  most  cases  an 

approximate  sine-wave  is  desired,  w lich  ordinarily  means  a distributed 
winding  (several  slots  per  pole  per  phase) . It  is  not  necessary  to  have  a whole 
number  of  slots  per  pole  per  phase.  In  fact  a fractional  number  is  some- 
times desirable,  e.a.%  a machine  with  1$  slots  per  pole  per  phase  will  have 
u good  a wave  shape,  other  things  being  equal,  as  a machine  with  five 
riots  per  pole  per  phase.  Wave  shape  also  usually  indicates  a fractional- 

?tch  winding  (Par.  10),  ».e.,  coils  with  a pitch  less  than  180  deg.  (c) 
rom  the  standpoint  of  Peat  .dissipation,  as  well  as  of  wave  shape,  the  winding 
should  be  distributed  rather  than  concentrated;  this  also  reduces  the  leakage 
reactance  slightly.  On  the  other  hand,  much  distribution  means  more  insula- 
tion mace  and  less  slot  space  for  copper,  particularly  in  high-voltage  machines, 
(d)  From  the  standpoint  of  first  cost  it  is  important  that  the  coils  shall 
be  wound  and  insulated  before  being  placed  in  the  machines,  also  that  they 
*haU  be  of  one  shape  rather  than  of  many  shapes.  This  involves  the  neces- 
■tyof  open  slots,  although  magnetic  wedges  are  sometimes  inserted  after 
the  winding  is  in  place,  in  order  to  secure  the  advantages  of  closed  or  partly 
dosed  slots. 

17.  Classifications  of  armature  windlngi:  (a)  coil-end  classification 
(spiral  or  lap;  one  range,  two  range,  three  range  or  barrel);  (b)  according 
to  the  number  of  layers  (one  or  two);  (c)  according  to  the  pitch  of  the  coils; 
(d)  open  slots  (usually  with  form  wound  coils)  or  closed  slots;  (e)  according 
to  the  number  of  slots  per  pole  per  phase;  (f)  according  to  the  number  of 
dreuits  in  each  phase;  (g)  according  to  the  number  of  phases;  (h)  in  three- 
phase  windings,  Y or  A connection. 

Diagrammatic  illustrations  of  three-phase  windings  are  shown  in  Fig.  14 
which  explains  itself.  All  of  these  illustrations  are  for  single-layer  wind- 


*KloeaM.  “Selection  of  Turbo-Alternators,”  Joum.  Inst.  Elec.  Engrs., 
Voi  XLII,  p.  156. 

8toney,  G.  and  Law,  A.  H.  "High-speed  Electrical  Machinery,”  Joum. 
LE  E..  Vol.  XLI,  p.  286. 

Walker,  Miles.  "Design  of  Turbo  Field  Magnets  for  Alternating-cur- 
• rent  Generators,”  Joum.  I.  E.  E.,  Vol.  XLV,  p.  319. 

Smith.  8.  P.  “Non-salient  Pole  Turbo-alternators,”  Joum.  I.  E.  E., 
Vol.  XL VII,  p.  562. 

Lamme,  B.  G.  "High-speed  Turbo-alternators,”  Trans.  A.  I.  E.  E., 
1913,  Vol.  XXXII,  p.  1. 

Field,  A.  B.  “Some  Difficulties  of  Design  of  High-speed  Generators,” 
/own.  Inst.  Elec.  Engrs.  (1916),  Vol.  54,  p.  65. 

Shepherd,  J.  “Failures  of  Turbo-generators  and  Suggestions  for  Im- 
provements;” read  before  the  Institution  of  Elec.  Engrs.  in  January,  1920. 


471 


Digitized  by  Google 


Sec.  7-18 


GENERATORS  AND  MOTORS 


ingi,  suoh  that  they  can  be.  wound  with  one  coil-side  per  slot.  It  will  be 
observed  also  that,  in  effect,  they  are  all  full-pitch  winding! t i.e.,  that  the 
two  groups  of  active  conductors  belonging  to  any  given  phase  and  lying 
under  adjacent  poles  are  always  180  deg.  apart,  as  groups,  although  some 
individual  coils  of  the  spiral  windings  have  a pitch  loss  than  180  deg. 


Three  Phase  1 

Whole  Coiled 

Hall  Coiled  | 
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Fio.  14. — Three-phase  windings. 


18.  ▲ three-phase  spiral  winding  with  three  slots  per  pole  per  phase 
is  shown  in  Fig.  15,  and  a two-phase  spiral  winding  with  six  slots  per  pole  per 
phase  in  Fig.  16.  For  obvious  reasons  these  are  sometimes  oaJlea  chain 
windings.  Th?y  are  also  two-range  windings,  i.e.  .the  coils  extend  out- 
ward in  two  ranges,  or  rows.  Fig.  5 shows  part  of  a three-range  winding. 

19.  Two-la^er  lap  winding.  A more  common  type  than  any  of  the 
windings  mentioned  in  Par.  18,  is  the  two-layer  lap  winding,  shown  in  Fig. 
17.  This  type  has  the  advantage  not  only  of  a single  shape  of  coil,  but  also 
that  the  coil  pitch  may  be  any  whole  number  of  slots,  without  disturbing  the 
symmetry  of  the  winding. 


Fig.  15. — Three-phase,  spiral,  two-  Fig.  16. — Quarter-phase,  spiral,  two- 

range  winding.  range  winding. 


20.  Fractional -pitch  winding.  When  the  ooil  pitch  is  less  than  180  deg., 
the  winding  is  called  a fractional-pitch  winding.  Fractional-pitch  wind- 
ings are  much  used  not  only  because  of  their  effect  on  the  wave  shape  (Par. 
28  et  seq.),  but  also  because  of  the  saving  in  coil-end  copper  and  in  overall 
length  of  machine.  The  gain  is  particularly  noticeable  on  two-pole  machines 
where  fractional  pitch  is  practically  universal.  It  is  also  possible  with  this 
type  of  winding  to  have  a fractional  number  of  slots  per  pole,  wbich  tends 
to  eliminate  tooth  harmonics  from  the  e.m.f.  wave.  The  end  connections, 
of  the  two-layer  lap  winding  stand  out  in  a single  range,  but  because  of  its 
appearance  and  continuity  it  is  often  called  a barrel  winding.  Figs.  17 
and  18  show  samples  of  three-phase^two-layer  lap  windings  with  full  pitch 
and  50  per  cent,  pitch  respectively.  The  bctween-coil  connections  and  phase 
terminals,  are  shown  for  only  one  phase.  All  things  considered,  the  two- 
layer  lap  winding  is  the  most  flexible  and  generally  useful  type.  In  very 
high-voltage  machines,  the  necessity  for  insulation  between  the  two  layers 
is  an  objection,  particularly  with  fractional  pitch,  when  there  isa  relatively 
large  potential  difference  between  the  two  coil-sides  in  a slot. 

8^2  Google 


frc.  19. — Three-phase  Bingle-layer  lap  winding  with  five-ten thB  pitch  (i.e 
coil  pitch  g-**  .50^,  Two  poles.  Six  slots  per  pole. 


Three-phase  single-layer  lap  winding  with  five-ninths  pitch  (».«. 
coil  pitch  g-  — .566^ , Two  poles.  Nine  slots  per  pole. 
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21.  Fractional  pitch  BiMle-layer  lap  winding.  It  Lb  also  possible  to 

have  fractional-pitch  coils  with  a one-layer  lap  winding,  but  here  the  number 
of  combinations  is  quite  limited,  see  Figs.  19  and  20.  Inter-coil  connections 
are  shown  for  only  one  phase.  Fractional-pitch  one-layer  polyphase 
windings  have  the  serious  fault  that  in  a certain  portion  of  the  slots,  the 
phases  alternate  with  one  another,  causing  a very  unfavorable  distribution 
of  the  m.m.f.  of  armature  reaction.  Thus  with  three  phases  A,  B , and  C, 
four  slots  per  pole  per  phase,  and  75  per  cent,  pitch,  the  distribution  of  the 
phases  in  successive  slots  is  as  follows:  AC AAB ABBCBCC AC AAB ABB , etc. 
When  each  slot  contains  conductors  of  only  one  phase,  the  m.m.f.  distribu- 
tion is  very  unfavorable,  but  with  a two-layer  winding  with  four  slots  per 
pole  per  phase,  and  the  same  coil  pitch,  we  obtain  the  following  arrangement: 
f AAAABBB BCCCCAA  \ . 

\ CCC  AAAABBBBCCC  / etc‘ 

This  arrangement  provides  a nearly  sinusoidal  distribution  of  the  m.m.f. 

22.  Multi-circuit  windings.  Another  classification  of  windings  is  ac- 
cording to  the  number  of  similar  circuits  in  each  phase;  c.p.,  a two-circuit 
220-volt  alternator  could  be  changed  to  a single  circuit  440-volt  machine  by 
series-connecting  the  two  parallel  circuits.  In  three-phase  alternators  there 
is  still  another  distinction,  namely,  between  Y and  A connection  of  the  three 
phases. 

E.M.F.  GENERATION 

23.  Electromagnetic  induction.  The  law  of  electromagnetically  in- 
duced e.ra.f.  may  be  stated  in  two  ways:  (a)  whenever  a conductor  cuts  a 
magnetic  flux,  an  e.m.f.  is  induoed  which  is  proportional  to  the  rate  of  cutting, 
i.e.,  to  the  flux  cut  per  sec.;  (b)  whenever  the  flux  linked  with  a loop  or 
coil  of  wire,  changes  for  any  reason,  an  e.m.f.  is  induced  in  the  loop  or  coil, 
proportional  to  the  rate  of  change  of  the  flux  and  to  the  number  of  turns  in  the 
coil.  For  all  ordinary  cases,  statements  (a)  and  (b)  are  exactly  equivalent, 
but  for  alternator  electromotive  forces,  (a)  will  ordinarily  be  more  convenient. 

24.  E.m.f.  formulas.  Let  l — gross  length  of  armature  core,  inches. 
v — peripheral  velocity  in  ft.  per  sec.  (Bi  = maximum  gap  density  (max- 
wells per  sq.  in.)  of  equivalent  sine- wave,  e"  ■■  root-mean-sauare  volts 
per  in.  of  active  conductor.  N — series-connected  active  conductors  per 
phase  (twice  the  number  of  turns  per  phase).  E — volts  per  phase,  kb  and 
kp  are  the  differential  factors,  Par.  28  and  22. 

Then 


and 


12  -•  -• 
- — riBilO  «8.5t<Bi10 

Vi 


(volts) 


(1) 


(2) 


E — kbkpe”Nl  — 8.6fc*fcp«(Bi  ArilO  (volte) 

Another  very  common  variety  of  the  e.m.f.  formula  is  obtained  as  follows: 
let  $ — flux  per  pole  in  maxwells;  then  the  average  e.m.f.  per  active  con- 
ductor is  2/4»10  , and  neglecting  differential  action,  the  average  e.m.f.  per 


phase  is  2/&N10.  To  obtain  the  roofc-mean-square  volts  and  at  the 
same  time  to  take  account  of  the  differential  action,  involves  the  form  factor 
{k / — ratio  of  root-mean-square  to  average  volts),  and  the  differential 
factors,  giving  for  the  induced  volts 

E = 2kfkbk,f*NlO  (3) 

The  three  k' s are  usually  combined  in  a single  term  K which  has  an  average 
value  of  1.05  for  full-pitch  windings. 

26.  E.m.f.  wave  shape.  * Assuming  constant  speed,  the  e.m.f.  generated 
by  a single  active  armature  conductor,  or  by  a group  of  series-connected  con- 
ductors making  up  a coil  side  and  lying  in  a single  slot,  is  proportional  at 
each  instant  to  the  density  of  the  magnetic  flux  through  which  it  is  cutting, 
and  when  plotted  in  rectangular  coordinates  will  have  the  same  shape  as  the 
“field  form/’  i.e.,  the  curve  showing  the  peripheral  distribution  of  flux 
entering  the  armature  from  the  field  poles  (see  Par.  22  and  S3  ).  This  will 
be  referred  to  as  the  elementary  or  slot  e.m.f.  It  is  an  alternating  e.m.f- 

• See  also  S.  P.  Smith  and  R.  S.  H.  Boulding,* 'The  Shape  of  the  Pressure 
Wave  in  Electrical  Machinery,”  Journal  Inst.  Elec.  Engrs.,  Vol.  53  (1915), 
p.  205. 


474 


Digitized  by  Google 


A.  C.  GENERATORS  AND  MOTORS 


Sec.  7-25 


Sec.  7-26 


A.  C.  GENERATORS  AND  MOTORS 


but  usually  not  sinusoidal*  see  Fig.  21.  The  no-load  wave-shape  of  the 
machine  is  then  obtained  by  adding  together  the  e.m.fs.  of  the  seriee- 
connected  coil  sides.  This  is  very  tedious  as  it  involves  the  powt-by-point 
addition  of  several  dephased  non-si nusoidal  waves.  An  approximation  of 
some  kind  is  usually  employed.  The  most  satisfactory  method  of  handling 
this  problem  is  as  follows:  Analyse  the  field  form  or  slot  e.m.f.  into  its  fun- 
damental and  harmonics:  compound  or  add  vectorialyin  their  proper  phase 
relation,  the  fundamentals  of  the  several  series-connected  conductors  or  cotl- 
sides,  to  obtain  the  fundamental  of  the  resultant  e.m.f.;  and  compound  simi- 
larly the  harmonics  of  each  order  to  obtain  the  resultant  harmonic  of  that 
order.  To  this  end  the  armature  conductors  are  grouped  as  follows. 

26.  8imilars.  Any  number  of  conductors  or  coil  sides,  180  magnetic 
degrees  apart  (generally  called  similars),  connected  in  series,  alternating 
right  and  left  across  the  face  of  the  armature,  will  yield  an  e.m.f.  wave  ot 
the  same  shape  as  that  of  the  field  form  or,  slot  e.m.f.,  the  result  being 
simply  the  product  of  the  e.xh.f.  of  a single  conductor  or  coil-side,  by  the 
number  in  series. 

27.  Phase-belt.  In  nearly  all  alternators  the  conductors  of  a single  phase 
are  not  confined  to  one  slot  per  pole,  but  are  distributed  in  several  slots. 
The  group  of  conductors  belonging  to  one  phase  and  corresponding  to  one 
pole,  will  be  referred  to  as  a phase  belt.  When  the  number  of  slots  per  pole 
per  phase  is  a whole  number,  all  the  phase  belts  of  a given  phase  are  similars, 
and  the  phase  e.m.f.  will  have  the  same  shape  as  that  of  a single  belt.  In  a 2* 
layer  winding  the  group  of  comjuetore  for  one  pole  and  phase  may  be  more 
conveniently  separated  into  the  top-of-slot  belt  and  the  oottom-of-elot  belt, 
particularly  in  the  case  of  fractional  pitch  windings  where  these  two  belli 
are  displaced  circumferentially.  See  Fig.  78  and  79,  pages  499  and  500. 

28.  Belt  differential  factor.  In  general  the  resultant  or  vector  sum  oi 
the  e.m.fs.  of  the  several  coil-sides  in  a given  belt  will  be  less  than  theii 
numericalsum,  owing  to  their  phase  differences.  The  ratio  of  the  vectorsunt 
to  the  numerical  sum  will  be  called  the  differential  factor,  which  is  alwrjn 
equal  to  or  less  than  one.  In  the  case  of  differential  action  within  a single 

Ehase  belt,  the  differential  factor  will  be  called  the  bolt  differential  factor 
6.  Remembering  that  a fundamental  phase  difference  of  0 deg.  means  si 
nth  harmonic  phase  difference  of  n0  deg.,  it  is  easy  to  see  that  a fundaments 
phase  difference  which  affords  a relatively  large  differential  factor  for  tb 
fundamental,  may  give  a very  small  differential  factor  for  one  or  more  o 
the  harmonics.  Thus,  in  a three-phase  alternator  with  two  slots  per  phst 
per  pole,  or  six  slots  per  pole,  the  phase  difference  between  two  adjacent  slot 
is  30  deg.  for  the  fundamental,  5X30  deg.  » 150  deg.  for  the  fifth  harmonk 
etc.  The  belt  differential  factors  will  then  befot  — cos  15  deg.  — 0.966,  « 

cos  75  deg.  — 0.259,  h> r — —0.259,  etc.  Thus  the  5th  and  7th  harmonics  sr 
greatly  reduced  without  appreciably  reducing  the  fundamental.  Difta 
ential  factors  for  the  fundamental  and  for  the  various  odd*  harmonic 
up  to  the  27th,  for  60-deg.  and  90-deg.  belts  and  for  various  numbers  of  slot 
per  pole  are  given  in  Table  I,  Par.  SI.  Differential  factors  fora  120-dej 
belt  may  be  obtained  by  multiplying  those  of  the  60-deg.  belt  (same  N»§ 
by  the  66  f per  cent,  pitch  differential  factors,  Fig.  22. 

29.  Pitch  differential  factor.  When  the  coil  pitch  differs  from  the  pot 
pitch,  the  e.m.fs.  developed  in  the  two  sides  of  a single  coil,  or  in  the  tv 
series-connected  belts  of  a phase-group  of  coils,  will  differ  in  phase  by  a 
angle  0.  which  is  the  angle  (in  magnetic  degrees)  by  which  the  coil  pitt 
differs  from  the  pole  pitch.  This  introduces  another  differential  fact< 

(cos  ^ for  the  fundamental  and  cos  ^ for  the  mth  harmonic,  which  wi 

be  called  the  pitch  differential  faotor.  Its  values  are  plotted  in  Fig.  2 
SO.  Phase  differential  factor.  The  addition  of  the  two  e.m.fs.  of  u 
phases  of  an  alternator,  involves  differential  action  of  exactly  the  san 
kind  as  that  between  the  two  series-connected  belts  of  a fractional-piti 
winding  (Par.  19).  In  a three-phase  F-connected  machine,  the  angle  is< 
deg.,  which  is  equivalent  to  a {pitch;  and  the  phase  differential  factor  fi 
the  fundamental  and  for  all  the  odd  harmonics  nota  multiple  of  three,  is  0.86 
while  for  the  harmonics  which  are  multiples  of  3,  it  is  aero  (see  Fig.  22). 

* Even  harmonics  are  not  present  in  any  appreciable  degree  in  the  e.m 
waves  of  commercial  alternators. 
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By  a suitable  combination 
of  belt,  pitch,  and  phase-dif- 
ferential action,  any  harmonics 
present  in  the  field  f onn  may 
be  practically  ironed  out  of  the 
terminal  e.m.f.  leaving  only  a 
sine-wave  which  is  the  result- 
ant of  the  fundamentals  of  the 
e.m.fs.  in  all  the  aeries  con- 
nected conductors. 


Fia.  23. 


Fig.  24. — Harmonics  of  rectangular  field  forms  (in  terms  of  fundamental) 
plotted  as  a function  of  ratio  of  pole  arc  to  pitch. 


Fxo.  25. — Observed  field  form. 
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Fia.  20. — Observed  field  form. 
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It.  field  form  of  salient-pole  alternators.  Neglecting  the  fringing 
of  flux  at  the  pole  corners  and  assuming  a uniform  air-gap  under  all  parts  of 
tbs  pole,  the  field  form  will  be  rectangular  (see  Fig.  23).  The  fundamental 
■ne-wave  of  this  field  form  has  a maximum  value:  (Bi  — 1.27  cos  w/2  (1  — k) B* 
Values  of  at  for  various  values  of  k are 
(iven  m Fig.  23.  Fringing  at  the  pole  face  edges 
will  increase  at  and  chamfering  the  pole  face  will 
decrease  oi  slightly,  (B*  being  the  actual  gap  den- 
sity at  the  centre  of  the  pole  face. 

Fig.  24  gives  the  harmonics  (up  to  the  10th) 
of  these  rectangular  field  forms,  plotted  against  k, 
in  terms  of  the  fundamental.  The  fringing  will  in 
most  cases  eliminate  the  higher  of  these  harmonics, 
and  considerably  change  the  magnitude  of  the 
lower  ones,  usually  reducing  them.  Thus  Fig.  24 
pres  only  a rough  idea  of  the  upper  limits  of  the 
lower  harmonics  in  the  case  of  a uniform  air-gap. 

If  the  pole  face  is  shaped,  these  values  may  be 
•till  farther  reduced.  Three  actual  and  quite  dif-  Fio.  27. — Observed  field 
went  field  forms  are  shown  in  Figs.  25,  26  and  form. 

27,  and  their  harmonic  analyses  given  below: 


fi 

li 

3rd 

5th 

7th 

9th 

11th 

13th 

15th 

17th 

19th 

Fig.  25. 

100|  + 1.7 

-1.5 

-6.0 

-4.2 

Fig.  26. 

100 

-1-2.46 

-8.8 

-1.31 

+2.46 

+o-' 

-1.4 

0 

+0.8 

0 

Fig.  27. 

100 

-1-20.6 

00 

01 
+ 

BE 

0 

0 

D 

-0.1 

M.  Field  form  of  distributed-field  windings.  With  distributed-field 
rinding*,  the  field  form  may  be  more  easily  controlled.  Fig.  .28  shows 


Flos.  28  and  29. — Distributed  field  winding  with  resulting  field  form,  effect 
°f  dots  neglected.  (This  is  for  a two-layer  lap  winding  with  % pitch.) 

a two-layer  distributed  field  winding  with  the  top-slot  layer  displaced 
^ dot*  from  the  bottom-slot  layer.  This  is  a simple  lap-winding  with  a 
120-deg.  belt,  a | pitch,  and  12  slots  per  pole.  The  empty  slots  at  the 
centre  of  each  pole  could  be  filled  with  iron  if  desired.  Neglecting  the 
wet  of  slot  openings  and  assuming  that  the  current  is  distributed  uniformly 
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over  each  belt,  the  magnetio  potential  differences  (ampere-turns)  across  the 
air  gap,  and  therefore  the  field  form,  is  shown  in  Fig.  29. 

A simple  manner  in  which  to  obtain  the  equivalent  sine-wave  of  such  a 
field  form  is  as  follows:  Any  such  distributed  field  winding  may  be  con- 
sidered as  made  up  of  pairs  of  conductors,  the  two  in  each  pair  being  180  deg. 
apart.  Consider  the  m.m.f.  of  a * 
single  pair.  The  field  form  of  the  * g v!  . 
pair  if  acting  alone  will  be  a rec-  t ^ j*  I 

tangle.  Fig.  30,  of  which  the  fun-  | 2 3 

damcntal  sine-wave  has  a maxi-  

pl 

III 

1-1  Q 

/ | s 0 W (°  N ISO  U0 

/ I J\  • " Dkt~«  B«l»  Bpwi 


Fig.  30. — Field  form  of  single  180-  Fig.  31. — Belt  differential  factor  for 
deg.  loop,  with  its  fundamental.  m.m.f.  of  distributed  field  winding*. 

(N+  - No.  of  slots  per  belt.) 

mum  value,  Ai  » 4 A + v.  The  3rd  harmonic  has  i of  this  amplitude,  the 
5th,  4,  eto.  Assuming  that  the  resultant  of  the  overlapping  rectangular 
m.m.f.  and  flux  distributions  of  the  several  pairs  of  conductors  into  which 
the  winding  has  been  artificially  subdivided,  is  a curve  whose  harmonics  are 
small  and  easily  ironed  out  of  the  e.m.f.  by  the  differential  actions  of  the 
winding  (t.e.;  assuming  a final  sine- wave  of  e.m.f.);  it  is  obviously  unneces- 
sary to  consider  anything  but  the  fundamental  of  eaoh  rectangular  field 
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I Belt  Span  in  Degree*  I 


Fig.  32. — Curves  of  belt  differential  factors  for  harmonics  plotted  again* 
belt  span. 

form  (Fig.  30),  and  to  compound  or  add  together  the  various  fundamentals 
which  can  be  done  geometrically,  exactly  as  with  the  fundamentals  of  tb< 
e.m.fs.  in  the  several  conductors.  It  is  thus  possible  to  use  the  same  differ 
ential  factors  as  for  the  e m.fs.,  except  that  the  belt  of  conductors  or  6 
pairs  of  conductors  is  no  longer  confined  to  the  definite  widths  of  60  deg. 
90  deg.,  or  120  deg.,  although  usually  within  these  1 mits.  The  belt  differeo 
tial  factor  kb/  for  the  funaamental,  is  given,  in  Fig.  31  for  various  number 
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of  slot®  per  belt,  plotted  against  the  belt  span  in  degrees.  Fig.  32  gives 
the  belt  differential  factor  of  the  harmonies  for  the  ease  of  a large  number 
of  slots  per  belt. 

If  jYu  — the  ampere-turns  per  belt,  or  per  pole,  and  if  Kt  — ratio  of  gap 
impere- turns  to  the  total  (including  ampere-turns  in  the  iron  part  of  the  cir- 
cuit), the  ampere-turns  consumed  in  the  single  gap  at  the  crest  of  the  wave  of 
msgnetic  p.d.  across  the  gap  is 

Nig^-kb/kpKtNib  (amp-turns)  (4) 

where  hf  is  from  Fig.  31  and  kp  from  Fig.  22. 

If  l be  the  air  gap  (inches)  and  K i the  contraction  factor  due  to  slot  open- 
ing, (Par.  40),  the  crest  value  of  the  equivalent  sine- wave  of  gap  flux  den- 
sity is 

(Bi»3.2  KiNif+  $ — 2.03  kbrkpKiK\N\k  (5) 

It  is  thus  possible  to  produoe  a substantially  sinusoidal  distribution  of  mag- 
netic potential  difference  across  the  gap,  and  therefore  of  flux  density  in  the 
pp.  when  the  gap  is  uniform.  If  the  teeth  are  highly  saturated  the  field 
form  will  be  flattened  somewhat  as  compared  with  the  m.m.f.  curve. 

34.  Tooth  kinks.  The  field  forms  of  Figs.  21,  25,  26,  27  and  29.  are 
<lr*wn  as  if  there  were  no  slot  openings.  Strictly  speaking,  they  are  there- 
fore, the  equivalent  smooth-core  field  forms,  but  are  usually  referred  to 
simply  as  the  field  form.  The  presence  of  slot  openings  introduces  flux 
pulsations,  and  kinks  in  the  slot  e.m.f.  If  there  are  12  slots  per  pair  of  poles, 
there  will  result  an  eleventh  and  a thirteenth  harmonic;  if  24  slots,  a 23rd  and 
2oth  harmonic,  etc. 

In  machines  with  a few  large  slots  these  tooth  kinks  sometimes  dominate 
the  wave  shape.  They  may  be  largely  eliminated  by  the  choice  of  a frac- 
tional number  of  slots  per  pole,  so  that  the  kinks  will  occur  in  different  direc- 
tions in  different  parts  of  the  winding  at  the  same  instant.  Sometimes 
this  end  is  accomplished  by  the  addition  of  one  dead  slot.  The  extra  slot 
is  then  called  a hunting  slot.  An  uneven  spacing  of  the  poles  accomplishes 
the  same  end  in  the  same  manner.  In  machines  with  a large  number  of  slots 
>t  openings  and  a relatively  long  air  gap,  the  presence  of 
noticeable. 

THE  MAGNETIC  CIRCUIT 

IS.  Calculation  of  no-load  aaturation  curve.  The  saturation  curve, 
or  curve  of  terminal  voltage  at  no-load,  plotted  against  field  ampere-turns,  can 


per  pole,  small  sl< 
tooth  kinks  is  not 


be  eomputed  ordinarily  to  within  about  5 per  cent.,  provided  magnetisation 
ouvee  of  the  iron  in  the  magnetic  circuit  are  given.  If  these  curves  are  not 
known  for  the  particular  iron,  some  such  curves  must  be  used  as  are  shown  in 
Fig.  33.  Also  see  Sec.  4.  A fairly  rough  approximation  to  the  magnetic 
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Pole  Core 


qualities  of  the  iron  may  not  seriously  affect  the  saturation  ourve,  unless  very 
high  densities  are  used,  provided  the  reluct&noe  ci  the  iron  portion  is  small 
as  compared  with  the  air-gap  reluctance, 
Pole  Shoe  The  reluctance  of  the  magnetic  circuit  is 
ordinarily  divided  into  five  parts,  air-gap, 
armature  teeth,  armature  core,  pole  core, 
and  yoke.  For  a given  no-load  terminal 
voltage  ( E ),  the  flux  per  pole  (4)  entering 
the  armature,  is  determined  by  the  equation 
X 10«)/(2 kfkbkp/m.  See  Par.  14. 
To  obtain  the  flux  4«  in  the  pole  core,  the 
fieldleakage  must  be  added,  or  4 must  be 
multiplied  by  the  leakage  coefficient  r. 

*6.  Field  leakage  between  salient 
poles.  The  leakage  coefficient  (r)  for 
salient  poles  is  defined  as  the  ratio  of  the 
maximum  flux  (4c)  in  the  pole  core,  to  the 
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\ -flux  (4)  entering  the  armature  from  one 
-\  pole.  The  difference  between  them  is  the 
leakage  flux  (4j). 

4e-4+4j  and  v — 4./4- (4+4i)/4« 
l+(4|/4) 

This  leakage  flux  can  be  divided  ' into 
two  parts,  that  (4i«)  which  leaks  be- 
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Fio.  34. — (a,  b,  c,  & and  e). — Diagrams 
for  field  leakage  calculations. 


—■  tor  Shot  Leakage 

Fio.  36. — Curves  of  constants  ki 
and  An  employed  in  field  leakage 
calculations. 


Fio.  37. — Curves  of  constants  A 
and  ft  employed  in  field  leak&gl 
calculations. 
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tween  the  pole  core  and  the  cores  of  the  adjacent  poles,  and  that  (*n)  which 
leaks  between  the  pole  shoe  and  the  shoes  on  the  adjacent  poles.  Below 
ue  given  formulae  for  calculating  ♦/,  the  total  leakage  flux  from  one  pole, 
for  rectangular  (Fig.  34a),  straight-sided  with  semicircular  ends  (Fig.  34b), 
and  circular  pole  cores  (Fig.  34c) ; and  for  rectangular  (Fig.  34d),  and  straight- 
nded  with  semicircular  ended  pole  shoes  (Fig.  34e).  Formulae  are  given  for 
both  non-stepped  (that  is  parallel-sided)  field  coils,  and  for  stepped  or  tapering 
held  coils.  The  notation  is  obvious  from  Fig.  35.  NI  — tne  ampere-turns 
on  one  pole  consumed  in  the  gap,  teeth  and  armature.  The  constants 
k.  ki,  /i,  and  />  are  given  in  Figs.  36  and  37. 

ST.  Cora  leakage  flux. 


Rectangular 

34a) 


(Fig. 


Straight-sided  with 
semicircular  ends 
(Fig.  34b) 

Circular  (Fig.  34c) 


(NI/l.59)h[  (2Z«/n«)  + *i]/i 
coils. 

(NI /l. 59) hj (21 4/ »«)  +*il/i 


for  non-stepped 

for  stepped  coils, 
for  non-stepped 


(AT/1.59)M(2f./n«)+**l/i 
coils. 

*ie—  (NI/1.5Q)h[(2lc/ne)  +hil/i  for  stepped  coils. 
/ «$je—  {NI/l.59)hkt/i  for  non-stepped  coils. 

\ *i«"*  (NI/ 1.59) h kxfi  for  stepped  coils. 


S8.  8 hoe  leakage  flux. 

Rectangular  (Fig.  34d)  1.255AT/(t+«)f(2l./n.) -fFil 

Straight-sided  with  1.255iV/((+a)f(2h/n,) -f Jfctj 

semicircular  ends 
(Fig.  34e) 

If  *1—  *«•+  *1*  and  * is  the  useful  flux  per  pole,  the  leakage  coefficient  is 
(♦+*i)/*  — v.  If  NI  corresponds  to  ♦ at  no-load,  v is  the  no-load  leakage 
coefficient  if  at  full-load,  v is  the  full-load  leakage  coefficient,  as  explained 
in  Par.  41. 

S$.  Flux  densities  in  the  iron,  and  required  ampere-turns.  Divid- 
ing *#  by  the  cross-section  of  the  pole-core,  the  flux  density  is  obtained. 
The  necessary  ampere-turns  to  drive  the  flux  through  the  pole  are  deter- 
mined by  finding  from 
some  such  curve  as  that 
in  Fig.  33.,  the  ampere- 
turns  per  in.  necessary  for 
this  density,  and  multiply- 
ing by  the  length  of  the 
pole  core.  Similarly  the 
ampere- turns  for  the  yoke 
may  be  determined,  remem- 
bering that  only  one-half 
the  yoke  path  is  charged 
to  one  pole,  and  that  the 
flux  in  tne  yoke  is  (*«/2). 

The  tooth  density  varies 
from  the  tip  to  tne  root 
of  the  tooth.  A roughly 
equivalent  density  is  that 
at  a point  one- third  of 
the  distance  from  the  nar- 
row to  the  wide  end  of 
the  tooth.  If  we  let  ka 
represent  the  width  of  the 
tooth  at  this  point,  divided 
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Fla.  38. — Curves  for  obtaining  the  corrected 
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by  the  tooth  pitch,  and  if  qa  is  the  net  iron  length  of  the  armature  divided 
by  the  gross  core  length,  the  equivalent  density  to  be  used  in  computing 
ampere-turns  for  the  teeth  is  that  found  by  dividing  the  actual  maximum 
density  (<B*)  in  the  gap  by  knqn,  and  correcting  by  the  curves  in  Fig.  38, 
which  take  account  of  the  fact  that  all  the  flux  does  not  enter  the  armature 
through  the  teeth,  but  that  some  of  it  passes  through  the  slots. 

The  density  in  the  armature  core  varies  from  the  centre  of  the  pole  to 
the  point  miaway  between  the  poles,  but  a good  approximation  is  obtained 
by  finding  the  density  midway  between  the  poles  (*/2  divided  by  the  net 
iron  croas-ecction  of  the  armature  core)  and  estimating  an  equivalent 
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length  of  path  for  this  density.  A considerable  error  in  this  item  is  evidently 
a very  small  part  of  the  whole  number  of  ampere-turns  per  pole. 

For  a non-ealient  pole  machine  the  ampere-turns  for  the  rotor  can  best  be 
determined  by  finding  the  density  midway  between  the  poles,  as  for  the 
armature  core,  and  approximating  to  an  equivalent  length  of  path  for  thia 
density.  The  rotor  teeth  may  be  treated  exactly  as  the  armature  teeth. 

A curve  of  terminal  volts  plotted  against  the  necessary  ampere-turns  for 
the  iron  part  of  the  magnetic  circuit  is  called  an  iron  saturation  curve. 

40.  Ampere-turns  for  air-gap.  If  the  armature  were  smooth-cored  with 
no  air-ducts,  the  cross-section  of  the  air-gap  would  be  the  area  of  the  pole 
face  plus  an  allowance  for  fringing  of  the  flux  at  the  edgea,  and  the  actual 
density  would  be  that  determined  by  dividing  the  total  flux  per  pole  by  thia 
cross-section.  This  will  be  called  the  mean  pole-face  density.  Since  the  flux 
is  crowded  into  the  teeth  as  it  enters  the  armature,  the  density  which  must 
be  used  in  computing  the  necessary  ampere-turns  is  somewhat  higher  than 
the  mean  pole-faoe  density. 

The  flux  does  not  all  enter  the  tips  of  the  teeth,  but  fringes  from  the  sides 
of  the  teeth,  having  the  effect  of  increasing  the  width  of  the  tooth  tip  (wtt). 
This  equivalent  tooth-tip  is  given*by  the  expression  wu  + 26cj  where  c/  is  the 
fringing  constant  and  5 the  length  of  the  air-gap.  Values  of  c/  as  a function 
of  xom,/6  (the  width  of  slot  opening  di- 


Fio.  39. — Curve  for  calculating  air-  Fio.  40. — 81ot  contraction  factor, 
gap  reluctance. 


a flux  path,  or  the  fractional  equivalent  tooth-tip.  Fig.  40  gives  values 
of  o for  various  values  of  k*,  “ id*,/ 5 and  <po“U>*«/rt. 

The  peripheral-contraction  factor  Ki,  or  the  ratio  of  effective  peripheral 
surface  to  actual  peripheral  surface  is  equal  to  oa  for  a salient-pole  machine, 
since  there  is  contraction  only  on  the  armature  side  of  the  air-gap.  For  a 
slot-wound  field  one  must  determine  the  contraction  factor  both  for  the  arma- 
ture (cia)  and  for  the  field  (a/).  In  this  case  Ki^aaaj. 

The  equivalent  length  of  the  armature  core  (U)  is  given  by  the  expression 
/-f-a  — Ni(v>i—  2c/6)  where  c / is  the  fringing  constant  for  the  air-ducts, 
N4  -»  number  of  ducts  and  wd  ™ width  of  each  duct.  The  longitudinal- 
contraction  factor  (Kd)  is  the  fractional-equivalent  armature  length.  It 
is  Kd**(U/l).  The  corrected  gap  density  ®„«,  upon  which  we  must  base 
our  calculation  of  ampere-turns  for  the  air-gap,  is  ®f«  — ®*/(/Ci/f^),  where®* 
is  the  mean  density  where  the  gap  is  shortest. 

As  explained  in  Par.  3S  ®*-®i/oi,  where  ®i  is  the  maximum  value  of  the 
equivalent  fundamental  sine-wave  of  flux  under  the  pole,  and  at  is  a constant 
depending  upon  the  ratio  of  pole  arc  to  pole  pitch.  Therefore  (B*«« 
(&0/{KiKd) -®i/(ai/£iKi),  and  the  necessary  ampere-turns  Nig  for  the  gap 
are  given  by  the  equation  Vi*  0.3135®^.  Adding  the  value  of  JVi*  to  the 
number  of  ampere-turns  per  pole  necessary  to  drive  the  flux  through  the  iron, 
parts  of  the  magnetic  circuit,  we  have  the  total  number  of  ampere-turns  pefj 
pole  corresponding  to  the  total  flux  and  therefore  corresponding  to  the 
no-load  voltage  with  which  we  began.  This  gives,  therefore,  one  point  j 
on  the  no-load  saturation  curve.  By  taking  v&luee  of  voltage  betweee  j 
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70  per  cent,  and  130  per  oent.  of  the  fall-load  terminal  voltage,  we  shall  obtain 
the  saturation  curve  over  a sufficient  range  for  all  calculations  of  regulation. 

41.  No-load  saturation  curve  with  full-load  leakage  coefficient. 
This  may  be  determined  as  follows:  In  Fig.  41,  curve  F0  is  the  no-load 
saturation  curve  of  the  machine  in  question,  curve  Ni(/+V)  is  the  m.m.f. 
consumed  in  the  field  core  and  yoke.  Assume  that  F at  full-load  — 1.4  XF» 
at  no-load,  see  Par.  51.  Assume  also  that  the  field  leakage  coefficient  at 
no-load  iBr««  1.3.  Then  at 
fall-load  the  leakage  will  be  I 

increased  by  40  per  cent.,  Volts 

since  it  is  proportional  to  the  | ^ y0_ 


ampere-turns  on  the  poles;  " 
ana  the  full-load  leakage  co- 
efficient will  be  */  — 1 +0.3 X 
1.4- 1.42;  the  Auxin  the  *lax 
poles  and  yoke  has  increased  tp 
from  1.3  to  1.42,  or  9.2  per 
cent.  The  corresponding  ex- 
tra m.m.f.  necessary  will  de- 
pend upon  the  shape  of  the 
curve  m (/+«),  and  is  desig- 
nated Ni0 in  Fig.  41.  Adding 
these  extra  ampere-turns  to 
the  no-load  saturation  curve, 
wt  obtain  a point  (P)  on  a 


/\Ni(f+V) 

tv 


m. 


curve  of  no-load  volts  plotted 
against  ampere-turns  for  full-  pj0  41. — No-load  saturation  curve  with  full- 
bad  leakage,  or  a no-load  load  leakage,  vt. 

saturation  curve  with  full- 
load leakage.  It  is  obvious 

that  a change  in  either  phase  or  magnitude  of  the  armature  current  will 
change  the  ratio  (F/F«),  and  thus  the  corresponding  saturation  curve, 
there  corresponds  such  a load-leakage  saturation  curve  for  each  load  and 
power-factor,  see  Par.  51  et  seq. 

41.  Table  of  overage  flux  densities  in  magnetic  circuit  of  alternators 


Amp.Tarns-Nt 

Fia.  41. — No-load  saturation  curve  with  full- 
load leakage,  */. 


Frequency 


Flux  density  (lines  per  sq.  in.) 


_ , 95,000  to  1 10,000  lines  per  sq.  in.  for  wrought-iron  or  steel 

Pole  core  poleaJ 

__  . ~ Cast  steel  90,000  to  100,000  lines  per  sq.  in. 

Yoke  Cast  iron  30,000  to  35,000  lines  per  sq.  in. 

CHARACTERISTICS  OF  SYNCHRONOUS  ALTERNATORS 
45.  Regulation.  The  ratio  of  the  difference  between  no-load  and  full- 
load terminal  voltage  to  the  latter  is  called  the  regulation,  constant  speed 
sad  full-load  excitation  assumed.  Unless  otherwise  specified,  unity  power 
factor  is  assumed.  The  rise  in  voltage  when  the  load  is  thrown  off,  or  the 
drop  when  the  load  is  applied,  is  chargeable  to  three  causes:  (a)  armature 


aad  Its  Applications,"  Trans.  A.  I.  E.  E.,  Vol.  AAAV1I  (1918),  ran  it, 
p 1209-  and  Still,  Alfred,  “The  Inherent  Regulation  of  Synchronous  Alter- 
nating-Current Generators,"  Jour.  I.  E.  E.,  Vol.  53  (1915),  p.  587. 


• The  yoke  density  of  a slow-speed  machine  is  frequently  lower  than 
given  above,  as  the  yoke  is  made  large  in  order  to  obtain  fly-wheel  effect. 

tThe  resistance  here  employed  should  be  larger  (say  20  per  cent.)  than 
tbs  ohmic  resistance,  to  take  account  of  the  core  losses  due  to  the  local  or 
leakage  flux,  and  eddy  currents  in  armature  conductors. 
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44.  Armature  reaction.  The  magnetic  p.d.  acroea  the  gap  due  to  the 
armature  m.m.f.  may  be  considered  as  made  up  of  two  parts:  (a)  A sinu- 
soidally distributed  p.d.  stationary  with  respect  to  the  field  poles:  and  (b) 
pulsating  kinks  due  to  the  distribution  of  the  armature  ourrent  in  belts  and 
to  its  localisation  in  slots,  (b)  is  larger,  the  smaller  the  number  of  phases. 
Neglecting  (b),  the  maximum  or  crest  value  of  this  equivalent  sinusoidally 
distributed  m.m.f.  is 

Ai  - 0.45  kbkpAr  (amp-turns)  (6) 

where  A — r.m.s.  ampere  conductors  per  in.  of  armature  periphery, 
r — the  pole  pitch  in  inches;  kb  — the  belt  differential  factor,  see  tabulated 
values  in  Par.  31;  and  kp  *=  the  pitch  differential  factor,  see  Fig.  22. 

If  the  field  m.m.f.  were  also  sinusoidally  distributed  along  the  air-gap,  it 
would  be  an  easy  matter  to  oompound  or  add  vectorially  these  two  m.m.fs.. 
in  order  to  obtain  their  resultant.  This  is  nearly  enough  the  case  for  alter- 
nators with  distributed  field  windings.  In  the  case  of  salient-pole  machines, 
the  m.m.f.  across  the  gap  at  no-load  is  practically  constant  at  all  points  of  the 
pole  faoe,  but  in  order  to  simplify  their  treatment,  the  equivalent  sinusoidal 
m.m.f.  distributions  will  be  considered.  This  method  results  in  considerable 
errors  in  some  cases.  The  crest  value  of  this  equivalent  sinusoidal  distri- 
bution is 

Fi  — aiF0  (amp-turns)  (7) 

where  ai  (Par.  31  and  33,  Fig.  30)  is  about  1.27  andF*  is  the  constant  mag- 
netic potential  difference  (in  ampere-turns)  between  armature  core  and  pole 
core.  With  narrow  or  chamfered  pole  faces,  ai  will  be  slightly  less.  P9  *■  KtF. 
where  F is  the  total  field  ampere-turns  per  pole  and  Kt  a constant  varying  in 
different  machines  and  with  different  fluxes.  A rough  average  value  of  Kt 
is  0.8,  although  in  extreme  cases  it  differs  considerably  from  this  value. 

Eq.  (6)  holds  for  any  number  of  phases;  but  for  the  case  of  the  single-phase 
alternator,  the  alternating  armature  m.m.f.  must  be  replaced  by  two  half- 
value  revolving  m.m.fs.,  one  forward  and  one  backward  with  respect  to  the 
armature;  or  one  stationary  and  the  other  at  double  frequency  with  respect 
to  the  field.  Eq.  6 gives  only  that  component  which  is  stationary  with 
respect  to  the  field.  The  other  component  induces  double  frequency  e.m.fs. 
ana  currents  in  the  field  coil,  and  reactive  e.m.fs.  in  the  armature.  (In  the 
balanced  polyphase  case  the  backward  revolving  components  of  the  several 
phases  cancel  or  neutralise  each  other.) 

45.  Leakage  reactance  is  generally  supposed  to  represent  that  part  of 
the  flux  linked  only  with  the  armature  conductors,  but  as  a matter  of  fact 

the  only  such  flux  is  some  of  that 
linked  with  the  coil  ends,  since  the 
whole  effect  of  the  armature  m.m.f. 
in  the  vicinity  of  the  air-gap  is  merely 
to  distort  the  main  flux.  However, 
ownng  to  the  localisation  of  the  cur- 
rent in  slots  surrounded  by  magnetic 
material  which  moves  with  the  slot 
currents,  and  owing  to  the  grouping 
of  the  slots  in  phase  belts  wnich 
move  relatively  to  the  field,  there 
are  local  flux  pulsations  which  are 
best  treated  as  if  separate  from  the 
main  flux,  although  as  a matter  of  fact 
they  are  only  pulsating  distortions  of 
the  latter.  Armature  leakage  reao- 
tance  of  an  alternator  is  about  as  diffi- 
cult to  define  as  to  compute.  For 
most  practical  purposes  the  following 
method  will  give  satisfactory  results. 

46.  81ot  leakage  is  the  cross-slot 
flux,  computed  as  if  independent  of  the  main  flux.  Referring  to  Fig.  42 
the  "inch  permeance,”  or  the  flux  linkage  per  amp-inch  of  slot,  is 
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and  the  corresponding  or  slot  reactanoe  per  phase  is 
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vtwre  Nm  is  the  number  of  conductors  per  slot,  l the  gross  oorc  length  and 
N the  series  connected  conductors  per  phase.  The  most  convenient  form 
ia  which  to  express  reactance  is  as  the  ratio  of  the  reactance  volte  to  the  induced 
mite.  In  this  case  it  is — 

0.74*  „£££- 4.44  (10) 

vhere  r<  is  the  tooth  pitch  in  inches,  A the  root-mean-square  ampere- 
conductors per  in.  of  periphery,  and  N,p  the  number  of  slots  per  pole. 

4T.  Tooth-tip  leakage.  This  includes  the  flux  that  links  with  the  slot 
conductors  from  tip  to  tip  of  tooth,  sometimes 
by  way  of  the  interpolar  air  space,  and  some- 
times across  the  air  gap  to  pole  face  and  back 
again.  The  effect  of  the  presence  of  the  pole 
face  is  usually  neglected  in  making  this  calcu- 
lation, since  ncrt  only  is  the  air  gap  long  in  the 
majority  of  alternators,  but  even  were  it  not, 
the  damping  effect  of  the  pole-face  eddy  cur- 
rents would  tremendously  increase  the  appar- 
ent reluctance  of  the  path  through  the  iron  of 
the  pole  face,  with  the  result  that  it  would 

approach  the  reluctance  of  air.  In  computing  _.  ™ .,  ..  , , 

thuflux,  the  integration  is  carried  only  to  the  Fio.  43-  Tooth- tip  leakage, 
centre  of  the  tooth  (see  Fig.  43),  sinoe  any- 
thing beyond  this  point  would  be  chargeable  to  belt  leakage.  The  flux  link- 
age per  ampere-inch  of  slot  is — 

*,,-3.2  (o.3  + — log,  — ) -0.96+2.35  logi*-^-  (11) 

' r.  id*}  / tlae 

sad  the  per  cent,  tooth-tip  reactance  or  reactance  ratio,  see  Eq.  10,  is — 

4 (12) 


°-7W*  *7,  s «, 


41.  Balt  leakage.  This  covers  the  belt  pul 

(b).  It  is  difficult  to  define  or  to  compute  this  effect  in  terms  of  an  equivalent 
leakage  reactance,  but  the  following  method  gives  fairly  satisfactory  results. 
Compute  the  average  mutual  inductive  effect  of  all  the  other  slots  in  a given 
belt  upon  a given  slot,  by  an  extension  of  the  tooth  tip  integration  in  circular 
paths  to  the  edge  of  the  belt.  This  is  taken  as  a measure  of  the  belt  leakage, 
like  equivalent  flux  linkage  per  ampere-inch  of  slot,  for  a full-pitch  wind- 
ing, is  roughly, 

<»  - 0.7  (tf*-D  (13) 

where  N A — number  of  slots  per  belt. 

Then  since  N ' — N /pl,  where  p1  — number  of  phases,  the  belt-reactance 
ratio  is— 


A_ 

kkC&i 


(14) 


for  full  pitch  winding  only.  The  effect  of  changing  the  pitch,  on  this 
dement  of  leakage,  is  very  marked,  but  not  readily  computed  for  the  general 
case.  The  pitch  factor  kf,  as  used  when  the  slot  is  the  unit,  cannot  be 
employed  when  the  belt  is  the  unit.  Certain  special  cases  may,  however, 
be  computed.  Take  for  example  the  case  of  a five-sixths  pitch  in  a three- 
pbsm  winding;  the  three  belts  per  pole  are  broken  up  into  six  equal  belts 
with  a pitch  differential  action  in  each  belt.  For  the  purposes  of  this 
computation  there  are  now  six  phases  and  o**  will  be  reduced  to  considerably 
k»  than  half  of  its  full-pitch  value.  If  N,p  - 6,  q*b  will  be  reduced  to  sero. 
If  — 12,  Qmb  will  be  reduced  to  one-third,  and  so  on.  For  two-thirds 
pitch,  however,  the  number  of  belts  is  not  changed  and  the  pitch  factor  kp 
applies  directly. 

Let  f,+e>u  +*h  be  the  total  flux  linkage  per  ampere-inch  of  elot,  then 
total  leakage  reactance  volte  of  the  slot-embedded  active  conductors,  in  terms  of 
tbe  induced  voltage,  is 

'-’iMwrrk li  (15) 

sod  the  corresponding  reactance  in  ohms  is 

x.  - 2rfkpHNNc0pA(r  • (ohms)  (16) 
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0 0.4  0.0  0.8  1.0  1.2  1.4  1.0 

Coll  Pitch  In  Terms  ol  Full  Pitch 

Fio.  44. — Curve  of  values 
of  flux  per  ampere-inch  for 
coil  ends. 


(20) 


For  very  hurried  computations  *»•  is  sometimes  approximated  without  com- 
putation; it  varies  from  8 with  shallow  open  slots  to  15  with  deep  nearly 
closed  slots. 

49.  Coil-end  leakage.  This  computation  is  simplified  by  the  fact  that 
*/,  the  flux  per  ampere-inch  of  outside  phase-belt-bundle,  is  nearly  a constant 
quantity  for  full-pitch  windings.  Its  values 
for  all  pitches  of  working  range  are  given  in 
Fin.  44. 

The  coil-end  reactance  in  ohms  is  then — 

z/-2x/v>/f/^-l<r«  (ohms)  (17) 

Zp 

where  l / — the  length  of  a single  coil  end.  or 
the  free  length  corresponding  to  one  active 
conductor,  N the  active  conductors  per  phase, 
and  2p  the  number  of  poles. 

The  coil-end  reactance  ratio  (Par.  46)  is — 

‘'•‘"<5  (18) 

where  kj  ( — lj/r ) is  about  1.5  times  the  per  cent,  coil-pitch  expressed  a* 
a fraction  (somewhat  larger  for  very  high-voltage  machines),  and  k*-rjl. 
60.  Total  leakage  reactance. 

*-*.+*/- 2T/A10-*(i,*(AW.  + 2p(/w)  (ohm»)  (1»> 

A / j j frp  ! 1-481:/  , \ 

■ffli(4'44At>  ki  + Ukp  *'k  ' 

51.  Alternator  vector  diagram.  Assume  a sinusoidal  peripheral  dis- 
tribution of  m.m.f.  on  both 
armature  and  field  and  a 
uniform  peripheral  reluc- 
tance. (This  assumption  is 
warranted  in  non-salient  & 
pole  machines,  but  gives  * 1 
rise  to  considerable  errors 
in  some  Balient  pole  ma- 
chines.) The  resultant 
m.m.f.  and  gap-flux  distri- 
bution will  then  also  be 
sinusoidal. 

Referring  to  Fig.  45,  des- 
ignate the  flux  by  <f>,  the 
corresponding  reluctance 
a.t.  across  gap  by  fii,  the 
armature  amp-turnB  by  A\ 

(see  Par.  44),  and  total  a.t. 
across  the  gap  by  F i all 
sinusoidally  distributed. 

These  are  all  space  vectors 
on  the  assumption  that  the 
field  rotates  counter-clock- 
wise with  respect  to  the 
armature, Ri  being  the  re- 
sultant of  F\  and  At.  In 
salient-pole  machines  sub- 
stitute F (the  full  field 
amp.  turns  X 1.27)  for  F\  and  the  corresponding  R for  Rv.  This  partly  bal- 
ances the  error  due  to  the  unsymmetrical  peripheral  reluctance. 

Considering  * as  a time  vector,  the  induced  e.m.f.  E*  will  lag  90  deg.  Sub- 
tracting It  and  lx  from  Em  givps  the  terminal  voltage  E,  where  6 is  tne  load 

Shase  angle.  Hereinafter  this  diagram  will  be  called  the  general  alternator 
iagram. 

81.  Application  of  alternator  diagram  to  the  regulation  problem. 

Given  tne  winding  data  of  armature  and  field,  the  armature  resistanceand 
leakage  reactance,  and  the  saturation  curve,  the  excitation  and  regulation 
for  any  load  and  power-factor  may  be  obtained  as  follows: 


Fio.  45. — General  alternator  diagram  for  non- 
salient poles  (full  lines).  Salient  poles  (broken 
lines). 
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Starting  with  S and  J,  add  Ir  and  lx  to  get  Em\  from  the  saturation 
tcve  with  full-load  leakage  (Figs.  41  and  46)  take  R\  add  — A to  get  F,  which 
■ the  required  excitation.  From  the  saturation  curve  corresponding  to 
»4oad  leakage,  take  Bp\  the  regulation  is  then  (Ep—E)/E.  There  are 
atay  variations  of  the  above  method,  some  of  which  are  contained  in  Par. 
II  to  IS. 

The  rise  of  voltage  when  the  load  is  thrown  off  is  partly  due  to  the  release  of 
the  impedance  voltage  Im,  and  partly  due  to  the  release  of  that  part  of  the 
field  m.m.f.  employed  in  balancing  the  armature  m.m.f.,  A.  The  first  of 
these  changes  (t.e.,  from  E to  Ea)  is  dependent  wholly  upon  the  magnitude 
of  r and  x and  the  power-factor  of  the  load,  r and  x being  assumed  constant. 
But  the  change  from  Ea  to  Ep  is  due  not  only  to  the  magnitude  and  phase 
of  A but  also  to  the  degree  of  saturation  of  the  magnetic  circuit,  to  the 
o>ean  slope  of  the  saturation  curve  between  Ep  and  Ea. 

Cl.  Saturation  factor.  The  degree  of  saturation  may  be  expressed  in 
terms  of  the  saturation  factor,  which  is  defined  as  the  ratio  of  a small  per- 
centage increase  in  excitation  to  the  corresponding  percentage  increase  in 
the  flux  or  induced  voltage.  The  mean  saturation  factor  between  Ea 
ind  Bp  isoS/aS  (Fig.  46).  Designating  this  by  k$ /,  Ep —EaF/k,/R.  Tha 
saturation  factor  should  be  taken  from  the  saturation  curve  for  no  load 
leakage;  but  for  other  purposes,  use  the  satu- 
ration curve  for  full  load  leakage.  (See  Par. 

41). 

M.  Short-circuit  diagram  and  leakage 
reactance.  The  short-circuit  diagram  is 
given  in  Fig.  47.  From  this  the  leakage  react- 
ance may  be  computed  as  follows:  From  F 
subtract  ^(computed  from  Eq.  6)  to  obtain  R\ 
look  up  corresponding  Eg  on  saturation  curve; 

sad  In  most  cases  it  is 

sufficiently  accurate  to  subtract  A from  F nu- 
merically, since  they  are  nearly  in  phase,  and 
to  assume  *“«.  x may  be  obtained  in  a 
similar  manner  from  the  zero  power-factor 
saturation  curve,  Par.  66. 


Fio.  46- 


-Defining  saturation 
factor. 


Fio.  47. — Short-circuit  dia- 
gram for  alternator. 


In  both  of  these  cases  however  the  results  are  very  crude,  since  a small 
error  in  A means  a larger  error  in  x. 

W.  Load  saturation  curve  for  sero  power-factor.  Referring  to  Fig. 
48,  curve  E«  is  the  no-load  saturation  curve  with  full-load  field  leakage,  and 
9b  is  the  field  ampere-turns  corresponding  to  a given  armature  current  on  shorty 
circuit  ( E *»  0).  From  Fig.  51,  ob  is  approximately  equal  to  A ab 
u laid  off  equal  to  A,  the_armature  m.m.f.  Then  oo  approximately  equals 
6 (Figs.  47  and  51),  and  ac  is  approximately  equal  to  lx.  If  any  load  has 
tero  power-factor  and  the  same  current  os  that  assumed  on  short-circuit, 
lx  will  be  approximately  in  phase  with  the  terminal  voltage  E,  and  at  right 
angles  to  I.  Thus  for  any  point  Eo  on  the  no-load  characteristic,  the  ter- 
minal zero  power-factor  voltage  for  the  given  current  will  be  obtained  by 
mbtracting  lx  vertically,  and  adding  A horizontally.  The  sero  power- 
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factor  saturation  curve  will  then  be  obtained  by  drawing  iii 
equal  and  parallel  to  cb,  as  shown.  The  fact  that  Ir  is  negfc 
significant,  since  it  is  in  this  case  at  right  angles  to  B and  doea  not  I 
the  result  appreciably.  This  curve  may  also  be  determined  expevimeu 
50.  Load  saturation  curves  at  other  power-factors.  If  the 
saturation  curve  at  other  power-factors  could  be  obtained,  it  is  obvious 
the  regulation  and  excitation  for  any  power-factor  and  terminal  voltage  eM 
be  obtained  directly  therefrom.  A semi-empirical  method  of  obtaining  tlu 
curves,  recommended  in  the  latest  edition  of  the  Standardisation  Rules  oft 
A.  I.  E.  E.  is  given  in  Sec.  24. 

57.  E.m.f.  method.  This  method  practically  assumes  a field  fl 
wholly  dependent  on  the  field  m.rn.f.,  as  given  by  the  saturation  curve,  a 
that  all  the  drop  is  due  to  an  internal  impedance  which  is  commonly  eall 
the  synchronous  impedance,  z«,  of  which  the  synchronous  rsactan 
is  x,.  Fig.  49  Bhows  saturation  and  short-circuit  characteristics  with 
derived  synchronous  impedance  curve,  the  ordinates  of  the  latter  being  thgj 
ratios  of  corresponding  ordinates  of  the  other  two. 

68.  The  m.rn.f.  method.  This  method  is  best  understood  by  i 
ence  to  Fig.  60,  where  the  general  diagram  is  dotted  in.  Sts 

with  E and  I,  add  Ir  to| 
to  get  E\  which  is  aasux 
to  be  the  total  indu 

1 sj  e.m.f.,  corresponding  to 

v ' as  taken  from  the  sat” 

ttJ  m 0 t*on  curve.  From  Rf 
tract  the  m.rn.f.  A\  1 
from  the  short-circuit  . 
acteristic  corresponding 
the  particular  current  m 


it  to  N 

Exdtlnc  Current  (Aafb) 

Fio.  48. — No-load  saturation  curve  and  zero-  Flo.  49. — Alternator  char- 
power-factor  load  saturation  curve.  acteristic  curves. 


question.  A'  is  the  F of  Figs.  47  and  51  and  includes  with  the  armature 
m.rn.f.  A,  an  additional  m.rn.f.  AA'  (Fig  50),  which  is  practically  equiva- 
lent to  R of  Fig.  47,  and  which  is  the  approximate  m.rn.f.  equivalent  of  It* 
Under  short-circuit  conditions,  E'  — Ir  and  the  diagram  reduces  to  Fig.  51, 
whence  it  is  obvious  that  the  field  ampere- turns  at  short-circuit  practically 
corresponds  with  what  we  have  called  A'. 

59.  Excitation  characteristics.  Curves  showing  the  relation  of  exci- 
tation (for  constant  terminal  voltage)  to  the  load  current,  at  various  power- 
factors,  are  shown  in  Fig.  52  for  a 1,600  kv-a.  slow-speed  alternator  wdth 
close  regulation,  and  in  Fig.  53  for  a 6,250  kv-a.  turbo-alternator  with  poof 
regulation.  These  were  computed  by  the  m.rn.f.  method. 

60.  Relation  of  regulation  to  per  tent,  armature  strength  and 
length  of  air  gap.  A study  of  Figs.  45  and  50  will  show  that  for  a given 
current  and  power-factor,  the  regulation  depends  upon  the  following  ratios 

Ir/Em^Qr]  Ix/E»-Qm(aee  Eq.  20); 
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Of  these  four  ratios,  q,  varies  from  lees  than  0.006,  in  large  turbo-altm 
nators,  to  0.02  or  more  in  small  slow-speed  machines;  o*  from  0.04  to  0.1 
or  more;  q A from  1.00  to  0.35;  and  &•/  from  1.5  to  2.0.  Tneee  last  two  are  th 

dominant  factors  in  regulation. 

Since  (approximately)  R~0.3l36&i6/(KiK4Kt)  (see  Par.  IS  and  40), 

qA-(A/R)-(lA3k>k,KiK4K%Ar)/<&ii)  (21 

or  taking  average  values  for  the  K's, 

qA-  0.9(Ar)/«Bid)  (22 


Fio.  54. — Per  cent,  regulation  plotted  in  terms  of  per  oent.  armature 
reaction. 

Thus  assuming  (Bi  and  A to  be  fixed  for  any  given  case,  the  regulation  at  • 
given  power-factor  is  largely  dependent  upon  the  ratio  of  pole  pitch  to  sir 
gap  and  upon  the  saturation  factor. 

From  the  Alternator  Diagram  (Fig.  45),  with  some  approximations  we  get, 
for  non-inductive  load,  

Keg.  1+qs*  (i-^)  + - 1 (roughly  approx.)  (23) 

Substituting  average  values  for  large  machines,  gr  — 0.005,  — 0.07. 

Reg.  ■ 1 .005  ^0.007  + — -9*  ~ 1 (roughly  appox.)  (24) 

or  in  terms  of  g'  — A ' +F; 

Reg.  - 1.005  (o.007H — 1 — ^ 9 — 1,002-\  (roughly  approx.)  (20 
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Sec.  7-61 


fig*.  54  and  55  are  plotted  from  Eqs,  34  and  25.  For  small  low-speed 
■eshines  where  qr  and  aM  are  larger  than  here  assumed,  the  ourvee  will 
b a little  higher  at  their  lower  ends. 

Thus  good  regulation  means  large  R'  and  long  air  gap,  longer  in 
proportion  to  A and  r.  very  long  for  large  high-speed  machines 

ncit  as  turbo-alternators.  In  fact,  to  obtain  a regulation  of  even  10 
per  cent,  in  large  turbo-alternators  would  necessitate  a tremendous  air 
PP  and  more  field  copper  than  there  is  room  for. 


61.  Clone  regulation  usually  undesirable.  With  automatic  voltage 
regulators  such  as  now  employed,  close  regulation  is  no  longer  necessary 
wen  in  small  plants.  Moreover  large  low-reactance  machines  are  dangerous 
» of  sudden  short-circuits  (Par.  68  to  64).  If,  however,  the  ratio  of 
•rastara  ampere-turns  to  field  amere-turns  is  too  high,  the  gap  flux  distor- 
ts in  a salient-pole  machine  may  be  sufficient  to  seriously  distort  the  e.m.f 
»»?*.  This  doea  not  apply  with  equal  force  to  non-salient-pole  machines 
"weh  include  most  of  tne  large  high-speed  alternators,  where  large  qA  is 
commercially  necessary. 

it.  8 tiort- circuits.  If  the  external  impedance  of  an  alternator  be 
mdually  reduced  to  sero,  with  full-load  excitation  and  normal  speed  main- 
tuaed,  the  short-circuit  current,  in  terms  of  lull-load  current,  will  be  F/A' 
•l+g'  (see  Figs.  50  and  51).  and  correspondingly  1 ess  at  no-load  excitation, 
jf  sa  alternator  with  a regulation  of  5 per  cent,  and  a saturation  factor  of 
1.6,  is  short-circuited  with  full-load  excitation,  the  short-circuit  current  will 
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be  about  3 times  full-load  current.  At  no-load  excitation  the  short-dreari 
current  will  be  2.7  times  full-load  current.  For  an  alternator  with  20  pet 
oent.  regulation  and  a saturation  factor  of  1.6,  the  short-circuit  current  wil! 
be  1.56  for  full-load  excitation  and  1.18  with  no-load  extitation. 

•3.  Sadden  short-circuits.  Since  on  short-circuit,  most  of  the  field 
m.m.f.  is  consumed  in  balancing  the  armature  ra.m.f.,  the  net  m.m.f.  and  ih< 
flux  are  greatly  reduced.  If  the  short-circuit  is  applied  suddenly, the sudder 
decrease  in  flux  induces  a large  e.m.f.  and  current  in  the  exciting  winding 
which  tries  to  keep  the  flux  from  changing,  and  as  the  electromagnetic 
inertia  and  the  time  constant  of  the  combined  circuits  are  large,  an  appreci- 
able time  elapses  before  the  field  is  destroyed.  Meanwhile  the  opposing 
m.m.fs.  of  armature  and  field  rise  until  nearly  all  the  field  flux  is  shunted 
across  between  field  and  armature.  To  do  this  requires  a m.m.f.  as  manj 
times  greater  than  that  at  full-load,  as  the  full-load  field 'flux  is  greater  than 
the  total  full-load  leakage  flux  (field  and  armature).  Thus  if  r-1.12  a( 
full-load  sero  p.f.,  and  qT  — 0.10  (salient  pole  slow-speed  machine),  the  r.m.s. 
armature  amperes  will  rise  temporarily  to  nearly  5 times  its  full-load  value, 
and  owing  to  the  fact  that  one  of  the  phase  currents  will  be  boosted  up  abovi 
its  zero  axis,  because  of  the  position  of  that  phase  at  tne  instant  of  short' 
circuit,  the  maximum  instantaneous  current  in  one  phase  may  be  nearly 
double  the  maximum  value  of  the  above  r.m.s.  current. 

In  non-salient  pole  turbo-alternators  v may  be  as  low  as  J.04,  q*  as  lo* 
as  0.04,  the  r.m.s.  current  nearly  12  times  full  load,  and  the  instantaneous 
maximum  more  than  20  times  normal.  This  means  mechanical  stresses  on 
coil  ends  more  than  400  times  normal,  which  showB  the  imperative  necessitj 
of  providing  great  strength  in  the  design  of  the  end  connections  and  the 
means  for  their  support. 

•4.  Current-limiting  reactances.  As  the  total  leakage  (w  — 1 -!-«*). 
should  not  be  less  than  0.15,  external  reactances  are  very  often  supplied  tc 
protect  against  sudden  short-circuits.  See  Par.  140. 

65.  Bating  of  alternators.  As  the  armature  current,  irrespective  ol 
power-factor,  determines  the  armature  copper  loss,  it  is  customary  to  ra U 
alternators  in  kv-a.  rather  than  in  kw.  In  fact  at  low  power-factors, and 
therefore  at  smaller  values  of  delivered  power,  but  with  a given  current  and 
terminal  voltage;  the  flux,  core-loss,  field  current  and  field  copper  lose  are  all 
larger  than  at  unity  power-factor.  Therefore  the  safe  output  is  less  for  > 
given  temperature  rise.  It  is  thus  necessary  to  specify  the  lowest  power- 
factor  at  whioh  an  alternator  is  expected  to  operate,  in  order  that  enough 
excitation  may  be  provided,  and  tne  corresponding  field  copper  loss  dissi- 
pated without  excessive  temperature  rise.  The  maximum  safe  voltage  rat- 
ing is  that  which  can  be  maintained  at  rated  current  and  power-factor 
with  the  excitation  voltage  available,  and  without  exceeding  approved 
temperature  limits  for  the  field  windings. 

66.  Automatic  voltage  regulators,  external  to  alternator.  The 
most  Successful  of  these  is  the  Tin-ill  regulator  or  some  modification  thereof 
In  principle  it  is  merely  a voltage-operated  relay  which  closes  a low  resistance 
by-pass  around  the  shunt-field  rheostat  of  the  exciter  when  the  voltage  ii 
too  low,  and  opens  it  when  the  voltage  is  too  high.  This  relay  vibrate! 
continuously,  so  that  the  exciter-field  current  does  not  change  at  each  contad 
by  any  considerable  amount,  but  assumes  a pulsating  intermediate  valui 
depending  on  the  percentage  of  time  the  by-pass  is  closed.  With  proper 
adjustment  this  regulator -will  maintain  the  voltage  as  nearly  constant  al 
is  ordinarily  desired  in  commercial  power  plants. 

8YNCHBONOU8  MOTOB8 

67.  Structure.  The  synchronous  motor  is  simply  a synchronous  gen- 
erator with  its  function  reversed.  In  structure  it  usually  consists  of  ■ 
synchronous  generator  with  the  addition  of  pole-face  windings  to  provide 
suitable  starting  characteristics.  If  an  auxiliary  motor  is  provided  f<» 
starting,  there  is  no  need  for  the  pole-face  windings  for  starting  purpose*, 
although  it  is  still  desirable  dor  counteracting  “hunting.1'  (See  Par.  W 
to  79.) 

66.  Diagrammatic  representation.  Owing  to  its  simplicity  the  e.m.f- 
method  of  diagrammatic  representation  will  be  employed  here,  in  Bpite  of 
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its  considerable  inaccuracy.  A single-phase  machine  or  a single  phase  of  a 
polyphase  machine  will  be  considered  for  the  sake  of  simplicity.  Single- 
phase  synchronous  motors  are,  however,  practically  never  actually  employed . 

69.  Theory  of  operation.  Consider  a synchronous  machine  driven 
it  such  speed  and  at  such  excitation  that  its  e.m.f.  (Et),  in  frequency  and 
magnitude,  is  exactly  the  same  as  that  ( Ei ) of  the  supply  circuit,  of  which 


Fio.  66. — E.M.F.  vector  diagram  of  synchronous  motor. 


the  voltage  and  frequency  may  be  assumed  constant.*  Assume  also  the 
phase  of  the  machine  voltage  in  exact  opposition  to  that  of  the  supply 
▼c'.tage.  As  these  two  exactly  neutralize,  there  will  be  no  current  when 
the  naachine  is  connected  to  the  supply  circuit.  Imagine  now  the 
driving  power  removed.  The  machine  will  begin  to  slow  down;  but 
u soon  as  the  retardation  begins,  Et  falls  back  (clockwise),  yielding  a 
resultant  B,  and  a current  I**E/z,  (Fig.  66),  where  z,  is  the  synchronous 
impedance  of  the  motor.  As  z$  is  almost  wholly  synchronous  reactance 
(the  resistance  being  frequently  not  more  than  6 per  cent,  of  x«),  the  cur- 
rent will  lag  almost  90  deg.  behind  E,  and,  for  small  values  of  will 
be  nearly  in  phase  with  E\  and  in  opposition  to  Et.  Thus  the  power  Pi 
delivered  by  the  supply  circuit  is  E\1  cos  $i  (proportional  to  the  area  of  the 
rectangle  obdg),  the  power  Pi  transformed  into  mechanical  form  in  the  motor, 
is  cos  9t  (proportional  to  the  hrea  of  rectangle  abdf)  and  their  difference 
Ei—Pt—Th  is  the  armature  copper  loss  in  the  motor  (proportional  to  the 
area  of  the  rectangle  oofg).  Other  losses  are  neglected. 

The  power  (Pt)  transformed  is  a function  of  the  coupling  angle;  it  is 


Pi-  — cos*-— cos  (0-*>)  (watts)  (26) 

a fi 


The  significance  of  the  negative  sign  is  that  the  electrical  power  is  negative, 
*•*.,  received  instead  of  delivered.  In  Fig.  57,  —Pi  is  plotted  against  *»  ; 
whence  it  appears  that  as  the  motor  lags  (not  in  speed  butin  phase)  behin d 

the  supply  e.m.f.,  the  output  increases 
to  a maximum,  then  decreases,  be- 
comes negative  and  returns  to  zero 
As  soon  as  ? has  opened  out  to  a pain  t 
such  that  Pi  is  sufficient  to  carry  the 
load,  it  will  hang  at  that  point  asif  the 
motor  were  driven  by  an  elastic  coup- 
ling. If  the  load  increases,  tp  will  in- 
crease accordingly,  until  th^jneximum 

Eoint  is  passed,  when  the  motor  will 
reak  down.  During  a little  more 
than  a half  ofeachslip  cycle  (see  Fig. 
67),  the  motor  is  acting  as  a genera- 
tor, since  — Pi  is  positive,  and  is  in 
series  short-circuit  with  the  line.  So 
much  of  the  kinetic  energy  of  momen- 
tum is  lost  during  this  half  of  the 
slip  cycle  that  a synchronous  motor 
does  not  readily  pull  back  into  step 
after  once  breaking,  even  if  the  me- 
chanical load  be  immediately  remove*  1 
For  visualizing  these  relationships  and  their  causes  the  Blondel  diagram  is 
by  far  the  simplest  device. 


Fig.  57. — Synchronous  motor  out- 
put vs.  coupling  angle. 
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70.  Blondel  diagram.  Referring  to  Fig.  58,  the  isosceles  triangle  OAC 
is  constructed  on  the  base  Ei  with  base  angles,  6 “ tan- 1 (x«/ r ) . It  can 
easily  be  shown  that  with  constant  impressed  voltage  Bi.and  constant  load, 
Pu  the  locus  of  the  point  B,  as  the  excitation  and  E»  vary,  is  a circle  with 
oentre  at  C and  with  radius  y/ (ifi/2)5  — Ptr  + cos  9.  If  P*—0,  the  radios 

is  (Ei  + 2 cos  0)  — CA , 
and  the  circle  passes 
through  O and  A.  Am 
Pt  increases,  the  radius 
decreases  until  it  be- 
comes sero,  which  cor- 
responds to  the  maxi- 
mum possible  output 
with  the  given  motor 
atthegiven  impressed 
e.m.f.  But  this  theo- 
retical limit  is  never 
reached  practically, 
because  of  the  very 
large  value  of  Et  re- 
quired to  reach  up  to 
the  high-power  circles 
of  small  radii.  This 
will  be  better  appreci- 
ated by  reference  to 
the  diagram  of  Fig.  50, 
where  the  proportions 
are  more  normal  and 
the  point  C is  far  off 
the  page. 

For  varying  load  and  constant  excitation,  B moves  along  a circle  about 
A,  clockwise  for  increasing  and  counter-clockwise  for  decreasing  loads. 
The  maximum  load  for  any  given  excitation  occurs  when  B falls  on  AC; 
beyond  that  B swings 
around  on  to  circles  of 
smaller  power,  and  the 
motor  breaks  down; 
the  decrease  of  cos  Ot  more 
than  balances  the  increase 
in  I. 

71.  Interpretation  of 
Blondel  diagram.  In 

Fig.  58  the  area  inside  of 
the  sero-power  circle  cor- 
responds to  motor  power, 
and  that  outside  to  gener- 


Fig.  58. — Blondel  diagram  for  synchronous  motor. 
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to  the  right  to  unstable  - 
operation;  the  area  within  . 
the  sero-power  circle  and 
between  AC  and  OC  corre-  * 
sponds  to  stable  motor 
operation  with  a lagging 
current,  and  that  to  the 
left  of  to  Btable  motor 
operation  with  leading  cur- 
rent. The  point  B is  not  only  the  extremity  of  the  Et  vector,  but  may 
be  used  also  as  the  outer  end  of  the  current  vector,  since  E is  proportional 
to  J,  and  angle  COB  — 9\.  Thus  when  B falls  on  OC,  I is  in  phase  with  E\  and 
I is  a minimum  for  that  particular  load.  With  normal  steady  load  con- 
ditions, the  angle  4 never  approaches  the  angle  0,  the  point  B never 
approaches  the  breakdown  point  on  AC  (see  Fig.  59) ; but  if  either  the  load 


-Portion  of  Blondel  diagram  drawn  to 
scale. 
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or  the  frequency  of  supply  pulsates  or  changes  suddenly,  a hunting  may  be 
aet  up  which  will  carry  B over  into  the  region  of  unstable  operation. 

ft.  Excitation  and  power-factor  carves.  The  familiar  11 V"  curves  of 
eurrent  vs.  excitation  or  induced  e.m.f.  may  be  easily  obtained  from  the 
Blondel  diagram.  This  has  been  done  for  a 60-h.p.  motor,  and  the  result 
is  shown  in  Fig.  60.  Power-factor  curves  similarly  obtained,  are  shown  in 
Fig.  61. 


Fia.  60. — V-curves  for  60-h.p.  synchronous  motor. 


ft.  Synchronising  power.  By  this  is  meant  the  stiffness  of  the  coup 
ling  or  the  change  in  power  absorbed  per  degree  change  of  the  coupling 
‘“fie  it  increases  with  the  air  gap  and  inversely  as  <f(-A'/F).  Sec 
Pur.  60. 

T4.  Hunting  of  synchronous  motors.  Owing  to  the  elastic  nature 
of  the  electromagnetic  motor  coupling,  any  impulse  will  tend  to  set  up  an 


Fio.  61. — Power-factor  curves  for  60-h.p.  synchronous  motor. 

oscillation  about  the  position  of  equilibrium,  which  will  continue  until  the 
energy  by  which  it  was  initiated,  is  absorbed  by  the  extra  losses  incident 
to  the  oscillation.  Such  oscillation  is  called  hunting,  and  the  absorption  of 
the  energy  of  oscillation  is  called  damping. 

ft.  Hunting  may  be  instigated  either  by  a temporary  disturbance, 
such  as  a sudden  change  of  load  on  the  motor  or  of  the  frequency  of  supply- 
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or  by  some  periodic  disturbance  (Par.  76)  such  as  the  pulsation  of  impressed 
frequency  set  up  by  the  prime  mover.  This  periodic  disturbance  may  be 
one  of  comparatively  high  frequency  due  to  the  pulsation  of  the  crank  effort 
of  a reciprocating  steam  or  gas  engine  during  each  revolution,  or  one  of 
comparatively  low  frequency  due  to  the  hunting  of  the  governor  of  the  prime 
mover. 


76.  Frequency  of  hunting.  If  the  period  of  the  impressed  disturb- 
ance be  approximately  equal  to  that  of  the  natural  oscillation  of  the  motor, 
there  will  obviously  be  a tendency  for  the  motor  to  hunt  with  increasing 
amplitude,  which  may  result  in  a complete  breakdown  or  pulling  out  of 
step.  A periodic  pulsation  in  the  load  on  the  motor  may  also  produce  the 
same  result,  although  such  is  much  less  common.  It  is  thus  important  to 
know  what  is  the  natural  frequency  of  oscillation  of  a synchronous  motor, 
and  upon  what  factors  it  depends. 

The  natural  hunting  frequency  is  approximately 


-0.422  EiW  PP'  - . - 

Jz%  rev.  per.  mm. 


(27) 


where  J is  the  moment  of  inertia  in  lb.  ft .*  and  j/  the  number  of  phases. 

The  u used  in  Eq.  27  should  be  the  combined  impedence  of  alternator, 
line  and  motor.  The  smaller  the  motor  as  compared  to  line  and  alternator, 
the  less  will  be  the  effect  of  line  and  alternator  impedence  upon  the  hunting 
period  of  the  motor. 


77.  Dampers.  Forced  hunting  may  be  considerably  reduoed  and  tem- 
porary osculations  more  quickly  damped  out , by  means  of  field  dampers, 
consisting  of  : (a)  a copper  loop  around  each  pole  face;  (b)  a copper  bridge 
between  poles;  or,  better  still,  (c)  a squirrel-cage  set  of  copper  conductors 
through  the  pole  face  with  end  rings.  These  dampers  tend  to  check  pulsap 
tions  of  the  pole-face  flux  due  to  the  pulsating  armature  m.m./.,  by  induced 
currents  which  absorb  the  energy  of  oscillation. 


78.  Length  of  air-gap.  A short  air-gap,  other  things  being  equal, 
results  in  al  arge  synchronous  impedance,  a Targe  per  cent,  armature  reaction 
“A  +R),  a soft  electromagnetic  coupling,  and  a longer  natural  hunting 
period.  t This  is  desirable  up  to  a certain  point,  as  it  decreases  the  frequency 
of  hunting,  improves  the  self-starting  quality,  increases  the  effectiveness 
of  the  damping  devices  and  cheapens  the  machine;  but  there  is  an  obvious 
limit  to  the  desirable  softness  of  coupling,  namely,  that  beyond  which  there 
is  danger  of  a motor  breakdown.  The  value  of  <f(  — Af/F)  should  rarely 
be  more  than  0.6  when  F is.  taken  at  full-load  and  unity  power-factor. 
Also,  referring  to  the  Blondel  e.mi.  diagram,  it  appears  that  with  a large  x, 
(short  air-gap)  there  will  be  a large  variation  in  the  power-factor  of  the  motor 
from  no-load  to  full-load  under  constant  excitation,  or  a frequent  adjustment 
of  excitation  will  be  demanded  in  order  to  maintain  a constant  power-factor. 


79.  Sslf-starting  synchronous  motors.  The  a.c.  starting  of  the 
polyphase  synchronous  motor  is  as  follows:  If  the  field  circuit  of  such  a 
motor  be  opened  and  the  armature  be  supplied  with  polyphase  currents, 
there  will  result  a fairly  uniform  field  revolving  around  the  periphery  of  the 
armature.  Any  energy  transmitted  acroes  the  gap  to  the  field  poles  through 
the  medium  of  this  revolving  field  must  be  accompanied  by  a corresponding 
torque.  Thus  any  hysteresis  or  eddy-current  losses  in  the  pole  faces,  due  to 
the  revolving  field,  represent  a torque;  or  if  the  pole  faces  carry  damping 
ooils  these  will  act  as  the  short-circuited  secondary  of  an  induction  motor, 
yielding  a torque  depending  upon  their  reactance  and  resistance. 

In  this  way  a polyphase  synchronous  motor  will  supply  a small  starting 
torque,  sufficient  to  start  without  load  and  run  .nearly  up  to  synchronism; 
if  it  is  a salient-pole  machine  it  will  then  fall  into  step.  Following  this  the 
field  circuit  of  the  motor  may  be  closed  and  the  motor  is  ready  for  the  appli- 
cation of  its  load.  If  it  is  a non-salient  pole  machine,  it  will  not  come 
quite  into  synchronism  until  the  field  is  excited,  after  which  it  will 
usually:  pull  itself  in  step.  It  is  sometimes  even  possible,  with  a little 
coaxing  to  start  a polyphase  motor  when  the  only  torque  is  that  supplied 
by  the  hysteresis  and  eddy-current  losses  in  laminated  pole  faces,  although 
this  is  not  a very  satisfactory  arrangement  where  frequent  starting  ia  re- 
quired.  With  damping  coils,  however,  a polyphase  synchronous  motor 
will  start  readily  on  reduced  voltage  and  without  excessive  current. 
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M.  Polarity.  During  acceleration  with  open-field  circuit,  the  induced 
polarity  in  any  given  pole  alternates  leas  and  less  rapidly  as  the  speed  ap- 
proaches synchronism.  The  final  polarity  of  any  pole,  when  the  speed 
Las  reached  synchronism,  is  largely  a matter  of  chance  and  obviously  may 
not  be  the  same  as  produced  by  the  field  current  as  oonnected.  If  these 
polarities  are  inoppoeition,  the  revolving  part  will  slip  back  one  pole  when 
the  field  circuit  is  closed,  the  large  time  constant  of  the  field  circuit  allowing 
this  to  take  place  without  serious  shock.  It  is  safer,  however,  to  determino 
the  polarity  before  closing  the  field  circuit,  and  reverse  thelatter  if  neceasaj 

SI.  Starting  current.  As  the  chief  function  of  the  starting  current  is 
excitation,  the  shorter  the  gap  the  less  the  current  required. 

The  minimum  starting  current  for  polyphase  synchronous  motors  is  usually 
mch  as  to  require  only  a portion  of  the  line  voltage  for  starting  purposes, 
this  being  obtained  by  means  of  induction  starters.  If,  for  example,  a cer- 
tain motor  requires  in  starting,  double  full-load  current  at  half  line  voltage, 
the  line  current  at  starting  would  be  practically  equal  to  the  full-load  run- 
ning current. 

IS.  Starting  synchronous  motors  by  external  means.  Where 
the  starting  current  is  objectionable  to  the  system,  external  means,  such 
m d.c.  or  induction  motors,  must  be  employed.  With  single-phase  synchro- 
nous motors,  this  is  obviously  necessary. 

Chapter  VI,  of“  Design  of  Polyphase  Generators  and  Motors,”  by  Hobart, 
wts  forth  reasons  for  employing  synchronous  motors  more  frequently.  This 
reference  contains  desenptions  of  methods  of  building  synchronous  motors 
with  high  starting  torques. 

IS.  ttset  of  differing  impressed  and  induced  wave  shapes  on  power  - 
factor.  When  the  impressed  and  induced  e.m.f.  waves  are  of  different 
shape,  the  unbalanced  e.m.f.  harmonics  produce  wattless  harmonic  currents, 
which  though  small  compared  to  the  full-load  current  may  be  considerable 
with  respect  to  the  no-load  fundamental  current.  Thus  the  p.f.  at  no~lo<i<i 
may  be  lest  than  unity  even  with  the  fundamentals  of  the  current  and  p.m.f. 
in  phase. 

METHODS  OF  SYNCHRONIZING 

•4.  Necessary  conditions.  Impressed  and  induced  e.m.fs.  equal, 
opposite,  and  of  same  frequency. 

. M.  Synchronising  with  lamps.  Connect  lamps  in  series  between  the 
in-coming  machine  ana  theline.  When  thelampe  are  bright  (or  dark,  accord- 
ing to  whether  the  machines  are  connected  In  unison  or  in  opposition  ip  the 
synchronising  circuit), and  the  beats  are  very  slow,  showing  opposition  of 
phase  and  approximate  synchronism,  the  line  switch  maybe  closed  ai^dthc 
machine  will  quickly  settle  down  to  stable  operating  conditions.  If  a motor, 
the  load  may  then  be  applied. 

In  the  case  of  a three-phase  machine,  lamps  should  be  connected  in  at 
least  two  phases,  and  if  both  sets  are  not  dark  at  the  same  time,  there  is 
indication  that  the  three  phases  are  not  oonnected  in  the  proper  order  and 
that  two  of  them  should  be  interchanged.  The  chief  objection  to  the  use 
of  lamps  for  synchronising  is  that  they  do  not  tell  just  when  the  two  r.m.  fs. 
are  in  exact  opposition,  nor  whether  the  in-coming  machine  is  fast  or  slow, 
although  with  a little  experience  it  is  possible  to  become  quite  proficient  i n 
their  use. 

•4  Synchroscope.  Various  electromagnetic  instruments  called  syn- 
chronisers, synchronoscopes,  synchroscopes,  etc.,  have  also  been  devised  lor 
indicating  synchronism.  In  most  of  these,  the  principle  of  operation  is  that 
of  the  rotary  field,  synchronism  beingindicatod  by  a pointer  on  a dial.  When 
ths  in-coming  machine  is  above  or  below  synchronism, the  pointer  revolves 
in  ooe  direction  or  the  other  respectively,  and  at  a rate  proportional  to  the 
dip  (or  beat)  frequency.  At  synchronism  the  pointer  stands  still,  and  in  a 
position  on  the  dial  which  indicates  the  relative  phase  of  the  two  e.m.fs. 

One  form  of  synchroniser  is  constructed  as  follows:  The  armature  consists 
of  two  coils  at  right  angles  connected  in  parallel,  a non-inductive  resistance 
in  series  with  one  and  an  inductive  resistance  in  series  with  the  other.  The 
stationary  field  coil  is  oonnected  to  the  supply  bus  and  the  armature  to  the 
m-coming  machine.  The  split-phase  revolving  field  produced  by  the  arma- 
ture currents,  reacts  on  the  cuternating  field  to  produce  a rotation  whose  speed 
b equal  to  the  difference  between  the  frequencies  of  armature  and  field  cur- 
rents. When  these  are  equal  the  armature  coil  remains  stationary. 
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PARAT.T.KT.  OPIRATIOW  OP  ALTKBKATOBS 

87.  Meohanloal  tnalof.  When  two  or  more  alternators  are  eonnaeted 
in  parallel  and  driven  at  the  same  frequency,  they  are  as  if  coupled  together 
by  an  elastic  ooupling  just  as  in  the  case  of  a synchronous  motor  connected  to 
a generator.  Thus  they  must  run  at  exactly  the  same  frequency  as  long  as 
they  are  coupled. 

88.  Division  of  load.  Consider  two  similar  alternators  driven  by  sepa- 
rate prime  movers,  of  which  the  speed  characteristics  are  shown  in  Fig.  62,  as 
a and  b.  Then  if  the  speed  is  that  represented  by  the  horizontal  line  »$,  the 
powers  supplied  by  the  two  prime  movers  will, be  Pa  and  Pb  respectively. 
The  division  of  load  will  then  be  wholly  dependent  upon  the  speed  charac- 
teristics of  the  prime  movers,  i.e.,  upon  the  governors. 

89.  Division  of  reactive  current.  The  only  effect  of  changing  the  ex- 
citation on  either  machine  is  to  change  the  division  of  reactive  current:  ejj., 
starting  with  equal  loads  and  currents,  if  the  excitation  of  a be  increased,  it 
will  take  more  of  the  lagging  reactive  current,  and  b will  take  less.  Any 
inequality  of  excitation  is  equalised  by  a circulating  reactive  current  which 
transfers  the  excitation  from  the  overexcited  machine  to  the  underexdted 
one.  The  terminal  voltage  will  be  determined  in  any  case  by  the  total 
excitation  of  both  machines  and  by  the  magnitude  andp.f.  of  the  load. 

When  the  voltage  of  a power  plant  is  controlled  by  a Tirril)  regulator,  act- 
ing on  the  exciter  bus  from  whicn  the  fields  of  all  the  parallel  connected  units 
are  supplied,  the  per  cent,  increase  in  excitation  for  a given  increase  of  load 
will  obviously  be  the  same  on  all  the  alternators.  But  if  one  alternator  has  a 
close  regulation  and  another  poor  regulation,  and  if  in  the  first  case  they  shared 
the  active  and  reactive  currents  in  proper  proportion,  with  increased  load 
the  close  regulation  machine  will  be  relatively  overexcited  and  will  take 
more  than  its  share  of  the  lagging  reactive  current. 

80.  Switchboard  control  of  speed  of  prime  movers.  In  prime  movers 

with  very  close  speed  regula- 
tion (no-load  to  full-load),  it 
is  obviously  necessary  that 
the  two  speeds  be  very  closely 
adjusted  (Fig.  62).  and  this  is 
often  difficult  by  the  cut-and- 
try  method,  which  in  some 
cases  requires  shutting  down 
each  time  to  adjust  the  gov- 
ernors. Large  units  are  often 
provided  with  a means  of 
governor  adjustment  during 
operation.  This  may  be  ac- 
complished by  means  of  a 
small  motor  eonnected 
through  worm  gearing  to  the 
governor  adjustment  and 
controlled  from  the  switch- 
board. 

81.  Governor  damping 
to  prevent  hunting.  Sud- 
den changes  of  load  frequently 
cause  the  governor  to  hunt,  i.e.,  open  up  too  wide,  then  close  too  far  and  so 
on.  This  may  be  easily  prevented  by  a dash-pot  connected  to  the  governor. 

ELEMENTARY  OUTLINE  OF  THE  DESIGN  OF  SYNCHRONOUS 
MACHINES 

88.  Specifications.  Every  electrical  machine  is  built  to  meet  certain 
pecifications  whether  proposed  by  the  purchaser,  his  engineer.or  the  manu- 
facturer. In  addition  to  the  customary  specifications  there  is  always  the 
question  of  first  cost  which  must  be  reduced  to  a minimum.  Many  of  these 
specifications,  requirements,  or  standards  are  thoroughly  treated  in  the 
Standardization  Rules  of  the  American  Institute  of  Electrical  Engineers; 
these  are  given  in  Sec.  24.  For  a synchronous  alternator  the  specifications 
refer  briefly  to  the  following:  frequency;  number  of  phases;  rev.  per 
min.;  terminal  voltage;  ratea  output  in  kv-a.;  minimum  power-factor; 
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Fia.  62. — Diagram  of  division  of  loi\d  be- 
tween two  parallel-connected  alternators. 
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temperature  riae  (Sec.  24);  efficiency  (Sec  24);  inherent  regulation;  per  cent, 
leakage  reactance  volte;  insulation  teete  (Sec.  24);  wave  form.  These  are 
not  aB  specified  in  each  case,  whereas  in  some  cases  much  more  elaborate 
specifications  dealing  with  the  details  of  mechanical  and  electrical  design  are 
supplied.  With  reliable  manufacturers,  very  simple  specifications  are  or- 
dinarily sufficient,  telling  chiefly  what  the  machine  shall  accomplish  ratht  r 
than  how  it  shall  be  built.  In  the  case  of  many  modern  alternators,  regula- 
tion is  not  a controlling  specification,  it  being  in  most  cases  important  1 o 
have  a high  reactance  rather  than  a low  one  (Par.  6S  and  64).  Efficiency 
u such  is  also  not  directly  a controlling  factor  in  design,  but  chiefly  as  it  is 
necessary  to  keep  down  the  heat  developed  in  the  machine.  A fraction  of 
1 per  cent,  in  efficiency  is  not  as  important  to  the  user  as  a safe  operating 
temperature. 

ft.  Hat  of  symbols  used. 

OB i — Max.  value  of  equivalent  fundamental  sine- wave  of  air-gap  flux 
density  (lines  per  aq.  in.). 

(B,  — Actual  max.  flux  density  in  air-gap  at  pole-face  (lines  per  aq.  in.), 
fi it  — Maximum  apparent  tooth-density  of  flux  (lines  per  aq.  in.)  in  teeth. 
D ■»  Diameter  at  air-gap  (inches).  # 

d.  =■  Depth  of  slot  (inches). 

e"  — Volts  induced  per  in.  of  active  armature  conductor. 
f — Frequency  (cycles  per  sec.). 

4*  — Allowable  copper  watts  per  sq.  in.  of  armature  surfaoe. 

K — k.v.a.  output. 

K « — k.v.a.  developed  in  the  armature, 
h - Belt  differential  factor. 

» specific  output. 
k,  — pitch  differential  factor. 

h — ratio  of  pole  pitch  to  gross  armature  core  length. 

I — gross  armature  core  length. 

* — cir.  mils  per  amp. 

V “ no.  of  pairs  of  poles. 

q^  - ratio  armature  to  gap  amp-turns  at  full  load. 

flu  - ratio  of  net  iron  length  of  armature  to  gross  length. 

A , “ ratio  of  coil  pitch  to  full  pitch. 
qm  « ratio  of  slot  width  to  tooth  pitch. 

R m rev.  per  min. 

T,  - Temp,  difference  in  deg.  cent,  between  armature  conductor  at  centre 
and  at  end. 

* — peripheral  velocity,  ft.  per  sec. 

s'*  — wt.  of  armature  copper  (lb.)  per  kv-a.  output. 

A — peripheral  loading;  ampere  conductors  per  in.  of  armature  periphery 
( — output  coefficient. 

* - pole  pitch  (in.). 

M.  Output  equation.  The  volt-amperes  per  aq.  in.  of  peripheral  sur- 
face (Par.  S4)  are  As"  — 8.50k»k»A*2?i  10“ *,  and  the  total  power  developed,  in 
kv-a.  is,  K»  — S.5Orki,kpAvBiDll0~11.  Allowing  a maximum  drop  ol  5 per 
cent,  between  induced  and  terminal  volts,  ana  taking  Bi  corresponding  t o 
full-load,  the  kv-a.  output  is 

A-2.54Jb*JbpAoBiDfl(r>®-ib.Df  (kv-a.)  (28) 

or  since  D — 720v  -*■  (*R) 

J-1.72X10»/Ctf  4-(*»*rABipi)  - (inches)  (2«.») 

i,~2.S4k^rpSvBi  lO-10  is  the  specific  output,  or  the  kv-a.  per  sq.  in.  of  pro- 
jected area  of  the  air-gap  cylinder.  By  substituting  for  » its  value  wDR/ 720, 
obtain 

K-l.llk>k,ABiD*lRlQru-iD’lR  (kv-a.)  (30) 

ahere  f — K/{DHR)  — Lllkak^ABilO-1*  is  called  the  output  coefficient. 
Taking**  -0.950and*„ -0.95,  thismay  be  written,  f-  (A/ 1,000)  (£i/10«)  10' 4. 
Sometimes  *#  and  sometimes  £ is  more  convenient  as  a starting-point  for 
preliminary  design,  both  being  rough  measures  of  the  economy  of  material. 

Major  design  constants.  B i,  v and  A are  the  major  design  constants, 
since  their  choice  (R  being  specified)  determines  the  general  dimensions  D 
end  I of  the  machine.  The  larger  these  constants,  the  smaller  in  general 
▼ill  be  the  product  DU  and,  within  certain  limits,  the  weight  and  cost  of  the 
machine.  The  considerations  which  govern  the  choice  of  these  constants 
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are  so  numerous  that  they  cannot  all  be  jpven  their  due  weight  in  any  direct 
method  of  attack.  Some  of  the  more  important  considerations  and  limi- 
tations are  as  follows:  Par.  95  to  107. 

Ratio  of  pole  pitch  to  core  length. 

Jfci  -r/j-  3.5JWb*A£i*»  + (lO’/KR) 

Number  of  poles. 

2p-120//*  (SI) 

Pole  pitch. 

T - 6o//  (inehes)  (32) 

90.  Tooth-density  limit.  In  order  to  avoid  excessive  eddy-current 
losses  in  the  slot  conductors  and  in  the  teeth,  the  flux  density  Btr  at  the 
narrowest  part  of  the  teeth  should  not  exceed  (for  open  slots)  the  values  of 
Par.  42,  although  for  partly  closed  slots  and  stranded  conductors  10  to  15 
per  cent,  higher  values  are  safe.  B0  is  related  to  Btr  as  follows  for  the  rotor 
or  internal  element,  and  parallel-sided  slots: 

<B,  -®<rOi/(l-g~-2d./D)  (33) 

and  for  the  stator  or  external  dement 

(34) 

(B*  is  usually 'slightly  less  than  (Bi,  (the  crest  of  the  fundamental  sine-wave 
of  flux,  see  Fig.  23,  and  Par.  82).  Also  in  extreme  cases  the  tooth  saturation 
flattens  the  flux  distribution  curve  still  more.  For  laminations  0.014  in. 
thick,  qu  varies  from  0.7,  in  an  exceptionally  well  ducted  core,  to  0.8,  in  a 
poorly  ducted  core,  and  0.9  in  a core  without  ducts.  Thus  if  (Btr  is  assumed 
at  its  reasonable  upper  limit,  and  qu  is  known,  the  relation  of  (B*  q*m  is 
fixsd. 

96.  Beating  limit.  At  60  deg.  cent,  the  copper  loss  under  1 sq-  in. 
of  armature  surface  is  Ae«*A/m,  the  resistance  of  one  circ.  mil.  inch  of  copper 
at  60°  cent,  being  just  1 ohm.  h»  is  obviously  limited : (a)  by  the  heat  dia- 
sipating  power  (Ha)  per  sq.  in.  per  deg.  cent,  of  temperature  rise,  (b)  by  the 
allowable  temperature  rise,  T,  (c)  by  the  relative  amount  of  coreloss,  and  (d) 
by  the  relative  amount  of  coil-end  surface.  Assuming  average  values  of  (b), 
(o)  and  (d),  Ha  will  vary  with  the  nature  of  the  ventilation,  the  periph- 
eral velocity,  and  the  amount  of  heat  thrown  off  bv  the  rotor.  For  open, 
salient-pole  machines,  b very  rough  preliminary  guide  is 

he  “A/m  — 0.4(1  -f0.016»)  (watts  per  sq.  in.)  (34a) 
For  high-speed  turbo-alternators  h,  has  little  relation  to  e,  owing  to  the 
widely  differing  methods  of  ventilation,  and  varies  from  0.8  to  1.6. 

97.  Temperature  gradient  in  slot  conductors.  Assume  that  all 
the  heat  developed  in  the  active  conductor  is  conducted  longitudinally  to  the 
coil  ends.  This  is  approached  in  high  voltage  stators.  Then  the  tem- 
perature difference  between  centre  and  end  of  conductor  will  be  T#  — (PX 
l£7*)/m2,  where  l is  the  gross  core  length  in  inches.  Or  if  Ta  be  limited.  I 
will  be  limited,  thus  1-  (m\^Te)/ 127.  Thus  the  larger  the  value  of  m,  the 
longer  may  be  the  armature  core  without  exoessive  temperature  differences. 
The  table  in  Par.  98  gives  the  temperature  differences  in  deg.  cent,  for 
various  values  of  l and  m. 

93.  Temperature  differences  between  centre  and  end  of  armature 
conductors 


Temp,  difference  Te  (deg.  cent.) 

l , Armature 
length  (in.) 

600  circ. 

800  circ.  1 

1,000  circ. 

1,200  ctra.^, 

mils  per  amp. 

mils  per  amp. 

1 mils  per  amp. 

mils  per  amp^ 

0 

0.0 

0.0 

0.0 

0.0 

10 

4.48 

2.52 

1.61 

1.12 

20 

8.98 

5.05 

3.23 

2.25 

30 

40.3 

22.65 

14.5 

10.1 

40 

71.7 

40.3 

25.8 

17.9 

50 

112.0 

63.0 

40.4 

28.1 

60 

162.0 

91.0 

58.1 

40.4 

70 

220.0 

124.0 

79.1 

55.0 

80 

286.0 

161.0 

103.0 

71.5 

90 

364 . 0 

205.0 

131.0 

91.0 

100 

448.0 

252.0 

161.0 

112.0 
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W.  Weight  of  copper  v«.  A.  With  h«(*»A/m)  limited,  m must  increase 
vith  A.  Then  the  total  weight  of  active  copper  (also  of  total  copper  if  kt 
be  unchanged)  will  be  proportional  to  A. 

100.  Depth  of  slot.  On  the  same  basis  the  slot  depth  will  be  proportional 
to  A*.  Slot  reactance  does  not  limit  A and  slot  depth,  as  is  sometimes  the 
cue  with  induction  motors  (Bee  Par.  251). 

101.  Armature -re  action  limit.  If  on  the  score  of  regulation,  e.m.f. 
nre  shape,  or  stability,  it  be  desired  to  keep  q^{  = A -*-/?)  within  any  given 

limit,  it  might  become  necessary  to  limit  the  ratio  A/(B,  see  Eq.  22,  Par.  60. 

102.  Choice  of  (B  and  A.  From  the  standpoint  of  the  economy  of 
material  or  of  the  maximum  output  coefficient,  that  value  of  q,*  is  the  best 
which  results  in  the  maximum  product  (BiA.  But  since,  for  a given  depth 
of  slot,  A increases  as  (Bi  decreases,  the  maximum  product  will  occur  where 
the  net  width  of  slot  (excluding  insulation)  is  approximately  equal  to  the 
minimum  tooth  width,  i.e.,  when  q*e> 0.5.  A considerable  change  in  q«„ 
from  the  exact  value  which  makes  (BiA  a maximum,  does  not  seriously 
reduce  this  prod u t,  so  that  considerable  variations  from  the  best  value  of 

will  be  found,  as  there  are  other  considerations  involved. 

[ 3.  Assume  qm  chosen,  e.g.,  to  keep  down  the  ratio  A/(B  (Par.  101),  or  to 
imakeSiA  a maximum  (Par.  102).  Assume  also  (Bir  as  chosen  (Par.  95);  then 
$<  is  given  by  Eq.  34. 

, A.  Assuming  he  constant,  the  upper  limit  of  A is  likely  to  be  set  for  turbo- 
alternators by  the  limited  space  for 
copper  on  the  rotor,  since  this  limits 
F,  and  A (and  therefore  A)  must  be 
smaller  than  F.  A glance  at  Fig.  03 
shows  that  the  cost  of  copper  is  not 
likely  to  set  the  A limit.  In  fact,  an 
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Fig.  63. — Armature  copper  per  Fia.  64. — Peripheral  loading  of 
kv-x.  V3.  v,  for  a 10,000-kv-a.  25-  alternators, 

eyele  2-pole  turbo-alternator. 

:»emsc  of  A,  within  certain  limits,  results  in  a more  than  balancing  saving 
iron.  Moreover,  the  correspondingly  larger  m reduces  Te,  the  tem- 
perature difference  between  the  centre  and  ends  of  the  active  conductors  (see 
Pit  98)  If  close  regulation  is  specified,  it  may  be  necessary  to  use  a low  A 
sod  high  (Bi,  sec  Par.  60,  particularly  in  high-speed  turbo-alternators;  but  if, 
[toil  usually  the  case  in  modern  practice,  close  regulation  is  not  specified,  A 
aay  be  carried  much  higher  than  has  heretofore  been  customary. 

I The  following  formulas  give  a rough  idea  of  the  range  of  A for  modern  alter- 
nator* : at  60  cycles  A = (450  to  700)  (kv-a./100)o  m;  at  25  cycles  A = (500 
to  800)  (kv-a./lOO)0-1**.  The  higher  values  are  for  very  well-ventilated  and 
the  lower  for  moderately  ventilated  machines  (see  Fig.  64). 

103.  Choice  of  peripheral  velocity.  Assuming  that  (Bt  and  A have  been 
loosen,  the  choice  of  r determines  the  proportions  of  the  machine.  Coil-end 
reactance  does  not  enter  seriously  into  consideration,  as  in  the  case  of  the 
induction  motor.  The  weight  of  active  iron  is  nearly  independent  of  v. 
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The  weight  of  armature  copper  is  a consideration  but  a relatively  umn 
irtant  one  in  high  speed  machines;  in  lbe.  per  kv-a.  it  may  be  expreaac 


portant  one  in  high  speed  machines;  in  lbs.  per  kv-a.  it  may  be  expreaac 
approximately  as  follows: 

mi  . 0 311  m ( 107  | 1.5X10T«,**\ 

w • 03lljm  v t +— Mai  ~v 

'-°-3Ut^6  (it^r+5«»  w)  (,b«wk~)  (3i 

which  has  its  lowest  value  with  respect  to  v when 

P-100  y and  k,-~  (3» 

kp^pA(Ri  3flp 

But  for  high  speeds,  this  would  result  in  a very  long  machine  of  sma 
diameter  and  hard  to  ventilate;  so  that  larger  values  of  k$  are  usually  en 
ployed  for  high  speeds. 

In  Fig.  63,  W\  is  plotted  against  v for  a case  where  the  following  ralw 
obtain:  K — 10,000;  /— 25;  R — 1,600;  A -1,200;  ©i -40,000;  0.667:  k, 

0.866;  m — 1,000;  from  which  it  is  obvious  that  k»  may  be  increased  coi 
siderably  above  the  value  corresponding  to  minimum  copper,  without  coi 
siderable  increase  of  cost.  As  k»  vanes  proportionately  with  *•,  it  is 
critical  ratio  and  useful  as  a guide  to  the  determination  of  t,  up  to  tl 
mechanical  limit.  Rarely  does  Jfci  occur  outside  of  the  range  0.6  to  1.4,  beit 
in  general  larger  as  the  number  of  poles  decreases,  although  each  case  mu 


The  major  considerations  affecting  v are  those  of  ventilation  and  < 
mechanical  design.  A high  « means  a diameter  in  direct  proportion,  a coi 
length  inversely  as  e*,  a much  larger  percentage  of  exposed  coil-end  surfac 
higher  heat  dissipating  power  and  better  ventilation,  but  a larger  and  moi 
expensive  frame  and  bearings.  In  large  two-pole  60-cycle  machines,  the  r« 
upper  limit  of  vis  that  of  mechanical  strength.  With  solid  cast-steel  rotoi 
* may  be  carried  as  high  as  420  ft.  per  sec. 

104.  Machine  proportions.  Having  approximated  (fit,  A and  v,  d 
general  dimensions  of  the  machine  are  determined.  Only  some  of  the  mtf 
important  considerations  have  been  possible  here,  but  enough  to  give  a erw 
notion  of  the  more  obvious  factors. 

105.  Caution.  The  greatest  care  should  be  employed  in  making  use  i 
the  values  and  limits  here  given  for  the  various  constants,  as  there  are  mai 
other  considerations  and  many  details  of  design  not  here  considered,  whii 
affect  individual  cases.  Moreover,  in  commercial  lines  of  machines,  tl 
necessity  of  utilising  one  punching  or  one  frame  for  machines  of  sever 
ratings,  voltages,  or  speeds,  results  in  kinks  in  the  curves  plotted  fro 
actual  data. 

106.  The  air  gap  in  salient-pole  alternators,  when  regulation  is  n 
important,  may  be  reduced  until  the  distortion  of  the  flux  across  the  pole  fs 
endangers  the  wave  shape,  or  until  pole-face  losses  become  too  large.  ( 
the  first  score  g ^ (Par.  60)  should  not  exceed  0.60,  and  on  the  second  accou 


turbo-alternators,  one  of  the  chief  considerations  governing  the  length  oi  I 
gap  is  that  of  providing  a sufficient  path  for  the  ventilating  air  (Par.  1H 

107.  Effect  of  number  of  slots.  A small  number  of  large  slots  me» 
more  heating  of  armature  conductors,  poorer  wave  shape,  lees  insulstt 
and  lower  cost. 

INSULATION 

106.  Stator- slot  insulation.  In  the  design  of  armature-slot  insulatfc 
for  high-voltage  turbo-alternators,  restrictions  of  a very  serious  nature! 
encountered.  It  is  a comparatively  simple  matter  to  insulate  600-w 
windings  and  provide  liberal  factors  of  safety,  but  when  dealing  with  windl 
for  12,000  volts,  it  becomes  necessary  to  employ  very  high-grade  matel 
and  to  observe  many  important  precautions  in  the  manner  in  which  tl 
materials  are  applied.  For  a given  material  the  disruptive  strength  per 
of  thickness  grows  less  as  the  thickness  is  increased.  In  this  cirouinsU 
lies  a serious  handicap  in  designing  the  insulation  for  rotating  appar* 
wound  for  high  pressure.  For  stationary  apparatus  which  can  be  immef 
ln  a tank  of  oil,  reliance  can  be  placed  on  the  disruptive  strength  of  the  oil* 
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65. — Slot  insulation  thick- 
nesses for  alternators. 


(rfinUrpotod  bfcrrioni  of  insulating  material,  but  in  the  insulation  of  armature 
viodingi,  great  regard  must  be  paid  to  economy  in  space,  and,  furthermore, 
vt  cannot nave  reoouree  to  immersion  in  oil. 

On  alternating-current  machines  of  1,000  volts  and  upward,  the  armature- 
dot  insulating  material  may  consist  of  micanite,  micarta  or  treated  paper 
tabes,  or  of  insulations  built  up  of  empire  cloth,  oiled  linen,  or  other 
ratable  materials.  In  Fig.  65  is  given  a curve  showing  suitable  thicknesses 
d dot  insulation  from  copper  to  iron  in 
terms  of  the  voltage. 

lM.  For  heat-re  listing  qualities  and 
allowable  working  temperatures  of  differ- 
ent classes  of  insulations,  see  Sec.  24. 

Other  references  are  as  follows:  A.  P. 

Fleming  and  E.  Johnson:  "Chemical  Ac- 
tion in  the  Windings  of  High-voltage 
Machines.”  Joum.  I.  E.  E..  Vol.  XLVII, 

P-  530,  1911. 

110.  Instance  and  cause  of  an  insu- 
lation failure.  In  1905  Mr.  J.  8.  High- 
feld  published  in  The  Electrician  (Vol. 

LIV,  p.  573)  a description  of  an  insulation 
failure  in  the  windings  of  a 10.000-volt 
alternator.  The  failure  was  attributed  to 
chemical  actions  stimulated  by  the  ozone 
formed  aa  a consequence  of  corona  dis- 
chargee. Highfield's  article  led  to  considerable  correspondence  in  subsequent 
number*  of  The  Electrician  and  the  views  put  forward  are  of  great  interest. 
“High-voltage  Tests  and  Energy  Losses  in  Insulating  Materials,”  by  Mr.  E. 
H Kayner  appears  on  page  3,  Vol.  XLIX  of  Journ.  I.  E.  E.  (1912).  Rayner 
concludes  his  paper  with  a large  and  valuable  Bibliography  of  the  subject. 

111.  Effects  of  temperature  on  disruptive  strength.  Lam  me  has 
dealt  with  these  effects  very  thoroughly  in  his  paper  on  " High-speed  Turbo- 
nlternatora " appearing  on  page  1 of  Vol.  XXXII  of  Trans.  A.  I.  E.  E.  (1913) 
Iamme  and  Steinmets  have  continued  the  discussion  of  the  subject  in  a 
piper  entitled  "Temperature  and  Electrical  Insulation”  which  appears  on 
psge  79  of  Vol.  XXXJI  of  Trane.  A.  I.  E.  E.  (1913).  As  to  the  design  of  the 
uauiation  from  the  standpoint  of  the  heat  flow  through  it,  the  best  infor- 
mation as  yet  available  on  the  subject  is  contained  in  the  following  papers: 
oymons,  H.  D.  and  Walker,  M.  “The  Heat  Paths  in  Electrical  Mach- 
inery,” Joum.  I.  E.  E.,  1912,  Vol.  XLVI1I,  page  674.  Williamson,  R.  B. 
‘Notes  on  Internal  Heating  of  Stator  Coils,”  Trans.  A.  I.  E.  E.,  1913,  Vol. 
XXXII,  page  153.  Langmuir,  Irving.  “Laws  of  Heat  Transmission  in 
l^etrical  Machinery,"  Trans.  A.  I.  E.  E.,  1913,  Vol.  XXXII,  page  301. 
Randolph,  C.  P.  “The  Conduction  of  Heat;  with  Results  of  an  Investiga- 
te® of  the  Thermal  Resistivity  of  Heat-inBulating  Materials,”  General 

Renew  for  Feb.,  1913,  page  120.  Lamme,  B.  G.  “Temperature 
Omtribution  in  Electrical  Machinery,”  Trans.  A.  I.  E.  E.  (1916)  Vol.  XXXV, 
f*rt  2,  p.  1471.  Newbury,  F.  D.  “Rational  Temperature  Guarantees 
Urge  A.  C.  Generators,”  Trans.  A.  I.  E.  E.  (1916)  Vol.  XXXV,  Part  2, 
M439.  Kelly.  R.  “Internal  Temperatures  of  A.  C.  Generators,”  Trans. 
A-UE.  (1917)  Vol.  XXXVI,  p.  79. 

Field  insulation.  For  the  field  windings  of  low-speed  and  moder- 
*fa*P®ed  synchronous  machines  the  problems  associated  with  the  insulation 
comparatively  simple.  Wherever  reasonably  practicable,  the  field 
^teteiing  will  oonsist  of  a flat-strip  conductor  wound  on  its  thin  edge.  It 
* (important  that  the  design  snail  comprise  features  ensuring  absolute 
•omnee  of  any  relative  motion  between  the  conductors,  as  the  result  of 
*Mnfugal  forces  and  of  vibration.  The  use  of  coils  of  flat  strip  with  the 
•jjwleft  bare  in  the  customary  manner,  is  excellent  from  the  standpoint  of 
*™jty  to  rapidly  dissipate  heat  to  the  surrounding  air  in  virtue  of  the  rapid 
®°tioo  of  these  coils  through  the  air.  Since  the  voltage  is  low  and  the 
temperature  moderate,  it  is  practicable  to  employ  the  simplest  methods,  so 
far  aa  the  insulation  is  concerned.  But  in  the  case  of  extra  high-speed  turbine 
generators  the  field  windings  must  be  embedded  in  slots  in  the  surface  of  the 
<jrhndrieal  rotor,  and  the  difficulties  to  be  overcome  in  providing  a suitable 
fomgn  of  insulation  are  very  great.  It  is  true  that  the  voltage  of  the  ex- 
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citation  U low,  but  the  difficulty  arises  from  the  high  temperature  to  wind 
the  insulation  is  subjected  and  the  high  centrifugal  foroes  to  which  th 
conductors  are  subjected.  The  facilities  for  ventilation  are  neceesaril 
exceedingly  poor,  and  the  space  for  the  copper  is  so  restricted  that  it  i 
necessary  to  operate  the  field  winding  at  nigh  current  densities.  Th 
result  is  that  portions  of  the  insulation  in  the  slots  of  high-speed  rotors  ar 
usually  subjected  to  temperatures  much  above  100  deg.  cent,  and  freouentl 
temperatures  approaching  150  deg.  cent,  are  experienced  at  the  very  hot  tee 
spots  of  the  rotor  insulation  in  designs  of  the  most  difficult  ratings-  Con 
aequently  mica  must  be  the  chief  ingredient  of  the  insulation,  notwithstand 
ing  that  the  voltages  are  very  low.  The  construction  must  present  th 
utmost  rigidity  since  the  slightest  displacement  of  any  insulating  materis 
will  suffice  to  unbalance  the  rotor.  The  case  is  ably  presented  by  Lamm 
in  a seotion  entitled  Rotor  Insulation  on  p.  20  of  his  paper  on  **High-spee< 
Turbo-alternators,”  in  Vol.  XXXII  (1913)  of  the  Trans.  A.  I.  E.  E. 

11*.  Insulation  * of  alternator  leads  and  connections.  A cut 
problems  are  not  often  encountered  in  the  insulation  of  the  leads  and  con 
nections,  since,  on  the  one  hand,  machines  are  rarely  bu,ilt  for  pressures  ii 
excess  of  15,000  volts,  thus  eliminating  the  questions  arising  in  conoeetku 
with  the  insulating  of  extra  high-pressure  leads;  and,  on  the  other  hand,  th 
voltages  in  large  machines  are  rarely  lower  than  4,000,  so  that  there  do  not 
arise  any  questions  associated  with  the  handling  of  very  large  currents.  Thii 
latter  statement  should  be  conditioned  by  calling  attention  to  the  install 
taneoua  current  flowing  on  the  occasion  of  sudden  short-circuits.  Such  i 
current  (Par.  S3)  may  for  an  instant  amount  to  from  ten  to  twenty  times  th 
full-load  current  of  the  machine  and  is  associated  with  the  development  o 
enormous  mechanical  forces.  Consequently  the  problems  of  leads  and  con 
nections  reduce  chiefly  to  the  provision  of  elaborate  mechanical  support  fa 
all  leads,  conductors  and  cables  from  the  armature  windings  to  the  switch 
board.  The  end  connections  of  the  stator  windings  must  be  elaborate!) 
supported;  many  fine  machines  were  wrecked  before  this  was  realised 
The  end  connections  are  sometimes  lashed  by  stoutbands  of  cord  to  heavy 
rings  which  are  supported  by  stepped  brackets  constituting  extensions  of  the 
frame  of  the  machine.  Also  see  the  following; 

Walker,  Miles.  “Short-circuiting  of  Large  Electric  Generators,”  Joum. 
1.  E.  E.,  l010.  Vol.  XLV,  p.  295. 

Field,  A.  B.  ** Operating  Characteristics  of  Large  Turbo-generators, 
Trans . A.  I.  E.  E.,  1912,  Vol.  XXXI,  p.  1645. 

Lamme,  B.  Q.  ” High-speed  Turbo-alternators,”  2* rans.  A.  1. 32.  E.,  Vol 
XXXII,  p.  1. 

Djavis,  C.  M.  "Alternator  Short-circuits,”  Gen.  Elec.  Res..  1914,  p.  805. 

Diamant,  N.  S.  * ‘Sudden  Short-circuit  Phenomena  of  Alternators, 
Trans.  A.  I.  E.  E.  (1915),  Vol.  XXXIV,  p.  2043. 


114.  Requisite  protection  against  potential  stresses  caused  by 
special  conditions,  grounded  phase,  switching,  etc.  If  a Y -connected 
generator  is  operated  with  the  common  connection  grounded  without  soy 
resistance,  then  if  a dead  short-circuit  to  ground  occurs  on  one  of  the  thref 
lines,  although  the  circuit-breakers  will  at  6nce  disclose  the  faulty  line,  seven 
mechanical  stresses  will  be  imposed  on  the  windings  of  the  generator,  due  t< 
the  sudden  short-cirouit.  If  on  the  other  hand,  the  neutral  point  is  connected 
to  ground  through  a resistance,  the  amount  of  ourrent  which  oan  flow  when 
a dead  ground  occurs  on  one  of  the  lines  will  be  limited  hy  the  amount  of  tb« 
resistance.  Let  us  ooasider  the  case  of  a Y-Connected  generator  with  i 
pressure  of  7,000  volts  in  each  leg  of  the  Y,  and  with  a 9-ohm  resistance  H 
ground.  If  a dead  ground  occurs  on  one  of  the  lines  leading  from  thege®J 
erator,  then  asuming  that  the  resistance  of  the  winding  and  line  and  grounf 
aggregate  1 ohm,  only  7,000/(9  + 1)  *■  700  amp.  can  flow  through  *r 
ground.  But  this  will  raise  the  potential  of  the  neutral  point  from  sero  I 
700X9  =>6,300  volts,  and  this  combined  with  the  pressure  of  the  other  tw 

Bhases,  on  which  no  ground  has  occurred,  will  increase  the  pressure  betwsf 
io  high-tension  ends  of  these  windings  and  the  frame  of  the  machine  I 
about  12,000  volts.  Thus  while  the  use  of  a resistance  between  neutral  M 
ground  decreases  the  severity  of  the  mechanical  stresses  to  which  the  windiij 
of  the  generator  will  be  exposed  on  the  occasion  of  sudden  short-cir 
on  the  line,  it  increases  the  severity  of  the  potential  stresses  on  the  i 
insulation. 
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The  extra  stresses  imposed  upon  the  main  insulation  of  the  machine  would 
be  still  greater  were  the  machine  to  be  operated  with  its  neutral  grounded 
through  a resistance,  and  with  its  terminals  tapped  into  auto-transformers 
by  means  of  which  the  generator  voltage  is  stepped  up  (say  in  the  ratio  of 
4^2)  to  the  line  pressure.  Consequently  when  auto-transformers  are  ern- 
jwyed,  the  generator  must  not  have  its  neutral  connected  to  ground  through 
• rwifltance,  but  must  be  dead-ground.  If  the  stepping-up  is  accomplished 
By  means  of  transformers  with  distinct  primaries  and  secondaries  instead  of 
*th  auto-transformers,  then  the  generator’s  neutral  may  be  grounded 
through  a resistance.  Operation  with  grounded  neutral  is  to  be  pre- 
wrcd  for  systems  from  which  many  expensive  underground  cables  are 
wpplied,  since  a pound  on  some  one  cable  will  clear  that  cable  off  the  line 
by  the  opening  of  its  local  circuit-breakers  and  without  interruption  to  the 
rat  of  the  system.  But  for  a system  consisting  of  a single  long  line  with  an 
important  distribution  system  at  its  distant  end.  and  where,  consequently, 
interruption  of  the  supply  would  be  very  serious,  there  is  a widely  held 
opinion  that  the  generator  should  be  operated  with  non-grounded  neutral, 
Mce  it  is  maintained  that  the  development  of  a ground  at  some  one  point 
« the  line  is  then  less  likely  to  shut  down  the  system.  It  will,  however, 
increase,  by  73  per  cent.,  the  extreme  potential  stresses  across  the  genera- 
tor s main  insulation,  and  this  must  be  recognized  in  the  proportioning  of 
the  generator's  insulation. 

Bwitching  operations,  arcing  grounds,  lightning-arrester  discharges,  and 
•wer  disturbances  are  likely  to  occasion  surges  in  a system.  The  generator 
•tndings  must  be  protected  against  the  resulting  high-potential  stresses. 
Sometimes  such  protection  is  afforded  by  suitable  reactances  interposed 
wtween  the  line  and  the  generator,  and  sometimes  the  last  few  turns  in  the 
mnding  are  especially  insulated  so  that  the  steep  potential  wave  front 
jowl  not  occasion  breakdown  between  adjacent  turns.  See  also  page  164 
J*  iol.  53  (1915)  of  Jour.  Inst.  Elec.  Engre.  for  a description  of  the  protec- 
tion of  an  alternator  by  the  “Circulating-current  System.”  This  is  in  a 
papfr  by  E.  B.  Wedmore  entitled  “Automatic  Protective  Switch  Gear  for 
Owraatmg  Current  Systems.” 

LOSSES  AND  EFFICIENCY 

115.  Core  losses.  The  data  in  the  following  table  serves  as  an  approxi- 
EJJJ.  to  the  determination  of  the  no-load  core  los9  in  synchronous 

|r  There  are  further  core  losses  called 
flyycore  losses  which  increase  as  the 
fljwl  increases.  These  are  due  to  the 
Pjftjodjon  in  core  and  teeth, 
awed  by  the  armature  m.m.f. 

115-  Meet  of  rated  speed  on 
losses.  Returning  to  a considera- 
“on  of  the  no-load  core  losses  it  is 
" interest  to  note  that  the  inherent 
I ?.  e of  low-speed  and  high-speed 
i WrP8  13  8uck  W^e  the  no- 

Igy  c?re  l°9a  may  constitute  a 
'LESi  y .8ma^  component  of  the 
,a  low-speed  synchronous 
machine*,  it  is  necessarily  a 
t^aomponent  in  high-speed 
Jpcnronous  machines.  The 
,|[r'T9e  is  the  case,  with  the 
| ^®*lure  copper  loss,  which 
JmUtively  nigh  in  low-speed 
1 5k  w\anc*  relatively  low  in 
ZT^Pced  machines.  In  a 

£0UP  of  3,000-kv-a.  25-cycle 
"^regulation  designs  for 
rw?0U9  speeds,  particulars  of 
<v  St?1-  ar,ePven  by  Hobart  and 
S™ln  ‘High-speed  Dynamo 
‘(Electric  Machinery”  (John 


Density  in 
stator  core 
(below  slots) 
lines  per  sq. 
in. 

Core  loss  in  stator  core 
(including  teeth) 
(watts  per  lb.) 

25  Cycles  j 60  Cycles 

40.000 

1.1  2.7 

50.000 

1.4  1 3.7 

60,000 

1.7  1 4.9 

70.000 

2.0  1 

80.000 

2.4  I 

90.000 

2.8  

Rated 

speed 

No. 
of  1 
poles  ^ 

A 

No-load  1 
core  loss, 
(%) 

B 

Armature 
copper  loss 
at  full-load 
(%) 

Ratio 
of  A 
to  B 

83 

36 

1.93 

.93 

2.07 

125 

24 

2.02 

.73 

2.77 

250 

12 

2.17 

.57 

3.82 

375 

8 

2.24 

.50 

4.45 

500 

6 

2.27 

.50 

4.39 

750 

4 

2.30 

.47 

4 92 
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Wiley  and  Sons,  N.  Y..  1008),  the  rated  speeds  and  these  two  losses  in  per 
cent,  of  output  are  given  in  the  table  at  the  bottom  of  the  preceding  page. 

117.  Armature  copper  lotsee.  In  addition  to  the  normal  IlR  loss, 
there  are  eddy  current  losses  due  to  the  flux  fringing  into  the  topaof  the  slots 
depending  largely  upon  the  tooth  density;  ana  also  eddy  losses  due  toth« 
cross  slot  leakage  flux,  depending  largely  upon  the  slot  depth  and  the  six 
of  the  conductor.  Consequently  each  effective  armature  conductor  is  usuall) 
built  up  of  many  small  component  conductors  in  parallel.  Since  econono 
of  space  is  of  the  utmost  importance  in  the  slots  of  extra  high-speed  alterna- 
tors, each  of  these  component  conductors  is  usually  of  rectangular  croee 
section.  The  subject  of  subdividing  conductors  to  eliminate  eddy  losses  hsi 
been  dealt  with  by  A.  B.  Field  in  a classical  paper  " Eddy  Currents  in  Large 
81ot-wound  Conductors,”  Trans.  A.  I.  E.  E.,  1905,  Vol.  XXIV,  p.  761 
Also  see  '‘Eddy  Currents  in  Stator  Windings,"  a paper  read  by  H.  W 
Taylor  before  the  Inst.  Elec.  Engrs.  in  January,  1920,  and  abstracted  ii 
the  London  "Electrical  Review”  for  January  23,  1920,  at  p.  102.  Also  se< 
" Stromvsrdr&ngungsfreie  Leiter  fQr  Wechselstrom,”  by  L.  Fleischmann 
at  p.  203  of  Archiv  fttr  Elektrotechnik,  Vol.  VIII  (1919). 

118.  The  field  copper  lots  is  usually  of  moderate  amount  in  salient  poi< 
machines,  even  in  cases  where  the  machines  have  many  poles.  In  non 
salient  pole  machines  this  loss  is,  for  designs  of  all  speeds,  a fairly  considersbl 
component  of  the  total  loss  in  a machine.  For  relatively  low-speed  machine 
this  is  partly  due  to  the  relatively  large  number  of  field  spook  among  whicl 
the  loss  is  distributed  and  each  of  which  must  provide  a fairly  large  magneto 
motive  force.  In  extra  high-speed  machines,  the  considerable  amount  o 
field  copper  loss  is,  in  part,  a consequence  of  the  high  armature  magneto 
motive  force  per  pole  to  be  offset  at  low  power-factors.  In  addition  it  cai 
partly  be  traced  to  the  deep  air  gap  which  must  be  provided  in  order  tha 
sufficient  cooling  air  may  be  circulated  through  the  machine.  Finally,  fiefc 
copper  loss  in  this  type  of  machine  is  high,  because  of  the  limited  space  ii 
the  rotor  slots,  which  renders  it  necessary  to  employ  somewhat  high  curren 
densities,  in  spite  of  the  consequent  high  temperatures.  Furthermore,  ii 
contrast  to  the  salient  pole  machine,  the  field  poles  link  with  the  flux  ft 
relatively  low  density,  and  some  of  them  ako  link  with  only  a part  of  the  flui 

119.  Actual  windage  and  bearing-friction  losses,  for  ten  lsrg 
turbo-alternators 


No.  of  poles 

JL 

U 

& 

Id 

I§ 

A 

CO 

*1 

i:? 

I" 

Losses  in  kilowatts 

Friction  of 
bearings 
for  the  set 

Do.  for  the 
generator 
alone 

Windage 
of  gen. 
excl.  of  fan 

a 

2-|  aj 

•S  *i‘i 
*8} 

4 

2,500 

1,800 

25 

13 

40 

11 

64 

4 

3,125 

1,800 

b < ^ 

27 

14 

40 

11 

65 

4 

6,250 

1,800 

B*  " illTlW 

63 

33 

46 

21 

100 

4 

9,375 

1,800 

B?  i 

4 

12,500 

1,800 



2 

16,670 

1,500 

K- 

80 

80 

80 

240 

2 

5,600 

1,500 

B!  * 

43 

40 

20 

103 

2 

35.000 

1,500 

:jl ? TTjJ 

156 

75 

130 

120 

225 

2 

6,250 

3,600 

B]  • i.iM 

32 

20 

,50 

50 

120 

4 

33,300 

1,800 

138 

75 

220 

230 

525 

110.  Windage  and  bearing-friction  losses.  When  the  air  circukth 
is  provided  by  fans  integral  with  the  rotor  of  a turbo-generator,  the  windaj 
loss  may  bo  taken  at  about  3 watts  per  cu.  ft.  of  air  circulated  per  mil 
depending  upon  the  efficiency  of  the  fan  employed  and  wdth  the  design  of  tl 
passages  in  the  machine  through  which  the  air  is  circulated.  The  quanti 
of  air  required  for  cooling  extra  high-speed  synchronous  machines  rang 
from  2 to  5 cu.  ft.  per  min.  per  kv-a.  (Par.  1SS).  In  large  steam  turbine-driv< 
alternators,  the  total  windage  loss  is  usually  a matter  of  about  1.5  per  cei 

508 

' Google 


A.  C.  GENERATORS  AND  MOTORS  Sec.  7-121 


oi  the  output.  Of  this  amount,  about  half  represents  the  power  required 
to  drive  the  fan. 

For  moderate-speed  and  slow-speed  machines  not  employing  fans  for  ven- 
hUtion,  allowances  ranging  from  1.0  per  cent,  in  small  machines  down  to  0.5 
per  cent,  in  large  machines  are  usually  made  for  windage  and  bearing  fric- 
tion A further  consideration  controlling  the  magnitude  of  the  allowance 
rebtes  to  the  number  of  bearings  whose  friction  loss  should  fairly  be  charged 
to  the  generator  as  distinguished  from  the  prime  mover.  Where,  for  testing 
porno^es.  the  synchronous  machine  can  be  separated  from  the  prime  mover 
tow  driven  by  a small  motor,  the  windage  and  bearing-friction  loss  may  be 
determined  by  test  when  the  machine  is  built. 


111.  Calculated  values  of  bearing  friction  for  several  turbo- 
alternators 


Xo.  of  poles* 

Rated  out- 
put (kv-a). 

Speed 
(rev.  per) 
min.) 

Bearing  friction  in  horse-power 

Turbine 

bearing 

Middle 

bearing 

Bearing  at 
collector  end 

4 

9,400 

1,800 

7 

62 

24 

4 

6.300 

1,800 

11 

60 

14 

4 

6,300 

1,800 

6 

41 

13 

4 

3,100 

1,800 

4 

25 

5 

4 

2,500 

1,800 

6 

21 

6 

2 

2,500 

1,500 

3 

20 

4 

At  present  the  tendency  is  to  reduce  the  length  of  the  bearings  and 

obtain  lower  losses. 


122.  Summary  of  losses.  We  have  now  reviewed  the  component  losses 
ia lyuchronous  machines.  These  are:  (a)  no-load  core  loss;  (b)  extra  core 
increasing  with  load;  (c)  full-load  copper  loss  in  armature  winding;  (d) 
•ddyloss  at  full-load  in  armature  winding;  (e)  field  copper  loss  at  full-load; 
(f)  windage  and  bearing  friction  loss. 

Losses  (a),  (c),  (e)  and  (f)  may  be  considered  accurately  determinable 
either  by  test  or  calculation.  Losses  (b)  and  (d)  are  not  commercially 
determinable;  i.e.,  their  determination  would  require  an  elaborate  and  ex- 
pensive investigation  in  each  case.  A reasonable  value  may  be  assigned  to 
the  sum  of  losses  (b)  and  (d)  (Par.  127),  in  cases  where  they  cannot  be  de- 
termined from  tests.  It  may  in  general  be  stated  that  all  the  losses  except 
»•  (b)  and  loss  (d)  are  readily  susceptible  to  either  exact  or  sufficiently 
approximate  determination,  and  hence  they  may  be  designated  as  de- 
t*nninab!e  losses.  It  is  in  commercial  transactions  futile  to  attempt 
; to  conclusively  determine  losses  (b)  and  (d).  Consequently  it  is  desirable 
to  group  these  two  losses  together,  and  to  designate  them  as;  indeter- 
minable losses  or  stray  losses. 

113.  The  efficiency.  • The  true  efficiency  of  a machine  is  the  ratio  of  the 
• output  to  the  input.  The  efficiency  should  be  based  upon  the  rated  output, 
pmsure,  power-factor  and  speed.  The  losses  on  which  the  efficiency  is  based, 
*kould  be  corrected  to  75  deg.,  the  temperature  of  reference  for  efficiency 
ij  determinations  (see  Sec.  24).  The  determination  of  the  true  efficiency  of 
x machine  involves  either  an  accurate  determination  of  all  the  component 
jloaei,  or  else  an  accurate  measurement  of  the  output  and  of  the  simul- 
j Uneous  input.  In  other  than  small  machines,  both  of  these  methods 
d determination  are  impracticable  unless  resort  is  made  to  expensive  scien- 
1 we  measurements. 

f .Consequently  in  practice,  use  should  be  made  of  two  approximate  effi- 
| toeacics.  These  may  be  designated  as  follows:  (a)  the  efficiency  exclusive 
°f  ftray  losses;  (b)  the  conventional  efficiency. 

124.  The  efficiency  exclusive  of  stray  losses.  This  is  the  ratio  of 
I “6  output  of  the  machine  to  the  sum  of  the  output  and  the  determinable 
as  obtained  by  the  separate  measurement  or  calculation  of  each 
determinable  loss.  This  efficiency  is  necessarily  greater  than  the  true 


, *$ee  also  “The  Determination  of  the  Efficiency  of  the  Turbo-alternator,” 
by  Barclay  and  Smith  at  p.  293  of  Vol.  57  (1919)  of  the  Joum.  I.  E.  E. 
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efficiency,  but  approaches  it  in  machines  in  which  the  indeterminable  load 
are  negligible.  * 

115.  The  conventional  efficiency  differs  from  the  efficiency  exclusive 
of  stray  losses,  to  the  extent  to  which  appropriate  values  for  the  indeter- 
minable  losses  are  included  in  estimating  the  input.  In  all  matters  relating 
to  guarantees,  the  allowances  to  be  made  for  the  indeterminable  losses  art 
specified  in  each  case.  The  conventional  efficiency  is,  by  definition,  lea# 
than  the  efficiency  exclusive  of  stray  losses,  except  in  cases  where  the  coa^ 
vention  is  to  take  the  stray  losses  equal  to  zero  (see  Standardisation 
Rules,  Sec.  24).  With  the  application  of  a reasonable  amount  of  care 
in  assigning  appropriate  values  to  the  indeterminable  losses,  the  differ- 
ence between  the  conventional  efficiency  and  the  true  efficiency  should 
usually  be  quite  unimportant  and  often  negligible. 

lit.  Stray  losses.  A realisation  of  the  extensive  nature  of  the  stray  losses 
has  only  gradually  taken  place.  It  is  by  no  means  unusual  for  the  stray  losses 
to  amount  to  from  25  to  50  per  cent,  of  the  no-load  core  loss.  These  stray  losses 
arise  from  various  causes;  a notable  cause  exists  in  the  local  variations  in  the 
reluctances  of  the  magnetio  circuits  around  the  individual  slots  and  groups  of 
slots  with  the  continually  varying  relative  positions  of  stator  and  rotor. 
Although  such  losses  are  not  a function  of  the  no-load  core  loss,  nevertheless 
practical  purposes  are  sometimes  fairly  served  by  assuming  the  stray  losses 
to  be  equal  to  half  of  the  no-load  core  loss.  For  example,  in  a certain  machine 
with  a rated  output  of  2,000  kw.  we  may  have  the  following  losses;  armature 
copper  loss,  10,000  watts;  field  copper  loss,  20,000  watts;  core  loss  at  no-load, 
12,000  watts;  bearing  friction  and  windage,  15,000  watts. 

With  this  assumption  as  to  ihe  stray  loss,  the  total  of  all  losses  at  full-load 
amounts  to  10,000  + 20,000  + 12,000  + 15,000-1-6,000  - 63,000  watts.  The 
full-load  efficiency  will  then  be  taken  as:  2,000,000/(2,000,000+63,000)- 
96.9  per  cent. 

117.  Determination  of  stray  losses.  An  approximation  to  the  stray 
losses  may  be  obtained  by  operating  the  machine  at  its  normal  speed 
and  with  sufficient  excitation  to  circulate  rated  current.  From  tije  power 
required  to  operate  the  machine  thus,  the  friction  loss  and  the  copper  loss 
should  be  subtracted,  and  the  remainder  taken  as  the  stray  loss  at  full- 
load. Experience  indicates  that  in  many  cases  this  is  a fair  approximation. 

118.  Variation  of  stray  losses  with  load.  The  nature  of  the  stray 
losses  is  too  vague  to  justify  any  positive  statement  as  to  the  laws  of  its 
variation  with  the  load.  It  may  in  some  instances  vary  as  the  square  of 
the  load.  But  with  a view  to  practical  liberality  it  is  well  to  determine 
upon  a representative  figure  for  its  full-load  value  and  arrive  at  figures 
for  its  value  at  other  loads  by  assuming  it  directly  proportional  to  the 
load. 

VENTILATION 

119.  The  process  of  cooling  and  ventilating  low-speed  and  medium- 
speed  synchronous  machines  is  not  one  presenting  any  grave  difficul- 
ties, since  such  machines  are  so  large  as  to  expose  extensive  surfaces  to  th« 
surrounding  air.  In  such  machines  the  field  coils  are  usually  arranged  on  th< 
salient  poles  of  the  revolving  field.  The  fan  action  occasioned  by  the  revolu- 
tion of  such  a salient-pole  field,  may  be  readily  supplemented  by  the  pro- 
vision of  fan  blades  suitably  disposed  on  the  rotating  structure.  The  far 
friction  is  one  component  of  the  losses  in  the  machine,  and  serves  t< 
decrease  the  machine’s  efficiency,  particularly  at  light  loads.  The  powe: 
required  to  drive  the  fans  of  such  machines  is  comparatively  small  sinci 
the  pressure  developed  by  the  fans  is  low.  8ee  also  ‘ ‘Ventilation  as  a Factoi 
in  tne  Economical  Design  of  Electrical  Machinery,”  by  Edgar  Knowlton  a 
pp.  406  and  595  of  Vol.  XIX  (1916)  of  the  General  Electric  Review.  Al» 
" Ventilation  Systems  for  Steam  Turbine  Alternators,”  bv  Edgar  Knowltoi 
and  E.  H.  Freiburghouse  at  pp.  240  and  367  of  Vol.  XXI  (1918)  of  th« 
General  Electric  Review. 

ISO.  Stator  ventilation.  Owing  to  the  rapid  flow  of  heat  by  conductioi 
from  the  copper  in  the  slot  to  the  end  connections,  it  is  not  always  neces 
sary  to  provide  vertical  ventilating  ducts  in  the  laminated  core  of  a narroi 
machine  provided  it  is  arranged  to  cool  the  end  connections  vigorously 
When  this  principle  is  employed,  it  is  practicable,  in  reasonably  narroi 
machines,  to  maintain  the  armature  windings  at  a low  temperature  wit  boo 


To  Outside 
or  Boiler 
Hoorn 


Fig.  66. — Ventilation  design  for  a vertical-shaft  turbo-alternator. 


£ *ir  *hich  must  be  forced  through  such  machines  per  kv-n.  of  rated  output 
W order  to  limit  the  temperature  rise  at  full-load  to  permissible  values,  is 
Jl  tike  order  of  from  2 cu.  ft.  per  min.  for  a 50,000-kv-a.  machine  to  4.5  eu. 
«■  i*r  min.  for  a 5.00O-kv-a.  machine,  depending  on  the  efficiency  of  the 
'Hne  The  precise  values  vary  with  the  arrangement  of  the  ventilating 
^es,  and  the  speed.  The  customary  method  of  circulating  the  air  con- 
ui  providing  the  rotor  with  fans  which  force  air  through  appropriate 
igea.  Fig.  66*  relates  to  the  ventilating  method  employed  in  the  design 

'From  an  article  by  E.  Knowlton,  “Ventilation  of  Steam  Turbine- 
' Alternators/’  General  Electric  Review,  Oct.,  1912,  page  656. 
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porting  to  the  relatively  expensive  method  of  providing  vertical  ventilating 
fwt  In  many  high-voltage  machines  the  thickness  of  slot  insulation  is 
nth  that  most  of  this  heat  must  flow  to  the  coil  ends,  even  with  compara- 

|hdylong  coils,  Par.  97-98. 

111.  Rotor  ventilation  affecting  diameter.  From  the  standpoint 
Sf  rotor  ventilation,  a large  diameter  and  a short  core-length  are  desirable 
pi  permit  of  economy  in  field  copper.  But  the  gain,  as  regards  decreased 
prfsy  for  copper  and  magnetic  iron  when  a large  diameter  is  employed, 
par  involve  a very  disproportionate  increase  in  the  outlay  for  frame  and 
fobearing  supports  and  for  structural  material  in  general. 

With  vertical-shaft  machines  it  becomes  practicable  to  resort  to  larger 
■meters  than  with  horizontal-shaft  machines,  since  in  the  latter  type  a 
fort  machine  of  large  diameter  requires  a lavish  outlay  for  material  in  order 
P render  the  stator  frame  sufficiently  stiff  to  ensure  absence  of  sagging, 
by  sagging  would  unbalance  the  air  gap,  which  must  be  of  uniform  depth 
the  entire  circumference. 

iThe  field  winding  should  usually  consist  of  flat  copper,  wound  on  its  thin 
fe.  The  heat  then  readily  flows  to  the  outer  surface,  and  is  carried  away 
ft  the  surrounding  air. 

1M.  Intense  forced  cooling  and  ventilation.  Extra  high-speed 
foam  turbine-driven  generators  of  large  capacity  present  the  most  extreme 
Stances  of  the  necessity  for  forced  cooling  and  ventilation.  The  quantity 
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of  a steam  turbine-driven  alternator  of  the  vertical  type.  Mr.  B.  G.  Tjum 
has  dealt  very  fully  with  this  subject  in  a paper  entitled  “High-Spe 
Turbo-alternators,  at  p.  1 of  Vol.  XXXII  (1913)  of  the  Tram.  A.  I.  E. 
Lam  me  subdivides  methods  of  oooling  turbo-alternators  by  the  forced  cin 
lation  of  air  into  three  classes:  (a)  radial  methods,  (b)  circumferent 
methods,  and  (c)  axial  methods. 

1M.  In  the  radial  system  of  ventilation  all  the  air  passes  out  radia 
through  ventilating  ducts  in  the  stator  core.  In  the  design  of  these  hij 
speed  generators  the  rotor  diameter  is  limited  by  the  peripheral  speed.  O 
sequently  the  design  is  of  relatively  greatlength  parallel  to  the  shaft.  Th 
is  very  little  space  on  the  rotor  even  for  the  windings,  owing  to  the  limii 
radial  dimensions,  and  it  is  often  necessary  to  dispense  with  the  circulation 
air  through  the  interior  of  the  rotor.  Even  in  the  most  favorable  cas 
such  circulation  of  air  through  the  rotor  is  limited  to  but  a small  part  of  i 
air  required  for  the  cooling  of  the  stator.  The  greater  part  of  the  supj 
required  for  the  stator  is,  in  the  radial  system,  first  passed  along  the 
gap;  the  radial  depth  of  the  air  gap  is  often  made  very  great  expressly  out 
consideration  for  providing  sufficient  section  for  the  flow  of  the  raquii 
amount  of  air. 


the  General  Electrio  Co.  in  its  horisontal  steam-turbine  alternators 
shown  in  Fig.  07.  The  system  is  described  as  follows:  the  air  ent 
the  generator  at  A A ; passes  through  the  air  gap,  windings  and  air  du 
in  the  stator  core  to  the  annular  spaces  BBB;  flows  around  ctrcumi 
entially  to  the  openings  CCC  in  the  Bottom  of  the  armature  frame  s 
thence  to  the  outlet  duct.  In  some  maohines  part  of  the  air  pas 
through  the  field  core.  The  movement  of  air  is  produced  by  fans 
the  ends  of  the  rotor.  In  some  instances  the  armature  frame  is  modif 
so  that  the  air  is  expelled  from  the  top  into  the  dynamo  room.  Pro] 
passages  must  be  provided  below  the  generator  for  the  ingoing  and  out 
ing  air.  As  shown  in  the  sketch,  air  is  taken  in  at  both  ends  of  the  gen 

fetor  and  discharged  through  an  op 
fn  1 n I ing  in  the  centre  of  the  frame,  s 

ffj* lAi  ihe  P*«***«s  must  be  so  ananged 

cSDltuDDDuESt  J prevent  the  outgoing  heated 

from  mixing  with  the  incoming  c 

— .rr'  P*  ( air;  a simple  method  erf  accompli 

n — r"  'Tim  ing  this  is  also  shown.  In  < 

,U  — ^ I f tain  cases  other  arrangements  n 

Y I !— r better  suit  local  conditions.  For 

□J  //femiiMIBfflA  IQ  proximation  th.  ana  of  th.  ingc 


Fio.  67. — Radial  system  of  ventilating  a Fig.  68. — Circumferential  sy 
horixontal-shaft  high-speed  generator.  of  ventilating  turbo-altemai 

or  outgoing  duct  will  tange  from  5 sq.  ft.  for  a 1,000-kv-n.  to  60  i 
for  a 50,000-kv-a.  generator.  The  outgoing  air  should  be  carried 
side  the  building,  care  being  taken  that  it  cannot  immediately  re< 
the  intake.  The  ducts  should  be  as  short  and  have  as  few  bends  as  pa 
and  these  should  be  made  with  a large  radius.  Both  ducts  should 
adjustable  dampers  so  that  part  of  the  air  may  be  taken  from  or  ex] 
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ttbe  engine  room.  This  will  allow  adjustments  to  suit  weather  condi- 
The  armature  and  field  leads  are  brought  out  from  the  bottom  of  the 
iterator  frame,  directly  under  the  collector;  this  brings  them  to  the  air 
Briber  under  the  armature.  From  here  to  the  switchboard  the  leads 
te  be  carried  in  one  of  the  air  ducts  or  a separate  duct,  as  is  most 
Ifareflient. 

135.  The  circumferential  system  of  ventilation  is  explained  by 
■(fence  to  Fig.  68  (Lamine).  The  air  enters  at  one  side  of  the  machine 
is  forced  along  the  air  ducts  in  the  stator  core  back  of  the  armature 
c — until  it  reaches  the  other  side  of  the  machine,  whence  it  is  dis- 

Such  circumferential  circulation  is  usually  supplemented  bv  the 

fy  of  a further  amount  of  air  to  the  air  gap  to  cool  the  rotor,  as  shown 

r the  13  little  arrows  curved  toward  the  centre  of  the  diagram.  This 
r,  after  leaving  the  air  gap  passes  into  the  stator  ventilating  ducts  and  rein- 
E«s  the  main  streams  of  air.  Lam  me  also  illustrates  in  his  paper  (Ref.  in 
r.  132)  a modification  of  the  circumferential  system  in  which  the  air  enters 
•tator  ducts  at  points  of  their  outer  circumference,  flow's  down  alternate 
tical  ventilating  ducts  in  the  stator  core,  then  a short  distance  through 
gitudinal  ducts,  and  returns  through  the  intermediate  vertical  ventilating 
lets  back  to  the  outer  circumference  of  the  stator. 

136.  The  axial  system  of  ventilation  (often  termed  the  longitudinal 
Men)  is  illustrated  in  Fig.  69  (Lamme).  The  system  has  the  advantage 
•t  the  edges  of  each  lamination  are  bathed  by  the  circulated  air.  The 
■faction  of  heat  is  many  times  greater  in  the  plane  of  the  laminations 

than  transversely  thereto,  the 
ratio  varying  from  20  to  100 
according  to  the  nature  of  the 
insulation  between  lamina- 
tions, the  thickness  of  the  lami- 
nations, insulation,  and  their 
compression.  Obviously  the 
longitudinal  method  has  a de- 
cided advantage  in  this  respect 
at  least.  On  the  other  hand  it 
is  difficult  to  arrange  that  a 
sufficientextent  of  surface  shall 
be  exposed  to  the  air.  As 
shown  in  Fig.  69,  there  is  pro- 
vided in  the  axial  system  a 
69. — The  axial  system  of  ventilating  largo  number  of  longitudinal 
turbo-alternators.  passages.  These  passages  may 

lead  to  a large  central  outlet 
as  in  the  case  illustrated,  or  they  may  extend  uninterruptedly  right 
jh  the  core  from  one  end  to  the  other. 

Closed-circuit  ventilation.  Another  means  of  providing  clean,  cool 
consists  in  circulating  the  air  in  a closed  circuit.  After  each  passage 
<agh  the  heated  parts  of  the  generator,  the  temperature  of  the  air  is 
n*d  by  means  of  a cooling  device  w’hich  may  consist  of  the  usual  air 
ber.  in  which  case  the  water  must  be  discharged  and  new'  water  con- 
tously  supplied.  As  an  alternative,  the  cooling  may  be  accomplished  by 
inratus  resembling  the  familiar  auto-truck  radiator. 

37  Air  cleaning  and  cooling.  It  has  been  quite  usual  to  take  the  venti- 
airfrom  the  hotengine  room,  circulate  it  through  the  machine,  and  then 
‘it  to  the  hot  engine  room.  Notonly  does  thisresultin  a high  operating 
mature  (or  else  a lower  output  for  a given  temperature),  but  it  also 
the  consequence  that  the  air  w'hich  is  sent  into  the  machine  has  taken 
vapors  whose  presence  aggravates  the  difficulties  associated  with 
!*raduai  clogging  up  of  the  ventilating  passages  in  the  machine  with  dust 
4 dirt  which  is  also  carried  into  the  machine  in  the  circulating  air.  An 
■sire  periodical  cleaning  of  the  machine  must  be  undertaken, 
i several  important  modern  stations  it  is  arranged  that  the  air  shall  be 
n from  outside  the  station  or  from  a cool  basement  (when  one  of  suffi- 
i capacity  can  be  provided)  cleaned  by  passage  through  cloth  screens, 
then  led  to  the  machine  through  suitable  ducts.  The  cloth  employed 
a closely  woven  variety  similar  to  that  known  as  Canton  flannel,  and 
Wt  ia  required  a surface  of  some  two-tenths  of  a square  foot  per  cu.  ft 
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of  air  per  min.  These  screens  occupy  a great  deal  of  space,  they  gradual 
become  clogged  with  dust,  and  constitute  a fire  risk. 

1S8.  Air  washing.  Decidedly  the  best  method  of  cleaning  the  air  consii 
in  passing  it  through  sprays  of  water  to  wash  it,  instead  of  straining 
through  cloth  screens.  E.  Knowlton  and  E.  H.  Freiburghouse  dear 
length  with  this  method  in  the  course  of  an  article  entitled  “Ventilati 
Systems  for  Steam  Turbine  Alternators,"  in  the  General  Electric  Reri 
tor  April  and  May,  1918.  See  also  a paper  by  J.  Christie,  entitled  *‘j 
Filtration,  Cooling  and  Ventilation  of  Electrical  Machinery;*'  Electrij 
Review;  June  27,  1913,  page  1088.  Mr.  Christie  states  that  filter  cl« 
wear  out  quickly  and  are  expensive  to  renew.  He  states  that  8400  to  ft 
per  annum  for  cloth  and  labor  is  by  no  means  an  outside  figure  for  i 
efficient  maintenance  of  this  equipment. 

189.  The  cooling  of  air  incident  to  water  filtering.  The  humi 
fication  of  air  in  its  passage  through  the  water  filter  occasions  a lowed 
of  its  temperature,  the  amount  of  wnich  varies  with  the  condition  of  the  i 
If  it  is  utterly  dry  on  entering  the  humidifier,  the  air  will  have  experienced 
considerable  decrease  in  temperature  by  the  time  it  has  emerged  from  t 
humidifier  and  entered  the  machine  which  is  to  be  cooled.  As  a consequence 
these  considerations,  it  is  obvious  that  the  average  conditions  regardi 
humidity  and  temperature  in  any  locality,  affect  the  amount  of  advantd 
to  be  derived  by  air  filtering  in  addition  to  that  of  removing  the  dirt  a 
the  dust.  The  average  reduction  in  the  temperature  of  the  air  for  i 
months  of  July  and  August  in  different  parts  of  the  United  States  u stat 
(Knowlton)  to  vary  from  2.5  deg.  cent,  at  points  on  the  coast  to  11  deg.  cei 
at  points  in  the  Middle  South  West.  On  certain  days  during  these  monl 
the  maximum  reduction  effected  may  considerably  exceed  these  avert 
values. 

MECHANICAL  CONSTRUCTION 

140.  Abnormal  conditions  requiring  large  factors  of  safety. 

providing  adequate  strength  in  the  design  of  synchronous  machines  it 
usually  utterly  insufficient  to  take  the  conditions  in  the  machine  when  n 
ning  at  uniform  speed  at  its  normal  loiad  as  the  basis  which,  with  usv 
factors  of  safety,  will  lead  to  a satisfactory  design.  On  the  contrary,  it 
the  conditions  occurring  during  sudden  short  circuits  (see  Par.  68  and  €4) , a 
when  the  machine  is  carrying  sharply  fluctuating  loads,  which  detenu 
the  strength  required  in  the  various  parts.  These  are  impossible  of  exi 
calculation;  consequently,  in  the  design  of  all  those  parts  upon  which  t 
mechanical  strength  of  the  whole  machine  depends,  large  margins  of  1 
nature  of  safety  factors  must  be  added  to  the  values  which  would  usus 
be  employed  in  machine  design. 

141.  Critical  speed  of  shafts.  Irrespective  of  questions  of  coat,  coo 
tions  arise  with  some  capacities  and  speeds  where  it  is  impossible  to  fi 
room  for  a shaft  of  large  diameter,  and  it  must  have  a critical  speed  below  1 
Operating  speed.  The  peripheral  speed  at  the  bearing  would  otberw 
exceed  desirable  values;  furthermore,  there  is  but  limitedf  room  for  aeco 
modating  the  windings  in  the  radial  depth  available  between  the  surface 
the  rotor  (which  is  itself  of  small  diameter)  and  the  surface  of  the  shaft. 

148.  Effect  of  critical  speed  on  rotor  design.  If  the  critical  speec 
to  be  well  above  the  normal  running  speed,  it  is  impracticable  to  emp 
laminated  rotor  bodies  for  capacities  much  above  1,000  kv-a.  at  a speed 
3,600  rev.  per  min.  or  above  5,000  kv-a.  at  1,800  rev.  per  min.  or  above  TJ 
kv-a.  at  1,500  rev.  per  min.  But  for  designs  in  which  the  critical  spe<ff! 
below  the  normal  speed,  it  is  practicable  to  employ  rotor  construct!* 
with  laminated  cores  up  to  ratings  of  3,000  to  4,000  kv-a.  at  a speed  of  3,1 
rev.  per  min.  of  some  10,000  to  15,000  kv-a.  at  a speed  of  1,800  rev.  per  m 
and  of  some  20,000  kv-a.  at  a speed  of  1,500  rev.  per  min.  In  the  constr 
tion  of  1,500  rev.  per  min.,  25-cycle,  or  3,600  rev.  per  min.,  60-cycle  rol 
solid  cores  are  especially  appropriate,  since  greater  mechanical  strength  * 
be  obtained  in  constructions  in  which  the  slots  for  the  windings  are  milled 
of  a solid  steel  core.  The  rotor  windings  may  be  retained  in  the  slots 
solid  steel  or  brass  wedges,  since  the  magnetism  is  of  constant  dircctioc 
each  part  and  since  the  air  gap  is  so  deep  in  these  extra  high-speed  general 
that  there  is  no  loss  in  the  rotor  surface  from  pulsating  influences  fr 
the  alternating  m.m.fs.  due  to  the  conductors  in  the  stator  slots.  In  sc 
designs  the  shaft  ends  consist  of  enlarged  extensions  bolted  to  the  rotor  e« 


A.  C.  GENERATORS  AND  MOTORS  Sec.  7-143 


Section  B-B-B 


Section  A- A 


143.  Bearing  lubrication.  In 
small  and  medium  sized  machines 
of  moderate  speed,  the  lubrication 
of  the  bearings  is  accomplished  in 
the  usual  manner  by  oil  rings  located 
in  suitable  recesses  in  the  bearing 
and  with  their  lower  portions  im- 
mersed in  oil  below  the  bearing 
lining.  In  large  extra  high-speed 
machines,  the  oil  is  forced  into  the 
bearings  and  after  passing  from 
them  and  being  allowed  opportunity 
to  cool,  it  is  again  forced  into  the 
bearings.  Sometimes  in  such  ma- 
chines and  frequently  in  large  wrater- 
wheel  generators,  copper  tubes  are 
embedded  in  the  bearing  just  under 
the  surface  of  the  lining  metal, 
is  circulated  through  these  tubes  and  plays  a large  part  in  main- 
Vhe  temperature  of  the  bearing 


Bearing  Developed  Showing 
Coclirig  Coll 

Fig.  70. — Water-cooled  bearing. 


M safe  value. 

[The  following  description  relates 
the  w'ater-cooled  bearings  of  some 
aontal  turbo-generators  built  by 
General  Electric  Company 

general  construction,  including 
arrangement  of  the  cooling  pipe 
the  grooving,  is  shown  m Fig.  70. 
bearing  is  provided  with  a coil 
bin  copper  tubing  cast  into  the 
‘itt  lining  close  to  the  surface  and 
-Jg  at  the  ends  of  the  tubing,  steel 
sks  securely  brazed  to  the  tubing 
held  in  place  by  the  babbitt, 
is  led  into  the  bearing  by  pipes 
through  stuffing  boxes  in  the 
_ * standard.  These  pipes  must 
(removed  before  taking  out  a bear- 
I shell  In  this  way  the  heat  of  the 
tug  is  taken  up  at  the  point  where 
generated  and  there  is  no  cooling 
hi!  needed  in  oil  tank  or  in  pipes. 

■ In  the  case  of  vertical  shaft  ma- 

feasjxwaas^ 
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that  no  oil  shall  be  thrown  or  leak  out  from  the  bearings,  aa  it  is  111 
to  occasion  harm  to  the  insulation.  Even  though  there  may  not  be 
apparent  escape  of  oil,  it  may  be  present  as  a fine  vapor  and  be  thua  ta 
up  by  the  air  in  the  engine  room. 

Spring  thrust  bearings.  The  spring  thrust  bearings  manufactured 
the  General  Electric  Company  are  used  extensively  on  hydro-electric  i 
erating  units.  On  horixontal-shaft  turbines  a double  thrust  bearini 
provided  to  take  the  unbalanced  water  thrust,  and  on  vertical  shaft  uni 
single  thrust  bearing  supports  the  entire  weight  of  the  rotating  parts 
the  downward  thrust  of  the  water.  A spring  thrust  bearing  of  typical 
sign  for  larpe  vertical  shaft  generators  is  shown  in  Fig.  70A. 

The  distinctive  feature  of  the  spring  supported  bearing  is  that  it 
automatically  adjust  itself  while  in  operation,  if  there  is  a loss  of  alignm 
due  to  the  settling  of  the  foundation,  or  to  other  causes.  On  large  machi 
the  finishing  of  the  parts  is  not  as  accurate  as  on  small  units.  With  an 
film  of  only  about  three  ten-thousandths  of  an  inch  in  thickness  between 
thrust  bearing  surfaces,  it  is  evident  that  even  with  good  machining  i 
erection,  very  Bevere  conditions  may  exist  for  any  large  thrust  bearing  wi 
out  a yielding  support. 

The  bearing  consists  of  a runner  of  a special  grade  of  cast  iron  resting  o 
thin  steel  disc  with  a babbitted  surface.  This  babbitted  ring,  in  tu 
rests  on  Bhort  helical  springs  and  is  held  in  place  by  dowel  pins.  The  h 
base  casting  shown  is  usea  in  connection  with  a deep  housing  in  case  it 
desired  to  instal  water  cooling  coils  to  remove  the  heat  from  the  surround 
oil  bath.  The  bearing  surface  of  the  runner  is  finished  with  extreme  accun 
and  is  given  a high  polish.  Radial  grooves  in  the  rotating  bearing  surf: 
produce  a rapid  circulation  of  oil  across  the  babbitted  surface.  The  babl 
surface  upon  which  the  runner  revolves  is  given  an  accurate  tool  finish 
the  factory,  and  it  is  not  necessary  to  give  this  surface  any  further  fin 
such  as  hand  scraping  to  the  runner  or  to  a surface  plate,  which  is  genera 
done  in  the  case  of  other  types  of  bearings. 

144.  Bearing  pedestal.  It  is  only  in  small  machines  that  the  bead 
pedestal  continues  to  be  a distinct  and  readily  recognisable  compose 
There  is  a tendency  in  modern  machines  to  embody  the  functions  of  t 
pedestal  either  in  the  base  or  in  the  end  shields. 


Q 


Fia.  71 . — Box-type  frame  for  5,000- 
kw.  alternator. 


145.  Frame.  In  the  case  of  the  frames  of  low-speed  alternators  of  1 

Sreat  diameter  and  small  width,  tho  design  should  be  liberally  stiffened  j 
eep  ribs.  Any  weakness  in  the  frame  of  such  a machine  is  certaijj 
occasion  trouble.  In  Fig.  71  i9  shown  a liberal,  box-type  construl 
employed  by  the  Westingnouso  Co.  in  the  design  of  a 5,000-kw.  alterni 
The  internal  diameter  of  this  armature  is  9.76  meters. 
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146.  Representative  weights  of  turbo-alternators 


k 

n 

Rated 

output 

(kv-a.) 

Speed, 
rev.  per 
min. 

Weight  of 
generator 
without 
base  or  bear- 
ings (lb.) 

Weight  of  tur- 
bine including 
base  and  bear- 
ings but  ex- 
clusive of 
accessories 
(lb.) 

Weight 
of  set 

(lb.) 

60 

2,500 

1,800 

34,600 

76,000 

110,600 

60 

2,500 

3,000 

33,000 

36,000 

69,000 

60 

5,000 

1,800 

53,570 

93,000 

146,570 

60 

12.500 

1,800 

133.500 

256,000 

389.500 

60 

25,000 

1,200 

300,000 

510,000 

810,000 

60 

50,000 

1,200 

350,000 

575,000 

925.0(H)  • 

25 

2,500 

1,500 

49,000 

73,600 

122,600 

25 

5,000 

1,500 

96,900 

120,500 

216,400 

25 

12,500 

1,500 

180,300 

277,000 

457,300 

25 

25,000 

1,500 

340,000 

452, (MX) 

792.000 

25 

39,000 

1,500 

305,000 

395,000 

700,000* 
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THE  TESTING  OF  ALTERNATING- CURRINT  GENERATORS 

ltt.  The  heating  test  of  large  alternators  under  normal  full-load 
fcfitions  is  troublesome  and  expensive,  even  when  the  necessary  amount 
^over  is  available,  and  many  suggestions,  such  as  those  of  Mordey  and  of 
■rtod.t  have  been  made  with  a view  to  reduce  the  amount  of  energy 
Med  during  the  tests.  These  methods  necessitate  alterations  in  the 
•action s of  either  the  armature  coils  or  the  magnet  coils.  If  serious 
feduaical  stresses  are  to  be  avoided,  these  methods  can  only  be  employed 
*k  machines  having  very  large  numbers  of  poles,  and  even  then  the  raag- 
f*  conditions  are  not  accurately  the  same  as  those  which  exist  at  normal 
Jhud.  The  following  method,  known  as  the  “intermittent  short-circuit 
“open-circuit  method,”  or,  briefly,  the  “intermittent  method,  ” involves 
• Chang*  whatever  in  the  connections  of  the  machine,  and  requires  the 
■Mflditure  of  only  sufficient  energy  to  cover  the  losses  of  the  machine,  and 
*cr«y  pvt  of  the  sdternator  reaches  the  same  temperature  as  it  would 
**  m>  actual  full-load  heating  test.  The  method  involves  a previous 
“•ledge  of  the  separate  losses  of  the  machine,  but  these  are,  in  any  case, 
•"“mined  in  the  ordinary  course  of  a systematic  test. 


All  the  values  in  the  table  except  these  two,  represent  practice  prior  to 
WE  The  two  added  values  represent  veiy  reoent  designs  and  afford  a 
5*  illustration  of  the  rapid  progress  in  reducing  the  weight  per  kv-a.  in 
tboalternators  of  very  large  capacities. 

t These  methods  are  deacribed  by  Mordey,  Joum.  I.  E.  E.,  Vol.  XXII, 
Behrend,  Elec.  World  and  Engineer , Vol.  XLII,  Oct.  31  and  Nov. 
, 1903. 
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149.  Intermittent  method  of  making  & heating  test.  Suppose 

certain  machine  has  at  full-load:  a friction  loss  of  10  kw. ; an  armature  cop] 
loss  of  20  kw. ; and  an  iron  loss  of  100  k w.  In  the  course  of  an  hour’s  run 
full-load  the  loss  of  energy  will  be:  10 X 60  — 600  kw-min.  as  friction;  20  X 
— 1,200  kw-min.  as  copper  loss  in  armature;  100X60  — 6,000  kw-min. 
iron  loss. 

Let  the  machine  run  for  5 min.  with  the  armature  short-circuit 
and  at  such  an  armature  current  that  the  armature  copper  loas  is  60  k 
i.e.,  at  a current  equal  to  y/H  times  the  normal  current.  Next  let  the  mach 
run  for  a further  10  min.  with  open  armature  circuit,  but  overexcit 
so  as  to  give  an  iron  loss  of  150  kw.  This  adjustment  is  made  according 
i ndi cations  of  the  wattmeter  on  the  driving  motor,  allowance  being  made 
other  losses,  such  as  losses  in  the  motor  itself  and  friction  of  the  altera* 
and  the  driving  mechanism.  If  this  cycle  of  operations  is  repeated  regula 
throughout  the  time  of  the  test,  it  is  obvious  that  10  X 60  — 600  kw-m 
will  be  lost  in  friction  per  hr. ; 60  X 20  - 1 ,200  kw-min.  will  be  lost  in  armati 
copper  per  hr.;  150  X 40  — 6,000  kw-min.  will  be  lost  in  the  iron  per  hr., 
exactly  the  same  loss  in  each  case  as  would  have  occurred  under  non 
full-load  in  the  same  time.  There  is  still  the  loss  In  the  magnet  windfil 
to  be  considered.  During  the  short-circuit  test  this  is  less,  and  during  1 
open-circuit  test  it  is  greater  than  the  normal,  so  that  on  the  average  it  d< 
not  differ  very  greatly  from  the  normal.  If,  however,  great 
this  respect  is  required  it  is  obtained  as  shown  in  Par.  110. 


180.  Further  refinements  of  the  intermittent  method  of  maid 
a heating  test.  In  the  above  example  one-third  of  the  time  of  each  per 
of  the  test  was  devoted  to  the  short-circuit  test,  and  two-thirds  to  the  op 
cirouit  test.  These  proportions  may,  however,  be  changed  at  will,  ana 
varying  the  short-circuit  current  and  the  overexcitation  correspondinj 
the  total  energy  expended  in  the  armature  copper  and  iron  per  hr.  may 
kept  at  the  right  value,  while  the  average  exciting  energy  will  hare  soj 
value  other  than  before.  Except  in  very  extreme  cases,  «.<?.,  in  the  case] 
alternators  which  require  only  a very  small  change  in  excitation  betiw 
no-load  and  full-load,  and  which  at  the  same  time  have  a very  low  value  i 
the  ratio  of  short-circuit  current  at  full  excitation  to  normal  full-load  cum| 
it  is  always  possible  so  to  adjust  the  two  time  intervals,  that  wh 
keeping  the  oopper  loss  and  the  iron  loss  per  hr.  at  the  correct  val 
the  exciting  loss  per  hr.  has  practically  the  same  value  aa  at  normal  ft 
load.  Exactness  is,  however,  unnecessary,  as,  in  any  case,  a simple  calcii 
tion  will  always  enable  the  temperature  rise  of  a field  coil  at  the  correct  fi 
load  loss  to  be  determined  from  the  temperature  rise  measured  at  ad 
slightly  different  known  number  of  watts.  See  Hobart,  H.  M.,  “Blectri 
Machinery  Tests  and  Specifications  Based  on  Modern  Standards,”  Tra 
A.  I.  E.  E.,  Vol.  XXXV  (1916),  Part  II.  p.  1278. 


181.  Pre-heating,  before  a test,  with  excessive  currents.  A gr 
saving  in  the  time  required  to  test  a large  generator  may  be  effected 
applying  excessive  losses  for  a sufficient  time  before  the  commencement 
the  periodic  test  above  described,  and  thus  heating  the  machine  up  to  I 
maximum  temperature  it  is  likely  to  reach.  The  continuation  of  the  inti 
mittent  test  (Par.  149  and  150)  for  a very  few  hours  will  then,  even 
the  case  of  the  largest  generators,  allow  the  steady  final  temperature  to 
reached. 

181.  The  calculation  of  ths  copper  losses  requires  measurements 
the  resistance  of  the  windings.  When  the  windings  are  of  sufficiently  hi 
resistance  and  low  current  capacity,  the  resistance  is  most  readily  determii 
from  the  pressure  in  volts  required  to  maintain  through  the  windini 
known  ourrent.  When  the  winding  is  of  very  low  resistance  and  of  hi 
current-carrying  capacity,  the  best  method  generally  consists  in  connect! 
it  in  series  with  a conductor  of  a known  resistance  of  the  same  order 
magnitude,  and  comparing  by  a millivoltmeter  the  pressure  across  each 
the  resistances  when  oarrying  a considerable  current.  Obviously  the  vs! 
of  the  current  need  not  be  known. 


168.  The  friction  and  windage  losses  and  the  Iron  losses  should 
measured  by  driving  the  alternator  by  a motor  of  which  the  efficies 
is  known  for  all  values  of  the  input.  The  motor  should,  if  practical! 
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be  directly  coupled  to  the  alternator.  This  will  usually  be  impraoti- 
; .able,  hence,  in  most  cases  an  allowance  must  be  made  for  the  loss  in  the 
airing  belt.  The  capacity  of  this  motor  should  preferably  not  be  much 
ppMter  than  sufficient  to  drive  the  alternator  on  open  oircuit  with  full 
f natation  of  its  field  circuit.  The  motor  will  thus  always  be  operating  either 
vdl  on  toward  its  full-load,  or  else  at  overloads,  and  its  efficiency  will  be 
high  and  fairly  constant.  The  measurements  should  not  be  made  until  the 
alternator  has  been  run  for  a sufficiently  long  time  to  bring  its  bearings  into 
food  condition.  Then  the  speed  of  the  small  motor  should,  by  shunt  control 
or  otherwise,  be  adjusted  at  such  a value  as  to  drive  the  alternator  at  its 
iited  speed.  Suppose  that  the  input  to  the  small  motor  is  then  E volts 
tnd  1 amp.,  and  that  its  efficiency  at  this  input  is  75  per  cent.  Then  the 
[friction  and  windage  loss  of  the  alternator  amounts  to  0.75 XEXl.  The 
[Md  of  the  alternator  should  then  be 
[ txntedjat  constantly  increasing  values, 

[sod  readings  should  be  made  of  the 
▼olta  and  amp.  input  to  the  driving 
} motor  (whose  speed  must  be  main* 

* tweed  constant),  and  of  the  terminal 
[voltage  of  the  alternator  on  open  cir- 
■ wit.  This  last  reading  permits  of 
; obtaining  data  for  the  saturation  curve, 
daring  the  progress  of  the  core-loss 
wt.  If,  at  that  value  of  the  satura- 


te alternator  at  no-load,  the  input 
to  the  driving  motor  is  Ex  volts,  and  JTi 
imp.,  and  its  efficiency  under  these  con- 
ditions is  80  per  cent.,  then  the  friction 
losses  and  the  core  loss  together  amount 
to  O.8OX.E1X/1,  and  the  core  loss 
amounts  to  0.80  Eih-  0.75  El.  The 
core  loss  at  various  other  excitations 
should  also  be  obtained. 

. 1*4.  Retardation  test  for  fric- 
tion and  core  loss.  The  machine  is 

brought  up  to  speed  and  the  driving  belt  or  motor  then  disconnected 
The  machine  then  gradually  decreases  in  speed,  the  speed  being  read  on 
•*  tachometer  at  regular  intervals,  and  a curve  plotted  showing  the  speed 
•s  s function  of  the  time.  If  K is  the  moment  of  inertia  of  the  rotating 
*Ument  in  !b.  ft.*  and  Si  and  St  are  successive  speed  readings  in  rev  per 
lain,  at  the  beginning  and  end  of  a time  T seconds;  thsn  when  the  field  ex 
Station  ia  aero  the  friction  losses  in  watts  are-  given  by  the  formula 
P»l/C  X0.148(Si*  — <S;5)1  + (2T).  If  the  field  is  excited,  the  machine  will  come 
to  rest  in  less  time,  and  a larger  loss  Pi  will  be  obtained.  This  consists  of 
|te  friction  and  core  losses.  By  talcing  several  curves  with  varying  ex- 
station,  the  core  loss  at  different  voltages  may  be  determined,  ana  a curve 
w core  loss  and  voltage  obtained.  A typical  set  of  retardation  curves  for  a 
teie-phasc  350-kv-a.,  2,100-volt,  50-cycle,  176-rev.  per  min.  alternator  is 
Even  in  Fig.  72. 
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Fia.  72. — Friction  and  core-loss  re- 
tardation curves  of  an  alternator. 


INDUCTION  MACHINES 

gPnar  THEORY  OF  THE  POLYPHASE  INDUCTION  MOTOR 

1M.  Principle  of  operation.  The  polyphase  induction  motor  consist* 
tf  a primary  structure  and  a secondary  structure.  The  former  is  usually 
tetioaary,  supporting  coils  symmetrically  on  its  inner  periphery.  Then*- 
•*u3j  are  displaced  in  space  (r.g.,  two  coils  at  right  angles,  or  three  at  60  deg. ) . 
jedio  them  flow  currents  of  the  same  frequency,  but  differing  symmetrically 
J&  phase,  e.g .,  two  at  90  deg.,  or  three  at  60  deg.).  The  secondary  (usually 
rotatable)  structurecarnes  properly  displaced  Bhort-circuited  coils.  The 
polyphase  currents  in  the  primary  structure  produce  a revolving  field.  * 


■ *8ee  any  elementary  text-book  on  this  subject. 
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As  this  outs  across  the  secondary  conductors,  currents  are  induced  thwh 
which,  according  to  Lens's  law,  are  in  such  direction  as  to  oppose  the  catM 
That  is  to  say,  these  secondary  currents  react  on  the  revolving  magneti 


a a >.tm 

Fio.  73.  Fia.  74.  Fio.  75.  - ‘ M 

Figs.  73,  74,  75. — Diagrams  of  coils  and  magnetic  flux  in  elementary  tel 
phase  two-pole  induction  motor.  -f 


156.  Revolving  field.  Fig.  73*shows  a two-phase,  two-pole,  laminated-ini 
stator  with  each  coil  imbedded  in  a pair  of  slots.  The  flux  shown  corn 
sponda  to  the  instant  ti  in  Fijj.  76.  Figs.  74  and  75  show  the  flux  eorre 
spondingto  instants  tt  and  (t  in  Fig.  76.  The  rotation  or  progression  of  thi 
flux  is  obvious.  If  in  place  of  the  two-  pole  field  of  Fig.  73,  we  substitute  i 
multipolar  field,  as  many  cycles  of  current  variation  will  be  required  feiai 
revolution  of  the  magnetic  field,  as  there  are  pairs  of  poles. 

157.  Synchronous  speed  and  slip.  The  speed  of  the  revolving  M 

is  called  the  synchronous  speed,  and  > ■ 

the  percentage  by  which  the  speed  of  X J 

the  rotor  or  secondary  falls  below  this  a Phase  ’ , b fhasr  il 

speed  is  called  the  Blip.  If  2p  repre-  J r 

sente  the  number  of  poles,  and  / the  * i ^ 

frequency,  the  synchronous  speed  in  a 

rev.  per  min.  is  R « - 60 f/p.  A , if  I 


ur  i 


Fio.  76. — Current-time  curves  for 
two-phase  indicator-motor  windings. 


o 


Fio.  77. — Four-pole, 
induction  motor  with 
slot  per  pole  per  phase. 


158.  Induction  motor  similar  to  direet-eurrent  shui  ‘ 
motor.  Synchronous  speed  in  an  induction  motor  corresponds  to 
of  a direct-current  shunt-wound  motor  at  which  the  counter  e.mi. 
equal  to  the  impressed  e.m.f.  In  fact  the  mechanical  characteiistisg 
two  motors  are  practically  identical,  within  their  working  range.  m. 
ample,  starting  with  the  rotor  at  nearly  synchronous  speed,  asenmei 
to  be  applied  at  the  pulley.  The  speed  will  drop ; the  rate  at  which  1 
ondary  conductors  cut  (or  slip  backward  through)  the  revolving : 
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imue;  and  the  induced  e.m.f.,  the  current  and  the  torque  will  increase 
■til  the  increase  in  torque  just  meets  the  demand  imposed  by  the  load.  All 
ot tUs  is  analogous  to  the  operation  of  a shunt  motor,  but  there  is  one  im- 
portant difference.  In  the  induction  motor,  as  the  slip  increases,  the  fre- 
mmey  and  therefore  the  leakage  reactance  of  the  secondary  increases  in 
fart  proportion.  This  results  m an  increasing  lag  of  the  secondary  current 
befamd  the  flux  by  which  its  e.m.f.  is  induced,  and  means,  therefore,  a de- 
creasing effectiveness  of  the  secondary  current  in  torque  production. 

1W.  Stalling  torque.  Beyond  a certain  point,  the  increase  of  slip  and 
■lip  roltage  with  load,  is  accompanied  by  an  almost  proportional  increase  of 
impedance,  mo  that  the  secondary  current  ceases  to  increase  with  the  slip 
it  the  same  time  that  its  torque  effectiveness  is  decreasing.  Thus  there  is  a 
point  or  slip  beyond  which  the  torque  actually  decreases,  causing  the  motor 
to  stop.  In  a good  motor  this  stalling  torque  is  largely  in  exoesa  of  the 
torque  at  its  rated  load.* 

lit.  Primary  or  stator  winding.  Fig.  77  shows  a two-phase,  four- 
pole  stator  with  one  slot  per  pole  per  phase. 

ltl.  Distribution  of  primary  winding.  On  the  score  of  tooth-tip  or 
■gag  leakage  (Par.  198),  the  concentrated  or  unicoil  windings  shown  in 


ho.  78. — Diagram  of  a four-pole  five-sixth  pitch  winding  for  the  stator 
of  a three-phase  induction  motor. 


73  and  77  are  objectionable,  and  it  [becomes  even  more  necessary 
■an  in  the  case  of  the  synchronous  machine,  to  distribute  the  winding 
■wong  several  slots  per  pole  per  phase,  from  two  to  eight  or  more,  but  rarely 
■ than  three. 

lit.  Classification  of  stator  windings.  Stator  windings  correspond  ex- 
actly with  the  armature  windings  of  synchronous  machines  (Par.  18  to  S3), 


fro-  79. — Sectional  diagrammatic  development  of  the  phase  belts  of  the 
winding  of  Kg.  78. 


, as  in  that  case,  the  two-layer  lap  winding  is  usually  employed.  Fig* . 
and  79  relate  to  a three-phase,  four-pole,  two-layer  lap  winding,  with  five- 
«ihs  pitch  (ten  slots  in  12)  and  four  slots  per  pole  per  phase.  The  bottom 
ad  top  slot  belts  labelled  a comprise  the  back-connected  (down  through 


• See  provisions  regarding  stalling  torque  in  the  A.  I.  E.  E.  Stand&rdisatioi 
Was  (Sec.  24). 
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the  paper)  conductor*  of  the  a phase,  those  labelled  o'  the  out-ward  o» 
nected  (up  from  the  paper)  conductor*  of  the  same  phase;  similarly  with  i 
b and  c phases.  Several  coil  ends  of  the  c phase  are  shown  diagram  matkea 
Fig.  79  shows  a diagrammatic  developed  end  view  of  the  phase  belts. 

A developed  diagram  of  connections  of  the  winding  of  Figs.  78  and  T\ 
shown  in  Fig.  80,  where  the  dotted  lines  indicate  the  bottom-slot  coil  sides 
the  lower  layer. 

*■. 

ItS.  Secondary  or  rotor  windings.  These  may  consist  of  any  ay 
metrical  arrangement  of  short-circuited  conductors  in  which  scries  connec 
conductors  do  not  generate  opposing  e.m.fs.  There  are  three  principal  tvj 

(a)  Phase  wound,  like  tne  primary,  except  that  the  phases  are  sh< 
circuited  or  brought  out  through  collector  rings  for  insertion  of  start 
rssistance.  The  number  of  phases  need  not  be  the  same  as  for  the  prims 
and  is  usually  3. 

(b)  Independently  short-circuited  loops  or  coils.  The  two  act 
sides  of  each  loop  are  approximately  180  magnetic  deg.  apart. 


Fio.  80. — Developed  winding  diagram  corresponding  to  Fig.  78  and  Fig.  1 

(c)  Squirrel  cage,  consisting  of  conducting  bars  in  slots,  all  connect 
at  the  ends  by  conducting  rings,  called  the  ena  rings. 

In  (b)  and  (o)  there  are  as  many  phases  as  there  are  slots  per  pole. 

194.  Peripheral  distribution  of  current,  m.m.f.  and  gap  flux.  T 

cylindrical  shell  comprising  the  currents  on  the  two  sides  of  the  air  gap,  a 
the  magnetic  flux  crossing  the  gap  may  be  considered  as  the  active  xegi 
, and  the  analysis  of  the  phenomena  in  thia  regi 


of  any  generator  or  motor,  r 

will  yield  most  of  the  vital  characteristics  of  the  machine. 


Neglecting  1 


localisation  of  current  in  the  slots  and  taking  the  average  amperes  per 
of  periphery  in  each  phase  belt,  the  heavy  full-line  curves  of  Fip.  81  show  1 
primary  current  distribution  of  a three-phase  full-pitch  winding  at  t 
instants  m,  n,  and  o of  Fig.  82.  The  axis  of  each  curve  in  Fig.  SI  rep 
sents  the  air  gap,  and  the  sections  a,  b,  c,  etc.,  the  primary  phase  b< 
along  one  aide  of  the  gap.  The  broken-line  curves  of  Fig.  81  show  I 
m.m.fs.  around  the  flux  paths  crossing  the  gap  at  each  point.  That  is,  1 
maximum  ordinate  of  the  m.m.f.  wave  at  p or  pv  is  proportional  to  the  amps 
turns  with  which  the  longest  flux  path  pi/  (shown  dotted)  is  linked.  T 
is  the  sum  of  the  ampere-turns  of  belts  r,  a,  and  b.  Similarly  the  ordiu 
JJ'  % °k  ^ rePresent8  the  ampere-turns  of  the  belt  a with  which  the  pi 

Neglecting  the  ampere- turns  consumed  in  the  iron  part  of  these  paths,  i 
ordinates  of  the  m.m.f.  curve  may  bo  used  to  designate  the  magnetic  poteil 
differences  across  the  gap  at  the  several  points.  But  since  the  gap  is  nonj 
of  constant  radial  depth,  the  broken-line  curves  may  be  uaed  also  to  rq 


sent  the  flux-density  in  the  gap,  the  disturbing  effect  of  the  slot  oped 
being  neglected.  If  the  concentration  of  the  current  in  slots  be  considm 

ized  by  ! 
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m.m.f.  curves  would  be  of  the  step  variety  with  a step  for  every  tooth. 
Ifc.  83  is  the  same  as  Fig.  81  except  that  the  coil  pitch  has  been  reduced 
Cfive-sixths.  In  both  Figs.  81  and  83,  it  will  be  observed  that  although 
m gap-flux-distribution  curve  changes  its  shane  slightly,  it  is  nearly  sinu- 
Edal.  and  that  it  progresses  or  rotates  uniformly  around  the  gap  periphery, 
fee- waves  are  shown  for  comparison.  The  shape  of  the  current  distribu- 
Eb  curve  changes  more  than  that  of  the  m.m.f.  curve,  but  it  progresses  or 
routes  at  the  same  velocity.  The  changes  of  the  flux  curve,  in  shape  and 
Bigoitude.  are  graphically  analyzed  for  full-pitch  windings  on  pages  380- 
AOof  the  2nd  edition  of  Hobart’s  "Electric  Motors.”  See  also  pages  120- 


to.  82. — Current-time  curves  for  Fio.  83. — Peripheral  distribution  of 
a three-phase  winding.  primary  current  and  m.m.f.  in  a three- 

phase,  five-sixths  pitch  stator  winding. 


15  of  Hobart’s  "Design  of  Polyphase  Generators  and  Motors,”  especially 

• diagram  on  pagd  123. 

165.  flux  and  current  distribution  for  two-phase  motors.  In 
two-phase  motor  the  belts  are  broader,  the  steps  in  the  current  and  flux- 
Btribution  curves  larger  and  the  change  of  shape  from  instant  to  instant 
eater.  The  breaking  up  of  the  belts  by  usng  a five-sixths  pitch  in  the 
ree-phaee,  or  a three-quarters  pitch  in  the  quarter-phase  motor,  reduces 
teas  variations  and  smooths  out  the  curves. 

166.  Secondary  current  and  m.m.f.  relations.  Since  the  secondary 
Mn./.  is  induced  by  cutting  the  gap  flux,  the  resulting  secondary  current  will 
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b ear  a definite  space-phase  relation  to  the  gap  flux  (Fig.  84).  and  it*  us.m, 
will  be  sinusoidally  distributed  around  the  gap.  Also,  since  the  primary  (< 
Stator)  counter  e.m./.is  nearly  equa  lto  thci  mpressed  e.m.f.  and  is  induced  h 
the  rotation  of  the  gap  flux  at  synchronous  speed,  the  flux  will  be  nearly  coi 
stant  in  magnitude,  for  constant  impressed  e.m.f.  Thus  the  resultant  of  ti 
primary  and  secondary  m.m./s. 
will  be  nearly  oonstantand  such 
as  to  produce  the  oonstant  flux . 

1(7.  Similarity  of  the  in- 
duction motor  to  the  trans- 
former. Thus  the  induction 
motor  is  similar  to  a trans- 
former. In  fact,  at  standstill, 
i tie  a short-circuited  polyphase 
transformer  with  distributed 
windings,  and  an  air  gap  be- 
tween primary  and  secondary, 
like  the  transformer,  the  in- 
duction motor  may  be  regarded 
as  having  three  fluxes.  These 
are  the  main  flux,  linked  with 
both  primary  and  secondary; 
and  the  primary  and  secondary 
leakage  fluxes,  linked  only  with 
the  primary  and  secondary 
respectively  (Par.  191  to  198). 

Owing  to  the  air  gap  in  the 
main  magnetio  circuit,  the 


Fio.  84. — Peripheral  distribution  of  flux  ant 
currents  in  polyphase  induction  motor. 


__  usually 

this  same  air  gap  and  the  separation  it  makes  necessary  between  the  pri 
mary  and  secondary  windings,  theleakage  reactance  is  also  several  timet  t> 
large  as  in  the  average  transformer. 

Thus  the  power-factor  of  the  induction  motor  is  inherently  low  at 
compared  with  the  closed  magnetic  circuit  transformer.  Representatw 
power-factors  for  motors  of  various  frequencies,  speeds,  and  outputs,  an 
given  in  Figs.  119  and  121. 


1(8.  Revolving  flux  and  current  distribution.  Assume  that  the  gai 
flux  and  currents  are  distributed  sinusoidally  around  the  gap  periphery  a 
any  instant,  and  that  the  rotor  conductors  are  independently  short- circuited 
Referring  to  Fig.  84,  qq  is  the  developed  air-gap  line;  above  this  line  i 
the  primary  or  stator,  and  below  it  is  the  secondary  or  rotor.  Flux  direct* 
upward  in  the  figure  is  thus  directed  outward  from  secondary  to  primary 
this  direction  will  be  called  positive  and  will  be  indicated  in  the  curve  b; 
ordinates  pleasured  upward  from  the  gap  line.  Current  directed  outwar 
from  the  paper  will  be  called  positive  and  will  be  so  indicated  in  the  currei 
The  flux  and  the  rotor  are  assumed  to  be  revolving  counter-dock wis 
(right  to  left),  the  rotor  less  rapidly  than  the  flux:  therefore  the  rotor  revolve 
dock  wise  with  respect  to  the  flux  (left  to  right  in  the  figure).  Curve 
represents  by  its  ordinates  the  space  variation  of  flux  density,  crosdni 
the  gap.  This  sinusoidal  flux  distribution  will  be  assumed  as  the  starttai 
point.  Its  magnitude  is  approximately  constant  and  dependent  upon  tb 
impressed  e.m.f.  as  in  the  transformer.  See  also  B9  in  Fig.  85. 

1(9.  Magnetising  Current  i«.  In  order  to  supply  the  oorrespoudiu 

distribution  of  magnetic  potential  difference,  there  will  bo  reauireo  a siao 
soidal  distribution  of  magnetising  current  im,  such  as  shown  by  curve  // 
Fia.  84.  See  also  Im,  Fig.  86.  The  m.m.f.  {and  therefore  the  flux)  dii 
tribution  must  be  the  integral  of  the  magnetising-current  distribution,  an 
differ  in  space  phase  by  90  deg. 

170.  Secondary  or  slip  e.m.f.,  •'*.  As  the  rotor  conductors  dip  baei 
ward  (left  to  right,  Fig.  84)  through  the  flux,  each  will  experience  an  e.mJ 
proportional  (at  fixed  slip  velocity)  to  the  density  of  the  fhxx  at  the  podtkw 
in  question.  Curve  I may  therefore  be  used  to  designate  at  proper  Male  Ik 
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tnJk  s\  induced  in  the  several  secondary  conductors  (plotted  accordk 
tothe  'notations  of  the  conductors  in  whicn  the  e.m.ta.  are  induced)  at  any 
sreo  instant  Curve  I may  also  be  used  to  designate  the  e.m.f.  of  a single 
inductor  as  it  moves  through  the  flux,  plotted  according  to  the  position  i A 
tkit  conductor  with  respect  to  the  flux. 

1T1.  The  secondary  current  it  will  have  a time  lag  with  respect  to  e*', 
bmme  of  the  secondary  leakage  reactance;  its  curve  will  therefore  be  dis- 
puted to  the  right,  curve  III.  Fig.  84,  since  each  conductor  will  have  moved 
with  respect  to  the  flux  during  the  lag  interval  between  the  occurrence  of 
corresponding  values  of  e't  and  ts.  See  also  It  in  rig.  85. 


Pm.  g5. Semipictorial  representation  of  vector  quantities  involved  in 

induetion>motor  operation. 


171.  Primary  current  ii.  The  primary  current  density  at  any  point 
«f  the  periphery  and  at  any  instant,  must  then  be  such  as  to  neutralise  the 
w.»/  erf  the  secondary  current  and  also  to  supply  the  magnetising  curn-nt 
w It  will  then  be  represented  by  Curve  V which  is  the  sum  of  tm  (Ciu  ve 
Hj  ftnd  -is  (Curve  IV)  at  that  same  point  and  instant.  See  also  Ji  in 
Pig.  85. 

ITS  for  vector  diagram  of  induction  motor.  It  should 

nmembered  that  the  curves  of  Fig.  84  represent  primarily  space  distributions 
of  the  several  variables  at  a given  instant,  and  that  these  distributions  revolve 
si  synchronous  speed  around  the  gap  periphery,  keeping  the  same  relative 
portions  or  space  phases  for  a given  condition  of  load.  These  distributions 
eve  shown  in  semipictorial  fashion  in  Fig.  86,  where  the  vectors  B9,I\, 
sad  /i  point  to  the  positions  at  which  the  maximum  positive  values  of  these 
quanta  dies  occur,  at  the  instant  shewn.  . 

The  time  variation  of  all  the se  quantities  with  respect  to  any  particular  point 
er  conductor  on  the  primary  side  of  the  gap,  will  be  sinusoidal  at  primary  Jr e- 
suency,  and  at  secondary  or  slip  frequency  with  respect  to  any  point  or  con- 
ductor an  the  secondary  structure.  It  is  only  from  this  point  of  view  and  u ith 
this  understanding  that  it  is  possible  to  represent  consistently  primary  t 
secondary  variables  on  the  same  vector  diagram. 
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Thus  the  vectors  of  Pig.  85  mey  be  used  to  represent  not  only  the  nio 
phases,  but  also  the  time  phases  of  the  several  variables,  when  viewed  froc 
either  stationary  or  rotating  structure,  it  being  obvious  tluit  there  is  no  fiwn 

Shase  difference  between  the  primary  current  in  a particular  primary  con 
uctor,  and  the  secondary  current  of  very  different  frequency  in  a perticu 
lar  tecondary  conductor.  By  extending  the  vector  diagram  of  Fig.  85  w< 
obtain  the  complete  space  and  time  vector  diagram  of  the  induction  moto 
in  Fig.  86. 

174.  Analysis  of  vector  diagram.  B'i  is  that  part  of  the  impress** 
e.m.f.  to  neutralise  the  oounter  e.m.f.  induced  by  the  mutual  flux  *,  th 
direction  of  the  vector  4>  being  that  of  the  plane  of  the  coil  when  it  link 
the  maximum  flux,  just  as  the  direction  of  B0  is  that  of  the  plane  of  the  coi 
when  it  is  cutting  the  densest  gap  flux  and  generating  the  maximum  e.m.f 
is  the  magnetising  current  and  /.+*  the  core  loss  energy  current,  then 


sum  being  7*.  commonly  called  the  exciting  current.  Assuming  all  eeoondan 
quantities  reduoed  to  primary  turns,  J7i.-E'i  is  the  e.m.f.  that  would  bj 
induced  in  the  secondary  at  standstill.  The  actual  secondary  induced  e.mi 
is  B't,  which  equals  »Bt0,  where  a is  the  slip.  Ety  — (1  — s)Et0,  is  the  e.m.f.  thai 
would  be  induced  in  the  secondary  if  revolving  in  the  flux  * at  its  actus 
speed,  and  will  be  called  the  speed  e.m.f.  zi  is  the  secondary  leakage  reset 
ance  at  primary  frequency,  ana  sxs  the  same  at  slip  frequency.'  The  second- 
ary resistance  is  n.  The  secondary  current  is  therefore: 


It 


B't  Ei. 


(amp.) 


(37] 


(The  two  e.m.f.  triangles  corresponding  to  these  equations  are  shown  ii 
Fig.  86.)  /' i is  the  part  of  the  primary  current  to  neutralise  /«,  and  / 

the  total  primary  currant.  I\t\  ana/ hi  are  the  e.m.fs.  consumed  by  primer] 
resistance  and  leakage  reactance  respectively.  E\  is  the  impressed  e.ml 


175.  The  corresponding  * ‘equivalent  circuit*'  ache  mo  is  given  in  Fi| 
87,  which  is  exaotly  that  of  a transformer  with  a non-inductive  load  resist 
ance  (n/«)(l-e). 

175.  Direct-current  shunt-motor  analogy.  It  is  obvious  that  th 
speed  voltage  Ety  consumed  by  the  fictitious  load  resistanes  is  th 
representative  of  the  rotational  power  transformed,  including  output  sw 
friction  losses,  and  is  exactly  analogous  to  the  counter  e.m.f.  of  a direct 
current  motor.  Similarly,  Et0  corresponds  to  tne  impressed  e.m.f.  and 
to  the  net  or  resistance  consumed  e.m.f.  of  the  direct-current  motor. 
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ITT.  Povar  uuJyili.  The  following  analysis  of  the  power  Pi,  delivered 
to  tbs  motor  primary,  may  be  readily  followed  from  either  Fig.  86  or  Fig. 
17.  Designating  the  number  of  phases  by  p',  the  primary  power  per  phase 


ii 


^7  — hEi  cos  0i  — In  -t-E'ihcoaBi1 
* , 

— I ^ri+It+kB'i + {E'xl'i  cos*!  — oos  0«) 

— I*n  -{-I'+kB'i  +I*ri+EirIi  cos  0i 

<w»tU)  (38) 


In  words.  Pi  — primary  copper  loss + core  loss  + secondary  copper  loss  + 
output  (including  friction),  and  .P'1—  p'B'iPi  60s  0a  — j/EtJi  cos  0a  is  the  power 
transmitted  across  the  air  gap.  P'a  is  the  product  of  the  torque  of  the  re- 
aving field  by  its  angular  velocity,  or  P'i  — 0.14277?*  where  T — torque  in 
tb.  ft  and  R»  — rev.  per  min.  at  synchronism. 


Fio.  87. — " Equivalent  circuit  ” scheme  for  induction  motor. 


kliveiwd  at  the  pulley.  Thus  the  output  (including  friction)  isPa  — 6.14277?, 
where  R,  — rotor  rev.  per  min. 


Pa  — P/i^-  — (1  — s)P/t,  and  P't-Pi-sP'j-p'/’r  (watts)  (39) 
n*  * 


The  slip  is  thus  a measure  of  the  secondary  copper  loss,  and  the  motor  is 
fealofous  to  a friction  coupling  in  which  the  friction  torque  between  the  t wo 
hoes  is  proportional  to  the  slip.  Since  Ro  is  constant,  the  torque  is  directly 
proportional  to  P'a:  in  fact,  P'a  is  frequently  referred  to  as  the  torque  in  syn- 
chronous watts,  meaning  thepower-equivalent  of  the  torque  at  synchronous 


(hronous  watts,  meaning  thepower-equi  valent  of  the  toi 
Cfted.  measured  in  watts.  Thus 

Tmm  -P'a  - j/EtJt  cos  0a 

,“1  T-7.05^-7.0V&^t  coa  »tX^ 


(watts)  (40) 
(lb.  ft.)  (41) 


IT */a  cos  0s  is  called  the  torque  current. 

INDUCTION- MOTOR  CHARACTERISTICS 


ITS.  Exact  formulas.  From  the  vector  diagram  of  Fig.  86  or  from  the 
equivalent  circuit  scheme  of  Fig.  87,  exact  formuhe  may  be  easily  developed 
fortbecurrents,  fluxes,  voltages,  powers,  torque,  power-factor,  efficiency,  etc., 
■jj  in  terms  of  Bi,  s,  and  the  constants  of  the  motor;  but  these  are  such  com- 
mented functions  of  the  slip  as  to  be  too  cumbersome  for  quick  computation, 
"though  none  too  accurate  for  poor  motors.  Bv  a poor  motor  is  not  meant 
feotsaarihr  a poor  design,  but  a poor  result  which  mav  be  due  to  difficult 
■Purifications,  t.g.,  relatively  low  speed  or  relatively  high  frequency. 
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current. 

will  be  observed  that  tne  constant  ox  *ne  ereuug 
due  to  the  approximation,  which  is  equivalent  to  neglecting  the  exatinfl 
ourrent  as  far  as  it  affects  the  quantities  considered. 

Torque 

n/t4r» 

T 7.05  P ‘» 

" R • (r,+^)’ + (*.+*•)• 

Slip  corresponding  to  maximum  torque 

Tt 

*Tmim  V^ri*-+*  (*!+*»)* 

Maximum  or  stalling  torque 

^ 7.05  p'^i 

***  R,  2[n+ Vn#-f(xi +**)*! 

Starting  torque 

m 7.05  P'r*^I 

Tt  " R, 

Starting  current 


(n+r«)*  + (xi+xt)* 

Bi 

y/  (n  4-ri)*-b(xi+xt)* 

^ 7.05  , ri 

Tt Ro  P • 

n corresponding  to  maximum  starting  torque 

r*  — Vn*+(xi+xs)* 

Output  t 

— (1-a) 

p,  . P'*,t 

(ri  + t )*  + (*>+«)* 

Maximum  output,  i.e.,  stalling  load 

p'Bt* 


P,m“  2[(n+n)+V(n+r*)» 

Slip  corresponding  to  maximum  output 


(lb.  ft.) 

(42) 

(lb.  ft.) 

(43) 

(lb.  ft.) 

(44) 

(lb.  ft.) 

(45] 

(amps.) 

(461 

(47] 

(ohms) 

(48) 

(watts) 

(49j 

! 

l 

-j  (watts) 

l 

(50 

<«! 

iPlmaa  Tt+yf  (ri +rt)*+ (xi -fXl)* 

These  approximations  are  fairly  accurate  except  where  the  exciting  cyrreri 
is  large.  As  the  primary  current  and  power-factor  are  both  largely  anecte< 
by  the  approximation  involved  in  the  formulss  given  above,  their 
are  not  given.  They  can  be  most  easily  obtained  from  the  circle  diagram. 

181.  The  method  of  percentages.  For  the  purpose  of  tocy"™] 
the  operating  characteristics  of  an  induction  machine,  as  well  as  in  con 
nection  with  problems  involved  in  its  design,  the 

ing  its  constants  will  be  found  very  convenient.  Referring  to  Figs.  86  an< 
88,  and  remembering  that  let  I\n/Bl  — tfr,:  JTiXi/J^  — 

Wff  -7r,;  Let  Ix  co9/,“/T  hf  caI,ed  ^ 

torque*  current,  since  it  is  the  component  of  It  which  is  effective  m producinj 
torque.  Im/IT~q~\  I./IT-*\  g-«.+«--toUl  quadiS 

ture  ooroponent.  Ii/I  Ex/E'i^qgi’* 


Digitized  by  Google 


OB N ERA  TORS  AND  MOTORS 


Sec.  7-182 


iben  77»fuU4oud  torque;  eto.  All  currents,  voltages,  etc.,  correspond 
to  fall-load  unless  otherwise  specified.  These  could  have  been  expressed 
ia  terms  of  E\  and  Ji  rather  than  in  terms  of  E i and  1 7%  but  for 
acet  purposes  the  latter  will  be  found  more  convenient.  Formula  for 
S percentages  are  given  in  Par.  IBS  to  189.  The  torque  formula  given 
iboreas  well  as  many  others  involving  vital  relationships  between  mduction- 
■otor  variables,  may  be  written  in  terms  of  these  percentages,  with  the  ad- 
nntage  that  while  the  actual  constants  n.n,  etc. . have  values  depending  upon 
Be  die  and  voltage  of  the  motor,  and  are  not  easily  compared  as  between 


Fia.  88. — Percentage  vector  diagram  for  induction  motor. 


two  motors  of  different  voltages  or  outputs,  the  percentage  values  are  imme- 
StriycSm^rabETand  aredirect  measures  of  all  the  vital  f®J»Uomjhip«i, 
This  advantage  is  particularly  marked  in  the  ease  of  approximate  forinul®. 
where  their  simplicity  enables  one  to  compute  mentally  most  of  the  important 
characteristics  of  an  induction  motor,  starting  with  only  two  or  three  of  these 
percentages.  Moreover,  it  is  a very  simple  matter  to  memorize  the  range  of 
KTpeSentages  in  standard  machines,  as  well  as  the  effect  of  unusual  speci- 
fications and  thus  hold  in  one’s  head 
vital  information  concerning  machines 
of  oil  rises  and  voltages,  wnich  would 
otherwise  fill  many  long  tables. 

IBS.  Power-factor.  Referring  to 
Pi*.  88,  the  power-factor  (cos  Bi)  is 
obtained  by  resolving  each  vector  along 
zad  perpendicular  to  Ei.  The  exact 
formula  is  complicated,  but  a fair  ap- 
proximation is  ^ 

power-factor  * . (52) 


In  Fig.  89,  curve  III  is  plotted  from 
Eq.  52  and  curve  I from  the  complete 
■quation  with  the  following  assump- 
tions; oris* 0.02;  o«»"0.04;  and  5,1" 



111.  Blip.  •-9rs*S-^l-4*t-  But, 


1.0 

* °-9 

2 

O 

* 

4! 

* 0.7 

O.G 

I 

III 

// 

_ 

_L 

1 

0.2 


0.4  g.0.6  0.8  1.0 


F10.  89. — Pow'er-factor  plotted  ns 
a function  of  '/(=<?»»- the  total 
quadrature  component. 


whence,  for 


i*  a reasonably  good  motor,  qx * is  not  more  than  12  per  cent., 
practical  purposes  • * gn. 

1S4.  Stalling  torque.  Start  with  Eq.  44  and  assume  as  average  values 
for  a good  motor  of  moderate  size:  gri-0.02;  gXl=0.12;  q*2  = 0.09;  gx  = 0.21; 
$••0.25;  — 0.04.  Then  it  can  easily  be  shown  that  if  T/  is  the  full-load 

torque,  the  per  cent,  maximum  or  stalling  torque  is 

q - Tm*m  77  « 1 {krlz)  (approx.)  (53) 

T aua 

where  varies  from  1.85  for  a motor  with  high,  to  2 in  a motor  with  low 
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power-factor.  Tmaa/Tf  is  plotted  against  qa  in  fig.  00,  for  lky*1.9.  Fro 
whioh,  if  2 is  the  lower  limit  for  Tmos/T/,  qa  must  not  be  more  than  0.26. 

185.  Per  eent.  stalling  torque.  Hobart  gives  the  per  cent,  stallii 
torqucin  terms  of  <r  (Par.  207)  and  qm  as  follows  (“ Polyphase  Generators  a) 


Fio.  90. — Ratio  of  maximum 
torque  to  full-load  torque,  plotted  as 
a function  of  the  total  percentage 
reactance  drop. 


Fig.  91. — Ratio  of  starting  torqu 
to  full-load  torque. 


Motors,"  page  190):  qTmmm^OA  qm/*.  This  is  equivalent  to  Jfcy»««2.3,(aiiM 
9 — 0.93  Qmqx) , which  is  considerably  larger  than  1 .9  used  in  Fig.  90. 

186.  Starting  torque.  Beginning  wit] 

Eq.  45,  it  can  be  shown  that  the  per  eenl 
starting  torque  is 

1-20*>  •• 

* 1 

(approximately)  (54 

Assuming  q,x—  0.02,  the  ratio  T,/T/  i 
plotted  against  qrt  in  Fig.  91,  for  seven 
values  of  qa  within  the  range  of  commei 
cial  motors:  from  which  the  quantitativ 
limitations  in  the  starting  torque  of  th 
induction  motor  are  obvious.  The  maxi 
mum  value  of  the  ratio  T»/Tf  is  obvioual; 
the  same  as  Tmaa/Tf  and  occurs  when  g, 
is  about  equal  to  qa. 

187.  Secondary  starting  resistance 
Except  in  machines  of  very  Tow  reactance 
a large  starting  torque  is  only  possible  b; 
employing  a comparatively  large  secondary 
resistance.  In  a squirrel-cage  motor  thi 

0#5  means  large  secondary  copper  loss  am 
large  slip.  The  desirable  resistance  of  i 
squirrel-cage  secondary  is  usually  a com 
promise  between  the  low-resistance  needtH 
for  speed  regulation  and  efficiency,  and  th 
high  resistance  desired  for  starting  torquo 
the  rolative  weight  given  to  these  two  con 
siderations  being  determined  by  the  speci 
fications.  In  a wound-rotor  machine,  resistance  can  beinserted in  the s*> 
ondaryfor  starting  and  cut  out  after  the  machine  has  attained  speed. 


0.1  . 0.2  0.3  0.4 

Qr*mS  “ Fuh  Load  Slip 

Fio.  92. — Ratio  of  starting  cur- 
rent to  full-load  current,  plotted 
as  a function  of  the  full-load  slip. 
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' 111.  Startinf  currant.  Neglecting  the  exciting  current,  the  starting 
Urreatis  given  by  Eq.  46;  this  may  be  transformed  to 

/•"/«» — - — H ; — — - (approx.1)  (amp.)  (65) 

« 

g/J-/«-*-I|/-l-i-(\/flrs+fl.O  (56) 

Tbs  ratio  (. i«//i/l  of  the  starting  current  to  the  full-load  primary  current  is 
plotted  against  qr%  for  several  values  of  Oa  in  Fig  92;  qrx  is  again  taken 
■002.  It  will  appear. from  an  inspection  of  Fig.  92  that  the  starting  current 
token  by  a squirrel-cage  induction  motor  at  full  voltage  is  too  large  to  be 
tolerated  in  the  case  of  large  motors.  In  such  cases  compensators  or  induo- 
ton  starters  are  used  to  reduce  the  voltage  during  the  starting  period. 

199.  Compensator  starting  of  squirrel-cage  motors.  To  find  the 
per  cent,  starting  torque  for  a given  maximum  allowable  line  ourrent,  let 
T*  ■ starting  torque  with  compensator;  Tj  — full -load  torque;  Ii  — line  our- 
re°t  st  starting  and  If  — full-load  current. 


Fio.  93. — Torque  relations  when  starting  with  induction  starter  or 
compensator. 

^Then  from  Eq.  54  and  56  and  the  compensator  relations,  it  can  be  shown 
T„  It  1.25 qrt 

QTm*  m ™ 77  -7--—-  Upprox.)  (57) 

Tm  T/  If  W + fl.* 

Tbisis  plotted  in  Fig.  93  for  several  values  of  the  ratio  (qr%/qz).  As  an 
nsmple.  take  a large  squirrel-cage  motor  which  must  be  Btarted  without 
driving  more  than  full-load  current  from  the  line.  Assume  — 0.20  and 
*r-0.02.  Then  T*/T/  - (1.25 X 0.02) /0. 201  -0.124  or  one-eighth  of  full-load 
toque. 

tit.  Deep  rotor  bars  for  starting.  The  curves  of  Figs.  91  to  93  show 
is  s striking  manner  the  inherently  poor  starting  qualities  of  squirrel-cage 
induction  motors,  exoept  when  a large  full-load  slip  is  allowed.  This  defect 
nsy  be  eliminated  in  some  degree  by  a very  ingenious  device  consisting  in 
lbs  use  of  very  deep  rotor  slots  and  bars,  which  gives  a high  apparent  resist- 
ance and  low  reactance  at  starting,  and  the  reverse  near  synchronism.  The 
>nly  drawback  is  the  reduced  stalling  torque;  but  in  many  cases  therein 
tuple  margin.  The  resistance  multiplier  is  0.35  X depth  of  bar  in  inohes  X 
/frequency.  See  Hobart's  “ Design  of  Polyphase  Generators  and  Motors," 
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191.  Summary.  Figs.  80  to  93  show  dearly  the  relations  of  all  th 
vital  operating  characteristics  (except  heating)  of  induction  motors  c 
whatever  sue,  frequency,  or  voltage,  to  a very  few  constants;  and  althous 
the  results  are  only  approximate,  they  will  give  a fair  quantitative  gras 
of  induction  motor  characteristics.  The  largest  errors  wall  occur  in  small  c 
low-speed  motors  with  large  exciting  currents. 

The  most  important  of  these  characteristics  are  almost  wholly  determine 
by  t Qm , and  Qrt.  The  other  q' a may  be  approximated  with  sufficier 
accuracy,  since  they  play  only  a small  part,  and  a considerable  error  in  thei 
approximation  does  not  seriously  affect  the  results.  Of  q.,,  qg,  and  qrt  th 
last  may  be  given  almost  any  desired  value  without  much  affecting  the  othe 
constants;  whereas  qm,  and  o*  are  intimately  related  to  one  another,  to  th 
major  design  constants,  and  to  the  details  of  design.  Their  computatioi 
is  given  below. 

MAGNETIZING  CURRENT* 

lit.  Air  gap  and  rap  ampere-turns.  The  air  gap  is  usually  reduce* 
to  a comfortable  mechanical  clearance,  and  may  be  taken  approximately 
as  4 — 0.015\/kw.  (inches).  The  gap  ampere-turns  are  computed  in  th» 
same  manner  as  for  the  alternator  (see  Par.  40,  Figs.  30  and  40).  Designate  by 
ai  and  at,  respectively,  the  primary  and  secondary  slot-contraction  factors 
by  Ki  — aiat,  the  combined  slot-contraction  factor;  by  Kd  the  correspondini 
air-duct  contraction  factor;  and  by  Ki  the  ratio  of  gap  ampere-turns  to  tots 
ampere-turns.  Ki  varies  from  0.9  in  slow-epeed  high-frequency  machine 
to  0.7  in  high-speed,  low-frequency  machines.  These  are,  however,  outaid< 
limits,  and  0.8  may  ordinarily  be  assumed  as  a fair  average  for  a rougl 
approximation.  Then  the  total  ampere-turns  for  the  longest  complete  mag 
netic  circuit  is  JV»i-  (0.626(B4)/XiA*JCrf. 

Let  A — peripheral  loading  corresponding  to  torque  current  I j>  (Fig.  88) 
(B  — maximum  or  crest  value  of  equivalent  sine-wave  of  gap-flux  diatribe* 
tion;  v — peripheral  velocity  (ft.  per  sec.)  of  revolving  field;  for  kb  and  Jt» 
see  Par.  28-81  (synchronous  machines). 

Then,  assuming  that  the  magnetising  current  is  equivalent  to  a sinu- 
soidal distribution  of  current  density,  of  root-mean-square  value 
Am-0.ll6(&&f/(lcbk,KiKtK<tv)  and  the  per  cent,  or  fractional  magnetitinc 
current  is 

qm  - A*/A  - 0. 1 imsf/ (kbkpKiKtKdA*)  (58) 

For  a three-phase  motor  At  — 0.955.  For  five-sixths  pitch  kp  — 0.96.  Foi 
open-slot  stator  and  nearly  closed-slot  rotor,  Xt«0.65  (approx.).  For  I 
well-ducted  motor  JC*  — 0.9.  For  a 60-cycle  motor,  /Ca»0.8  (approx.) 
Then,  roughly,  (0.27(84/) /(As). 


LEAKAGE  REACTANCE* 

198.  The  four  elements  of  the  leakage  flux  are  computed  as  if  sepa- 
rate from  the  main  flux,  wrhereas  they  are  for  the  most  part  only  distor 
tional  as  to  the  main  flux.  Consider  the 
phase-belt  as  the  unit,  Figs.  94  and  95.  “ 

194.  Blot  leakage.*  This  is  the 
cross-slot  flux  (Fig.  94).  The  inch  per- 


Fio.  95. — Illustrating  tooth-tip  j 
leakage.  . 


Fio.  94. — Illustrating  cross-slot  leak- 
age flux. 

meance  or  flux  linkage  (lines)  per  amp.  in.  of  primary  phase-belt  is 
Fig.  42) 

3.2  / 1 di  dt  , 2di d«\  - 

N.PP\  3 tc*  it,  tr#  10M  vs k>)  ' 


* Transactions  American  Institute  Electrical  Engineers,  VoL  XXIV,  191 
P.  338.  Also  Vol.  XXVI,  p.  1245. 
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The  total  slot-linkage  per  amp.  in.  of  phase-belt  is 
*•6- **!+*•»« 

vhere.Y,,,*  slots  per  pole  per  phase,  and  N»  the  number  of  slots. 


(60) 


See  Fig.  95.  The  flux  linkage 


0.4 


0.2 


IIS.  Tooth-tip  or  zigzag  leakage. 

(k&es)  per  amp.  in.  of  belt,  for  both  pri- 
mary and  secondary  is  *><6  — Art  -f-  SN»PP 
fheren  is  the  average  tooth  pitch,  pri- 
mary and  secondary,  and  A »2.13[(ai-f- 
a-l)/21Jis  plotted  in  Fig.  96. 

The  above  values  of  v*  and  f,b  are  for 
full-pitch  and  should  be  multiplied  by  kp, 
and  kP t respectively  (Figs.  97  and  98)  for 
fractional  pitch  windings. 

196.  Coil-end  leakage.  A crude  but 
helpful  picture  of  this  flux  is  shown  in  Fig. 

W.  Charging  all  coil-end  leakage  to  the 
primary,  the  resulting  lines  per  amp.  in. 
of  phase  belt  bundle,  *>/,  is  given  in  Fig. 

100  for  three-phase  motors  with  various 
coil  pitches,  both  for  squirrel-cage  and 
phase-wound  rotors. 

When  reduced  to  the  basis  of  the  active 
phase-belt,  <p/  becomes  ip/b  = ksk/<p/  =ktKf 
•here  kj  — ratio  of  length  of  one  coil  end 
to  pole  pitch,  kt^r/l,  and  K / (“£/#>/) 
ii  plotted  in  Fig.  101  against  the  coil 
pitch,  for  squirrel-cage  and  wound-rotor 
notors.  The  higher  values  correspond  to 
hifh-voltage  machines  where  the  coil  overhang  is  longer,  or  to  machines 
wth  the  coil  ends  bent  back,  thus  allowing  more  room  for  leakage 
beta,  on  primary  and  secondary  coil  ends  (Fig.  99).  In  the  case  of  the 
•quirrol-cage  rotor.  ipf  depends  upon  the  type  and  position  of  the  end  ring. 
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Fio.  96. — Average  per  cent, 
tooth-tip  overlap  "A,  vs.  aver- 
age per  cent,  equivalent  tooth- 
tip. 


JW 


97,98. — Leakage-reactance  pitch  factors;  kp,  for  slot-leakage,  k, 4 for 
tooth-tip  leakage,  kpe  for  coil-end  leakage. 


For  a simple  ring  at  the  ends  of  the  bars,  the  lowest  value  of  ff  corresponds 
to  a position  out  from  the  core,  equal  to  seven-tenths  of  t he  primary  coil  pro- 
jeetion.  That  is,  the  primary  coil-end  currents  act  like  a single  circum- 
ferential current  at  the  seven-tenths  point  (see  the  cross  in  Fig.  99,  which 
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indicates  a circumferential  current  backward  through  the  paper).  If  the 
ring  i 8 set  radially  inward  nearer  the  shaft,  <p/  may  be  increased  as  much  as 
60  per  cent,  (see  the  upper  curve).  Or,  if  the  end  ring  is  placed  nearer  the 
core,  ?/  may  be  considerably  increased  (25  or  30  per  cent.). 

197.  Belt-leakage.*  For  three-phase  motors  and  full-pilch  windings 
the  flux  linkage  per  amp-in.  of  belt  is 

'PBt-kBK\KiK*r  + Zll6-KBr  + Z\A6  (61) 


<7p-  Ooll  Pitch  In  % of  Full  Pitch 

Fio.  100. — Coil-end  flux  linkage  lines  per 
ampere-inch  of  phase-belt  bundle  (primary 
and  secondary)  as  a function  of  the  oofl  pitch. 


where  kB  is  given  in  Fig.  102  and  KB  - kBKi  KtKd.  For  a two-phase  motor 
with  full-pitch  winding 

*Bt~  KBt  + 1056  (61a) 

For  a squirrel-cage  motor,  take  values  about  one-half  of  these  values. 

A coil  pitch  of  flve-sixths  in  a three-phase,  or  of  three  quarters  in  a two- 
phase  motor,  reduces  the  belt  width,  permeance  of  the  mean  paths,  conductors 
per  belt,  and  mean  phase-difference,  each  to  one-half.  Tne  belt  reactance 
is  thereby  reduced  to  about  one-sixteenth  of  its  full-pitch  value. 


Fio.  101. — Coil-end  leakage  constant.  Fio.  102. — Belt  leakage  constant. 

198.  Summary.  Adding  together  the  several  w’s  with  their  proper 
pitch  factors  the  total  reactance  for  a three-phase  motor  is 

ss2r/2plN2tppio~*(kp0^wk  -\-kpnptb-\- Kjp  +3145)  (62) 

where  NcPP  « conductors  per  pole  per  phase. 


* See  Transactions  International  Electrical  Congress,  St.  Louis,  1904* 
Vol.  I,  page  706. 
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il 


resistance  varied  (variable  «),  the  looua  of  the  current  is  a circle.  The  exeit 
ing  current  must  be  added  to  obtain  the  total  current. 

l*he  corresponding  diagram  is  shown  in  Fig.  104.  If  thw  diagram 
rotated  counter-clockwise  until  E lis  slightly  below  the  horisontal  on  th< 
left,  it  will  correspond  with  the  left-hand  side  of  the  regular  vector  diagram 
FHg.  86.  The  diameter  of  the  circle  in  Fig.  104  is  Ej/(xi-fxj).  B,  is  th< 

short-circuit  or  standstill  point;  tan  »>o » — ~|~r>,  and  B/!,+G»Ha~ri+r\. 

xi  + xt 

The  approximation  involved  in  this  diagram  is  such  that  serious  erron 
are  not  introduced  in  the  case  of  a good  motor,  i.e.,  a motor  with  low  excitini 
current  and  low  reactance;  but  the  errors  become  serious  in  poor  motors. 

200.  Note  concerning  Interpretation  of  approximate  circle  diagram 
In  what  follows  Ei  and  h are  the  volts  and  amperes  of  a single  phase.  If  E\ 
be  the  line  voltage  multiplied  by  y/s,  and  J»  the  line  current,  p ' should  b< 
omitted  from  all  expressions  for  power  and  torque. 

201.  The  impressed  power  is,  Pi-p'Eih  oo*9\-p'EiXBK;  but  since 
7/ Ei  is  constant,  BK  is  proportional  to  and  a direct  measure  of  the  power  de- 
livered to  the  motor;  i.e.,  a scale  of  watts  or  kilowatts  can  be  choeen  according 
to  which  SR  indicates  directly  the  impressed  power.  Pi. 

202.  Losses,  output,  torque  and  slip.  According  to  the  same  scale 
WR  indicates  the  core  loss.  p'2?i7«4.*  — jP,+ik.  If  Jo  is  measured  when  the 
motor  is  running  light,  the  corresponding  power  will  include  the  friction  loss, 
in  addition  to  core  loss,  and  sinoe  the  friction  loss  is  practically  constant. 


Fio.  105. — Approx,  circle  diagram  for  a 5-h.p.  three  phase,  6-pole,  220-volt, 
delta-connected  induction  motor. 


it  could  be  charged  to  the  exciting  circuit  (Fig.  103),  by  increasing  g»  in  the 
proper  degree.  It  will  be  so  taken  here,  t'.«.,  that  HK  represents  core  and 
friction  loss.  Similarly  11Q  represents  the  primary  copper  loss,  OF  tbs 
secondary  copper  loss,  FB  the  output  ( Pi ),  GB  the  power  transmitted  across 
the  air  gap  the  torque  in  synchronous  watts)  and  OF *-(rZT the  slip. 

202.  Efficiency  (Par.  210-216).  The  efficiency  is  Pi/Pi  — BF/BK. 

204.  Power-factor  (Par.  216).  The  power-factor,  cos  0i,  may  be  readily 
determined  from  the  diagram  by  drawing  a unit  circle  about  O and  measur- 
ing the  vertical  intercept  of  the  Ji  vector  on  this  unit  circle. 

Thus  for  any  point  B on  the  circle,  all  the  important  variables  of  the 
induction  motor  may  be  readily  determined  from  tnc  circle  diagram. 

206.  Experimental  determination  of  circle  diagram.  The  experi- 
mental data  necessary  is, 


536 


A.  C.  GENERATORS  AND  MOTORS  Sec.  7-206 


(z)  Amperes  and  watts  at  normal  voltage  when  the  motor  is  running 


Spt,  This  gives  the  Is  — &A  of  Fig.  104.  Thus  the  point  A may  be  locate* i. 
Karting  with  O as  the  origin,  and  Ei  vertical. 

Cb)  Amperes  and  watts  at  normal  voltage  with  rotor  blocked.  It  is 
Kmetimes  necessary  to  make  this  test  at  reduced  voltage  owing  to  the  exces- 
are  currents  which  would  flow  at  full  voltage,  and  to  change  the  results  to  the 
fall  voltage  equivalent.  This  will  locate  the  point  B$,  which  together  with  .1 
determines  the  circle,  the  diameter  being  assumed  horizontal  through  A. 
(c)  The  resistance  of  the  primary  winding. 

AH  of  these  tests,  particularly  the  last  two,  should  of  course  be  made  at'or 
near  the  normal  working  temperature  of  the  motor. 

The  diagram  thus  experimentally  determined,  expresses  with  a very  fair 
degree  of  accuracy  the  relations  between  all  the  important  variables  of  the 
motor. 

Fig.  105  shows  the  approximate  circle  diagram  drawn  to  scale  for  a 
5-h.p.,  three-phase,  6-pole,  200-volt,  60-cycle  induction  motor,  and  Fig.  106 
shows  the  characteristic  curves  obtained  therefrom. 
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Torque  in  Synchrououa  llorac  Tower 

FlO.  106.— Characteristic  curves  from  Fig.  105. 


10f.  Exact  circle  diagram.  Starting  with  the  complete  equivalent 
arcuit  scheme  (Fig.  87),  it  is  easy  to  prove  that  the  locus  of  the  primary 
current  is  a circle  whose  radius  is  Ei/2xd.  and  the  coordinates  of  whose  centre 
with  respect  to  O,  are  Eibe  and  Eig< , where 


* n +**)  +^-*(nro  +xize) 

4 -4-  h*Tm  T\  (ha  -4- 

bi'  — * 


(ohms)  (63) 


(mhos)  (64) 


(mhos)  (65) 


is  the  abscissa  and  E\g,  the  ordinate  of  the  centre,  starting  with  E i 


vertical  The  approximate  and  accurate  circle  diagrams  of  a good  motor 
we  shown  to  scale  in  Fig.  107,  both  computed  from  the  same  constants.  If 
ue  points  B»  and  A are  determined  experimentally,  then  the  only  inaccu- 
recy  of  the  approximate  circle,  is  due  to  the  fact  that  its  centre  would  be 
"**ted  on  the  horizontal  line  through  Be  rather  than  at  the  real  centre, 
•huh  is  usually  a little  above  the  line,  see  Fig.  107,  where  the  broken-bn*> 
°rete  was  drawn  through  Be  and  B,  (observed),  with  centre  on  horizontal 
tiae  through  B*.  Fig.  107  also  shows  the  loci  of  the  other  variables. 

MT.  Leakage  factor  or  circle  ratio.  This  is  defined  in  various  ways 
by  various  authors.  Roughly  it  is  the  ratio  of  the  total  leakage  per  mean*  ;e 
to  the  main  flux-path  permeance,  or  the  ratio  of  the  magnetizing  current 
to  the  diameter  of  the  circle.  Sometimes  it  is  stated  as  the  ratio  of  magnet- 
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ising  current  to  the  short-circuit  current,  but  this  is  inaccurate  lor  motors 
with  high  secondary  resistances.  It  is  dependent  upon  the  machine  pro 
portions  and  independent  of  the  load. 

For  all  practical  purposes  it  is 


9 — 0.93  qmq* 


+5^+1^+0.0052 
r ' 


(66) 


For  values  of  S,  A and  Kf  see  Par.  195  to  198  and  Figs.  96  to  101.  S varies 
from  6 to  18  with  an  average  of  10  to  12;  A from  0.2  for  open  slots 


Fio.  107.— Approximate  and  accurate  circle  diagrams  of  an  induction  motor. 


on  one  side  of  gap  to  0.42  for  nearly  closed  slots  on  both  sides,  and  Kf  from 
1.5  in  good  squirrel-cage  motors  to  2.2  in  slip  ring  motors,  see  Fig.  101. 

Kierstead  has  proposed  a somewhat  simpler  though  leas  rational  formula; 
it  is 

„ /0.079  , 0.10  , 3 x 

'-C(V-  + — + tfv)  (e7) 

where  C varies  with  the  air  gap  according  to  the  accompanying  table 


* 

0.024 

0.032  0.039 

0.047 

0.055 

0.063 

0.071 

ft 

© 

© 

0.087 

i 

c 

0.88  Jo. 99 

1.09 

1.17 

1.25 

1.3! 

1.39 

1.45 

Of  these  equations,  Eq.  66  gives  results  quite  as  accurate  as  the  averam 
test  results  can  check,  and  for  all  types  of  machines.  Eq.  67  gives  fair 
results  for  the  majority  of  standard  machines,  although  inaccurate  for  e* 
treme  cases. 

The  leakage  factor  or  circle  ratio  is  much  used  by  European  designs* 
Reference  may  be  made  to  Hobart’s  “ Electric  Motors’’  and  “ Design  of  Pol* 
phase  Generators  and  Motors”  where  the  designing  of  induction  motors  is  eJ* 
plained  with  the  assistance  of  the  circle  diagram  in  a simpler  though  lei 
accurate  manner  than  is  described  in  Par.  848  to  889  below. 


808.  Maximum  power-factor. 

authors,  thus 

Maximum  power-factor  * — 


In  terms  of  it  is 


Maximum  power-factor  — 


1 —c 

i+* 


m 
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Tb  see uraey  and  meaning  of  either  of  theee  depend  upon  the  method  of 
determining  or  of  defining  a. 

Ml.  Bibliography  of  articles  relating  to  the  calculation  of  circle 

ntio. 

L Chapter  IV  (p.  29)  of  Behrend'e  '’Induction  Motor.” 

IL  "The  Magnetio  Dispersion  in  Induction  Motors,”  by  Dr.  Hans  Behn- 
hehenburg;  Jour.  I.  E.  E.,  Vol.  XXXII  (1904),  np.  239  to  294. 

HI.  Chapter  XXI  on  p.  470  of  2d  Edition  of  Hobart's  "Electric  Motors.” 

IV.  “The  Leakage  Reactance  of  Induction  Motors,”  by  A.  8.  McAllister, 
Bat  World  for  Jan.  26,  1907. 

V.  "The  Design  of  Induction  Motors,”  by  Comfort  A.  Adams,  TVons. 
A L E.  E..  Vol.  XXIV  (1905),  pp.  647  to  687. 

. VI.  "The  Leakage  Factor  of  Induction  Motors.”  by  H.  Baker  and  J.  T. 
inrin.  Jour.  LE.  kT,  Vol.  XXXVIII  (1907),  pp.  190  to  208. 

LOUIS  AND  EFFICIENCY 

tlC.  Classification  of  losses.  The  losses  of  an  induction  motor  are  as 
Wlowr.  (a)  the  primary  copper  loss;  (b)  the  secondary  copper  loss;  (c)  the 
Ices;  (d)  friction  and  windage  losses.  The  copper  losses  may  be  com- 
peted in  the  ordinary  way,  except  that  in  the  case  of  squirrel-cage  rotors  the 
nrthod  is  not  quite  so  obvious.  See  Par.  211,  also  Sec.  24 . 

tU.  Primary  copper  loss.  In  terms  of  the  design  constants  and  in  terms 
a toe  output,  i t is 

(!+*«*/)  10*  f7m 

Qrl  &.5k*k,v&m  (70) 

v&ere  m is  the  circ.  mils  per  amp.  Owing  to  the  lower  flux  density  in  the 
pp,  there  is  a greater  length  of  active  conductor  than  for  the  synchronous 
utemator;  but  this  is  partly  neutralised  by  the  1 arger  m made  necessary 
by  the  poorer  ventilation  of  the  short  air-gap  machine. 

HI.  Secondary  copper  loss.  In  the  case  of  a wound  secondary,  the 
eopper  loss  is  about  the  same  as  for  the  primary,  for  although  the  current  is 
1m,  there  is  in  most  cases  less  slot  section  available  for  copper.  In  the  case 
« i squirrel-cage  rotor,  it  is  usually  easy  to  make  the  secondary  resistance 
tow.  Unfortunately  this  opportunity  may  not  ordinarily  be  taken  advantage 
sf,  uses  the  starting  torque  requirements  frequently  demand  a relatively 
torfe  value  of  the  slip  and  therefore  of  qrt,  Par.  186  and  Fig.  91. 

The  squirrel-cage  copper  loss  may  be  computed  as  follows:  The  secondary' 
torrent  per  bar  is  J»»A«Tcs  where  At  is  the  secondary  peripheral  loading 
tod  ri,  the  secondary  tooth  pitch.  If  times  the  ohms  per  bar  times  the 
,to®ber  of  bars  — total  bar  loss.  The  current  in  each  end  ring  is  Jr=»  Ik  times 
wt  number  of  rotor  conductors  per  pole  divided  by  2.22,  and  the  end  ring  loss 

k f times  total  series  resistance  of  both  end  rings. 

fit.  Core  losses.  The  calculation  of  the  core  losses  of  an  induction 
*****  is  not  so  simple  a matter  as  might  at  first  appear,  since,  in  addition 
b the  losses  in  core  and  teeth  at  funda 


^ in  core  and  teeth  at  fundamental  frequency,  there  are  tooth 

Jwjueney  losses  in  both  primary  and  secondary  teeth,  wave  losses  in  tooth 
“P*  *nd  losses  due  to  breakdown  of  laminations.  There  are  also  sometimes, 
J losd,  eddy  losses  in  the  copper  conductors.  See  A.  I.  E.  E.,  Vol.  XXIV,  p. 
781. 

*14.  Calculation  of  core  losses.  There  is  no  simple  rational  method  at 
Vnoont  available  for  computing  the  core  losses  of  induction  motors  with 
ntsonable  accuracy.  The  following  formula  have  coefficients  such  that 
•mn  applied  to  the  primary  teeth  and  core,  they  yield  results  large  enough 
» cover  the  indeterminable  losses,  except  in  those  cases  where  the  tooth- 
•toqosncy  losses  are  unusually  large,  as  with  open  slots  on  both  rotor  and 
*Mor. 

Jor  60  cycles — Watts  per  cu.  in.  -Pm'-4.1(B«/10»)1. 

rsr  25  cycles — Watts  per  cu.  in.  —Pti'  — 1.3(Bm/10*)a.  Laminations 
•toooed  to  be  0.014  in.  thick.  Nearly  all  the  extra  losses  are  due  to  eddy 
torrents  rather  than  to  hysteresis;  hence  the  exponent  2 is  sufficiently  accurate. 

The  following  table  of  data  for  estimating  the  core  loss  of  induction  motors 
1 tftkan  from  Hobart’s  "Dssign  of  Polyphase  Generators  and  Motors.” 
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Density  in  stator  core 
(lines  per  sq.  in.) 


Core  loss  in  stator  oore  (watts  per  lb.)  1 

various  frequencies  a ffpg 


STANDARD  POLYPHASE  INDUCTION  MOTORS 
S15.  Representative  power-factors  efficiencies  of  standard 

squirrel- ca^e  motors.  The  losses  and  effimenoy  of  a typical  o n-p. 


^1000^40 


H.P. Output 

Pio  108. — Losses  and  efficiency  of  a 5-h.p.,  60-cycle  squirrel-cage  iadM 

motor.  r 3 *4 
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Scale  A 0.1 
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Horsepower  > 

Fia.  109. — Efficiencies  of  average  induction  motors. 

F : 1 For  Usual  So.  of  Poles 

Very  Large  5io.  of  Polei  Man 

Note:  lu  General,  the  smaller  tbc  No.  of  Pole*.  , 

and  the  Higher  the  Frequency,  the  Higher  the  Mctea®*;"** 

For 2 Poles,  Efficiency  maybe  Slightly  above  Upper Llmtfll 

60-cycle,  squirrel-cage  induction  motor  are  shown  plotted  against  tifc’o 
in  Fig.  108.  The  efficiencies  of  average  induction  motors  artr~p 
in  Fig.  109.  While  in  any  concrete  case  the  designer  haa^e  TOWJW 
and  the  efficiency  within  his  control  to  a certain  extent,  Decw^ggi 
wridcly  from  representative  values  which  are  inbWM  ww  BWBt 
table  in  Par.  216  is  adapted  from  more  elaborate  tablet  Ota  pp.  IT 
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117  of  Hobart’s  "Design  of  Polyphase  Generators  and  Motors"  (McGraw 
Publishing  Co.f  New  York,  1913)  and  give  representative  values  for  the 
power-factor  and  efficiency  of  polyphase  squirrel-cage  motors  of  outputs 
nnging  from  10  h.p.  up  to  1,000  h.p.  and  for  a wide  range  of  speeds  corre- 
$onding  to  frequencies  of  25  and  60  cycles,  per  sec. 

® 116.  Table  of  representative  efficiencies  and  power-factors 
of  moderate-voltage  polyphase  squirrel-cage  induction 
motors  at  their  rated  loads 


' d 

** 

C i. 

; h 

6 ■ 

L.  3 

fce 

1 >» 

HF- 

10 

h.p. 

50 

h.p. 

100  h.p. 

500  h.p. 

1,000  h.p. 

It 

E 

11 

as 

Efficiency 
(per  cent.) 

Power-factor 

Efficiency 
(per  cent.) 

Power-factor 

Efficiency 
(per  cent.) 

Power-factor 

Efficiency 

(per  cent.) 

Power-factor 

Efficiency 

(per  cent.) 

Power-factor 

188 

75 

0.70 

81 

0.80 

87 

0.83 

1 90 

0.85 

91 

0.87 

25 

375 

79 

0.82 

85 

0.85 

89 

0.87 

| 92 

0.89 

93 

0.90 

750 

S3 

0.88 

88 

0.91 

91 

0.93 

93 

0.94 

94 

0.95 

450 

75 

0.75 

84 

0.79 

89 

0.82 

91 

0.84 

93 

0.86 

60 

900 

81 

0.83 

87 

0.86 

91 

0.87 

94 

0.88 

95 

0.89 

1,800 

85 

0.90 

90 

0.92 

93 

0.93 

95 

0.93 

96 

0.93 

I1T. 


Very  large  squirrel-cage  motors.  The  properties  and  costs  of 
SPW-H.pl  25-cycle  squirrel-cage  three-phase  motors  have  been  i nvestigated 
lor  firs  different  speeds,  in  order  to  bring  out  clearly  the  dependence  of  the 
ctafceteristics  and  cost  upon  the  rated  speed.  The  results  are  set  forth  in 
following  table  which  is  taken  from  p.  105  of  Hobart’s  "Electric  Propul- 
*on  of  Ships"  (D.  Van  Nostrand,  New  York,  1911): 


1,000-h.p.,  25-cycle,  squirrel-cage,  three-phase  motors 


Speed, 

per 

mirt 

Number 
of  poles 

Air-gap 

diameter 

(cm.) 

Gross  length 
of  rotor  core 
(cm.) 

Max. 

power- 

factor 

Total  works 
cost  in 
dollars  (pre- 
war basis) 

125 

24 

238 

53 

0.93 

5,000 

250 

12 

180 

66 

0.94 

3,800 

375 

8 

138 

76 

0.95 

3.200 

500 

6 

114 

83 

0.96 

2.840 

750 

1 4 

87 

95 

0.96 

2,500 

Prom  the  same  source  ("Elec.  Prop,  of  Ships”)  is  taken  the  data  in  the 
wing  two  tables,  the  first  relating  to  designs  worked  out  by  one  of  the 
■nt  authors  for  three  25-cycle,  125-r.n.m.,  24-pole  squirrel-cage  induc- 
motors  for  outputs  of  100  h.p.,  1,000  n.p.  and  10,000  h.p.,  respectively, 
•w  the  second  relating  to  the  complete  weight,  in  metric  tons,  of  five  large 
The  costs  are  based  on  pre-war  figures. 


of  three  25-cycle,  125-r.p.m.,  24-pole  squirrel-cage  induction  motors 


Hated 

utput  (h.p.) 

p diameter  (c.m.) ....... 

. core  length  (c.m.) 

Himum  power-factor 

ipheral  speed  (m.  per  sec.) 

»1  works  cost  (dollars) 

>tal  works  cost  per  horse-power _ . _ 

*otal  weight  (metric  tons) 3.5 


100. 

1,000. 

10,000. 

151. 

288. 

565. 

28. 

53. 

104. 

0.90 

0.93 

0.91 

9.8 

18.8 

37. 

950. 

5,000 . 

21,000. 

9.50 

5.0 

2.10 

3.5 

14. 

80. 
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Data  of  complete  weight  (exclusive  of  shaft  and  bearings)  of  five  33-cydt 
squirrel-cage  induction  motors  for  a synchronous  speed  of  124  r.p.m. 


Rated  output 

Weight 

1,000  horse-power 

15  metric  tons 

2,000  horse-power 

25  metric  tons 

3,000  horse-power 

34  metric  tons 

4,000  horse-power 

42  metric  tons 

5,000  horse-power 

50  metric  tons 

218.  Weights  per  horse-power.  A A-h.p.  1,200-r.p.m.  po  yphase  in 
duction  motor  weighs  a matter  of  19  lb.  while  a 10,000-h.p.  120-r.p.m 
polyphase  induction  motor  would  weigh  some  176,000  lb.  It  is  interesting 
to  note  that  while  the  large  motor  has  150,000  times  the  output  of  thj 
smaller,  it  only  weighs  about  9,000  times  as  much.  Moreover  its  speed  ii 
about  one-tenth  as  great  as  that  of  the  smaller  motor. 

219.  Starting  apparatus  for  standard  polyphase  induction  motob 
Ninety  per  cent,  of  all  the  induction  motors  built  in  Amerioa  are  of  the  squid 
rel-cagetype.  Whereas  the  squirrel-cage  motor  when  of  small  sine  is  switched 
directly  on  the  line  at  starting,  it  is  necessary  in  starting  larger  squirrel-csfi 
motors  to  employ  induction  starters  or  else  the  star-delta  method.  Slip-rinj 
induction  motors  are  started  by  means  of  a rheostat  connected  into  ttu 
rotor  circuits,  and  gradually  cut  out  as  the  motor  acquires  speed.  Witl 
the  growth  of  electricity-distributing  net-works,  it  has  become  expedient 
to  relax  the  earlier  onerous  requirements  imposed  in  the  matter  of  permit 
sible  starting  currents.  On  some  systems  fairly  large  squirrel-cage  motor] 
are  permitted  to  be  started  by  switching  directly  upon  the  line  without  In 
duction  starters.  Designs  in  which  the  "deep-slot"  effect  (Par.  190)  isoo*! 
rectly  employed  mav  be  started  directly  from  the  Ime  with  a more  modersi 
rush  of  ourrent,  and  hence  are  the  more  appropriate  as  regards  the  1 
line  disturbance  at  starting. 

220.  Induction-motor  starting  currents.  The  currents 

good  three-phase  squirrel-cage  induction  motors  at  the  moment  of  a 
ave  values  approximately  in  accordance  with  the  following  table, 
corresponds  to  qx“0.13  and  # — qr  "0.04,  see  Figs.  91  and  92  and  accom 
panying  text.  * 


A 

D 

C 

Pressure  at  motor 
in  per  cent,  of  line 
nressure 

Line  starting  cur- 
rent in  per  cent,  of 
full-load  current 

Motor  starting 
current  in  per 
cent,  of  full-load 
current 

40 

112 

280 

60 

250 

420 

SO 

450 

560 

100 

700 

700 

Starting  torque! 
motor  m per  cent 
of  its  full-load 

running  torque, 


221.  Calculated  starting  characteristics.  The  following  table, fl 

from  page  451  of  the  2nd  Edition  of  Hobart’s  "Electric  Motors"  (Wf 
taker  & Co..  London,  1910)  gives  the  calculated  starting  characteristics  d 
a 6-pole  25-cycle  200-h.p.  500-rev.  per  min.,  squirrel-cage,  three-phase,  in 
duction  motor. 

The  motor  to  which  these  last  results  correspond,  was  designed  for  vet; 
high  efficiency  and  without  any  regard  to  starting  torque  (q»"0.I2  and  si 
0.02).  Consequently,  we  find  that  when  started  on  the  six-tenth  taps  of  tl| 
Induction  starter,  the  starting  torque  is  only  55  per  oent.  of  full-load  runnio 
torque  and  the  line  current  is  practically  three  times  full-load  current^ 
worse  result  than  that  of  the  average  motor  corresponding  to  the  earuf 
table.  By  employing  the  "deep-slot"  principle  in  the  design  of  60-cyd 
squirrel-cage  induction  motors,  the  application  of  the  full-line  pressure  I 
starting  will  be  accompanied  by  a much  smaller  flow  of  current  from  the  Hi 
than  that  shown  in  the  table  for  the  average  motor.  While  the  torque  ms 
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liao  be  smaller,  it  will  nevertheless  be  as  great  as  the  torque  corresponding 
to  the  tap  on  the  induction  starter,  which  corresponds  (in  the  average  motor) 
Ike  lower  line  current.  Thus  nothing  is  sacrificed  except  that  the  motors 
pover-factor  will  be  a few  per  cent,  lower  at  full-load  and  the  customer  is 
{pared  the  outlay  for  an  induction  starter.  Further,  the  operation  of  start- 
ing is  reduced  to  elemental  simplicity. 


Pres- 
sure at 
motor 
termi- 
nals in 
per  cent. 

* of 

bormai 

pressure 

Motor’s 
starting 
current 
in  per 
cent,  of 
full-load 
current 

Line 
starting 
current 
in  per 
cent,  of 
full-load 
current 

Input 
to  stator 
(watts) 

Stator 

copper 

loss 

(watts) 

Input 
to  rotor 
(watts) 

Starting 

torque 

(meter 

kilo- 

grams) 

Starting 
torque  in 
per  cent, 
of  full- 
load 
running 
torque 

33 

274 

91 

56,600 

33,300 

23,300 

44.3 

15.1 

40 

330 

132 

86,000 

48,000 

38,000 

72.3 

24.3 

60 

495 

297 

194,000 

108,000 

86,000 

164.0 

55.0 

t 80 

660 

528 

344,000 

192,000 

152,000 

289.0 

97.0 

100 

824 

824 

540,000 

299.000 

241,000 

455.0 

153.0 

ttl(a).  Characteristics  of  very-low-periodicity  induction  motors. 

31  la  often  desirable  to  have  certain  pieces  of  apparatus  run  at  a slow  speed, 
Ujirom  SO  to  200  r.p.m.  Sixty-cycle  induction  motors  of  medium  output, 
■jjr  500  horse  power,  and  for  such  slow  speeds,  would  have  many  poles  and 
large  diameters  and  poor  characteristics  with  respect  to  magnetising  current 
tod  stalling  load.  The  power  factor  of  such  motors  would  be  low  at  full  load. 
my  from  0 60  to  0.75.  From  quarter  to  half  load,  the  power-factor  would 
he  far  worse,  say  0.4  to  0.5.  Using  a low  frequency  induction  motor,  for 
example  some  8 to  10  cycles,  one  obtains  a small  number  of  poles,  a power- 
factor  at  full  load  w hich  will  be  of  the  order  of  0.95  and  which  will  still  bo 
some  0.90  at  quarter  load.  The  full-load  efficiency  of  such  a motor  is  from 
1 per  cent,  to  3 per  cent,  higher  than  that  of  the  60-cycle  motor,  and  is  also 
*ery  high  (some  0.00  per  cent.)  at  quarter  to  half  load.  Hence  the  apparent 
efficiency  of  such  a low-frequency  500-hp.  motor  is  a matter  of  90  per  cent, 
^against  not  over  70  per  cent,  for  a 60-cycle  motor.  This  permits  of 
iportant  savings  in  the  line,  transformers  and  generating  equipment. 

Ml  b).  Characteristic  and  applicability  of  very-high-frequency 
Induction  motors.  For  applications  where  many  small  and  very-high- 
fed  motors  are  required,  a frequency-changer  set  is  employed  by  the 
faeral  Electric  Co.  to  obtain  the  necessary  frequency  transformation. 

requency  changers  are  wound  to  give  225  volts  at  120  cycles,  in  one 
'fcries,  and  115  volts  at  200  cycles  in  the  second.  However,  in  the  first 
fees  the  frequency  changers  can  be  run  at  speeds  to  give  from  100  to  199 
fetes  and  in  the  second  Beries.from  200  to  300  cycles.  The  high-frequency 
fetors  are  designed  to  operate  throughout  the  range  of  frequency  in  the 
fees  for  which  they  are  wound.  They  are  all  bipolar.  In  the  first  series, 
fehronous  speeds  from  6,000  to  12,000  r.p.m.  are  obtained,  and  in  the 
■eoad  series,  from  12,000  to  18,000  r.p.m.  Weights  and  other  data  are 
8*en  in  the  following  Table: 


Arbitrary 

deaignat- 

r fetter 

H.p.  at 
7,200 

r.p.m.  and 
220  volts 

H.p.  at 
12,000 
r.p.m.  and 

1 10  volts 

Weight  of 
stator 
and  rotor 
complete 
in  lb. 

Approxi- 
mate 
overall 
diameter 
in  inches 

Approxi- 
mate 
length 
over  end 
windings 
in  inches 

A 

0.30 

0.33 

4i 

3tt 

31 

F H 

0.75 

1.0 

71 

4*4 

4} 

r c 

1.25 

1.5 

101 

4« 

5} 

D 

1.5 

2.5 

181 

64 

b E 



3.0 

5.0 

27 1 

5H 

71 
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Thousands  of  these  motors  are  in  use  at  these  frequencies,  for  such  purpose 
as  the  grinding  of  small  bearings,  especially  ball  races,  where,  in  order  t 
secure  a satisfactory  cutting  speed,  speeds  up  to  18,000  r.p.m.  have  been  uae< 
also  oil  separators  of  the  centrifugal  type,  for  which,  in  some  cases,  spee<i 
up  to  16,200  r.p.m.  have  been  used.  They  are  also  used  for  driving  woo 
shapers  and  wood  carving  machinery,  where,  in  order  to  get  a reasonabl 
cutting  speed,  high  rotative  speeds  are  necessary.  The  manufacturer  of  til 
special  apparatus  usuallv  mounts  the  motors  directly  on  the  shaft  or  spindj 
of  the  machine  to  be  driven  and  provides,  at  the  same  time,  the  outsit] 
casing  to  support  the  Btator. 

INDUCTION  OKNK&ATOR 

222.  Theory  of  operation.  If  a polyphase  induction  motor,  whil 
running  light,  and  still  connected  to  its  supply  circuit,  be  mechanical! 
driven  above  synchronism,  the  slip  will  be  negative,  the  secondary  col 
ductors  will  cut  the  revolving  flux  in  the  opposite  direction,  the  seconder 
e.m.f.  and  current  will  reverse  with  reepect  to  the  flux,  and  the  torque  re» 
tion  of  the  secondary  current  will  oppose  the  rotation.  This  means  mechai 
ical  power  absorbed  and  a reversal  of  the  direction  of  power  flow  across  tl 
air  gap,  generator  action.  A little  consideration  will  show  that  til 
torque  characteristic  above  synchronism  will  be  approximately  symmetric) 
with  that  below  synchronism,  referred  to  the  point  of  synchronism,  si 
FIs.  111.. 

Induction  generators  are  dependent  for  their  excitation  upon  laggio 
current  drawn  from  synchronous  generators,  or  leading  current  deliver* 
to  synchronous  motors  connected  to  the  network  into  which  the  inductic 
generators  deliver  their  output.  Therefore  the  induction  type  of  generatl 
requires  no  separate  exciter  for  the  purpose  of  supplying  continuous  currel 
to  its  field  windings,  and  is  consequently  much  simpler  in  its  electrical  col 
struction  than  the  synchronous  type. 

However  the  induction  generator  is  subject  to  the  very  definite  limitatio 
that  it  is  operative  only  when  connected  in  parallel  with  a synchronou 
generator,  or  in  parallel  with  a supply  network  to  which  there  is  at  least  m 
synchronous  generator  connected,  as  otherwise  it  would  be  out  off  from  it 
source  of  exciting  current. 

228.  Circle  diagram  of  Induction  generator.  The  characteristics  < 

the  induction  generator  can  be  most  easily  determined  from  the  circle  dil 
gram.  For  this  purpose  we  may  still  use  the  induction-motor  approximate 
equivalent  circuit  scheme  of  Fig.  103  with  the  understanding  that  * is  negath 
which  means  an  apparent  negative  reactance  szi,  and  an  apparent  negatii 
resistance  (n/s)(l  — s).  This  means  that  the  power  delivered  to  this  resil 
ance  is  negative,  and  simply  an  electrical  equivalent  of  the  source  of  ml 
chanical  driving  power.  Upon  this  basis,  it  is  evident  that  the  locus  of  tl 
extremity  of  I\  is  a circle  for  the  induction  generator  as  well  as  for  the  indui 
tion  motor,  as  there  is  no  abrupt  change  in  the  vector  diagram  when  f pass) 
through  *ero. 

224.  Interpretation  of  circle  diagram.  The  approximate  circle  diagra 
of  the  induction  generator  is  givenin  Fig.  110,  where  the  notation  oorresponi 
to  that  of  Fig.  104  for  the  induction  motor.  The  principal  characteristics  d 
rived  from  the  circle  diagram  areshown  in  Fig.  111.  Referring  to  Fig.  11 0|r 
represents  the  total  power  delivered  to  the  generator  (shaft-friction,  wiw 
age,  and  rotor-core  loss  excluded) ; FG  represents  the  rotor  copper  loss,  $ 
the  total  power  transmitted  across  the  air  gap  to  the  stator;  OH  the  stmt 
copper  loss;  JTR  the  stator-core  loss;  and  KB  the  output  EtI\  cos  Bg.  Tl 
slip  is  s m FQ/GB . 

228.  Power-factor  and  excitation.  Thus  the  induction  mschii 
driven  above  synchronism,  pumps  power  back  into  the  line,  the  amoul 
depending  upon  the  slip.  But  the  power-factor  of  the  outputis fixed,  n 
by  the  nature  of  the  load  but  by  the  slip  and  the  constants  of  the  mschii 
itself.  The  induction  machine  always  carries  a quadrature  current  wh 
operating  either  as  motor  or  as  generator.  It  may  Be  said  to  receive  a qua 
rature  lagging  current,  or  to  deliver  a quadrature  leading  current.  Tl) 

auadrature  current  is  the  excitation  of  the  machine,  a part  Im  for  the  mil 
ux,  and  the  remainder  (or  its  equivalent  in  quadrature  volt  amperes)  fl 


544 


Digitized  by  Google 


A*  C.  GENERATORS  AND  MOTORS  Sec.  7-225 


Pjq  m Generator  and  motor  characteristics  of  induction  machine. 
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the  leakage  fluxes.  This  exciting  current  is  absolutely  necessary  to  the 
operation  of  the  machine,  and  must  be  supplied  from  the  line  in  just  as  real 
a sense  in  the  case  of  generator  operation,  as  in  the  oase  of  motor  operation. 

226.  Condenser  excitation.  An  interesting  though  uncommercial 
method  of  supplying  this  excitation  is  by  means  of  condensers.  With  con- 
denser excitation  an  induction  generator  acts  very  much  like  a direct- 
current  shunt-wound  generator,  except  that  it  has  a separate  characteristic 
curve  for  each  power-factor. 

The  amount  of  capacitance  required  for  the  excitation  of  a large  induc- 
tion generator  is  somewhat  appalling.  B.g.,  even  a very  large  induction 
generator  with  the  best  constants  will  require  about  25  per  cent,  reactive 
current  at  full-load;  but  as  capacitance  costs  from  $10  to  $20  per  kv-a. 
(higher  for  lower  frequencies),  this  will  add  from  $2.50  to  $5  per  kv-a.  to 
to  the  cost  of  the  induction-generator,  which  renders  it  prohibitive. 

227.  Excitation  from  synchronous  machines.  The  usual  arrange- 
ment for  excitation  is  to  operate  induction  generators  in  parallel  with  one  or 
more  synchronous  machines,  motors  or  generators,  usually  the  latter.  The 
synchronous  machines  supply  not  only  their  own  excitation  butalso  that  for 
the  induction  generator,  as  well  as  tne  quadrature  or  reactive  current  de- 
manded by  the  receiving  apparatus  connected  to  the  system. 

228.  Low  excitation  required  by  induction  generator.  The  no- 
load  exciting  current  of  large  high-speed  induction  generators  may  be  as 
low  as  12  per  cent,  of  the  load  current.  The  fulMoad  lagging  reactive 
component  or  what  might  be  called  the  full-load  excitation,  is  sometimes  as 
low  as  25  per  cent.,  which  means  a power-factor  of  \fy/\  + (0.25)*™ 0.97. 

229.  Equivalent  exciter  capacity.  Although  the  excitation  of  the  induc- 
tion generator  is  small  in  ampere-turns,  it  is  large  in  kv-a.  since  its  power- 
factor  is  low.  If  this  excitation  is  supplied  by  a special  machine  used  for 
no  other  purpose,  its  kv-a.  capacity  must  be  at  least  25  per  cent,  of  that  of  the 
induction  generator,  whereas  the  capacity  of  the  direct-current  exciter  for  a 
synchronous  machine  is  rarely  more  than  2 per  oent..  and  in  large  machines 
about  1 per  cent.  If,  however,  there  be  enough  synchronous-machine  capa- 
city installed,  so  that  the  total  reactive  exciting  current  is  a small  part  of 
the  load  current  of  the  synchronous  machines,  their  resultant  capacity  need 
not  be  much  increased.  In  some  cases,  a part  of  the  excitation  of  induction 
machines  can  be  supplied  by  the  charging  current  of  large  underground  cable 
systems. 

220.  Voltage  regulation.  The  induction  generator  when  excited  from 
synchronous  machines  has  no  inherent  regulation  as  to  voltage,  since  in  this 
respect  it  is  quite  as  passive  as  an  induction  motor  and  depends  wholly  upon 
the  voltage  and  corresponding  excitation  supplied  to  it  by  the  system.  In 
other  words,  the  voltage  must  be  controlled  by  the  excitation  of  the  synchro- 
nous machines  connected  to  the  system. 

221.  Frequency  regulation.  If  the  frequency  is  kept  perfectly  constant 
by  the  synchronous  machine,  induction  generators  can  only  deliver  an  in- 
creased output  by  increasing  their  speed  and  slip,  see  Fi|j.  111.  If,  however, 
the  speed  of  an  induction  machine  is  kept  constant,  it  can  deliver  more 
load  only  by  a decrease  in  frequency,  by  a decrease  in  the  speed  of  the 
synchronous  machines  which  set  the  frequency. 

222.  Division  of  load.  If  the  induction  generator  be  driven  by  a 
governed  prime  mover,  its  speed  will  drop  slightly  with  the  load,  whieh 
means  that  the  frequency  and  therefore  the  speed  of  the  synchronous  roar 
chines  must  drop  still  more.  Another  method  of  dividing  the  load  is  to 
drive  the  induction  machine  with  an  ungoverned  prime  mover,  e.g.,  a steam 
engine  with  fixed  cut-off.  In  this  case  its  output  will  be  constant,  and  the 
speed-governed  synchronous  machine  or  machines  will  assume  the  load 
fluctuations,  and  the  frequency  regulation  will  be  the  same  as  that  of  the 
synchronous  machine.  Large  induction  generators  can  be  designed  with  a 
full-load  slip  of  a fraction  of  1 per  cent.,  consequently  the  necessary  varia- 
tion of  speed  is  very  small. 

222.  Induction  generators  and  low-pressure  steam  turbines.  A 

very  good  place  for  this  method  of  dividing  the  load,  is  where  low-pressure 
turbines  are  operated  by  the  exhaust  steam  from  other  parallel-connected 
•team  unite.  The  exhaust  turbines  can  be  operated  without  governoia 
thus  utilising  all  the  exhaust  steam,  and  yielding  the  highest  economy. 
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U4.  Effect  of  ingoltf  TtfUtion  of  prime  moTen.  Since  the  division 
of  load  in  the  case  of  parallel-connected  induction  generators  is  dependent 

rk  the  relative  speeds  rather  than  upon  the  relative  angular  positions  of 
rotors,  the  relative  angular  displacements  within  one  revolution  of  a 
reciprocating  steam  or  gas  engine  do  not  produce  objectionable  power  surges 
between  the  various  generators,  as  frequently  occurs  in  the  case  of  synchro- 
ny machines-  Even  gas  engines  are  quite  satisfactory  in  this  connection, 
tss.  Effect  of  e.m.f.  wave  shape  on  parallel  operation.  The  induo- 
tiofl  generator  is  largely  passive  as  to  wave  shape,  the  latter  being  im- 
prcstd  from  without,  and  in  the  presence  of  e.m.f.  harmonics,  behaves  like 
ut  inductive  reactance  which  tends  to  damp  the  harmonic  currents. 

m.  “Switching  in."  It  is  not  necessary  to  synchronize  when  throwing 
in induction  generator,  since  the  latter  has  no  e.m.f.  until  excited  from  the 
fine  and  when  so  excited  is  always  in  phase.  It  is  only  necessary  to  get  the 
induction  machine  up  to  speed  and  throw  it  in.  As  the  maohine  cannot  pick 
up  its  load  until  the  field  is  established,  the  first  rush  of  current  is  wholly 
etating  current  and  practically  independent  of  the  slip.  This  initial  current 
nah  is  quite  analogous  to  that  experienced  when  switching  in  transformers, 
nod  is  explained  on  the  Same  basis.  Since  with  large  units  this  exciting 
.current  rush  is  undesirably  large,  reactance  coils  are  inserted  while  switching 
in,  and  then  cut  out  as  soon  as  the  steady  state  is  reached. 

UT.  Hunting.  The  connection  between  the  speed  of  a synchronous 
machine  and  its  circuit  frequency  is  exactly  analogous  to  a mechanical 
elastic  coupling,  and  that  between  an  induction  machine  and  its  impressed 
frequency,  to  a friction  coupling  in  which  the  friction  grip  is  proportiona  1 to 
the  dip.  The  latter  tends  to  damp  out  any  oscillations  of  the  system,  while 
th  former  has  a natural  period  of  its  own  which  may  tend  to  amplify  some 
periodic  disturbances  of  the  system.  The  induction  machine  is  thus  de- 
cidedly superior  on  the  score  of  hunting. 

itt.  Bhort- circuits.  The  short-circuit  current  of  a synchronous  alter- 
nstor  consists  of  two  parts:  first,  the  transient  part  limited  only  by  the 
combined  equivalent  leakage  reactance  of  armature  and  field  circuits;  and 
wcood,  the  steady  part  determined  by  the  much  larger  synchronous  reactance 
of  the  armature.  The  former  is  the  serious  element,  from  three  to  five  times 
the  latter.  It  is  this  transient  effect  that  twists  the  armature  coil  ends  as  if 
they  were  made  of  rope.  With  the  induction  generator  the  case  is  quite 
different.  There  is  no  steady  portion,  since  the  source  of  excititig  cur- 
rent disappears  when  the  short-circuit  occurs,  just  exactly  as  in  the  case 
of  x direct-current  shunt-wound  generator.  The  transient  effect  is  present, 
but  in  only  small  degree  since,  with  the  same  flux  as  in  the  synchronous 
machine,  the  reluctance  of  the  magnetic  circuit  (and  hence  the  energy  of 
the  held!  is  only  a fractional  part  (sometimes  less  than  10  per  cent.)  ac 
treat 

tn.  Low  resistance  squirrel-cage  rotor.  Since  the  induction  gen- 
erator requires  no  starting  torque,  the  rotor  is  always  of  the  squirrel-cage 
type  and  of  as  low  resistance  as  is  consistent  with  the  cost  of  the  copper 
wd  the  available  space.  This  means  a very  low  secondary-copper  loss, 
ud  a alip  of  less  than  0.5  per  cent,  in  large  machines. 

U9.  First  cost  and  ventilation.  Owing  to  the  exceedingly  simple  rotor 
construction,  the  induction  generator  would  be  cheaper  to  build  than  a syn- 
chronous machine  of  the  same  capacity,  were  it  not  that  the  short  radial 
depth  of  the  air  gap  makes  ventilation  very  difficult,  and  the  more  so  in  those 
retin«  which  are  otherwise  the  best  suited  to  this  type  of  machine.  This 
together  with  the  tooth-frequency  losses  incident  to  the  short  air  gap 
askes  the  induction  generator  of  doubtful  superiority  except  in  special  cases 
The  switchboard  is,  however,  very  much  simpler,  and  the  switching  opera 
hoes  are  of  reduced  complexity. 

141.  Best  field  of  application  for  induction  generators.  The 

•Purifications  from  which  the  best  induction  machines  can  be  produced  ar«* 
®fh  speed,  large  output,  and  low  frequency,  which  means  steam-turbine  or 
bjgb-head  water-wheel  drive  in  large  power  stations.  Unfortunately  tbes<- 
ire  the  specifications  which  lead  to  great  difficulties  in  ventilation,  owing  to 
the  short  air-gap.  A large  city-railway  system  with  the  load  considerably 
made  up  of  synchronous  converters  with  underground-cable  distribution , 
satisfies  the  conditions  as  to  excitation. 
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THE  DESIGN  OF  INDUCTION  MACHINES 
( S4S.  Specifications.  For  an  induction  machine  the  principal  specifica- 
tions are  as  follows:  frequency;  number  of  phases;  speed;  terminal  voltage; 
rated  output;  nature  of  duty,  continuous  or  intermittent  service;  maximum 
allowable  temperature  rise;  insulation  tests;  stalling  torque;  starting 
torque;  starting  current;  and,  sometimes,  speed  regulation;  power-factor; 
and  efficiency.  See  also  Sec.  24. 

S44.  Symbols. 

A — tooth-tip  constant  for  tooth-tip  leakage  calculation 
a\  and  at  — primary  and  secondary  slot  contraction  factors 

(B  — crest  value  of  air-gap  flux  density  (lines  per  sq.  in.) 

(Sht  — maximum  flux  density  in  narrow  part  of  tooth  (lines  per  sq.  in.) 

C — constant  in  Kiersteaa’s  formula  for  leakage  factor 
C"  — copper  section  (sq.  in.)  per  in.  of  periphery 
D — air-gap  diameter  (in.) 
d. -slot  depth  (in.) 

E'i  —induced  voltage  per  phase 

«"  - volts  induoed  per  in.  of  active  primary  conductor 
/—frequency  (cycles  per  sec.) 

5«—  copper  loss  per  sq.  in.  of  gap  surface  (watts) 

K « Total  kw.  developed  - Pr\ i + 1,000 
Xi  — aia*  — combined  slot  contraction  factor 
Kt  - ratio  of  air-gap  amp-turns  to  total  amp-turns 
Kd  — duct  contraction  factor 
Kf-k/ip/,  Fig.  101 
k —ratio  pole  pitch  to  core  length 
kB  — belt  reactance  factor,  Fig.  102 

*6  — belt  differential  factor.  Par.  SI 
A:/  — length  of  coil  end  + pole  pitch 

&•  — h.p.  output  per  sg.  in.  of  projected  area  of  air-gap  cylinder 
kp  — pitch  differential  factor.  Fig.  22 
k,  — slot- reactance  constant 
— slot  space-factor 
l — gross  length  of  core 
N*mm  - conductors  per  pole  per  phase 
Art  — ampere-turns 

— No.  of  slots  per  pole  (average  of  primary  and  seoondarV) 

N»pp  - slots  per  pole  per  phase 
P*\  — Power  transmitted  across  air-gap 
p — No.  of  pairs  of  poles 
V — No.  of  phases 

q — total  quadrature  component  ( — 4m+9«) 
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go— net  iron  length  4- gross  core  length 
g«— ratio  of  exciting  current  to  torque  current 
g*  — ratio  of  coil  pitch  to  pole  pitch 
gr— reaistance  drop  + induced  volte 
— slot  opening  divided  by  tooth  pitch 
Qmr  — alot  width  4-  tooth  pitch 
g*- leakage  reactance  volte -i- induced  volte 
q*B  “ belt-leakage  reactance  volte  4*  induced  volte 

«*/- coil-end  reactance  volte  + induced  volte 
gs.  — slot  reactance  volte  4- induced  volte 
qm  — tooth-tip  leakage  reactance  volte  4-  induced  volte 
R — rev.  per  min. 

S — slot  factor 

• — slip 

t.w.e.  — total  works  cost  (dollars) 

F** — total  volume  primary  copper  (circular-mil  in.) 

• — peripheral  velocity  at  synchronism  (ft.  per  sec.) 

»•  — width  of  alot  (in.) 

A— torque-current  amp.  conductors  per  in.  of  periphery 
Ai  — primary  amp.  conductors  per  in.  of  periphery 
Am  — magnetizing  current  amp.  conductors  per  in.  of  periphery 
I — radial  depth  of  air-gap  (in.) 

( — output  coefficient,  h.p. 

(a  — output  coefficient,  kw. 

r-  leakage  factor  (sometimes  also  termed  the  circle  ratio  and  some- 
times the  dispersion  coefficient) 
r — pole  pitch  (in.) 
vt  — tooth-pitch  (in.) 

flux  per  amp.  in.  of  phase  belt  bundle  of  coil-ends,  Fig.  100 
Subscnpt  1 refers  to  primary, 
tabecript  2 refers  to  secondary. 

Mi.  The  output  equation.  The  volt-amperes  induced  per  sq.  in.  of 
Peripheral  surface  are,  Ae"  -&.5kikp9BAlO-»,  see  Par.  23. 
ud  the  total  kw.  developed  are 

K ~&.!>X‘rkbkpAtBDllO~11  (kw.)  (71) 

This  is  the  power  P*x  transmitted  across  the  air  gap  and  not  the  output, 
*hich  is  less  by  the  secondary  copper  loss  and  the  friction  and  windage  loss. 
Auuming  the  latter  to  be  about  1 per  cent,  and  remembering  that  gr,  = «, 
**  get  as  the  horse-power  output 


h.p. -3.55  (1-*)  JWr,A(BfZ>nO-‘o-**Dl 
3.55  (1— A(B»  10* *• 


(72) 

(73) 


>h ere 


l»  the  specific  output  in  horse-power  per  sq.  in.  of  projected  area  of  the 


rirgap  cylinder.  Assuming  a three-phase  motor  (k*- 0.95),  of  modern!*- 
‘apscity,  with  squirrel-cage  rotor  (a  — 0.03),  and  five-eixths  pitch  of  coils 
H»-0.9fl). 

k0  — 3.2A(Bvl0~ 10  (74) 

By  substituting  for  s in  equation  72,  its  value  (rDR/ 720),  we  get 


h.p.  - 1 .55  ( 1 - a) kkkp  A (B DHR 10 r i*  - iDHR 


(75) 


vhere  ( is  called  output  coefficient.  With  the  same  assumptions  as 
•bore. 


(-1.38A(B10-»* 

H huse-power  be  replaced  by  kilowatts  in  Eq.  75, 
(*-1.03A<B10-»* 


(70) 


(77) 


Sometimes  the  output  equation  is  more  convenient  in  the  form  of  Eq- 
•2,  and  sometimes  in  that  of  Eq.  75.  Referring  to  Eqs.  72  and  75,  and 
lining  R specified,  (B,  A.  ana  * determine  Dl,  and  b - (720r) /(vR) ; or 
® «d  A determine  DU,  and  k»—  r/l  — (*/))/ (2pl),  determines  the  latio  of 
" *ol.  As  the  coet  of  the  machine  increases  approximately  with  Dl  and  with 
A(B  should  be  as  large  as  possible. 

KspresentatiTe  values  of  output  coefficient.  (“  Design  of  Poly- 
phase Generators  and  Motors,**  Hobart.) 
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Pole 


Values  of  output  coefficient.  X.  when  output  is  expressed  in  horse- 
power, linear  dimensions  in  in.,  and  speed  in  rev.  per  min. 


* in. 

4 pole 

8 polo  | 12  pole 

16  pole  | 20  pole  j 24  pole 

5 

7 

10 

12 

16 

20 

2. 22X10-* 
13.36 

3.92 

4 34 

4.54 

2.5X  10_,I,2.65X  10“  * 
3 29  1 3 . 3 1 

3.9  13.94 

4.30  (4.38 

4.82  4.81 

5.05  

2. 63X10"* 
3.31 

3.94 

4.40 

4.86 

2.54X10-*l2  46X10-* 
3.31  3.31 

3 04  13  94 

4.43  4.43 

i 

Ij 

, 

3.0 


2.0  0.08 
d*i  GxsJ 
1.5  0.06 

1.0  0.04 

0.5  0.02 


247.  Considerations  affecting  choice  of  (B,  v,  and  A.  A few  of  th* 

most  important  are  given  below  in  Par’s.  248  to  256. 

248.  Tooth  density  limit  (Par.  247).  See  Par.  95.  The  upper  limit 
of  (B<r  is  lower  than  for  alternators  because  of  tooth-frequency  losses.  ®<r» 
85,000  to  105,000,  the  higher  values  for  nearly  closed  slots.  With  open  slots 
it  is  not  always  possible  to  utilise  the  tooth  section  to  its  limit,  because  of 
the  low  gap  density  (B,  Par.  249 

249.  Stalling  torque  and  power-factor  (Par.  247).  The  value  of 

A/(B  must  be  kept  below  the 
point  at  which  qT  exceeds  a 
value  which  is  safe  from  the 
standpoint  of  stalling  torque 
(Eq.  53  and  62a).  On  the 
other  hand,  a small  value  of 
A/(B  means  a large  exciting 
current  and  low  power-factor. 

(Eqs.  58  and  52.)  On  this 
account  (B  must  be  much 
smaller  than  for  alternators, 
except  in  the  case  of  large 
high-speed  motors  (large  r). 

The  ratio  A -j-(B  is  thus  an 
important  one. 

250.  Heating  (Par.  247). 

Same  as  for  Alternators  (Par. 

96)  except  that  the  inherent 
ventilation  is  less  good  be- 
cause of  the  short  air-gap. 

For  well-ventilated  open 
motors  a rough  preliminary 
guide  is 

/»«-0.4(H-0.012r)  (78) 

Although  the  slot  depth  in- 
creases as  A*  (h9  constant),  it 
would  be  possible  to  increase 
A,  d,  and  (B  considerably  be- 
yond present  limits  without 
change  of  A/(B  (Par.  249) 
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Fio.  112. — Slot  depth  and  slot  reactance  a! 
a function  of  the  peripheral  loading  for  a nor 
mal  5-h.p.,  60-cycle  open-(stator)-slot  motor 
he  « A + t»  assumed  constant. 

wereTt  not  for  the  slot  reactance.  Par.  191. 

291.  Slot  reactance  (Par.  24T).  It  can  be  easily  shown  (Eq.  62a  and  Par 
290)  that  the  per  cent,  slot  reactance  volts  (q* »)  is,  for  constant  he,  propor 
tional  to  A*,  see  Fig.  112.  This  places  the  upper  limit  on  d*.  A and  therefor* 
on  (B,  since  A/(B  is  critical.  Par.  249.  Approximate  values  of  A and  dt 
for  open  (stator)  slot  motors  are  shown  in  Fig.  113. 

292.  Limits  of  peripheral  velocity,  r has  two  principal  upper  limit 
(a)  the  cost  and  weight  of  copper  (Par.  993),  and  (b)  the  reactance  (Par.  294) 
but  in  this  case  it  is  the  coil-end  reactance  in  place  of  the  slot  reactance. 

299.  Copper  limitation  of  peripheral  velocity  (Par.  292).  Aa  in  th 
case  of  the  alternator  (Par.  109)  the  value  of  Jbi  for  minimum  copper  i 
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Burned  constantin  determining  the  above  value  of  kt,  will  flatten  the  mini- 
mum still  more  and  raise  the 
desirable  values  of  v and  k j. 

Fig.  115  shows  for  a series  of 
100-h.p.,  25-cycle,  three- 
phase,  squirrel-cage  motors 
at  various  speeds,  the  influ- 
ence which  ki  exerts  on  the 
cost,  and  Fig.  116  shows  the 
corresponding  values  of  the 
circle  ratio. 

It  is  instructive  also  to 
regard  the  cost  from  another 
standpoint.  The  cost  of  the 
copper  andlaminationsislfirst 
estimated,  and  is  designated 
as  the  cost  of  net  cffectivo 
material.  If  w e designate  the 
overall  diameter[ininches]by 
Do  and  the  gross  core  length 
[in  inches]  by  l,  we  may  take 
the  cost  of  the  labor,  the  over- 
head charges  and  the  struc- 
tural material,  in  dollars,  as  Fio.  115. — Total  w'orks  cost  of  100-h.p.  in- 
(D„V  11)  4-  0.20 DJ..  It  is  duction  motors  as  function  of  ratio  pole-pitch 
seen  from  this  formula  that  a to  gross  core  length.  Full-pitch  winding  a«- 
motor  with  an  overall  diam-  Burned, 
eter  of  80  in.  will  have  an  __ 

overhead  cost  approaching  (802/ll) = $580,  as  l approaches  aero.  If  l u 
equal  to  16  in.,  the  cost  to  be  debited  to  labor,  overhead  charges  and  struc- 
tural material  amounts  to  (580  + 0.20X80  X 16)  =$836.  The  total  works  cc*t 
is  $836  plus  the  outlay  for  the  net  effective  material.  While  such  methods 

require  adjustment  to  the  varying  con- 
ditions in  different  works,  it  is  nercr- 
theless  instructive  to  employ  them. 
The  above  investigation  is  based  on 
pre-war  data.  Costs  of  labor  and  ma- 
terial are  still  too  unsettled  to  justify 
establishing  equivalent  formulae  fo* 
future  use. 

From  the  relation  Jh  = 0.71/g*  f°> 
minimum  total  works  cost,  it  can  b« 
shown  that: 


Fia.  116. — Circle  ratio  of  induc- 
tion motors  as  a function  of  ratio  of 
pole  pitch  to  gross  core  length. 
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255.  Pole  pitch  (in.)  for  three-phase  squirrel-cage  motors 


Frequency  | 

Hated 
output 
h p. 

1 4 1 

poles  1 

1 6 
poles 

8 

| poles 

12 

! poles 

16  1 
poles 

24 

poles 

25 

Cycles  1 

10 

20 

40 

80 

150 

400 

7.5 

8.7 

10.2 

11.8 

13.8 

18.5 

6.3 

7.5 

8.7 

10.2 

11  8 
15.8 

6.5 
6.7 
7.9 

9.5 
10.6 
14.2 

5.5 
6.8 
8.3 

9.5 
12.2 

1 . 



i 

. 

10 

6.7 

5.5 

4.7 



20 

7 5 

6 3 

5 5 

4.7 

1 

60 

40 

8.7 

7.5 

6.7 

5.5 

5.1 

_ . J 

Cycles  1 

80 

9.7 

8.5  i 

7.9 

6.7 

6 . 3 

5 5 

150 

11.0 

9.4 

8.7 

7.9 

7.1 

6 3 

400 

14.0 

12.2 

10.8 

9.5 

8.5 

7.5 
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256.  Coil-end-leakage  limit  of  peripheral  velocity.  The  other  limit 
tot  is  the  coil-end  leakage,  which  is  proportional  to  v*  * (sec  Par.  196,  Eq.  62a, 
ud  rememberthat  kt  is  proportional  to  r>).  qx/  has  been  computed  for  the 
10-h.p.  motor  of  Fig.  114,  and  is  plotted  in  Fig.  1 17.  If  A were  taken  larger, 
both  the  total  copper  and  the  qxj  curves  of  Fig.  114  would  be  higher. 
A change  in  <B  woula  not  affect  either  appreciably.  By  using  a fractional- 
pitch  winding,  both  of  these  curves  would  be  lowered  somewhat,  but  there 
o a limit  to  this,  owing  to  the  necessity  for  more  active  conductors  to  generate 
the  same  e.m.f.,  or  larger  values  of  (B  and  qm.  A larger  value  for  R would 
lowerboth,  and  alargerh.p.  wouldlowerg*/;but  these  are  specifications.  The 
eurvwofFig.  1 17show  without  necessary  comment  why  v may  not  be  carried 
shove  a pretty  definite  upper  limit  for  any  given  specifications. 

M7.  Fractional-pitch  windings.  The  use  of  any  considerable  pitch 
reduction  or  chording  (beyond  the  five-sixths  used  for  the  curves  of  Figs. 

118  to  121)  means  an  in- 
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creased  exciting  current 
(qm)  and  a decreased  reac- 
tance (qM),  other  things  be- 
ing equal.  If  the  motor 
in  question  were  properly 
designed  for  full  pitch,  the 
pitch  reduction  should  be 
accompanied  by  a decrease 
of  (B,  an  increase  of  A 
and  of  v.  This  will  not  us- 
ually increase  either  the 
power-factor  or  the  specifio 
output  ( ko  or  {),  but  rather 
the  reverse.  It  will,  how- 
ever, increase  the  diameter 
and  decrease  the  length  of 
the  core,  thus  increasing  the 
natural  heat-dissipating 
power  of  the  machine.  It 
will  also  reduce  the  overall  length,  which  in  some  cases  means  a considerable 
wring  in  cost.  The  most  obvious  place  for  the  fractional-pitch  winding  is 
the  two-pole  motor,  where  a pitch  as  low'  as  0.5  is  sometimes  used. 

258.  Data.  Figs.  118  to  121  give  values  of  (B,  v and  Ai,  and  the  corre- 
(onding  values  of  q *,  Qm,  q,  ko,  {,  Ars,  and  power-factor,  for  three-phase 
[uirrel-ckge  motors  with  open-stator  slots  ana  nearly  closed-rotor  slots,  and 
coil  pitch  of  five-sixths  except  where  otherwise  designated.  The  curves 
nre  been  computed  on  the  following  basis;  Ai  is  approximated  largely  on 
be  basis  of  heating;  the  values  of  (B  are  a compromise  between  first  cost  and 
filing  torque  on  the  one  hand  and  power-factor  on  the  other,  w'ith  more 
teight  given  to  the  former;  k%  (upon  which  r depends)  is  a compromise  be- 

*ren  cost  and  ventilation.  From  these  assumed  values  the  other  quantities 


* peripheral  Velocity  — v (Ft.per  8ec.) 

Fig.  117. — Coil-end  leakage  as  function  of 
peripheral  velocity  and  of  peripheral  loading  for 

» 10-h.p.  motor. 


ire  been  computed.  Both  (B  and  ki  are  larger  than  are  frequently  met  with 
artiee,  and  doubtless  too  large  to  meet  some  specifications, 
closed  slots  had  been  used  on  the  stators,  larger  values  of  (B  could  have 
employed  to  advantage,  not  only  because  of  the  lower  reluctance  of 
,p  but  also  because  of  the  higher  allowable  tooth  density.  This  in- 
does not  ordinarily  result  in  an  increase  of  power-factor,  sometimes 


’•gap 


reverse  is  true;  but  it  does  mean  a smaller  machine  and  less  active 
material.  This  may  or  may  not  mean  a cheaper  machine,  according  as  the 
tea  cost  of  labor  in  winding  is  or  is  not  made  up  by  thesavingin  material, 
'general  it  would  be  cheaper  in  Europe  and  more  expensive  in  this  country. 
Two-pole  motors  are  rarely  met  with  and  the  data  for  this  type  is  given 
1 ihow  possibilities  and  the  value  of  low  coil  pitch  for  two  poles.  The 
_jftlrant&ge  is  chiefly  connected  with  the  poorer  natural  ventilation  of 
bloRg-core  machine  with  short  air-gap. 

2*9.  Caution.  Such  information  as  given  in  Figs.  118  to  121,  and  else- 
in  tables  or  curves,  should  bo  taken  only  as  a rough  guide,  and  as 
boating  the  relations  between  the  several  quantities  involved,  rather 
ftan  their  absolute  values.  These  latter  may  be  altered  over  a moderate 
tinge  to  suit  special  specifications,  nnd  will  vary  considerably  in  machines 
Resigned  by  different  engineers  to  meet  the  same  specifications.  Some  engi- 
leen  use  practically  the  same  value  of  (B  in  all  sixes  for  a given  frequency. 
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HoxsoPower 
Fig.  121. 

3-phase  squirrel-cage  induction  motors. 

Rotor  slots  nearly  closed. 

565  -^Digitize 


Flos.  120  AND  121. — 60-cycle 
Stator  slots  open. 
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THE  8ZHOLE-PHA8E  INDUCTION  MOTOR 

S60.  Theory  of  operation.  Assume  the  primary  current  to  produoe  m 
sinusoidally  distributed  (in  space)  and  sinusoidally  alternating  (with  time) 
m.m.f.  This  is  the  exaot  equivalent  of  two  equal  half-value  sinusoidally 
distributed  m.m.f  a.  which  revolve  or  glide  around  the  air  gap  at  syn- 
chronous speed  in  opposite  directions.  This  is  illustrated  m Fig.  122 
where  50  is  the  air-gap  circle,  developed  out  into  a straight  line,  I and  II  ar« 
the  two  oppositely  revolving  sinusoidally  distributed  m.m./a.,  and  A their 
resultant  (toe  alternating  sinusoidally  distributed  m.m.f.).  When  I and  U 
are  180  deg.  apart  (space  phase)  their  resultant  A will  be  aero,  and  then 
negative  while  I and  II  differ  in  space  phase  by  from  180  deg.  to  360  de^- 
Thus  I and  II  will  each  have  a magnitude  one-half  the  maximum  value  of  A. 
See  Lamme,  B.  G.,  “A  Physical  Conception  of  the  Operation  of  the  Single- 
phase  Induction  Motor,”  Tran*.  A.  I.  E.  E.,  Vol.  XXXVII  (1918),  Part  L. 
p.  627;  also  Hellmund,  R.  E.,  “No-load  Conditions  of  Single-phase  Induction 
Motors  and  Phase  Converters,”  Tran*.  A.  I.  E.  E.,  Vol.  XXXVII  (1918), 
Part  I,  p.  639. 

261.  Comparison  of  revolving  fields  with  those  of  three-phaM 
motors.  It  is  entirely  legitimate  to  determine  the^  effect  of  the  alter- 
nating m.m./.  upon  a short-circuited  secondary  ( e.g .,  a squirrel-cage  second- 
ary) by  superposing  the  effects  of  the  two  equivalent  revolving  m.m.  fs.  Them 
effects  may  be  found  by  the  ordinary  polyphase  induction  motor  analysis. 

Let  I be  the  forward  and  II  the  backward-revolving  m.m.f.  and  let  J\ 
and  Jt  be  the  two  equal,  m.m.f. -equivalent,  three-phase  currents.  Assume 
that  the  squirrel-cage  rotor  is  revolving  forward  at  a small  slip,  a,  with  respect 
to  I,  and  therefore  at  a very  large  slip, 

2-a,  with  respect  to  II.  The  fotei  ap- 
parent impedance  to  J\  is  relatively 
large,  aftd  that  to  Jt  relatively  small,  so 
that  the  e.m.f.  Eu,  absorbed  by  J i,  will 
be  large  as  compared  to  the  e.m.f.  Bit 
absorbed  by  Jt.  The  total  impressed 
e.m.f.  will  be  Ei,  the  vector  sum  of  Eu 
and  Eu.  E i is  assumed  constant. 

The  flux  of  the  forward-revolving  field 
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Fio.  122. — Sinusoidally  distrib- 
uted alternating  m.m.f.  resolved  into 
two  equal  sinusoidally  distributed 
oppositely  revolving  m.m.fs. 


Fio.  123. — The  torque  curves  of 
the  two  hypothetical  fields  of  the 
single-phase  motor,  and  their  result- 
ant. 


will  then  be  much  larger  than  that  of  the  backward-revolving  field,  within 
the  forward  working  range.  With  the  rotor  stationary,  2?n—  Eu,  the  fields! 
are  equal  and  produce  equal  and  opposite  torques. 

262.  Speed-torque  characteristics.  The  torque  curves  of  the  two 
fields  are  shown  approximately  in  Fig.  123,  as  Tx  and  Tt  with  their  sum 
T — Ti-f  Tt.  These  are  not  normal  polyphase  speed-torque  curves,  since  the] 
impressed  voltages  Eu  and  Eu  are  not  constant,  each  decreasing  as  its  owl 
slip  increases. 

262.  Starting  torque  aero.  The  single-phase  induction  motor  thus  haf 
no  starting  torque,  but  will  run  in  either  direction  when  once  started 
Near  synchronism  it  behaves  very  much  like  a polyphase  motor.  The  com 
bination  of  the  large  forward  field  with  the  small  backward  field  yields  ai 
elliptical  revolving  field,  the  major  axis  of  which  is  the  sum  of  the  two  field 
ana  the  minor  axis  of  which  is  their  difference.  This  elliptical  field  becomes  &i 
alternating  or  straight-line  field  at  sero  rotor  speed,  and  a circular  revolvin| 
field  at  synchronism. 
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21  approri mately  half  of  it  being  the  reflection  in  the  primary  of  the 
lo-load  <econ«Siry  current  which  supplies  an  m m./,  in  space  and  ti  q 
Mve  2ththe  primary  m.m.f.  and  thus  produces  a revolving  held. 

266  Output  and  rating  relative  to  polyphase  machine.  The  safe 
ri£phase  rating  of  a three-phase  motor  at  rated 

S if  the  three-phase  rating  at  the  same  voltage,  but  a better  balance  oi 
is  obtained  £t  a slightly  increased  line  voltage,  when  the  safe  output 

sL’cxsssgiSSr 

eiriting  current,  and  is  present  in  lesser  degree  at  higher  slips.  The  secondary 
mm«>r  Irxw  i«  also  not  *ero  at  synchronism  and  is  no  longer  proportional  to 
BSp.  It  is  obviously  larger  at  all  loads  than  when  inning 
168  Methods  of  starting.  The  most  common  me thod  of  starting 
■ingle-phase  induction  motors  is  known  as  the  sph^phase  method.  The 
motor  is  supplied  with  an  auxiliary  winding  in  space  quadrature  with  the 
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Fia.  125. — Dimensions  and 
data  of  a one-eighth  horse- 
power single-phase  motor. 


Fig.  124. — Characteristic  curves  of  a 
three-phase  induction  motor  operated  (1) 

From  a three-phase  circuit  and  (2)  from 
angle-phase  circuit. 

Duin  windings  (sometimes  this  consists  of  the  third  phaee  of  a thrw-phaso  \ 
winding).  The  supply  current  is  divided  before  it  re^c/[e8  V?  through  a 
part  going  through  a reactance  to  the  main  winding,  and  the  other  through  a 

SKsaf^ffiKSS  fc:  JaariV  .» 

^•^DesTgn^of  single- phase  induction  motor.  From  the  above  it 
JUd moWrTr  ICfon^d  ^haU  tnnc’sule' ieeired  .ingle- 
phase  output.  657 
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270.  Winding  data  for  0.125-h.p.,  60-cycle,  4-pole*  1 10-rolt,  self- 
storting,  einfie-phaae  induction  motor.  See  Fisa.  125  and  120.  Thi 
main  or  working  winding  is  wound  with  No.  20  wire  and  has  1,004  activi 
conductors.  The  starting  winding  is  wound  with  No.  25  wire  and  has  57( 
active  conductors.  For  each  winding  the  active  conductors  are  connected 
in  series.  Numbering  the  slots  for  1 pole  from  1 to  0,  the  following  tabU 
shows  the  distribution  of  the  two  windings. 


Fiq.  126. — Characteristic  curves  of  a one-eighth  horse  power  single-phaie 

motor. 
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8PEXD  CONTROL  OF  INDUCTION  MOTORS 

271.  Primary  control.  The  speed  of  an  induction  motor  may  be  e 

over  a small  range  by  variation  of  the  voltage  applied  to  the  motor,  the  torque 
being  proportional  to  the  square  of  the  voltage  for  any  given  slip.  With  » 
constant  voltage  supply,  the  voltage  on  the  motor  primary  may  be  chanf« 
by  using  either  senes  resistance  or  a compensator.  Advantages  of  the 
primary  system  of  control  are  the  possibility  of  using  the  squirrel-cage  rotor, 
and  the  simplicity  of  the  resistance  controller.  A sauirrel-cage  rotor  designed 
for  this  service  is  expensive,  as  its  resistance  must  be  high  in  order  to  obt*» 
a reasonable  speed  variation.  This  results  in  large  rotor  losses,  and  therefor* 
a 1 arge  motor,  so  that  the  temperature  may  be  maintained  at  reason*  bk 
values.  Compensator  control  is  complicated  and  expensive.  Compensator 
coils  cannot  be  short-circuited  as  can  resistance,  but  must  be  out  out.*w 
therefore  a more  complicated  controller  is  necessary.  Compensator  control 
has  a higher  efficiency  than  resistance  control,  and  takes  less  current;  bat  d 
has  a poorer  power-factor.  . > .csusJ 

272.  Secondary  epeed  control  of  induction  motors.  Speed  vaiUW 
can  be  obtained  in  an  induction  motor  by  using  a wound  rotor  with  slip>ring 
and  connecting  variable  resistances  between  these  slip-rings.  By  property 
proportioning  this  rotor  resistance,  the  starting  current  or  the 
torque  may  be  adjusted  to  any  required  value,  and  by  properly  deiifDinB 
the  resistance  steps,  any  speed-torque  curve  may  be  approximated.  Fir  wjj 
gives  four  speed-torque  curves  where  this  type  of  control  is  used. 

1 is  obtained  with  the  slip-rings  short-circuited  and  curves  2,  3,  and  4 »*■ 
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obtained  with  increasing  resistance  steps.  In  Fig.  128  the  current-toroue 
arre  for  the  above  speed-torque  curves,  is  shown,  the  torque  per  amp  beimr 
iadspendent  of  the  speed  for  this  type  of  control.  Since  with  this  method 
9eed  variation  is  obtained  by  wasting  energy  in  rheostats,  it  is  not  suited  to 
Mtinuous  running  at  speeds  much  below  synchronous  speed. 

*73.  Disadvantages  of  secondary-resistance  control.  For  any  one 
nlue  of  the  resistance  the  speed  changes  greatly  with  variations  of  the  load 
lad  rises  to  practically  its  synchronous  value  at  no-load,  whatever  be  the 
RBstance.  The  ’ ' t ^ J " 


ie  higher  the  resistance,  the  more  the  speed  will  vary  for  a 

change  in  load.  An  amount  of  power  proportional  to  the  speed 

reduction  is  lost  in  the  resistance,  that  is,  if  the  speed  is  decreased  to  30  per 
below  normal,  30  per  cent,  of  the  energy  taken  from  the  line  is  lost. 
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in  cost  of  motor,  over  that  of  a constant- 
speed  induction  motor.  This  method  is 
exactly  equivalent  to  the  armature-serics- 
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Fio.  128. — Torque-current  curve 
for  induction  motor  with  secondary 
speed  control. 


% fall  Load  Torque 

Fig.  127. — Torque  speed  curves  of 
an  induction  motor  with  speed  con- 
trolled by  varying  the  resistances  in 
•erica  with  the  secondary  circuits. 

psistance  control  of  the  speed  of  a direct-current  shunt  motor  under  con- 
it  voltage.  It  is  used  for  cranes,  elevators,  rolling  mills  and  mine  hoists. 

*75.  Frequency  changing  as  a means  of  securing  various  speeds. 
w here  are  various  ways  of  applying  this  principle  and  all  arc  characterised 
by  high  first  cost.  E.g.,  use  several  alternators  of  different  frequencies,  an 
pjection  being  the  trouble  in  throwing  over  from  one  to  tho  other;  or  use 
•tamator  driven  at  variable  speed,  when  each  motor  must  have  its  own 
ifternator. 

276.  Speed  change  by  variation  of  number  of  poles  (multispeed 

notorsy.  It  is  obviously  possible  by  regrouping  the  coils  on  the  stator  of 

induction  motor  so  as  to  alter  the  number  of  poles,  to  also  alter  the 
ijiichroDous  speed  of  the  motor.  With  pole-changing  a squirrel-cage  rotor 
• generally  used,  as  with  a wound  rotor  the  rotor  conductors  must  also  be 
'^grouped.  But  in  certain  services  such  as  in  rolling  mills,  secondary  resist- 
pee  control  demands  a wound  rotor.  With  an  ordinary  two-layer  drum 
rinding  the  pitch  of  the  coils  changes  as  the  number  of  poles  is  changed; 
'far  instance  a two-thirds  pitch  for  four  poles  means  a one  and  one-third  pitch 
b poles.  On  this  account  it  is  in  practice,  unsatisfactory  to  carry  the 
fMge  of  speed  variation  by  pole  changing  beyond  the  2 to  1 ratio.  The 

to  one 
of  cer- 

„ ^ , - w „ ^ constants 

•tone  or  both  of  the  speeds,  and  the  controller  is  usually  expensive.  Instead 
coils,  the  stator  mav  be  provided  with  separate  windings 
of  different  pole  numbers.  This  method  is  also  expensive. 

277.  Direct-concatenation  and  differential  concatenation  control.  * 
« tie  secondary  of  a wound  rotor  is  connected  to  the  primary  of  another  in- 

* Danielson,  Ernst.  “A  Novel  Combination  of  Polyphase  Motors  for 

Traction  Purposes,”  Tran*.  A.  I.  E.  E.,  Vol.  XIX,  page  527. 
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duction  motor  with  a short-circuited  secondary,  and  the  shafts  of  the  two 
motors  coupled  together,  the  two  motors  will  run  at  a speed  the  same  as  that 
of  a motor  having  as  many  poles  as  the  two  motors  together.  This  holds  if 
the  two  rotors  tend  to  revolve  in  the  same  direction,  which  is  called  con- 
necting the  motors  in  direot  concatenation,  or  direct  oascade.  If  the  motors 
are  so  connected  that  the  rotors  tend  to  revolve  in  opposite  directions,  tho 
speed  of  the  set  will  be  that  of  a motor  having  a number  of  poles  equal  to 
the  difference  of  the  numbers  of  poles  of  the  two  motors.  This  connection 
is  called  differential  concatenation  or  differential  cascade. 

178.  Possible  speed  adjustments  with  concatenation  control. 
Thus  it  is  evident  that  by  connecting  two  motors  of  different  numbers  of 
poles  in  either  direct  or  differential  concatenation,  and  by  using  either  motor 
separately,  four  different  speeds  can  be  obtained.  If  the  second  machine 
has  a wound  rotor,  a resistance  can  be  used  to  obtain  speeds  between  the 
different  concatenated  speeds.  By  providing  each  motor  with  pole-changing 
windings,  it  is  obvious  that  the  number  of  speeds  may  be  great.  It  is  rare, 
however,  that  this  combination  is  desirable. 

178.  Ths  chief  objection  to  oasoade  control  is  the  poor  utilisation 
of  material,  and  the  poor  operating  characteristics.  One  reason  for  this  is 
that  the  exciting  volt-amperes  of  the  second  motor  must  be  supplied  by  the 
secondary  of  the  first  motor,  and  are  reflected  in  its  primary.  Thus  the  ex- 
citing volt-amperes  of  the  set  is  the  sum  of  those  of  the  individual  motors. 
Another  cause  is  that  the  two  motors  are  substantially  in  series  and  their  re- 
actances add  together  to  furnish  the  reactance  of  the  set.  Thus  in  the  case 
of  two  equal  motors,  their  combined  output  at  breakdown  will  be  only  half 
that  of  one  of  them  alone.  In  fact  it  will  be  less  than  half,  owing  to  the 
double  exciting  current  in  the  first  motor.  Both  causes  work  to  produce 
an  unusually  low  power-factor.  Finally  the  losses  are  those  of  two  motors 
(although  some  of  the  losses  are  less  than  when  the  motors  are  running  alone 
at  full-load)  with  a combined  output  about  one-half  that  of  a single  motor. 
The  efficiency  is  thus  very  low. 

880.  Actual  operating  data  of  cascade  control.  These  points  are 
illustrated  by  the  curves  of  Figs.  129  and  130  taken  from  actual  teste:  the 


Fig.  129. — Characteristic  curves 
for  a 5-h.p.  polyphase  motor  oper- 
ated direct  from  the  supply. 


Fig.  130. — Characteristic  curves 
of  two  motors  of  the  porpertief 
shown  in  Fig.  129,  when  operated  i 
cascade. 


former  for  a single  5-h.p.  motor,  and  Fig.  130  for  two  such  motors  in  con 
catenation.  In  this  particular  case  it  is  not  safe  to  rate  the  set  above  2.5  h.i 
because  of  the  early  breakdown;  but  with  lower  reactance  motors,  the  ina 
vidual  breakdown  might  easily  be  13  b.p.  and  the  concatenated  breakdo* 

6 h.p.  This  would  allow  a safe  torque-rating  of  3.5  h.p.,  which  would 
be  about  the  safe  rating,  on  the  basis  of  maximum  safe  temperature 
Whereas  the  two-speed  (by  pole  changing)  motor  has  a naif-speed 
of  more  than  half  of  its  full-speed  rating,  the  concatenated  rating  c. 
equal  motors  is  at  most  only  about  one-third  of  the  combined  fulln 
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motor  wound  for  & 12-pole  cascade  speed.  The  stator  is  provided  with  t 
ordinary  8-pole  winding,  divided  into  sections  which  are  connected  in  p&rall 
The  rotor  is  wound  in  such  a wav  that  either  an  8-pole  or  both  an  8-pole  a: 
a 4-pole  wrinding  can  be  obtained  by  either  short-circuiting  or  open  circuit! 
the  rotor  slip-rings,  producing  either  an  8-pole  or  a 12-pole  speed  of  the  mot* 
The  starting  rheostat  is  connected  across  the  rotor  slip-rings.  The  Hu 
motor  gives  constant  torque  at  the  different  speeds,  the  output  being  thei 
fore  proportional  to  the  speed. 

ALTERNATING-CURRENT  COMMUTATOR  MOTORS 

286.  Classification.  Alternating-current  commutator  motors  may 
grouped  into  two  classes,  as  follows: 

(a)  Those  motors  in  which  the  resultant  num.f.  providing  the  flux,  increas 
with  the  load.  When  operated  from  a source  of  constant  pressure,  the  ape 
of  such  motors  decreases  with  increasing  load.  They  are  termed  series  mote 
from  the  similarity  of  their  characteristics  to  those  of  series-wound  dire< 
current  motors,  (b)  those  motors  in  which  the  resultant  num.f.  providii 
the  flux,  is  substantially  constant  irrespective  of  the  load.  For  opera ti* 
from  a source  of  constant  pressure,  the  speed  of  such  motors  is  approximate 
constant.  The  speed  may,  however,  be  increased  or  decreased  (indepen 
ently  of  the  load)  by  increasing  or  decreasing  the  pressure  at  the  terming 
of  the  motor,  or  by  the  provision  of  suitably  disposed  and  connected  auxiliai 
coils.  Such  motors  are  termed  shunt  motors. 

Alternating-current  commutator  motors  are  either  single  phase  or  pol 
phase 

287.  Single-phase  straight  series.  An  ordinary  direct-current  seri 
motor  if  constructed  with  a well-laminated  field  circuit,  will  operate  (i 
though  unsatisfactorily)  if  connected  to  a suitable  source  of  aingle-pba 
alternating  electricity.  Since  the  armature  is  in  series  wdth  the  field,  tl 
periodic  reversals  of  current  in  the  armature  will  correspond  with  simultsn 
ous  reversals  in  the  direction  of  the  flux,  and  consequently  the  torque  w 
always  be  in  the  same  direc- 
tion. But  the  inductance  of 
the  motor  will  be  so  great  that 
the  current  will  lag  greatly 
behind  the  voltage,  and  the 


Fio.  131. — Circuit  of  series  Fia.  132. — Diagram  showing  location  ' 

motor.  high-resistance  leads  between  the  winding  i 

the  commutator  segments. 

motor  will  have  a hopelessly  poor  power-factor.  Such  a motor  is  shown  < 
grammatically  in  Fig.  131,  m which  F represents  the  field  and  A the  armat 
- W hen  the  motor  is  first  thrown  on  the  circuit  and  before  the  armature 
moved  from  rest,  the  field  constitutes  the  primary  of  a transformer  and  si 
flux  through  the  armature  core.  Those  armature  turns  which  at  that  insl 
are  short-circuited  under  the  brushes,  act  as  short-circuited  secondary  < 
and  are  traversed  by  heavy  currents  w hich  serve  no  useful  purpose  wh« 
ever  and  occasion  serious  heating.  As  soon,  however,  as  the  armature  si 
to  revolve,  these  short-circuited  turns  are  opened  as  they  pass  out  from  u 1 
the  brushes  and  they  are  replaced  by  other  turns  which  are  momenta 
short-circuited  and  then  opened.  These  interruptions  of  heavy  cum 
are  accompanied  by  serious  sparking  since  the  heating  is  concentrated  at 
few  segments  on  which  the  brushes  rest.  As  soon,  however,  as  a cerl 
speed  is  acquired,  the  heating  is  distributed  over  all  the  segments  and 
conditions  become  ameliorated.  This  source  of  sparking  is,  then,  most  seri 
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stths  moment  of  starting.  One  way  in  which  it  has  often  been  sought  to 
i£Mresse  this  difficulty,  has  been  by  the  employment  of  leads  of  hifh  resist- 
» connecting  the  winding  to  the  commutator  segments  as  indicated  in 
{jpg  132.  The  extra-heavy  lines  in  this  diagram  indicate  the  coils  which,  at 
[Jpi  particular  instant  considered,  are  short-circuited  under  the  brushes.  This 
Jttetice  of  introducing  resistance  leads  between  the  winding  and  the  com- 
Senator  segments  has  often  been  carried  so  far  that  notwithstanding  the 
Inf  time  during  which  each  lead  is  in  circuit,  the  loss  in  the  leads  has  oeen 
efficient  to  decrease  seriously  the  efficiency,  and  to  constitute  a considerable 
component  in  the  total  heating  of  the  motor.  Obviously,  however,  the 
actood  affords  a means  of  limiting  the  short-circuit  currents  occasioned  by 
transformer  action,  and  consequently  improves  the  commutation  during 
Parting. 

kThe  alternating  current  in  the  intermediate  conductors  (shown  in  lighter 
es  in  Fig.  132)  is  always  in  such  directions  relatively  to  the  alternating 
flux  set  up  by  the  field  winding,  as  to  occasion  in  the  conductors  a 
a constant  direction.  The  motor  consequently  has  the  necessary 
nd  it  becomes  of  interest  to  investigate  means  for  overcoming  its 
w can  the  power-factor  of  the  motor  be  improved;  how  can  we 
inductance?  We  can  reduce  the  inductance  of  the  field  winding 
r ing  few  turns.  This  requires  designing  the  magnetic  circuit  for  low 
densities  (which,  in  turn,  tends  to  make  the  motor  large  and  heavy), 
" air  gaps. 


A 


133. — Loop  of  wire  with 
ble  inductance. 


^oariderabl 


Fio.  134. — Doubled-back  loop 
with  negligible  inductance. 


Sliase  compensated  series  motor.  At  the  conclusion  of 
discussed  a way  of  decreasing  the  inductance  of  the  field 
Let  us  consider  now  how  we  may  reduce  the  inductance  of  the 
minding.  A loop  of  wire,  for  instance  that  shown  in  Fig.  133,  has 
‘ * » inductance.  A douMed- 
r usK  as  that  shown  in  Fig. 

_ but  little  inductance.  The 
i returning  in  the  doubled-back  rwu 

Winding 


— AWWW 


vW  lading 


dts  of  seriee-com- 

IThe  inner  circle 

pike  rotor  winding  and  the 
represents  the  compensat- 
, which,  is  on  the  stator.] 


Fio.  136. — Usual  diagrammatic 
representation  of  a series-compen- 
saied  motor. 


i the  effect  of  the  outgoing  current  in  the  first  loop.  Such  a 

> practically  non-inductive. 

t crudely  imitate  this  in  a motor.  If  the  current  after  flowing 
life#  turn*  of  the  armature  winding  is  compelled  to  flow  in  the  re- 
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verse  direction  through  a winding  of  just  the  same  number  of 
in  as  close  proximity  as  possible  to  the  armature  winding,  then  the  mag- 
ne“motWe  force  of  the  second  (or  compensating  winding)  balance  the  mag- 
netomotive TotZ  of  the  armature  winding  that  is  to  ^y.  it  ^ders  it  non- 
inductive  Unfortunately  in  applying  this  principle  to  our 
motor  we  are  constrained  to  locate  the  compensating  winding  on  the  stator, 
""  on  rheTde  of  the  air  gap  remote  from  the  armature  wmdmg.  Conae- 


Fig.  13  7. — "Equivalent” 
armature  winding. 


Fig.  138. — Diagram  of  a series-compen 
sated  motor  indicating  that  the  compensat 
ing  winding  lies  in  the  same  axis  as  th 
"equivalent”  armature  winding,  and  op 
poses  it 


are  maue  commercially  enecwve.  iu  muci  w 

compensating  winding  should  be  distributed  around  the  stator  surf  ace  am 
larly  or  equivalently  to  the  manner  in  which  the  armature  winding  is  aistm 
uted  around  the  rotor  surface.  It  does  not  suffice  to  have  the  same 
m. m.f.  in  each,  but  it  is  important  that,  cU  each  part  of  the  periphery,  to 
neutralisation  shall  be  as  complete  as  practicable.  The  arrangement  maj 
be  indicated  as  shown  in  Fig.  135,  in 
which  the  outer  circle  represents  the 
compensating  winding.  For  diagram- 
matic purposes,  however,  it  is  more 
usual  to  replace  the  outer  circle  by  a 
coil  whose  axis  is  in  the  direction  of  the 
m.m.f.  set  up  in  the  compensating 
winding  when  the  current  flows  through 
it.  Whereas  the  main  field  coil  is  in 
space-quadrature  with  the  m.m.f.  of 
tne  armature  winding,  the  m.m.f . of 
the  compensating  winding  is  in  the 
same  space  phase  as  the  armature 
m.m.f.,  but  in  the  opposite  direction. 

In  Fig.  136  the  compensating  winding 
is  represented  diagrammatically  by  a 
coil  with  its  axis  coinciding  with  the 
brush  axis.  That  this  is  the  required 
. location  may  be  more  clear  if  atten- 
tion is  drawn  to  the  fact  that  the  ar- 
mature winding,  considered  by  itself, 
constitutes  a source  of  m.m.f.  whose 
direction  is  in  a line  through  the  Fio.  139 
brushes.  Whatever  the  actual,  form 

adopted  for  the  armature  winding,  it  , 

is  at  any  instant  equivalent  to  the  winding  shown  in  Fig.  137  as  far  as  I 
lates  to  its  m.m.f.  Assembling  around  the  armature,  the  field  coil  ana  V 
compensating  coil  in  their  appropriate  angular  positions,  as  in  Fig.  138, 1 
obtain  an  instructive  diagrammatic  representation  of  a smglerphase  co^ 
pensated  series  motor. 

189.  Inductive  and  conductive  compensation..  Compensation  mi 
be  " conductive,”  as  shown  in  Figs.  135, 136,  and  138,  or  it  may  be  " inducts 
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■Inductively  compensat  j 
series  motor. 
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M town  in  Fig.  139.  With  the  latter  arrangement  the  compensating  our* 
MU  are  induced  in  the  short-circuited  compensating  coil  just  as  current  is 
Uuoed  in  the  short-circuited  secondary  of  a transformer.  And  similarly 
(•the  case  of  the  transformer,  the  secondary  current  automatically  rises 
jmch  a value  as  to  occasion  a m.m.f.  approximately  equal  and  opposite  to 
pyimaiy  m.m.f.  But  4‘ conductive”  compensation  is  preferable,  for  it 
'pto  of  control  and  adjustment  of  the  compensating  m.m.f.  Under  some 
Quittances  it  is  desirable  to  be  able  to  ovcrcompensate,  i.e.,  to  set  up  in  the 
aupenuting  coil  a m.m.f.  which  shall  slightly  exceed  the  armature  m.m.f. 

, m This  is  readily  effected  with 

“conductive”  compensation, 
but  not  with  “inductive’* 
compensation. 

290.  Speed  control. 

Fairly  good  single-phase  mo- 
tors have  been  constructed 
on  the  principles  which  have 
been  set  forth  in  Par.  288 
and  289.  Such  motors  have 
series  characteristics,  their 
speed  decreasing  as  their 
load  increases.  This  must 
obviously  be  the  case,  for 
the  field  excitation  is  occa- 
__by  the  flow  of  the  armature  current  through  the  field  winding.  Thus 
'fax  increases  with  the  load  and  the  armature  will  decrease  in  speed  sinoe 
i wranter  e.m.f.  must,  as  in  a direct-current  motor,  be  slightly  less  than  the 
d voltage.  But,  while  for  a given  terminal  voltage,  the  speed  de- 
. with  increasing  load;  nevertheless  we  can  readily  arrange  that  such  a 
•hall,  for  any  load,  be  operated  at  any  desired  speed  over  quite  a wide 
This  is  done  by  supplying  the  motor  from  taps  out  of  a transformer 
the  main  circuit.  The  arrangement  is  shown  diagrammatically  in 
By  varying  the  position  at  which  the  adjustable  terminal  of  the 
is  tapped  into  the  secondary  of  the  transformer,  we  can  vary  the  vol- 
1 on  the  motor  and  thus  readily  control  and  adjust  its  speed.  An 
.urrent  series  motor  has  in  this  respect  an  important  advantage 
a direct-current  series  motor,  since  in  the  latter  the  speed  control  can 


M40. — Series-compensated  motor  supplied 
from  a variable-ratio  transformer. 


1. — The  Atkinson  repulsion 
motor. 


Fia.  142- 


-The  Thomson  repulsion 
motor. 


simply  only  by  varying  the  amount  of  resistance  in  series  with  the 
and  consequently  with  a serious  loss  in  efficiency. 

Single-phase  repulsion  motor.  It  is  only  a step  from  the  in- 
* compensated  motor  illustrated  in  Fig.  139  to  a motor  in  which 
induced  in  the  armature  circuits  by  means  of  the  m.m.f.  set  up  in  the 
ting  winding  when  current  is  sent  through  it.  The  motor  at  which 
aoive  is  shown  diagrammatically  in  Fig.  141.  Instead  of  short- 
tbe  compensating  winding,  we  short-circuit  the  armature  winding. 
1b  we  simply  exchange  the  relations  of  compensating  winding 
winding  which  were  shown  in  Fig.  139. 
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191.  Evolution  of  the  repulsion  motor.  The  connection  shown  in  Fig. 
141  is  known  as  the  Atkinson  repulsion  motor.  It  was  suggested  by 
Atkinson  many  years  after  the  invention  by  Prof.  Elihu  Thomson  of  the 
simple  repulsion  motor.  In  the  original  Thomson  repulsion  motor  the 
field  coil  and  the  compensating  coil  shown  in  Fig.  141  find  their  equivalent  in 
a single  coil  which  may  be  looked  upon  as  supplying  a m.m.f.  of  which  the 
field  m.m.f.  and  the  compensating  m.m.f.  in  Fig.  141  are  the  components. 
The  Thomson  repulsion  motor  is  shown  in  Fig.  142.  The  stator  cou  has,  in 
this  figure,  been  drawn  inaposition  intermediate  between  the  positions  of  the 
compensating  coil  and  the  field  coil  in  Fig.  141  in  order  to  emphasise  the  ides 
that  these  two  component  coils  have  been  replaced  in  magnitude  and  direction 
by  their  resultant.  As  must  be  evident  from  the  nature  of  its  evolution,  the 
Thomson  repulsion  motor  also  has  the  characteristic  of  a series  motor  in  that 
its  speed  decreases  with  increasing  load. 

292.  Single-phase  compensated  repulsion  motor.  Many  pioneers 
in  the  design  of  direct-current  motors  have  long  ago  sought  to  bring  the  field 
ooil  close  down  around  the  armature  in  order  to  obtain  the  full  effect  of  the 
field  num.f.  right  at  the  armature  where  it  is  desired.  Eickemeyer*s  name  ia 
closely  associated  with  designs  of  this  sort.  What  could  more  closely  approxi- 
mate to  the  desired  result  than  to  employ  the  armature  winding  itself  as  the 
locus  for  the  excitation?  Several  inventors  conceived  this  idea  practically 
simultaneously.  They  accomplished  their  purpose  by  applying  to  the 


Fig.  143. — Compensated  repulsion 
motor.  [Latour-Winter-Eichberg.] 


VwWiteW 


transformer. 


commutator  a second  set  of  brushes  situated  in  quadrature  with  the  mail 
brushes,  and  sending  the  exciting  current  through  the  armature  winding  b; 
means  of  these  additional  brushes  as  shown  in  Fig.  143,  which  should  b 
contrasted  with  the  Atkinson  repulsion  motor  of  Fig.  141.  It  will  be  seel 
that  the  field  coil  has  been  eliminated  from  the  stator  circuit,  and  that  it; 
function  has  been  assumed  by  the  armature  winding  through  which  thi 
current  is  carried  by  means  of  the  two  auxiliary  brushes.  The  arrange  men 
shown  in  Fig.  143  is  termed  a compensated  repulsion  motor.  This  moto 
also  has  a series  characteristic. 

It  would  seldom  or  never  be  convenient  to  wind  the  armature  of  Fig.  14 
with  the  particular  number  of  turns  which  is  suitable  for  the  field  excitation 
Consequently  it  becomes  necessary  to  supply  the  excitation  from  the  second 
ary  of  a transformer  whose  primary  is  in  series  with  the  compensating  wini| 
ing.  This  arrangement,  which  is  shown  in  Fig.  144,  has  the  further  usefj 
feature  of  permitting  speed  control  by  varying  the  point  at  which  the  fiel 
excitation  circuit  is  tapped  off  from  the  secondary  of  the  transformer.  Tt| 
compensated  repulsion  motor  illustrated  in  the  above  two  figures  wss  ind< 
penaently  invented  by  Lntour  in  France  and  by  Winter  and  Eichberg  i 
Germany.  It  would  be  futile  to  undertake  here  an  enumeration  of  U 
dozens  of  variations  in  the  above  fundamental  types  of  single-phase  coxj 
mutator  motors  with  a series  characteristic. 

294.  Polyphase  commutator  motors  with  a series  characteristic 
In  Fig.  146  is  shown  the  simplest  form  of  Gorges  three-phase  motel 
Its  rotor  has  an  ordinary  direct-current  winding  with  a commutator  c 
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wMeh  wt  three  equidistant  brushee  per  pair  of  poles.  The  diagram  indi- 
ctee a bipolar  motor.  The  brushee  are  connected  to  the  terminals  of  the 
tiuee  stator  windings,  which,  in  turn,  are  supplied  either  directly  from  the 
h^or  dee,  as  indicated  in  the  diagram,  from  the  secondary  of  a step-down 
traoaformer.  Usually  the  most  suitable  voltage  for  the  stator  windings  will 
be  higher  than  that  most  suitable  for  the  commutator.  Consequently,  the 
vnngement  shown  in  Fig.  146  is  often  to  be  preferred.  This  latter  arrange 
Bint  perm* te  of  employing,  for  the  rotor,  the  low  voltage  which  is  essential 
to  obtaining  good  commutation.  Such  motors  have  a series  characteristic; 
that  is  to  say,  the  speed  decreases  as  the  load  increases. 


Primary  of 
Transformer 


Fio.  145.— Gdrges  motor  with 
tnuuformer  between  line  and  stator 
winding*. 


Stator 

Windings 


Primary  Windings 
of  Transformer 


Secondary  Windings 
of  Transformer 


Fio.  146. — Gorges  motor  with  trans- 
former between  stator  and  rotor. 


m.  Variable-speed  polyphase  commutator  motors.  The  speed  can 
<*  adjusted,  for  any  load,  by  shifting  the  brushes  through  an  appropriate 
angular  distance,  maintaining  the  120-deg.  relation  between  the  three  brushes. 
This  is  done  in  the  General  Electric  Co.’s  brush-sh'fting  type  of  variable- 
•P«d  polyphase  motors.  See  also,  * ‘The  Brush-shifting  Polyphase  Series 
Motor.”  by  W.  C.  K.  Altes  at  pp.  116  and  199  of  General  Electric  Review  for 
W16  (Vol.  XIX). 


*H.  Compensation  of  polyphase  commutator  motors  with  series 
c&ancteristies.  For  the  reasons  already  dismissed  in  connection  with  the 
yppensation  of  single-phase  commutator  motors,  it  is  of  advantoge  in 
. ybphase  commutator  motors  to  fit  them  with  compensating  windings  at 
jw  angles  to  the  exciting  windings.  The  cost,  however,  is  necessarily 
1 passed,  and  in  America  the  use  of  compensating  windings  is  not  customary 
[ j?  Mich  motors.  The  arrangement,  when  compensating  windings  are  em- 
| JJjed,  is  indicated  diagram  no  atically  in  Fig.  147,  in  which  the  three  exciting 
| •adings  a^c1  on  the  stator  are  supplied  from  the  three  lines  abc.  After 
Pairing  through  the  three  exciting  windings  the  current  passes  through  the 
compensating  windings  def  which  are  located  with  their  magnetic  axes  in  line 
the  magnetic  axes  of  the  rotor  brushes.  The  addition  of  these  compen- 
••■ag  windings  improves  the  po wer-f actor^and  permits  of  obtaining  better 
commutation.  Since  the  most  suitable  voltage  for  the  ms-m  field  windings  on 
itator  will  often  be  different  from  that  most  suitable  for  the  commutator, 
aad  the  compensating  windings  on  the  stator,  it  would  be  preferable  to 
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employ  in  place  of  the  arrangement  indicated  in  Fig.  147  a modified  arrange- 
ment m which  the  main  field  windings  are  located  between  the  supply  circuit 
and  the  primary  windings  of  the  transformer,  while  the  compensating  and 
rotor  windings,  connected  in  series,  are  supplied  from  the  secondary  of  the 
transformer. 

197.  Single-phase  commutator  motors  with  a shunt  characteristic 
for  operation  at  a single  speed.  The  only  object  in  employing  a commu- 
tator! n the  construction  of  a single-phase  motor  to  operate  at  but  one  constant 
speed,  is  to  provide  control  of  the  power-factor.  Otherwise  the  single-phase 
induction  motor  with  a squirrel-cage  rotor  would  be  preferable.  The  Atkin- 
son commutator  induction  motor  indicated  diagrammatically  in  Fig.  148 
is  the  forerunner  of  all  single-phase  commutator  motors  with  shunt  character- 
istics. It  consists  of  a stator  with  a distributed  winding,  and  a rotor  fitted 
with  a commutator  and  with  two  sets  of  short-circuited  brushes  xx  and  yy. 
There  is  no  torque  when  the  motor  is  at  rest.  If,  however,  the  motor  n 
started  in  either  direction,  interactions  occur  which  occasion  in  the  xx  axis 
a current  in  phase  with  the  line  voltage  applied  to  the  stator.  This  current 
sets  up  a flux  along  the  xx  axis.  As  the  rotor  acquires  speed,  the  current 
induced  in  the  yy  axis  by  the  stator  winding,  comes  more  nearly  into  phase 
with  the  flux  in  the  xx  axis  and  consequently  the  torque  increases.  In  this 
motor  the  torque  increases  in  proportion  to  the  speed,  from  the  aero  value 

corresponding  to  standstill.  When  the 
speed  of  the  rotor  nears  synchronism, 
tne  motor  is  equivalent  to  a squirrel- 
cage  induction  motor,  except  that  is 
place  of  having  end-rings  effecting  a 
good  simultaneous  short-circuit  of  all 
the  rotor  conductors,  there  are  only  two 
short-circuiting  connections  by  means 
of  the  two  pairs  of  brushes.  Obviously 
there  is  no  feature  in  this  elementary 


motor. 


Fio.  148. — Atkinson  commutator  > 
induction  motor. 


commutator  motor  which  will  improve  the  power-factor  as  compared  witi 
that  of  the  single-phase  squirrel-cage  induction  motor.  i 

998 . Compensation  of  sUigle-phase  commutator  motors  with  shoal 
characteristics.  Various  inventors  have  indicated  methods  of  “compsi 
sating”  such  a motor,  i.e.,  of  improving  its  power-fsetor.  These  roetnsj 
resolve  themselves  into  the  following  classification:  (a)  introducing  in 
cirouit  of  the  yy  brushes  a stator  winding  in  the  xx  axis;  (b)  introduce 
in  the  circuit  of  the  xx  brushes  a stator  winding  in  the  yy  axis;  (c)  inti 
ducing  in  the  circuit  of  the  xx  brushes  an  e.m.f.  in  phase  with  the  li 
pressure.  These  three  methods  are  shown  in  Figs.  149, 150,  and  151. 

999.  Single-phase  commutator  motors  with  a shunt  charactsrtsf 
and  an  adjustable  speed.  There  is  quite  a demand  for  single-phase  col 
mutator  motors  with  a shunt  characteristic  and  with  means  for  adjusting  fl 
speed.  For  any  particular  adjustment  the  speed  will  be  substantially  c4 
stant  at  all  loads.  The  usual  methods  for  accomplishing  this  are  based  up 
the  investigations  of  Punga,  Fynn,  Creedy  and  Milch.  The  simplest  metb 
consists  in  introducing  in  the  yy  axis  an  electromotive  force  of  the  sal 
phase  as  the  line  pressure.  This 


shown  in  Fig.  153. 


_ may  be  done  by  means  of  a transformed 
If  the  secondary  coil  A in  the  above  figure  provide! 
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*.«•./.  acting  in  the  same  direction  as  the  coil  B,  the  speed  of  the  motor  will 
beincreased.  If  A is  connected  to  oppose  B,  the  speed  of  the  motor  will  be 
decreased.  Speed  control  may  also  be  obtained  by  introducing  into  the 


Fio.  149. — Single-phase  commu- 
tator motor  with  power-factor - 
modifying  coil  supplied  from  the 
yy  brushes. 


Fio.  150. — Single-phas  commu- 
tator motor  with  power-factor- 
modifying  coil  supplied  from  the 
xx  brushes. 


circuit  of  the  xx  brushes  a stator  winding  A located  in  the  xx 

i th< 


shown  in  Fig.  153. 


axis  as 

Connecting  .4  in  the  one  direction  increases  the  speed: 

connecting  it  in  the  other  direction 
decreases  the  speed.  Still  another 
method  of  obtaining  speed  control  is 
shown  in  Fig.  154  and  is  the  invention 
of  Creedy.  In  this  case  the  field  along 
the  xx  axis  is  weakened  or  strengthened 
and  the  speed  varied,  by  varying  the 
amount  oi  inductance  or  capacity  in 
the  circuit  of  the  xx  brushes. 
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8. 151. — Single-phase  commutator 
or  with  power-factor  modified  by 
k o.m.f . interpolated  in  the  xx  axis  by 
i of  a transformer  supplied  from 


Fio.  152. — Single-phase  commu- 
tator motor  with  speed  modification 
by  means  of  an  e.m.f.  interpolated 
into  the  yy  axis  by  means  oi  a 
transformer  supplied  from  the  line. 


i.  Single-phase  repulsion-starting  induction  motor  (Arnold 
e).  This  motor  which  is  built  under  the  patent  of  the  late  Prof.  E. 
\ of  Karlsruhe,  in  Germany,  is  extensively  used  in  the  United  States. 
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The  connections  at  starting  are  those  for  a repulsion  motor  as  shown  m Fig- 
142  the  brush  axis  standing  at  an  angle  with  the  axis  of  the  stator  winding 
and  the  brushes  being  short-circuited.  This  connection  permits  of  aX&rUHg 
with  high  torque,  wien  a certain  speed  is  attained,  a f wShes 

acts  to  short-circuit  all  the  commutator  segments  and  to  [f£°™ 

from  the  commutator.  The  motor  then  operates  fust  like  a a<juirtel-ea«e 


Fio.  153. — Single-phase  commutator 
motor  with  speed  modification  by 
means  of  a coil  fed  from  the  xx  brushes 
and  located  on  the  stator  in  the  xx  axis. 


UiiUMiiJ 

Fio.  154. — Creedy  single- 
phase commutator  motor  with 
speed  variation  by  induotance 
in  the  xx  circuit. 


induction  motor  and  maintains  approximately  constant  speed  at  all  loada 
It  is  usually  preferable  to  employ  starting  boxes  in  sises  above  7.5  h.p.,  but 
smaller  sizes  are  usually  thrown  directly  on  the  line.  The  motors  develop  a 

starting  torque  (when  thrown  directly  on  the  line)  of  some  250  per  cent  U 
full-load  torque,  consuming  approximately  250  per  cent,  of  full-load  current. 
(See  Fig.  155.) 


Fio  155. — Starting  characteristics  of  Arnold  single-phase  commutator 
motor.  (Taken  from  the  manufacturer’s  publications.)  | 


301.  Motor  with  repulsion  starting,  gradually  converted  inU 
“Induction'’  operation.  ^Schiiler  motor.)  This  type  was  develop* 

by  Schiller  for  the  Ferranti  Co.  in  England.  It  started  as  a repulsion  motor 
and  was  gradually  converted  into  a single-phase  induction  motor  by  * 
gradual  decrease  In  resistances  connected  to  slip-rings.  These  resistance: 
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we  great  at  starting  and  arc  reduced  to  zero  at  full  speed.  This  sequence  of 
operations  results  in  giving  the  motor  excellent  characteristics.  The  Schiller 
r^otor  is  described  on  pp.  712  to  720  of  the  2nd  edition  of  Hobart’s  “ Elec- 
tric Motors.” 


3M.  The  Wagner  "Unity  Power-factor1’  Type  BK  motor.  In  1911 
thf  Wagner  Electric  Co.  placed  upon  the  market  a constant  speed  single- 
pbre  commutator  motor  so  constructed  as  to  provide  a leading  power- factor 
« no-load  and  at  light  loads,  and  unity  power-factor  at  rated  load.  The 
arrangement  is  represented  diagrammatically 
in  Fig.  156.  As  indicated  in  this  diagram 
there  are  two  stator  windings  1 and  2.  Dur- 
ing  starting,  the  switch  (9)  is  open,  so  that 
only  the  stator  winding  (1)  is  in  circuit.  The 
motor  consequently  starts  up  with  good  torque 


Fio.  156. ^-Diagrammatic  represen- 
tation of  the  Wagner  " Unity-Po we r- 
Factor”  (Type  BR)  motor.  1. — Ini- 
tal  field  magnetization  winding.  2. — 
Auxiliary  winding  which  controls  the 
power-factor  or  compensates  the  motor. 


8qutrrel 
Cage  (4) 


Fig.  157. — Diagrammatic  rep- 
resentation of  design  of  rotor  slot 
of  Wagner  “ Unity-Po  wer-Factor” 
(Type  BK)  motor. 


u & series  motor.  The  rotor  slot  design  is  shown  in  Fig.  157.  During  start- 
ing, the  squirrel-cage  winding  (4)  is  more  or  less  inert  as  it  is  protected  by  the 
magnetic  separator  shown  in  Fig.  157.  The  magnetic  separator  is  described 
in  the  manufacturer’s  publications  as  consisting  of  a rolled-steel  bar.  The 
upper  winding  (3)  is  termed  a"  commuted”  winding.  It  is  connected  to  a 
wmmutator  in  the  manner  usual  in  direct-current  motor  armatures.  As 
«p«d  is  acquired,  the  activity  of  the  squirrel  cage  increases,  and  it  contrib- 
utes a torque  which  increases  very  rapidly  as  synchronism  is  approached. 
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Flo.  158. — Speed  characteristics  of  Wagner  BK  motor  with  and  without 
compensating  winding  in  circuit. 


An  automatic  switch  controlled  by  centrifugal  force  closes  the  circuit  of 
it*  compensating  winding  (2)  when  a sufficient  speed  has  been  attained. 

303.  Commendable  features  of  the  unity  power-factor  motor,  (a) 
A large  portion  of  the  rotor  currents  are  carried  by  the  squirrel-cage 
fading,  in  normal  operation,  thus  imposing  light-load  service  on  the  commu- 
tator." (b)  “The  close  proximity  of  the  squirrel-cage  to  the  commuted 
binding  suppresses  to  a large  extent  the  short-circuit  currents  w’hich  tend 
flow  in  the  individual  coils  of  the  commuted  winding  as  they  pass  under 
d»e  brushes.  This  again  very  greatly  lightens  the  commutator  service  ” 
(c)  "The  employment  of  the  squirrel  cage  secures  a remarkably  constant 
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speed  at  all  loads."  Thisisindicatodin  Fig.  158  '^Th«*,<i«urmi 

curves  for  the  compensating  circuit  open  and  dosed.  (d)  ip*  W1™* 
oage^bsolutefy  prevents  theunity  poweMactor  motor  from mnmni .away  or 
racing.  No  possible  accident  to  the  commutator,  °* 

switches  of  this  motor  can  cause  the  speed  vanaUons  betw^  ntvload  and 
full-load  to  exceed  4 per  cent.  When  the  compensating  wtat(«  m- 
cludee  the  winding  2 of  Fig.  156)  is  closed,  the  speed  vanataoniashownby 
the  least  sloping  curve  of  Fig.  158  and  does  not  exceed  1.5  per  cent.  Should 
the  compensating  circuit  be  entirely  interrupted,  then  ^he  speedvanation 
will  not  increase  to  more  than  4 per  cent.,  as  indicated  by  the  more  sloping 

curve  of  FU& General  Electric  Co.’s  BI  (repulsion-induction)  motor. 

resented  by  Fig.  159.  Leaving 
out  of  consideration  the  compen- 
sating brushes  and  winding,  the 
motor  is  seen  to  be  a Thomson  re- 
pulsion motor  (see  Par.  191).  Such 
a motor  would,  however,  have  two 
faults.  In  the  first  place,  it  would 
have  a low  power-faotor,  and  in 
the  seoond  place  its  speed  would 
vary  greatly  with  varying  loads 
The  addition  of  the  oompensatini 
winding  improves  the  power-factol 
and  also  decreases  the  amount  oj 
the  variation  of  the  speed  witlj 
the  load.  The  motor  is  not  de 
signed  for  constant  speedy  but  fol 
such  a moderate  decrease  in  speed 


Compensating 
Brush 


Main 
Starting 
Winding  - 


Oomp.  Brush 


Fia.  159. — Diagram  of  circuits  of  Gen-  Fio.  160.  Diagram  of  Rl 
eral  Electric  Co.,  Type  HI  motor  with  motor  with  compensation  by  tap 
independent  compensating  circuit.  ping  the  mam  stator  winding. 

with  increasing  load  as  is  considered  desirable  in  a compound-wound  continu 
ous-electricity  motor.  An  RI  motor  may  be  started  by  simply  closing 
line  circuit  of  the  motor.  It  will  have  a starting  torque  of  200  to  250  pe 
cent,  of  full-load  torque.  If  it  is  desired  to  reduce  the  starting  current,  I 
resistance  box  with  low-voltage  release  may  be  used.  This  is proportions] 
to  give  150  per  cent,  of  full-load  current  on  the  first  step.  These  motor 
are  built  for  25.  40  and  60  cycles  and  for  synchronous  speeds  (*t  *0  arc** 
1 1,800  rev.  per  min.  See  Altes,  W.  C.  K.  and  Curne,  N.t  Binrid 


General  Electric  Reviews  Vol. 


of  1 ,200  and  1 ,800  rev.  per  i 

phase  Alternating  Current  Motors, 

(1916),  p.  579.  , . , 

105.  Compensation.  In  some  of  the  smaller  sixes  the  compensation  * 

obtained  by  taps  from  the  main  winding  instead  of  from  a separate  wind* 
as  shown  in  Fig.  159.  The  tapped  arrangement  is  indicated  diagrammatical^ 
in  Fig.  160.  . J 

106.  In  reversible  repulsion-induction  motors  (Par.  104)  an  auxifiafl 
winding  in  space-quadrature  with  the  main  winding  is  provided.  **p 
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finding  is  connected  in  the  one  or  the  other  direction  with  respect  to  the 
■tin  winding  aocording  to  the  direction  of  rotation  desired.  The  scheme 
■ indicated  diagrammatically  in  Fig.  161.  To  reverse  the  direction  of 
fetation,  a would  be  connected  to  c,  and  6 would  be  connected  to  d.  It 
■to  be  observed  that  in  Fig.  161,  the  axis  of  the  main  brushes  coincides  with 
the  axis  of  the  main  stator  winding  but  has  the  same  angle  to  the  resultant 
of  the  main  and  reversing  stator  windings,  which,  in  Fig.  159,  it  had  with  the 
min  stator  winding.  Were  no  reversing  winding  provided,  then  in  order 
to  reverse  the  direction  of  rotation  it  would 
l d be  necessary  to  shift  the  brushes  over  to 
the  corresponding  angle  on  the  other  side 
from  the  position  for  normal  direction  of 
rotation. 

*07.  Repulsion-induction  motors 
may  be  fitted  for  adjustable-speed 
operation  (Par.  *99)  by  employing  a 
transformer  with  its  primary  excited  from 
the  line  circuit  and  its  secondary  interpo- 
lated in  the  circuit  of  the  energy  brushes. 
Such  motors  are  arranged  for  a speed 
range  of  about  2 : 1,  approximately  one- 
half  of  this  range  being  below  and  one- 
half  above  synchronous  speed.  Finally, 


•p/WWp' 


Fio.  161. — Diagram  of  circuits  of  revers- 
al* RI  motor  (General  Electric  Co.). 


Fia.  162. — Diagram  of  D6ri  brush- 
shifting  motor. 


*/  motors  are  also  arranged  to  give  variable  speed  by  shifting  the  brushes. 
1 speed  variation  of  2 : 1 is  provided  in  this  way. 

KC.  Tbe  D$rl  single-pbase  motor  with  speed  control  by  brush 
lifting.  Fig.  162  is  a diagrammatic  representation  of  the  Den  single- 
phase  motor  In  this  motor  the  speed  is  varied  by  varying  the  position  of 
the  brushes.  Two  of  the  brushes  (those  lying  in  the  axis  of  the  stator 
rinding)  are  of  fixed  position.  The  other  two  are  mounted  on  a movable 
Foke.  For  any  given  brush  pqjrition  the  speed  decreases  with  increasing  load, 
fhns  the  motor  has  a series  characteristic.  The  motor  has  good  starting 
torque,  the  maximum  value  occurring  when  the  movable  brushes  are  at  an 
•ope  of  some  150  deg.  to  160  deg.  from  the  fixed  brushes. 

The  motor  is  widely  employed  abroad  for  driving  textile  machinery. 
The  simple  mechanical  arrangements  required  to  effect  the  shifting  ot  tne 
brushes  are  leas  expensive  than  equivalent  control  devices  which  permit  ot 
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accomplishing  the  speed 
variations  without  brush 
movement.  Schnetsler  has 
described  the  D6ri  motor 
in  apaper  published  in  the 

E.  T.  Z.  for  Nov.  14  and 
21,  1907  at  pp.  1097  and 
1128.  There  is  also  a de- 
scription of  the  D£ri  motor 
occupying  pages  669  to  685 
of  the  2nd  Edition  of  Ho- 
bart’s “Electric  Motors.” 

S09.  The  Punga-Creedy 
tingle-phase  commuta- 
tor motor.  Adjustable- 
speed,  single-phase,  com- 
mutator motors  built  under  Fio.  163. — Speed-torque  characteristics  of  s 
the  Punga-Creedy  patents  6-h.p.  Punga-Creedy  single-phase  motor  for 
have  been  placed  on  the  printing-press  work.  [Speed  range  is  from  609 
British  market  by  Messrs  to  900  rev.  per  min.)  [Messrs.  F.  Parkinson  * 

F.  Parkinson  & Co.,  of  Co.  of  Leeds,  England.] 

Leeds.  The  motor  is 

started  by  being  thrown  di- 
rectly on  the  line  and  yields 
a starting  torque  of  twice 
full-load  torque,  consuminfl 
twice  full-load  current.  Figs 
163,  164  and  165  show  a) 
the  speed-torque,  (2)  effi- 
ciency, and  (3)  power-factor 
curves  for  a 6-n.p.  Punga- 


Creedy  motor  for  printing- 
press  work.  Allusion  has  al- 
ready been  made  in  Par.  tit 
to  the  principles  employed  in 
motors  of  this  class.  The 
chief  patents  employed  in 
the  Punga-Creedy  system  are 
Punga’s  British  Patent  No, 
10585  of  1906  and  Creedy’fl 
British  Patent  No.  5136  ol 
1906.  Punga  and  Creed) 
tested  motors  embodying 
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these  tests  have  been  pub- 
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6-H.P_Motor,  600-900  B.P.M. 

Fio.  164. — Efficiency  curves  for  a 6-h.p. 

PungapCreedysingle-phMe  motor  for  a .peed  tTereprirripTe.’ateWM^ 
range  from  600  to  $00  r.p.m.  [Mewm.  F.  The  of  . nu„ber  ol 

Parkinson  & Co.  of  Leeds,  England.] 
lishedinthe  Tran*.  A.  I.  E. 

E.,Vol.  XXVIII  (1909),  p. 

475,  in  a paper  by  Creedy 
entitled  “A  sketch  of  the 
theory  of  adjustable-speed, 
single-phase  commutator 
motors.” 

310.  Polyphase  shunt 
oommutator  motors. 

The  most  usual  arrange- 
ment of  a polyphase  shunt 
commutator  motor  is  that 
known  as  the  Win  ter - 
Kichberg  type.  It  is 
shown  diagram matically  in 
Fig.  166  and  is  seen  to  con- 
sist of  a motor  with  a three- 
phase  stator  and  a com- 
mutator rotor.  The  speed 


6-H.PJHotor.  600-900  B.P.M. 


- - — Fio.  165. — Power-factor  curves  for  a ff'hs 

will  depend  upon  the  pres-  Punga-Creedy  Bingle-phase  motor  for  a spcs 
sure  applied  to  the  commu-  range  from  600  to  900  rev.  per  min.  [Messrs.  I 
tator  brushes.  By  using  a Parkinson  A Co.  of  Leeds,  England.] 
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variable-ratio  transformer  as  indicated  in  the  diagram,  the  speed  will  be 
greater,  the  smaller  the  secondary  voltage  applied  to  the  brushes.  Such 
motors  have  not  come  into  extensive  use.  They  are  large  and  expensive  for 
their  output  and  the  cost  for  the  variable-ratio  transformer  is  a serious  eon- 
sderation.  The  whole  equipment  will  cost  over  twice  as  much  as  an  equiva- 
lent continuous-current  equipment. 

311.  Quarter-phase  shunt  commu- 
tator motor  with  adjustable  speed  by 
field  control.  In  Fig.  1G7  is  shown  a 
type  of  motor  in  which  thg  compensating 
winding  and  the  armature  winding  are  fed 
from  one  phase  of  a quarter-phase  system 
while  the  exciting  winding  is  fed  from  the 
other  phase.  Since  the  compensating  and 
armature  winding  constitute  a circuit  of 
low  inductance,  the  current  in  this  circuit 
is  practically  in  phase  with  the  pressure  of 
the  circuit  from  which  they  are  supplied. 
But  the  exciting  circuit  is  highly  induc- 
tive and  its  current  lags  practically  90  deg. 
behind  the  pressure  of  the  circuit  to  which 
it  is  connected  and  180  deg.  behind  the 
current  in  the  armature.  The  armaturo 
current  and  the  magnetic  flux  are  conse- 
quently in  phase,  just  as  in  a simple  sin- 
gle-phase series  motor.  The  motor  is  thus 
the  equivalent  of  a direct-current  motor 
I f shunt  excitation.  Its  speed  for  any 

jF  8*ven  field  strength  is  practically  constant 

*-r  '**  ^ at  all  loads.  But  any  desired  speed  can 

I be  obtained  by  inserting  reactance  of  suit- 

able amount  in  scries  with  the  excitation 
winding.  Speed  control  can  also  be  ob- 
tained by  supplying  the  main  circuit  from 
a variable-ratio  transformer.  On  page 
2488  of  Part  III  of  Vol.  XXX  (1911)  of 
the  Trans.  A.  I.  E.  E.,  Mr.  B.  G.  Larame 
discusses  this  type  of  motor  and  alludes  to  a 20-h.p.,  25-cycle  motor  built  in 
this  way  which  gave  excellent  satisfaction  and  with  which  the  speed  was 
adjustable  from  practically  xero  up  to  1,000  rev.  per  min.  The  speed  was 
controlled  by  adjustable  armature  pressure  from  transformers. 

Mr.  Lam  me  also  mentions  the  equivalent  arrangement  shown  in  Fig.  168. 
In  this  arrangement  the  armature  circuit  instead  of  being  conductively 


Fig.  166.— Diag  rammatic  rep- 
resentation of  Winter-Eichberg 
type  of  polyphase  shunt  com- 
mutator motor. 


Fig.  167. — A type  of  quarter- 
phase,  variable-speed  commutator 
motor. 


Fio.  168. — A modified  type  of 
quarter-phase,  variable-speed,  com- 
mutator motor. 


connected  to  the  supply  as  in  Fig.  167,  is  closed  on  itself,  the  armature  cur- 
rent being  set  up  by  induction  from  the  winding  which,  in  Fig.  176,  served 

compensating  winding. 

313.  The  polyphase  commutator  motor  with  shunt  characteristics 
uid  with  speed  control  by  brush  shifting.  The  expense  of  the  control 
arrangements  limits  the  application  of  variable-speed  polyphase  motors  of 
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type*  of  which  that  described  in  Par.  810  (Winter-Eichber*)  is  represent- 
ative. It  is  often  considered  that  brush-sifting  types  are  preferable. 
One  such  type  which  is  exploited  by  the  Siemena-Schuckert-Werke  and 
is  described  by  Schenkel  on  pages  1059  and  14  of  the  Electrician  for 
Oct.  4 and  11,  1912,  is  illustrated  diagrammatically  in  Fif.  169.  In 
this  figure,  the  stator  windings  are  represented  by  S.  These  windings  are 
(in  the  particular  variety  illustrated  in  Fig.  169)  supplied  directly  from  the 
fine.  A transformer  T is  interposed  between  the  stator  windings  S and 
the  rotor  brushes  K\  and  Kt.  One  of  these  sets  of  brushes  is  fixed,  and  the 
other  is  movable.  By  varying  the  relative  angular  positions  of  K i and  Kt 
the  speed  of  the  motor  may  be  controlled.  Each 
of  the  two  brush  gears  is  fitted  with  three  brush 
spindles  per  pair  of  poles  for  multiple-circuit  rotor 
windings,  or  some  suitable  equivalent  for  two-cir- 
cuit rotor  windings.  These  motors  have  shunt 
characteristics  and  are  to  be  distinguished  from 
the  Gdrges  motors  to  which  reference  has  been  made 
in  (Par.  194),  which  have  Beries  characteristics. 

Such  motors  are  the  subject  of  other  articles 
published  by  RQdenberg  in  the  Electrician  for 
April  7 and  July  21,  1911,  and  by  Meyer  in  The 
Electrician  for  Feb.  2 and  9,  1911. 

SIS.  The  Dlri  brush-shifting  motor  for 
polyphase  circuits.  It  is  often  considered  that 
lor  obtaining  variable  speed  drive  from  polyphase 
circuits,  the  best  plan  consists  in  employing  two 
D6ri  single-phase  motors  (of  the  brush-shifting 
type  already  described  in  Par.  SOS),  coupled  to 
the  same  shaft  and  connecting  one  motor  to  each 
phase  of  a quarter-phase  system.  This  plan  has 

been  employed  by  Messrs.  Brown,  Boveri  St  Co.  pja  jgg Polyphase 

Among  other  applications  of  the  method  may  be  commutator  jfaotor  with 
mentioned  some  heavy  hoisting  work.  • speed  control  by  brusb- 

S1S (a).  Bibliography  of  polyphase  oommu-  shifting, 
tator  motors.  . 

Altes,  W.  C.  K. — “The  Polyphase  Shunt  Motor,”  2Von*.  A.  I.  E.  E., 
Vol.  XXXVII  (1918),  Part  I,  p.  295. 

Karapetoff,  V. — “The  Secomor,  a Kinematic  Device  which  Imitates  the 
Performance  of  a Series-wound  Polyphase  Commutator  Motor,”  Trent. 
A.  I.  E.  E.,  Vol.  XXXVII  (1918),  Part  I,  p.  329. 

Shuttlewobth,  N. — “Polyphase  Commutating  Machines  and  Their 
Application,”  Jour.  I.  E.  E.,  Vol.  53  (1915),  p.  439. 

SYSTEMS  OF  SPEED  CONTROL  REQUIRING  AUXIL- 
IARY COMMUTATING  MACHINES 

,814.  The  KrSmer  system  of  speed  control.  This  system  is  appro- 
priate for  applications  where  the  desired  range  of  speed  is  a moderate  per- 
centage of  tne  normal  speed.  It  consists  in  the  employment  of  a sinfle 
slip-ring  induction  motor  which  at  practically  synchronous  speed  carnrs 
the  entire  load.  For  lower  speeds  the  slip-rings  of  the  rotor  of  the  main 
motor  supply  energy  to  the  commutator  brushes  of  an  auxiliary  motor 
on  the  same  shaft.  The  arrangement  is  indicated  diagrammatically  in 
Fig.  170.  A,  the  main  motor,  is  of  the  induction  type.  B . the  auxiliary 
motor,  is  fitted  with  a commutator.  The  counter  e.m.f.  of  the  auxiliary 
motor  may  be  controlled  by  the  position  of  the  points  of  the  secondary  of  a 
transformer  C from  which  the  connections  to  the  commutator  brushes  are 
tapped  off.  In  American  practice,  however,  it  is  much  more  usual  to  max« 
use  of  a small  direct-connected  polyphase  exciter  similar  in  design  to  the 
auxiliary  regulating  motor,  as  shown  in  Fig.  171,  where  the  stator  of  tbe 
exciter  C is  supplied  from  the  slip-rings  of  the  main  motor  A,  through  a 
three-phase  resistor  D.  8peed  control  is  obtained  by  manipulation  of  tW 
resistor  and  a far  larger  number  of  running  points  is  provided  than  is  cow 
mercially  practicable  with  the  transformer  arrangement  shown  in  Fig.  I'M 
The  greater  the  counter  e.m.f.  supplied  by  B,  the  lower  will  be  tbe  01*4 
of  the  rotor  of  A and  consequently  also,  of  the  shaft  common  to  A and  B.  Til 
load  carried  byB  is  proportional  to  its  counter  e.m.f.,  consequently  B'»  oonUl 
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The  use  of  an  independent  high-speed  set  whioh  can  be  readily  transferred 
to  some  other  motor  if  subsequent  conditions  make  the  change  desirable,  is 
also  an  advantage.  While  the  Kr&mer  system  possesses  some  advantage 
under  conditions  involving  the  full  kilowatts  ou^mtat  thelowest  speed  and 
high  synchronous  speed,  this  advantage  often  disappears  where  slow-epeed 
motors  are  concerned. 

S16.  Synchronous  converter  method  of  speed  control.  As  stated 
above,  the  permissible  range  of  speed  regulation  with  either  the  K rimer 
or  Scherbius  system  as  described,  is  limited  by  the  maximum  frequency  which 
can  be  successfully  applied  to  the  regulating  motor  without  excessive  commu- 
tation stresses.  In  general  this  frequency  should  not  exceed  18  to  20 
cycles  or  approximately  30  per  cent,  regulation  for  60-cycle  systems,  and 
from  10  to  121  cycles  or  approximately  50  per  cent,  regulation  for  25- 
cycle  systems.  Where  greater  ranges  are  required  or  with  units  involving  a 
slip  energy  of  1,000  kw.  or  more,  a synchronous  converter  and  direct-current 
motor  can  be  successfully  substituted  for  the  polyphase  commutator  motor. 
In  this  case  (Fig.  173)  the  slip  energy  of  the  main  motor  A,  at  varying  fre- 
quency and  voltage  is  transformed  to  direct  current  at  proportionately  vary- 
ing potential  by  a synchronous  converter  B.  This  direct  current  is  then 
utilised  to  drive  a separately  excited  shunt  motor  C which  may  be  direct- 
oonnected  on  the  shaft  of  the  main  motor  (Kr&mer),  or  (Fig.  173)  may  form 
one  unit  of  (CD),  a two-unit  motor-generator  (Scherbius),  the  second  unit 
of  which  (D)  is  a standard  sauirrel-cage  induction  motor  which,  driven  above 
synchronism,  acts  as  an  induction  generator  and  returns  to  the  system  the 
slip  energy  of  the  main  motor,  less,  of  course,  the  losses  in  the  rotary  and 
motor  generator.  This  arrangement  can  be  used  for  practical  y any  rmnge 
of  speed  reduction  which  may  be  desired.  It  is  of  especial  advan  age  on  60- 
cycle  systems,  not  only  because  of  the  freedom  from  difficulties  encountered 
with  the  commutator  motor  when  subjected  to  higher  frequencies  but  also 
due  to  the  fact  that  the  limitation  imposed  by  the  minimum  frequency  at 
which  the  synchronous  converter  will  remain  in  synchronism  is  less  objec- 
tionable on  60-cycle  than  on  25-cycle  equipments.  With  suitable  electrical 
and  mechanical  devices  for  controlling  the  speed  of  the  synchronous  con- 
verter during  the  unstable  period  of  minimum  impressed  frequency  corre- 
sponding to  the  interval  between  approximately  2 cycles  above  ana  below 
the  synchronous  speed  of  the  main  motor,  the  speed  of  the  main  motor  can 
be  raised  above  normal  synchronism  by  an  amount  corresponding  to  the 
frequency  impressed  on  the  slip-rings  by  the  now-inverted  synchronous 
converter. 

317.  Bibliography  of  systems  of  speed  control  requiring  auxiliary 
commutating  machines. 

Pages  2483  to  2484  of  Part  III  of  Vol.  XXX  (1011)  of  Trans.  A.  I.  B.  E.  in 
a paper  by  G.  A.  Maier  entitled  “Methods  of  Varying  the  Speeds  of 
Alternating-current  Motors.” 

Trans.  A.  I.  E.  E.,  Vol.  XXXI  (1012)  p.  2067,  by  F.  W.  Meyer  and 
Wilfred  Sykes  entitled  “The  Economical  Speed  Control  of; Alternating- 
current  Motors  Driving  Rolling  Mills." 

F.  B.  Crosby. — “Speed  Control  of  Polyphase  Motors.".  Gensral  Electric 
Rests w for  June,  1014,  pages  580  to  500. 

PHASE  MODIFIERS 

SIS.  Definition.  In  order  to  correct  for  the  lagging  current  consumed 
by  induction  motors  and  other  inductive  apparatus,  and  thus  improve  the 
power-factor  of  a system,  apparatus  known  as  phase  modifiers  (or  phase 
controllers),  may  be  employed.  These  are  of  two  classes,  synchronous,  and 
non-synchronous. 

819.  Synchronous  phase  modifiers  (usually  ftermed  synchronous 
condensers)  are  of  the  same  general  construction  as  synchronous  motors, 
except  that  they  need  not  be  proportioned  to  deliver  power  from  the  shaft 
and  that  their  fields  should  be  proportioned  for  a wide  range  of  excitation. 

330.  The  usual  method  or  employing  synchronous  oondsnssn 
consists  in  installing  them  to  float  on  the  line.  They  are  overexcited  so 
as  to  draw  a current  leading  the  pressure  by  nearly  00  deg.  This  current 
neutralises  an  equal  amount  of  lagging  component  due  to  other  apparatus 
on  the  system,  such  as  induction  motors  and  lightly  loaded  or  unloaded 
transformers.  If  designed  with  the  necessary  mechanical  strength,  synchro- 
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boos  condensers  may  simultaneously  operate  as  motors  and  it  is  customary 
to  proportion  them  to  thus  operate  to  toe  extent  of  a consumption  of  70  per 
eent.  of  their  rated  kv-a.  Tney  can,  when  thus  operating,  be  so  excited  tnat 
they  also  draw  from  the  line,  as  leading  wattless  kv-a.,  70  per  cent,  of  their 
rated  capacity  in  kv-a.  thus  effecting  power-factor  improvement  at  the  same 
time  that  they  are  serving  as  motors  to  deliver  mechanical  energy.  Synchro- 
nous condensers  are  fitted  with  amortisseur  windings  to  improve  their 
•tarting  qualities  and  to  serve  in  preventing  surging  and  hunting. 

SSI.  Non -synchronous  phase  modifiers  (or  phase  controllers). 
Several  varieties  of  apparatus  customarily  called  phase  advancers,  have 
been  developed  for  use  in  connection  with  individual  induction  motors  for 
the  purpose  of  improving  their  power-factor.  Such  apparatus  is  supplied 
with  very  low  frequency  electricity  from  the  secondary  windings  of  the 
induction  motors.  The  frequency  is  that  corresponding  to  the  "slip ” of  the 
induction  motor.  Such  phase  advancers  have  an  inherent  characteristic 
which  may  conveniently  serve  to  distinguish  them  from  synchronous  con- 
densers (Par.  819  and  880).  This  characteristic  is  that  they  are  not  tynchro- 
mw  machine*. 

Leblanc  was  probably  earliest  in  drawing  attention  to  methods  of  securing 
phase  control  oy  the  use  of  non-eynchronous  auxiliaries.  His  proposals 
may  be  explained  by  reference  to  the  accompanying  diagrams.  In  Fig. 
174.  AC  and  BD  represent  two  series-excited  machines  which,  by  suitable 
mechanical  means,  are  driven  at  some  appropriate  speed.  The  field  C of 
iC  sod  the  armature  B of  BD  are  connected  m series  with  phase  N of  the 
Qurter-phase  rotor  MN.  Similarly,  the  field  D of  BD  ana  the  armature 
i of  AC  are  connected  in  series  with  the  other  phase,  M.  Thus  the  current 


Fio.  174. — Leblanc  phase 
advancer  with  two  armatures 
tod  fields. 


for  exciting  the  field  surrounding  each  armature  is  displaced  90  deg.  from 
the  current  in  the  phase  with  which  the  armature  is  in  series.  The  armature 
pressure  is  consequently  90  deg.  displaced  from  the  pressure  of  the  rotor 
rinding  with  which  it  is  in  senes.  The  resultant  pressure  and  current  in 
•ach  rotor  circuit,  can,  by  these  means,  be  displaced  by  any  desired  amount 
from  the  phase  relations  which  would  subsist  were  the  rotor  windings  merely 
■hart-circuited  on  themselves  in  the  customary  way.  Obviously,  the 
treater  the  speed  at  which  A and  B are  driven  and  the  greater  the  m.m.f. 
provided  by  C and  D,  the  more  may  the  resultant  pressures  (and,  conse- 
quently, also  the  currents)  be  advanced  in  phase  from  the  conditions  sub- 
asting  with  a normally  short-circuited  rotor  without  a phase  advancer. 

Is  practice,  however,  it  is  more  convenient  to  employ  a single  armature, 
vindicated  in  Fig.  175,  and  to  supply  its  commutator  (assuming  a bipolar 
deugn  of  phase  advancer)  with  four  brushes.  The  armature  AB  (Fig.  175) 
be  either  directly  mounted  on  the  motor  shaft  or  it  may  be  driven  at  a 
ratable  speed  by  an  auxiliary  motor.  The  currents  supp'ieu  to  the  brushes 
rill  be  of  the  low  frequency  corresponding  to  the  slip  of  the  rotor  MN  of  the 
itthiction  motor  whose  power-factor  it  is  desired  to  improve.  Fig.  176 
differs  from  Fig.  175  simply  in  that  a field  structure  is  indicated  Burround- 
iQf  the  armature  AB , and  also  in  the  subdivision  of  the  field  windings  C 
and  D among  the  four  poles.  It  must  be  noted  that  although,  geometric- 
ally speaking  there  are  four  poles,  magnetically  considered,  it  is  a bi-polar 
design.  Similarly,  as  shown  in  Fig.  177,  a three-phase  bi-polar  advancer 


579 


' Digitized  by 


Google^ 


Sec.  7-322  a.  c.  generators  and  motors 


has  three  geometric  poles.  The  field  windings  are  usually  distributed  in 
slots  at  the  inner  periphery  of  the  stator  instead  of  being  arranged  on  salient 
poles  as  indicated  diagrammatically  in  Fig.  176. 

822.  The  Miles  Walker  phase  advancer.  In  the  phase  advancer 
developed  by  Prof.  Miles  Walker,  a compensating  winding  is  added  as 
shown  in  Fig.  178  in  which  E\EiEi  are  the  three  exciting  windings  and 
CiCjCi  the  three  compensating  windings.  The  exoiting  windings  B are  (for 
abi-polar  design)  usually  concentrated  in  three  large iequi-distant  slots  in  the 
stator  core,  while  the  compensating  windings  C are  distributed  in  many  small 
slots  in  order  to  neutralise  (or  slightly  overneutralise),  the  m.m.f.  of  the 
rotor  winding.  It  is  claimed  for  this  type  that  it  possesses  features  specially 
oonducive  to  ready  adjustment  and  good  commutation. 

923.  Omission  of  stator  windings  in  non-synchronous  phase 
advancers.  Leblanc’s  original  proposals  showed  examples  of  phase  ad- 
vancers, in  which  no  windings  were  provided  on  the  stator.  Such  a plan 
as  applied  to  a three-phase  four-pole  advancer,  is  shown  diagrammatically 
in  Fig.  179.  The  recesses  opposite  the  brushes  are  provided  for  improving 
the  commutation.  Scherbius  in  some  phase  advancers  built  by  Messrs. 


Fig.  176. 


Fig.  177. 


Fig.  176. — Alternative  method  of  diagrammatic  representation  of  Leblanc 
single-armature  phase  advancer. 

Fig.  177. — Diagram matio  representation  of  phase  advancer  wound  for 
three  phases. 

Fig.  178. — Miles  Walker  phase  advancer  with  exciting  and  compensating 
windings  on  the  stator. 


Brown-Boveri  «k  Co.  has  employed  this  plan  of  omitting  exciting  winding! 
from  the  stator.  But  compensating  windings  are  usually  fitted  on  the 
stator  in  phase  advancers  for  large  uow-apeed  induction  motors. 

324.  An  understanding  of  the  underlying  idea  of  the  non- 
synchronous  phase  advancer  (Par.  221)  may  also  be  obtained  by 
first  considering  that  the  low-frequency  currents,  from  the  secondary 
of  the  main  motor,  flow  into  the  rotor  of  the  phase  advancer  while  it 
is  at  rest.  Under  these  conditions  the  current  will  lag,  since  the  rotor  cir- 
cuits are  inductive.  But  if  the  rotor  is  driven  in  the  direction  of  the  mag- 
netic field  which  is  circulating  in  it  and  which  has  been  occasioned  by  the 
m.m.f.  of  the  low-frequency  currents  from  the  secondary  of  the  main  motor, 
and  if  the  Bpeed  at  which  it  is  driven  is  exactly  that  of  the  rotating  field,  then 
there  is  a state  of  relative  rest  between  the  field  and  the  rotor,  and  the  latter's 
windings  are  non-inductive  and  occasion  neither  lap  nor  leod . If  the  rotor 
is  driven  at  higher  speeds,  the  rotor  circuits  again  become  inductive  but 
introduce  leading  electromotive  forces  into  the  secondary  circuits  of  the  main 
motor. 

326.  Scherbius  phase  advancers  with  entire  omission  of  stator. 

Scherbius  has  devised  a phase  advancer  consisting  simply  in  a rotor  with 
its  windings  completely  embedded  below  tho  surface.  Diagrammatically 
such  a phase  advancer  and  its  connections  reduce  to  the  simple  arrange- 
ment shown  in  Fig.  180,  in  which  A represents  the  rotor  of  the  induction 
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Motor  with  its  windings  connected  to  the  brushes  of  the  Scherbins  phase 
tdranoer  B.  The  latter  is  usually  mounted  directly  on  the  shaft  of  the  main 
do  tor.  Thus  the  scheme  reduces  to  the  simple  proposition  of  establishing 
tfidd  in  the  magnetic  circuit  of  B by  means  of  the  tn.m.f.  of  the  current  sup- 

So  its  brushes  from  A . This  field  rotates  very  slowly  in  space  since  tne 
ncy  of  the  rotor  currents  is  small.  But  B is  rotated  mechanically 
high  speed  of  the  rotor  A and  consequently  the  windings  on  B rotate 
B«eh  faster  than  the  majpetic  field  in  B,  and  in  cutting  through  this  field 
they  set  up  an  e.m.f.  which,  combined  with  the  e.m.f.  in  the  main  rotor, 
oceaaons  an  advance  in  thephaseof  the  currents  in  the  rotor  circuits  and  im- 
proves the  power-factor  of  the  motor. 

In  a letter  published  in  The  Electrician , July  12,  1912,  page  582,  Scherbius 
states  that  both  theory  and  practice  support  the  idea  that  a mere  ring  is 


Pio.  179.  — Leblano-Scher- 
bius  phase  advancer  without 
windings  on  stator. 


Fio.  180.  — Diagrammatic 
representation  of  Srherblus 
statorlcss  phase  advancer. 


•efficient  to  complete  the  magnetic  circuit  and  that  no  stator  is  necessary. 
Consequently  in  a considerable  number  of  his  smaller  sixes  of  phase  advanc- 
ers Scherbius  has  abandoned  the  use  of  a stator  and  has  built  his  phase 
tdranoers  without  any  air  space  in  the  magnetio  circuit.  The  consequent 
redaction  in  the  magnetio  reluctance  permits  at  small  loads  the  generation 
of  an  increased  e.m.f.  of  rotation  and  results  in  a greater  improvement  of  the 
power-factor  at  light  loads.  See  Ahmed.  A.  A.,  "Methods  of  Testing  the 
ScberbiuB  Compensator,”  Jour.  I.  E.  E.,  Vol.  53  (1915),  p.  640. 

Ml.  Operating  data  of  Scherbius  phase  advancers.  In  Fig.  181 
»e  given  curves,  showing  the  power-factor  obtained  by  Scherbius  on  a 


Fio.  181. — Performance  curves  of  a 400-h.p.  motor  when  operated  re- 
spectively with  (upper  curve)  and  without  (lower  curve)  a Scherbius  phase 
wivancer. 

40O-h.p.  motor  when  operated  respectively  with  and  without  a phase  ad- 
vancer. It  is  seen  from  the  curves  that  at  only  20  per  cent,  of  rated  load  the 
power-factor  is  improved  from  0.4  to  0.8,  and  that  beyond  half  load  the 
current  is  leading.  The  400*h.p.  motor  on  which  the  tests  were  made,  has 
M poles  and  runs  from  a 3,300-volt,  32-cycle  circuit  at  160  rev.  per  min. 
The  overall  dimensions  of  the  advancer  (including  a small  motor  to  drive  it) 
uw  £0  in.  X22  in.  X25  in.,  and  the  weight  of  the  advanoer  and  its  driving 
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motor  amounts  to  0.34  metric  ton.  This  particular  phase  advancer  was 
fitted  with  a stator  but  without  any  windings.  The  general  tendency  is 
toward  the  employment  of  a stator  fitted  with  compensating  windings  but 
without  any  exciting  windings.  At  page  366  of  Vol.  L,  of  the  Jour.  I.  E.  E. 
are  given  ourves,  reproduced  in  Fig.  182,  showing  the  improvement  effected 
in  a 25-h.p.,  50-cycle,  450-volt,  1,000-rev.  per  min.,  three-phase  induction 
motor  by  fitting  a Scherbins  phase  advanoer  on  the  end  of  the  shaft  of  its 
rotor.  In  the  motor  the  stator  is  the  secondary  and  its  three  terminals  are 
connected  to  three  brushes  on  the  commutator  of  the  advancer.  The  total 
weight  of  the  motor  and  advancer  is  only  0.36  metric  ton,  or  14.5  kg. 
per  h.p. 

At  a steel  mill  in  Sheffield  in  England,  a Scherbius  advancer  with  a sta- 
tor fitted  exclusively  w th  compc  neat' ng  windings  is  employed  in  the  rotor 
circuit  of  a 700-h.p.  induction  motor  which  is  usually  running  lightly  loaded. 
Without  the  phase  advancer  the  power-factor  of  the  system  is  0.55.  With 
the  advancer  it  is  increased  to  0.7.  The  advancer  is  driven  by  a 2-h.p.  in- 
duction motor  running  at  nearly  1,500  rev.  per  min. 

SS7.  Tha  Kapp  vibrator.  In  Eclairage  Electrique , for  August  5, 
1899,  Leblanc  suggested  that  phase  control  could  be  accomplished  by  the 
use  of  a device  which  he  termed  a “ recuperator’  * and  which  consisted  of  a 
copper  disc  through  which  alternating  current  was  transmitted  radially 
between  the  centre  and  the  periphery,  and  which  was  located  in  a magnetic 


Fio.  182. — Performance  curves  of  a 25-h.p.  motor  when  operated  respec- 
tively with  and  without  a Scherbius  phase  advancer. 


field  in  which  it  oscillated.  The  current  was  transmitted  to  and  from  the 
disc  by  means  of  a slip-ring  on  the  shaft  and  a trough  of  mercury  in  which  the 
disc  dipped. 

Dr.  Gisbert  Kapp  has  developed  from  this  principle  a commercial  phase 
advancer  which  he  terms  a “vibrator."  Kapp  has  realised  that  suecess  is 
contingent  upon  employing  as  a vibrating  element  a rotor  of  small  diameter. 
He  conveys  the  current  into  the  rotor  windings  by  brushes  bearing  on  a com- 
mutator. In  order  that  the  commutator  may  be  small  and  cheap,  it  is 
desirable  that  the  secondary  of  the  main  motor  shall  be  wound  for  a fairly 
high  pressure  and  small  current.  The  scheme  is  illustrated  in  Fig.  183 
taken  from  an  article  by  Kapp  published  in  The  Electrician  for  May  17 
andj  24,  1912,  pp.  222  to  272.  VVV'  are  three  vibrating  armatures  for 
improving  the  power-factor  of  a three-phase  motor  whose  rotor  has  a three- 
phase  winding.  A three-phase  motor  can,  as  well,  have  a two-phase  rotor, 
and  this  will  permit  of  reducing  the  number  of  vibrating  armatures  from 
three  to  two.  A starting  resistance,  S,  of  the  usual  type  is  provided.  It  is 
short-circuited  after  the  motor  has  acquired  speed.  The  field  of  the  vibrator 
is  shown  excited  from  a battery,  but  any  convenient  source  of  direct  current 
may  be  employed.  Dr.  Kapp  states  that  the  power  required  for  excitation 
is  only  a fraction  of  1 per  cent,  of  the  power  of  the  motor,  and  that  the  loss 
of  power  by  windage  and  brush  resistance  in  the  armatures  is  of  the  same 
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order  of  magnitude.  A switch  may  be  arranged  to  short-circuit  the  vibrator 
»fule  the  motor  is  being  started  and  thus  avoid  subjecting  the  windings  of 
lae  vibrating  armatures  to  the  high  pressure  established,  during  starting, 
a the  rotor  of  the  induction  motor.  When  it  is  arranged  to  protect  the 
ibrator  in  this  way,  its  armature  need  only  be  provided  with  low-voltage 
nidation,  since  the  pressure  of  the  rotor  windings  during  normal  running  is 
<aly  a small  percentage  of  the  pressure  during  starting. 

There  is  no  difficulty  in  proportioning  a vibrator  for  good  commutation. 

At  maximum  speed  the  cur- 
rent is  xero  and  at  maxi- 
mum current  the  speed  is 
xero.  Consequently  at 
both  these  limits  the  reac- 
tance voltage  is  xero.  The 
reactance  voltage  passes 
through  its  maximum  value 
at  some  intermediate  value 
of  speed  and  current,  but 
there  is  no  difficulty  in  so 
proportioning  the  vibrator 
that  this  maximum  value 
of  1 
be 
of 

given,  p.  292  the  curves 
■ p.  ioo  rw-  reproduced  in  Fig.  184. 

m 183. — Diagrammatic  representation  of  Thesecurves  were  obtained 
*a  induction  motor  and  a Kapp  vibrator  type  of  on  a 40.8-cycle,  2,650  volt, 
JHase  advancer.  408-rev.  per  min.,  12-pole, 

. 90-h.p.  induction  motor, 

vhen  run  with  and  without  a Kapp  vibrator.  The  natural  slip  of  the  motor 
*35  2.75  per  cent,  at  full-load.  The  curves  disclose  a slightly  undesirable 
feature  which  is  more  or  less  common  to  all  these  phase  advancers,  namely, 
that  their  use  increases  the  slip.  The  use  of  a phase  advancer,  however, 
greatly  increases  the  instantaneous  overload  capacity  of  the  induction  motor 
to  which  it  is  applied. 


the  reactance  voltage  will 
low.  In  Vol.  LI  (1913) 
the  Joum.  I.  E.  E.,  are 


184. — Performance  curves  of  a 90-h.p.  motor  fitted  with  a Kapp 
vibrator. 


*13.  Operating  data  of  Kapp  vibrator.  In  Fig.  185  are  given  curves 
“owing  the  improvement  effected  in  a 20-h.p.  motor  by  equipping  it  with  a 
j**pp  vibrator.  In  Fig.  186  is  given  a power-factor  curve  obtained  on  a 
w-hp.  12-pole  three-phase  induction  motor  operated  from  a 40-cycle,  2,750- 
'wt  circuit  and  fitted  w ith  a Kapp  vibrator.  In  this  case  the  armatures  of  the 
wator  are  only  10  cm.  in  diameter  and  at  full-load,  w ith  a slip  of  2.45  per 
fent.  rotate  about  31  revolutions  in  each  direction.  Since  the  Frequency  of 
tepply  is  40  cycles  per  sec.,  the  direction  of  rotation  reverses  every  half 
*cond.  The  curve  shows  that  at  half  load  the  power-factor  was  0.99 
eading;  and  that  at  full-load  it  was  0.96  leading.  The  corresponding  power- 
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faotors  without  the  vibrator,  were  0.76  lagging  and  0.87  lagging  respectively. 
The  excitation  loss  in  the  fields  of  the  vibrator  was  only  50  watts. 

The  K&pp  vibrator’s  chief  advantage  over  revolving  types  of  phase  ad- 
vancers relates  to  the  greater  facility  with  which  good  commutation  may 
be  obtained.  A disadvantage  relates  to  its  dependence  upon  a supply  of 
direct  current  for  field  excitation. 


119.  Compensating  windings  may 

and  permit  of  employing  stronger  armatu 
In  a preliminary  design  for  a compensatec 


be  used  in  tbs  Kapp  vibrator 

_ r _ _ ■ armatures,  •*.«.,  less  flux  ana  more  turns. 

± preliminary  design  for  a compensated  vibrator  for  a 16-cycle  l,5O0-h.p. 

motor,  the  diameter  of  the  armatures  was  13  cm.  and  their  gross  core  length 
was  15  cm.  In  this  case  the 


estimated  weightf  or  the  com- 
plete vibrator  was  0.5  metric 
ton.  The  armatures  were 
calculated  to  make  some  7 to 
8 revolutions  in  each  direc- 
tion and  to  attain  a peripheral 
speed  of  about  30  meters  per 
sec.  In  another  design  for  a 
vibrator  for  a 350-h.p.,  50- 
oycle  induction  motor,  the 
diameter  of  the  vibrator’s  ar- 
matures was  12cm.,  and  the 
gross  core  length  was  24  cm. 
This  could  be  considered  as  a 
case  in  which  the  conditions 


tftac  m wimiu  tae  cuuuiuuua  ,,  1O0  • . . r 00n  , 

were  favorable,  for  the  na-  .**«•  186.— PoweMaotor  curve  of  a 330-h.p. 
tural  slip  of  the  motor  wae  induction  motor  fitted  with  a Kapp  vibrator, 
only  1.5  per  cent,  at  rated 

load  and  the  slip-ring  pressure  was  high,  namely,  600  volts.  The  weight  oj 
this  vibrator  was  estimated  at  0.55  metric  ton,  and  the  calculations  indicated 
that  the  power-factor  would  reach  1.00  at  one-fourth  load,  and  that  then 
would  be  a leading  current  from  one-fourth  load  up  to  heavy  overloads 
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SS5.  Synchronous-motor  drive  for  motor-generator  sets.  The  use 

of  a synchronous  motor-generator  for  transforming  from  alternating  to 
direct  ourrent  permits  of  effecting  phase  oontrol  to  practically  any  desired  ex- 
tent; whereas,  with  asynchronous  converter,  phase  oontrol  is  only  practicable 
within  very  narrow  limits  (Sec.  9).  Moreover  the  direct-current  generator 
of  a motor-generator  set  can  be  provided  with  all  the  desirable  attributes  of 
a machine  driven  by  a prime  mover.  Although  the  motor-generator  set  may 
be  employed  in  a substation  many  miles  away  from  the  generating  station, 
the  direct-current  generator  will  have  as  close  speed  regulation  as  the  prime 
movers  in  the  generating  station.  Its  voltage  may  be  controlled  through  any 
desired  range  and  it  may  be  provided  with  a compound  winding  for  giving 
it  practically  any  characteristics  which  may  be  desired.  For  operating  from 
90-cycle  circuits  and  for  commutator  pressures  above  1,200  volts,  the  syn- 
chronous converter  has  a competitor  in  the  synchronous  motor-generator 
set.  The  motor  converter  (Sec.  9)  is  also  a rival  for  such  work.  For  still 
higher  commutator  pressures,  the  synchronous  motor-generator  set  is  ex- 
clusively suitable  for  operation  from  60-cyole  circuits  ana  it  is  often  prefer- 
able on  25-cycle  circuits. 

SSI.  Induction-motor  drive  for  motor-generator  sets.  While  it 

is  usually  preferable  to  employ  a synchronous  motor  for  a motor-generator 
set,  cases  arise  where  the  simplicity  of  the  squirrel-cage  induction  motor 
and  its  lower  cost  is  considered  sufficient  inducement  to  employ  it  notwith- 
standing its  low  power-factor  and  its  slip.  The  induction-motor  drive  is 
usually  oonfined  to  relatively  small  sets  and  for  low  voltages  at  the  motor. 
It  is  less  objectionable  at  25  than  at  60  oycles,  since  for  a given  rise  and  speed 
the  power-factor  of  induction  motors  is  higher  the  lower  the  periodicity. 

SS7.  Starting  of  motor-generator  sets.  It  is  at  present  usual  to 
start  synchronous  motor-generator  sets  from  low-voltage  taps  of  trans- 
formers or  auto-transformers  by  means  of  the  torque  supplied  by  squirrel- 
cage  windings  fitted  in  the  pole  shoes.  After  the  rotor  has  come  up  to 
speed,  the  stator  windings  are  thrown  over  to  the  full-voltage  position.  The 
method  differs  in  no  essential  respect  from  the  "tap"  starting  of  any  syn- 
chronous motor  or  rotary  converter.  Another  available  method  which  as 
yet  is  but  rarely  employed  in  America  consists  in  fitting  a small  auxiliary 
induction  motor  on  the  shaft  with  its  stator  windings  either  in  series  with  the 
stator  windings  of  the  synchronous  motor  or  else  with  its  stator  windings 
supplied  from  the  secondaries  of  a series  transformer  whoee  primaries  are, 
during  starting,  in  series  with  the  synchronous  motor’s  stator  windings. 
This  method  is  especially  appropriate  for  large  sets  and  is  widely  used  in 
England.  The  rotor  often  consists  of  a cast-iron  cylinder  without  any  slots 
or  windings.  As  a third  method  may  be  mentioned  that  of  starting  from  the 
commutator  end  by  temporarily  employing  the  direct-current  generator 
as  a motor.  Some  25  per  cent,  of  rated  full-load  current  is  usually  required 
by  this  method  of  starting  motor-generator  sets.  The  method  is  the  more 
worthy  of  consideration,  the  higher  the  frequency  of  the  supply  circuit,  since 
tap  starting  requires  more  current  with  the  higher  frequencies.  If  the  set 
is  started  from  the  commutator  end,  the  compound  winding  should  be 
temporarily  short-circuited  by  a switch  mounted  on  the  frame  of  the  machine 
or  close  to  it.  For  this  method  of  starting  it  becomes  necessary  to  employ 
synchronising  apparatus.  When  induction  motor-generator  sets  are  em- 
ployed, one  of  tne  motives  usually  relates  to  the  readiness  of  starting  from 
the  induction-motor  end  in  the  same  way  in  which  any  large  squirrel-cage 
induction  motor  is  usually  started  up,  by  taps  from  transformers  or 
induction  starters. 

138.  Motor-generator  sets  for  charging  storage  batteries.  It  might 

be  concluded  at  first  sight  that  the  mercury-arc  rectifier  would  monopofise 
the  function  of  oharging  storage  batteries  when  the  available  supply  consists 
of  alternating  current.  There  is,  however,  a consideration  which  often 
weighs  decidedly  in  favor  of  the  motor  generator  for  such  woric:  There  is 
an  internal  drop  of  some  20  to  30  volts  in  the  mercury  arc  rectifier.  Let  us 
for  explanatory  purposes  take  the  drop  as  25  volts.  Then  for  supplying 
electricity  at  a pressure  of  25  volts,  the  efficiency  cannot  be  greater  than 
125/(25+25)  )X  100- W per  cent.  But  for  supplying  energy  at  250  volts, 
the  efficiency  may  be  of  the  order  of  250/(250  +25)  -91  per  oent. 

Consequently  the  higher  the  required  pressure  the  more  appropriate  is 
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tht  mercury-arc  rectifier,  and  the  lower  the  required  pressure  the  more 
appropriate  ia  the  motor-generator.  We  thus  see  that  for  low-voltage  stor- 
age-battery charging  there  ia  an  important  consideration  weighingin  favor 
of  the  motor  generator,  although  its  greater  initial  coat,  the  greater  cost  for 
attendance,  and  the  {general  inconvenience  inherent  to  rotating  machinery 
may  turn  the  balance  in  favor  of  the  mercury-arc  rectifier  in  many  instances. 

. tit.  Motor-generator  sets  for  electrolytic  work.  The  explanations 
ia  Par.  SSft  apply  in  still  greater  degree  to  the  provision  of  direct-current 
for  such  electrolytic  work  as  requires  a pressure  of  only  a few  volts.  For 
•aeh  work  the  required  pressure  is  often  of  the  order  of  only  some  2 to  10 
volts.  Sinoe  the  technical  problems  arising  in  connection  with  such  seta 
lunge  around  the  abnormal  proportions  required  for  the  direct- current 
generator,  and  since  the  alternating-current  motor  for  such  sets  is  entirely 
normal,  this  matter  is  more  appropriately  discussed  in  Sec.  8. 

MO.  Motor-generators  for  main-line  railway  substations.  In 

moat  main-line  railway  electrification,  direct  current  will  be  suplied  to  the 
conductor  rail  or  overhead  trolley  wire  at  pressures  of  not  less  than  1,200  volts 
ud  often  of  from  2,400  volts,  to  4,000  volts.  Suoh  pressures  cannot  success- 
fully be  provided  by  synchronous  converters  or  motor  converters.  Con- 
Kquently  motor-generators  will  be  employed. 

Ml.  Ward  Leonard  system.  The  modern  conception  associated  with 
tiie  term  “Ward  Leonard  System”  is  of  a system  for  effecting  any  desired 
variations  in  the  speed  of  a motor  for  all  loads  carried  by  the  motor  without 
incurring  any  rheoetatic  losses  in  the  main  circuit.  This  is  accomplished  by 
interposing  a motor-generator  set  between  the  variable-speed  motor  in  ques- 
tion and  the  system  from  which  it  is  supplied.  If  the  system  be  one  furnish- 
ing alternating  electricity  it  will  be  usual  to  employ  for  the  motor-generator 
set  a synchronous  motor  coupled  to  a direct-current  generator.  It  is 
arranged  that  the  excitation  of  the  latter  may  be  varied  over  a wide  range  by  { 

means  of  a rheostat  in  its  field  circuit.  The  generator’s  armature  ana  the 
motor’s  armature  constitute  a circuit  by  themselves  which  is  not  interrupted 
in  service.  By  simple  and  efficient  manipulations  of  the  field  rheostats 
nod  switch  gear  in  the  exciting  circuits  of  the  generator,  and  of  the  variable- 
speed  motor  the  latter’s  speed  and  direction  of  rotation  are  under  perfect 
control  at  all  loads.  . The  system  is  regenerative;  thus,  when  applied  to 
hoisting,  the  descending  load  drives  the  motor,  which,  as  a generator,  re- 
verses the  action  of  the  motor-generator  set  and  returns  energy  to  the  ^ 

•apply  system. 

MS.  The  Ward  Leonard  system  has  been  applied  to  a large  variety 
of  work  requiring  economical  operation  under  widely  varying  conditions  of 
■peed  and  load.  Among  these  applications  that  of  operating  railway  trains 
a of  intereet.  In  this  instance  Ward  Leonard  employed  single-phase  trans- 
mission to  a motor-generator  set  on  the  locomotive.  The  generator  delivered 
Greet  current  to  motors  geared  to  the  driven  axles.  The  control  was 
€ected  exclusively  by  manmulation  of  the  field  excitation.  This  system  of 
milway  electrification  was  formerly  occasionally  employed  by  the  Oerlikon 
Co. 

MS.  Bibliography  of  Ward  Leonard  system.  The  system  has  been 
i«oribed  and  discussed  on  several  occasions  when  its  inventor  presented 
papers  before  the  American  Institute  of  Electrical  Engineers.  The  following  is 
•list  of  several  papers  by  H.  Ward  Leonard  relating  to  his  system;  these  were 
Published,  at  the  various  times  noted,  in  the  Trans.  A.  1.  E.  E. 

. "A  New  System  of  Electric  Propulsion  (June,  1892), ” Vol.  IX,  page  566. 

“How  Shall  We  Operate  an  Electric  Railway  Extending  One  Hundred 
Miles  from  the  Power  Station”  (Feb.,  1894),  Vol.  XI,  page  76. 

“Volts  vs  Ohms  (Speed  Regulation  of  Electric  Motors)”  (Nov.,  1896), 

Vol.  XIII,  page  377. 

“Multiple  Unit,  Voltage-speed  Control  for  Trunk  Line  Service”  (Nov., 

1902),  Vol.  XX,  page  155. 

S44.  The  Uglier  system.  By  providing  the  motor-generator  set  with 
n fly-wheel,  Hgner  goes  a step  farther  than  Ward  Leonard  and  obtains  a 
•ystem  for  supplying  electricity  to  a motor  which  shall  carry  sharply  varying 
loads  at  widely  varying  speeds  without  imposing  any  material  load  variations 
on  the  supply  system.  When  operated  from  a direct-current  supply,  both 
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members  of  the  motor-generator  set  are  direct-current  machines  as  indicated 
at  A and  B in  Fig.  187.  The  shunt  motor  A is  supplied  from  the  direct- 
current  system  <?,  and  drives  the  generator  B and  tne  fly-wheel  C.  It  is 
desired  that  the  motor,  F,  shall  be  economically  operated  at  any  speed  in 
either  direction  and  with  widely  varying  loads.  For  instance,  F may  drive 
reversible  rolls  in  a steel  mill  or  a winder  at  a coal  mine.  (Although  in  the 
case  of  such  heavy  work,  the  supply  would  consist  in  polyphase  electricity,  it 
is  simpler  first  to  describe  the  arrangement  employed  with  a supply  of  con- 
tinuous electricity.)  It  will  be  observed  that  there  are  no  switchee  or 
rheostats  in  the  circuit  of  the  armatures  of  the  generator  B,  and  the  variable- 
speed  motor  F.  The  excitation  for  the  latter  may  be  supp  ied  from  O,  as 
indicated  in  the  diagram.  The  control  of  the  sped  of  F is  effected  by  control 
of  the  field  excitation  of  the  generator  B by  means  of  the  rheostat  D.  The 
direction  of  F is  controlled  by  the  switch  E.  Assuming  the  case  of  winding 
a load  up  out  of  a shaft,  let  us  take  the  moment  when  the  load  is  at  rest  at 
the  bottom.  Switch  E will  be  open  at  this  moment  and  F will  be  at  rest. 
To  wind  up  the  load  the  switch  E is  closed  in  the  right  direction  and  the  field 
of  B is  rapidly  strengthened  by  cutting  out  the  rheostat  D,  point  by  point. 
This  accelerates  the  motor  F 
to  its  full  speed. 

The  load  thus  imposed  on 
the  fly-wheel  motor-genera- 
tor set  is  largely  provided 
from  the  energy  stored  up  in 
the  fly-wheel  CT  By  the  time 
the  wrind  is  completed,  the 
motor  generator’s  speed  has 
decreased  a few  per  cent. 

During  the  descent,  the  mo- 
tor A is  still  loaded,  since  it 
is  accelerating  the  fly-wheel 
to  its  full  speed  and  storing 
energy  in  it.  The  descending 
load  may  contribute  to  the 
process  by  regeneration. 

845.  Field  of  application 
of  the  II gner  system.  The 
Ilgner  system  has  been  exten- 
sively used  andi  nstances  are 
on  record  of  reversing  rolling 
millsin  which  load  variations 
of  enormous  amount  occur- 
ring many  times  per  min.  are 
so  effectively  equalized  as  to 
occasion  practically  constant 
load  on  the  supply  system. 

See  Sec.  15.  However,  for 
heavy  work  of  this  character,  Fia.  187. — Ilgner  system, 

the  supply  consists  of  poly- 
phase energy,  and  an  induction  motor  replaces  the  direct-current  motor 
A of  the  motor-generator  set.  But  the  generator  B and  the  variable  speed 
motor  F remain  direct-current  motors,  and  the  operation  is  quite  as  ex- 
plained above.  It  is,  however,  necessary  to  provide  an  exciter  for  the  field 
winding  of  F.  Furthermore,  certain  details  are  introduced  relating  te  the 
automatic  insertion  of  resistance!  n the  secondary  windings  of  the  inauotion 
motor  of  the  motor  generator,  in  order  to  control  the  rate  and  extent  of  deliv- 
erance of  the  kinetic  energy  of  the  fly-wheel. 

FREQUENCY  CHANGERS 

846.  Field  of  application  of  the  frequency  changer.  With  the 
rapidly  extending  employment  of  electricity  as  a means  of  transmitting 
energy  to  a distance,  it  has  come  about  that  most  civilized  regions  Of  the  world 
are  now  provided  with  enormous  networks  of  transmission  conductors. 
Various  networks  in  neighboring  localities  are  often  the  outgrowth  of  small 
undertakings  which  were  originally  in  competition  with  one  another,  and  they 
differ  as  regards  pressure,  phase  system,  and  frequency.  At  the  present 
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stage  of  development  it  ie  becoming  important  to  interconnect  these  systems. 
The  difference  in  pressure  and  phase  system  are  readily  reconciled  by  means 
of  stationary  transformers,  Sec.  6.  But  the  different  frequencies  can  only  be 
dealt  with  commercially  in  the  linking-up  process  by  means  of  rotating  ma- 
chinery termed  ** frequency  changers.”  Such  machines  are  also  required 
when,  for  a portion  of  the  load  on  a system,  a different  frequency  is  appro- 
priate from  that  required  for  the  bulk  of  the  load.  Thus  single-phase  rail- 
ways are  lees  unsatisfactory  the  lower  the  frequency  employed.  Consequently 
when  a large  60-cycle  power-supply  undertaking  contracts  to  supply  a 
angle-phase  railway,  frequency  changers  must  be  employed  to  provide 
electricity  of  a frequency  of  25  or  preferably  15  cycles  per  sec.  In  Europe  a 
periodicity  of  16.66  oycles  per  sec.  has  been  standardised  for  single- phase 
railways,  and  50  cycles  for  general  power  and  lighting  purposes.  Without 
devoting  more  space  to  a specific  discussion  of  the  occasions  for  frequency 
changers,  we  may  briefly  subdivide  these  occasions  into  two  groups  relating, 
respectively:  first,  to  the  case  of  the  exclusive  supply  of  electricity  through  a 
subsidiary  system  with  no  other  source  of  power,  at  a frequency  differing 
from  that  of  the  main  system,  and,  secondly,  to  the  linking  up  of  two  systems 
of  different  frequencies,  each  system  also  having  its  own  independent 
generating  plant.  While  &e  first  case  is  relatively  simple,  a number  of 
important  considerations  involving  attention  to  oomplex  details  arise  in 
connection  with  the  second  case. 

*47.  Frequency  changers  for  the  exclusive  supply  of  subsidiary 
networks.  Let  us  now  deal  with  the  first  case  and  base  our  explanations 
on  the  example  of  a circuit  for  which  25-cycle  energy  is  required,  the  fre- 

Soency  of  the  main  system  being  60-cycles.  The  simplest  plan,  and  the  one 
Imoet  always  adopted,  consists  in  employing  a synchronous  motor-generator 
set,  the  motor  of  which  is  designed  to  run  at  60-cycles  while  the  generator  is 
designed  with  such  a number  of  poles  that,  when  driven  by  the  motor,  its 
frequency  will  be  25  cyeies  per  sec.  The  smallest  number  of  poles  for 
these  two  combinations  are  24  for  the  motor  and  10  for  the  generator,  since 
24/2  — 12,  and  10/2  =■  5 are  the  smallest  whole  numbers  bearing  to  one  another 
the  ratio  of  60  to  25.  A 24-pole  motor  on  a 60-cyde  circuit  runs  at  (60  X 
60)/12  =»  300  rev.  per  min.  It  is  usually  desirable  to  select  the  smallest 
practicable  number  of  poles,  since  this  corresponds  to  the  highest  speed  and 
consequently  to  the  smallest  and  cheapest  motor-generator  set.  The 
synchronous  motor  of  such  a set  may  be  designed  with  an  appropriate 
squirrel-cage  (amortisseur)  pole-face  winding  to  enable  it  to  run  up  to  speed 
os  an  induction  motor.  In  this  case  it  will  be  started  from  low-preaeure 
taps  of  a transformer  or  ind notion  starter  as  described  in  Par.  337.  As  an 
alternative,  it  may  be  started  by  means  of  an  induction  motor  in  series  as 
also  mentioned  in  Par.  S37,  and  will  be  self-synchronizing.  In  other  instances 
it  may  be  preferred  to  employ  an  auxiliary  direct-current  motor  to  bring 
the  set  up  to  speed.  After  the  set  is  in  synchronism,  the  25-cycle  load  may 
be  supplied  from  the  generator.  Synchronous  frequency  changers  have  the 
good  feature  that  by  overexciting  the  synchronous  motors,  they  can  be  made 
to  also  act  aa  synchronous  condensers  to  improve  the  power-factor  of  the 
lystera  as  described  in  Par.  Sit  and  SSO. 

348.  Induction  motor  versus  synchronous  motor  as  primary 
member  of  a frequency  changer  set.  Except  for  this  last  feature  (Par. 
I4T),  it  may  occasionally  be  preferable  in  such  a case  to  employ  a motor  of 
the  non-synchronous  type  and  with  a squirrel-cage  rotor.  But  by  such  a 
plan  a lagging  load  will  be  imposed  upon  the  main  system  and  this  will 
amally  be  so  objectionable  that  it  will  more  than  offset  the  advantage  of 
sraplidty  poeeessed  by  the  squirrel-cage  induction  motor.  Furthermore,  it 
rill  not  permit  us  to  dispense  with  a supply  of  direct-curient  for  excitation, 
ance  this  will  be  required  in  any  case  tor  providing  the  excitation  for  the 
generator  member  of  the  motor-generator  set.  In  exceptional  cases  it  might 
be  a good  plan  to  let  the  motor  be  of  the  induction  type  and  arrange  to  operate 
it  at  unity  or  leading  power-factor  by  the  employment  of  a phase  advancer 
of  one  of  the  types  discussed  in  Par.  321  to  331.  The  Brooldyn  Edison  Co. 
bag  1,000-kw.  and  500^kw.  induction-motor-driven  frequency-oh&nger  sets 
(which  have  been  supplied  by  different  manufacturers)  operating  in  parallel. 

342.  The  parallel  operation  of  two  or  more  frequency  changers. 
If  two  or  more  frequency  changers  of  the  synchronous  motor-generator 
type  mentioned  in  Par.  332  and  347  are  required  to  operate  in  parallel  in 
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supplying  a load,  certain  complications  arise  due  to  the  necessity  for  synchro- 
nising the  frequency  changers  at  both  ends,  and  due  to  the  requirement  that 
the  internal  reactance  ana  shifting  of  magnetio  axes  in  the  machines  (with 
loads  varying  as  regards  amount  or  phase)  shall  not  be  such  m to  cause 
Inappropriate  division  of  the  load  among  the  different  machines  in  parallel. 
These  matters  have  been  carefully  considered  by  J.  B.  Taylor  in  a paper 
entitled  “Some  Features  Affecting  the  Parallel  Operation  of  Synchronous 
Motor-generator  Sets,"  published  in  Proceedings  of  the  American  Institute 
Electrical  Engineers,  VoT.  XXV  (1906),  p.  113  and  by  N.  E.  Funk  in  a 
paper  entitled  “Operation  of  Frequency  Changers"  at  p.  1679  of  the  July. 
1913,  issue  of  the  Proceedings  American  Institute  Electrical  Engineers.  The 
relations  involved  are  too  complicated  to  be  satisfactorily  abstracted.  Let 
us.  however,  consider  the  matter  briefly  by  reference  to  the  case  of  supplying 
40  cycles  from  a 60-cycle  system  through  two  sets,  each  consisting  of  a 6-pole 
1,200-rev.  per  min.  synchronous  motor,  direct-connected  to  a 4-pole  synchro- 
nous generator.  Let  us  assume  that  the  relative  angular  positions  of  the 
generator  and  motor  fields  are  as  shown  in  Fig.  188,  see  I and  II.  Set  I 
is  in  service  and  it  is  desired  to  plaoe  set  II  in  parallel  with  it.  The  large 
letters  N and  S relate  to  the  North  and  South  poles  of  the  6-pole  motors  and 
the  small  letters  n and  a to  tho  poles  of  the  4-pole  generators.  It  is  not  only 
neoeesary  that  the  North  poles  of  the  motors  of  II  shall  occupy  the  same 
angular  positions  as  the  North  poles  of  the  motors  of  I,  but  it  is  furthermore 
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necessary  that  a particular  North  pole  Ni  of  II  shall  occupy  the  same  angular 
position  as  a particular  North  pole  JVi  of  I.  It  is  hot  permissible  that  N » or 
Nt  of  II  shall  be  synchronised  with  N i of  J,  since  then  a North  pole  of  the 
Generator  of  set  II  could  not  be  brought  into  the  same  angular  position  as  a 
North  pole  of  the  generator  of  set  I. 

850.  Synchronising  unloaded  frequency  changers.  Thus,  when 
synchronising  at  random,  there  is  only  one  chance  in  three  that  the  desired 
relative  positions  will  be  obtained.  Consequently  after  synchronising  the 
two  motors,  the  fields  of  one  of  them  will  usually  have  to  be  reversed  either 
once  or  twice,  before  the  correct  relative  positions  of  the  two  generator  fields 
is  obtained. 

851.  Synchronising  loaded  frequency  changers.  If,  when  it  is 
desired  to  add  act  II  to  the  system,  set  / is,  as  will  usually  be  the  case, 
already  loaded,  then  the  magnetic  axes  in  set  1 will  be  displaced  from  the 
geometric  axes  and  this  displacement  will  not  be  exclusively  a function  of 
the  amount  of  the  load  but  will  also  be  greatly  dependent  upon  whether  it  is 
in  phase  or  whether  and  to  what  extent  it  is  lagging  or  leading.  The  matter 
is  increased  in  complexity  when  frequenoy-changer  seta  of  different  designs 
and  capacities  are  to  be  operated  in  parallel.  When  care  has  not  been  exer- 
oised  in  the  original  designs,  it  has  often  proved  impossible  to  arrange  to 
divide  the  load  in  proper  proportions  between  the  different  sets.  One  set 
may  take  too  great  a share  at  light  loads  and  too  small  a share  at  heavy 
loads,  or  one  set  may  take  too  great  or  too  small  a share  at  all  loads. ^ All 
these  troubles  may  be  avoided  Dy  the  application  of  known  principles, 
but  there  have  in  the  past  been  many  instances  in  which  factors  requir- 
ing careful  attention  have  been  overlooked.  Funk  in  the  paper  to  which 
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reference  has  already  been  made,  describee  interesting  arrangements  for 
synchronising  frequency-changer  seta  when  operating  in  parallel, 
til.  Refinements  of  construction  necessary  to  permit  of  parallel 

ritlon.  From  the  above  discussion  it  will  be  evident  that  in  order  to 
n an  appropriate  division  of  the  load  between  two  frequency  changer 
«t»  operated  in  parallel,  great  exactness  in  construction  and  adjustments 
td  necessary.  It  is  desirable  to  be  able  to  effect  a final  mechanical  adjust- 
ment of  the  stators  with  relation  to  one  another.  This  is  often  arranged  by 
providing  a cradle  construction.  The  stator  of  one  machine  is  bolted  to  a 
:ridle  fastened  to  the  base.  By  “ slacking  off”  the  bolts,  a small  angular 
ufjuftment  of  the  stator  may  be  effected,  and  the  bolts  afterward  tightened. 

III.  Ifficiency  of  a motor-generator  frequency  changer.  By  using 
i motor-generator  set  as  a frequency  changer,  each  of  the  two  machines  has  to 
* proportioned  for  the  entire  loaa  to  be  delivered  to  the  ch&nged-frequency 
«nat,  and  the  set  is  consequently  large  and  expensive.  Furthermore,  if 
ach  machine  has  an  efficiency  of,  say.  95  per  cent.,  the  combined  efficiency 
• only  91  per  cent,  since  0.95X0.95-0.91. 

M4.  Induction-type  frequency  changer.  We  shall  now  consider 

oeaoi  by  which  better  results,  in  these  respects,  may  sometimes  be 
foained.  These  means  rest  fundamentally  upon  the  circumstance  that, 
ft  &q  ordinary  polyphase  induction  motor,  the  frequency  of  the  current  in 
he  rotor  winding  depends  upon  the  speed  of  the  rotor.  Let  us  consider  a 
IC-rjcle  three-phase  induction  motor  with  a three-phase  rotor  and  three 
ip-rings.  If  the  stator  windings  are  connected  to  a 60-cycle  circuit,  then 
f the  rotor  is  restrained  from  moving,  the  frequency  in  tne  rotor  windings 
iffl  also  be  60-cycles  per  sec.  If,  on  the  contrary,  the  rotor’s  speed  is  the 
line  as  that  of  the  revolving  magnetic  field  in  the  stator,  and  in  the  sama 
Erection,  then  the  frequency  in  the  rotor  winding  will  be  sero.  Thus  if  the 
0>cycle  induction  motor  has  four  poles,  the  magnetic  field  will  travel,  around 
k?  stator  at  a speed  of:  (60  X 60)  (4/2)  - 1,800  rev.  per  min. 

If  the  rotor's  speed  is  also  1,800-rev.  per  min.  and  in  the  same  direction, 
ken  the  frequency  in  the  rotor  windings  will  be  sero.  If,  however,  the  rotor’s 
feed  is  only  1,200  rev.  per.min.  the  frequency  will  be  ((1,800—  1,200)/ 1,800)  X 
k-20  cycles  per  sec.  If  the  rotor's  speed  is  only  300  rev.  per  min.,  the  fre- 
nency  will  be  [( 1,800  — 300)/ 1,800]  X 60  - 50  cycles  per  sec.  If  the  rotor  is 
■trained  from  running,  the  frequency  will  be  [(1,800  — 0)/ 1,800]  X 60  - 60 
feta  per  sec.  If  the  rotor  is  driven  at  a speed  of  300  rev.  per  min.  in  a 
Section  opposite  to  that  of  the  magnetic  field  in  the  stator,  the  frequency 
ill  be  [( 1.800-1-300)/ 1,800] X 60 -70  cycles  per  sec. 

In  our  case  we  wish  a frequency  of  25  cycles  per  sec.  Consequently,  if 
it  denote  by  R the  speed  at  which  we  shall  drive  the  rotor  we  may  have 
her  i («_  1.800)/  1,8001X60 -25  or  [(1,800-12)/!, 8001X60- 25  and 
t* 2, 550  or  R - 1,050. 

JH.  Direct-current  motor  drive  for  induction-type  frequency 
pnger.  Let  us  select  the  former  case  and  drive  the  rotor  at  a speed  of 
WO  rev.  per  min.,  by  another  motor.  We  can  only  do  this  if  we  have  a 
Pee  of  supply  of  continuous  electricity  and  employ  a 2,550  rev.  per  min., 
Pinuoue-electricity  motor.  We  could  not  employ  a 60-cycle  induction 
Stor  to  drive  the  rotor  since  this  would  run  at  only  1,800  rev.  per  min., 
[sound  with  4 poles  and  at  3,600  rev.  per  min.,  if  wound  with  2 poles,  and 
■ require  it  to  run  at  2,550  rev.  per  min. 

M.  Alternating-current  motor  drive  for  induction-type  fre- 

tiey  changers.  If  there  is  no  source  of  continuous  electricity  supply, 
limiting  us  to  the  use  of  a 60-cycle  motor  to  drive  the  rotor  of  the  fre- 
fcney  changer,  then  we  shall  have  to  abandon  the  plan  of  employing  a 
ftoie  frequency  changer  and  we  shall  be  obliged  to  employ  one  with  more 
Nm  which,  consequently,  will  be  heavier  and  more  expensive.  We  can 
■fcrmine  upon  a suitable  combination  by  consulting  the  table  in  Par.  SS7. 
1ST.  Selection  of  proper  speed  and  number  of  poles  in  induction - 
|p«  frequency  changers.  In  the  table  given  in  Par.  888.  the  smallest 
tober  or  poles  which,  in  column  IV,  corresponds  to  the  synchronous  speed  of 
O-cycle  motor, is  14,  corresponding  to  a rotor  speed  of  300-rev.  per  min. 
|s  frequency  changing  outfit  thus  consists  of  a 14-pole  induction  motor 
Eth  its  rotor  driven  by  a 300- rev.  per  min.,  60-cycle  synchronous  motor 
hch  will,  consequently,  have  2 X [(60X60)/ 300] -24  poles.  But,  for  so 
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slow  a speed,  the  outfit  will  be  heavy  and  expensive.  Examining  colun 
V of  the  table  we  see  that  for  an  8-pole  frequency  changer  in  which  the  rot 
is  driven  at  a speed  greater  than  that  of  the  stator  field,  the  required  sp«< 
is  1,275  rev.  per  min.  Since  a 6-pole,  60-cycle  synchronous  motor  runs  at 
speed  of  only  1,200  rev.  per  min.,  the  frequency  will  be  only  (1,200/1,275) 
25  — 23.5  cycles  per  sec. 

It  has  been  assumed  that  the  frequency  changer  is  required  for  supplyii 
an  independent  circuit  which  has  no  other  source  of  supply.  In  such  a case, 
periodicity  of  23.5  cycles  would  usually  be  nearly  as  appropriate  as  25  cyck 
If,  on  the  other  hand,  we  were  to  elect  to  employ  a 6-pole  frequency  change 
the  rotor  speed  required  for  25  cycles  would,  as  seen  from  column  V,  I 
1,700  rev.  per  min.,  and  if  we  arranged  to  drive  it  by -a  4-pole  synchronoi 
motor,  the  speed  would  be  1,800  rev.  per  min.,  giving'  (1,800/1,700)  X 25 

26.5  cycles  per  sec.  If,  in  the  latter  case,  we  were  to  employ  a squim 
oage  induction  motor  to  drive  the  rotor,  instead  of  employing  a synchronoi 
motor,  and  if  we  were  to  design  the  induction  motor  for  a full-load  slip  * 

5.5  per  cent.,  then  the  periodicity  would  vary  from  26.5  cycles,  at  no-loe 
to  26.5X0.945  — 25. 0-cycles,  at  full-load.  Enough  has  been  said  to  indica 
that  the  circumstances  of  each  proposed  installation  will  largely  govern  tl 
suitable  design. 

858.  Table  of  relatiTe  speeds  for  induction-type 
frequency  changers 


Number  of 
poles  of 
stator  of 
frequency 
changer 

Speed  of  mag- 
netic field  in 
stator  when 
excited  from 
60-cycle  cir- 
cuit 

Required  rela- 
tive speed  of 
stator  field 
and  rotor  in 
order  to  pro- 
vide 25  cycles 
in  rotor 

8 peed  at  which  rotor  must 
be  driven 

Rev.  per  min. 

If  below  speed 
of  stator  field 

If  above  spee 
of  stator  nek 

I 

II 

III 

IV 

1 

V 

2 

3,600 

1,500 

2,100 

5,100 

4 

1,800 

750 

1,050 

2.550 

6 

1,200 

500 

700 

1,700 

8 

900 

375 

525 

1,275 

10 

720 

300 

420 

1,020 

12 

600 

250 

350 

850 

14 

514 

214 

300 

728 

16 

450 

187.5 

262.5 

637.5 

18 

400 

166.7 

233.3 

566.7 

20 

360 

150.0 

210.0 

510.0 

22 

327 

136.5 

190.5 

483.5 

24 

300 

125.0 

175.0 

425.0 

20 

277 

115.3 

161.7 

392.3 

28 

257 

107.0 

150.0 

364 

859.  A disadvantage  of  induction-type  frequency  changers  rdat 

to  the  need  for  delivering  energy  to  the  system  from  the  slip-rings  of  ti 
rotor.  This  limits  the  voltage  which  can  be  supplied  to  the  low  val| 
for  which  it  is  expedient  to  wind  a rotating  element,  and  may  entail  t 
necessity  for  a step-up  compensator  or  transformer.  The  outfit  also  l 
quires  the  inclusion  of  some  form  of  potential  regulator  to  provide  the  pi 
oise  voltage  required  at  all  loads. 

880.  Power  required  to  drive  the  rotor  of  an  Induction-type  fi 
quency  changer.  In  induction  types  of  frequency  changer,  irrespecti 
of  whether  the  rotor  is  driven  by  a direct-current  motor,  a synchronous  mot 
or  an  induction  motor,  the  output  required  of  the  motor  driving  the  rol 
will  (if  the  rotor  is  driven  in  the  same  direction  as  the  stator  field)  be  equal 
the  output  from  the  frequency  changer  plus  the  copper  losses  in  the  latte 
rotor  circuits.  If,  on  the  contrary,  the  rotor  is  driven  in  opposition  to  t 
stator  field,  the  output  required  from  the  driving  motor  is  only  proportioi 
to  that  part  of  the  frequency  which  it  adds  to  the  frequency  impressed  by  i 
main  circuit.  For  example,  if  60-cycles  is  required  from  a 50-cyde  cired 
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i mas  employ  a 4-pole  frequency  changer  and  drive  its  rotor  at  300  rev. 
r mm  in  opposition  to  the  1,500  rev.  per  min.  of  the  stator  field.  If  the 
tout  delivered  from  the  frequency  changer  is  1,000  kw.,  then  (300/1,800)  X 
WO*  167  kw.  is  provided  by  the  driving  motor  and  (1,500/1,800)  X 1,000  — 

3 kw.  is  provioed  by  the  frequency  changer  itself  in  jts  transformer 
Maty,  and  at  high  efficiency.  ....  , . 

Obviously  the  less  the  required  alteration  in  frequency,  the  greater  is 
t appropriateness  of  the  induction-type  of  frequency  changer  as  compared 
th  the  motor-generator  type. 

Ill  Relative  merits  of  various  kinds  of  motors  for  driving  the 
tor'  of  an  induction-type  frequency  changer.  Whether  or  no  it 
iy  be  practicable  to  employ  an  induction  motor  to  drive  the  rotor,  depends 
% considerable  extent  upon  the  importance  or  otherwise  of  supplying 
sdutely  constant  frequency  at  all  loads.  When  it  is  permissible  that  the 
auencv  may  decrease  1 or  2 per  cent,  or  more  from  no-load  to  full-load, 
induction  motor  may  provide  the  most  satisfactory  solution,  since  it 
ninates  the  necessity  for  having  a supply  of  continuous  electricity  for 

InTme  instances  instead  of  employing  a squirrel-cage 
i then  having  a slip  necessarily  proportional  to  the  load,  it  Becomes 
propriate  to  chive  the  frequency  changer  s rotor  by  a slip-nng  induction 
and  regulate  its  slip,  and  consequently  the  frequency 
[dating  the  resistance  in  its  rotor  circuits.  This  becomes  the  more  expedi- 
k the  smaller  the  proportion  of  the  total  energy  which  is  supped  br  the 
ring  motor.  For  instance,  in  the  example  in  Par.  tJO,  only  (300/ 1 ,800)  X 
I©  7 per  cent,  of  the  total  output,  is  provided  by  the  driving  motor, 
i % considerable  rheostatic  loss  in  its  rotor  circuits  would  not  seriously 
tct  the  efficiency  of  the  complete  outfit.  It  should  again  be  emphasised 
it  induction- type  frequency  changers  are  not  used  in  commercial  practice, 
achronous  motor-generator  sets  are  practically  always  employed. 

& mactdnsry* oftlu8d7fr.qu<mcyCl1  We 

tm> systems  wdth  frequencies  of  60  and  25  cycles  per  sec.,  respectively,  two 
iclironous^m achin es  of  24  and  10  poles  respectively  are  coupled  together 
§ necessary  for  the  frequencies  of  the  two  systems  to  be  exactly  identical 
orSTSf  succLsfully  operate  such  plant.  Furthermore,  there  are  the 
i^  cJSnplkSSSd  relation,  nec^rfly  observed  in  synchronising  ,uch 

S2f  teS? “'on  that  when  ..f  for  parallel 

SaSon  STso  proportioned  and  adjusted  that  they  share  the  load  in  ap- 
oriaS  n?S?>ortiSim  when  delivering  power  from,  let  us  say  a 25-cycle 
tom  to  a 6(£-cvcle  system,  the  division  of  the  load  will  be  altered  when  it  is 
ired  to  reverse  the  sets  and  deliver  power  from  the  60-cycle  Bet  to • the 
<yde  system  Notwithstanding  the  niceties  imposed  by  the  relative- 
iJency^dS'tiona.  eynchronou?  motor-generator  sets  constitute  the 

IHwn^iynct^ronous  wta  are  employed  to  link  two  large  pyBtems.  the 
itert  alteration  in  the  relative  frequencies  of  the  two  systems  occasions 
fluctuation*  in  the  load  carried  bv  the  frequency  changers.  This 
K^i*  UseCthe  greater  the  sise  of  the  frequency  changers  as  compared 
th  the  size  of  the  systems  connected.  Unless  the  frequency ^changers  a 
size  as  compared  with  the  size  of  the  systems  which  they  connect, 
•fSllh^  Rifled  out  of  step  if  there  is  any  slight  change  in  the  ratio  of  the 
J - gS't.He  two  systems.  Consequently,  when  the  frequency  changers 
STSTof  reUti vcly^reat  sire,  it  would  be  preferable  to  employ  set.  m 
ich  an  induction  machine  constitutes  the  motor  member. 

irulnction-motor  drive  for  non-reversible  frequency  changers- 
th#*  obiect  is  to  deliver  energy  always  in  the  same  direction,  the  em- 
v ment  of  am  induction  machine  with  a slip-ring  rotor  as  motor  element. 
T the  control  of  its  precise  speed  by  the  adjustment  of  a rheostat  in  its 
jr  rirmrits  orovides  freedom  from  the  necessity  for  maintaining  at  exactly 
va|ue  the  ratio  of  the  frequencies  of  the  inter-connected  systems. 
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Indeed  any  slight  change  in  the  ratio  of  the  frequencies  is  automatically 
accompanied  by  an  appropriate  alteration  in  the  slip  of  the  induction  motor 
and  this  alteration  is  of  such  a nature  as  to  reduce  the  accompanying  load 
variation  to  a moderate  amount. 

864.  The  use  of  an  Induction  machine  in  a reversible  frequency 
changer.  It  has  even  been  suggested  that  by  the  adoption  of  suitable 
pole  numbers  and  by  providing  sufficient  range  of  slip-control  by  the  resistr 
ances  in  the  rotor  circuits,  such  a set  could  be  employed  reversibly.  In 
such  a case  the  induction  machine  would  function  as  a generator  to*  an  extent 
which  mey  be  controlled  by  adjustment  of  the  resistances  in  the  rotor  circuits. 

868.  Trequency  changing  by  two  induction  machines.  Both 
machines  could  be  of  the  induction  type,  the  one  operating  as  a motor  and  the 
other  as  a generator.  This  arrangement,  if  required  to  be  reversible,  would, 
however,  only  be  possible  for  connecting  two  systems  each  of  which  is  pro- 
vided with  synchronous  apparatus,  since  the  generator  member  woula  be 
dependent  upon  such  apparatus  for  its  excitation.  Each  machine  would  have 
a slip-ring  rotor  and  the  amount  and  direction  of  the  load  would  be  controlled 
by  adjustment  of  the  amount  of  resistance  in  the  rotor  circuits. 

866.  Position  of  shaft  in  frequency  changers  (horizontal  or  ver- 
tical). While  frequency  changers  are  usually  built  with  horizontal  shafts, 
the  vertical  type  offers  the  advantage  in  large  sets  that  an  economy  in  floor 
space  is  effected.  The  construction  may  also  permit  of  reduced  friction 
losses. 

867.  Number  of  bearings  in  frequency  changers.  Where  floor  space 
is  restricted,  sets  with  only  two  bearings  are'  occasionally  employed.  Three- 
bearing  designs  are,  however,  to  be  preferred.  They  affora  better  oppor- 
tunity for  circulation  of  air  through  the  machine,  since  the  shaft  may  be 
smaller.  Such  designs  also  provide  for  more  ready  access  to  all  parts. 

868.  Pairs  of  rotary  converters  as  frequency  changers.  It  has 
been  proposed  to  accomplish  frequency  transformation  by  the  employ- 
ment of  two  rotary  converters  arranged  with  their  alternating-current  ends 
connected  to  the  circuits  of  the  two  frequencies  and  with  the  commutators 
in  parallel.  This  plan,  of  transforming  from  alternating  electricity  of  one 
frequency  into  continuous  electricity  and  then  into  alternating  electricity 
of  another  frequency  avoids  the  difficulties  of  speed  inflexibility  of  synchron- 
ous motor  generators  while  retaining  their  desirable  feature  as  regards1 
power-factor  control. 

866.  Literature  relating  to  frequency  changers  is  rather  meagre. 
The  most  important  contributions  are:  J.  B.  Taylor's  paper  entitled, 
"Some  Features  Affecting  the  Parallel  Operation  of  Synchronous  Motor- 
generator  Sets,”  Proc.  A.  I.  E.  E.,  Vol.  XXV  (1906),  p.  113,  N.  E.  Funk’s 
paper  entitled,  “Operation  of  Frequency  Changers."  Proc.  A.  I.  E.  E.r 
July,  1913,  p.  1579,  and  R.  Townend’s  paper  entitled  Frequency  Changers," 
Joum.  I.  E.  E.  (1917),  Vol.  55,  d.  197. 

In  the  Electrician,  Sept.  27,  1912,  page  1021,  is  an  article  by  C.  Turnbull, 
entitled,  "Frequency  Changers."  In  the  General  Electric  Review,  August, 
1913,  page  609,  are  some  notes  on  "Frequency-changer  Sets.”  In  the  Gen- 
era/ Electric  Review,  Dec.,  1913,  page  941,  is  an  excellent  article  by  Gordoh 
Harris  andL.  B.  Bonnett  entitled,  “ Frequency  Changers,"  which  covers  th^ 
main  considerations  thoroughly.  See  also  ‘ ‘Parallel  Operation  of  Frequency 
Changers,"  by  G.  H.  Rettew  at  p.  836  of  Gen.  Elec.  Review  for  August,  1915. 
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QKNKRAL  PRINCIPLE}  . 

1.  Lines  of  magnetic  flux.  A magnetic  field  may  be  represented  b 
continuous  lines,  called  lines  of  flux,  whose  direction  at  any  point  in  the  fiel 
is  that  of  the  force  acting  on  a north  pole  placed  at  the  given  point;  the 
therefore  emerge  from  a north  pole  and  enter  a south  pole  (Sec.  2). 

S.  Electromagnetic  induction.  When  the  total  magnetic  flux  threat 
ing  a coil  undergoes  a change,  an  electromotive  force  (e.xn.f.)  is  generate 
or  induced  in  the  coil.  This  e.m.f.  is  proportional  to  the  time  rate  of  chan« 
of  flux.  One  volt  is  generated  in  a coil  of  one  turn  when  the  rate  of  chani 
of  flux  threading  the  coil  is  10s  lines  per  sec. 

S.  Magnitude  of  induced  e.mJ.  In  Fig.  1,  N and  S are  respectively  tb 
north  ana  south  poles  of  a magnet  and  4 represents  the  direction  of  tb 
magnetic  flux  passing  from  the  north  to  the  sotxt 
pole.  When  coil  A is  moved  from  position  1 wher 
the  flux  threading  the  ooil  is  4,  to  position  2 wher 
the  flux  threading  the  coil  is  sero,  in  t sec.,  the  averag 
e.m.f.  generated  in  the  coil  i bJJ-  (+/t)  10r*  volts. 

4.  The  direction  of  the  generated  e.m.f.  may  b 
found  by  Fleming's  right-hand  rule,  which  state 
that  if  the  thumb,  forefinger,  and  middle  finger  of  th 
right  hand  be  placed  at  right  angles  to  one  anotbe 
so  as  to  represent  three  coordinates  in  space,  with  tb 
thumb  pointed  in  the  direction  of  motion  of  the  con 
ductor  relative  to  the  field,  and  the  forefinger  in  th 
direction  of  the  lines  of  flux,  then  the  middle  finge 
will  point  in  the  direction  of  the  induced  e.mJ 
(Sec.  2).  The  direction  of  the  e.m.f.,  found  b 
Fleming's  rule,  is  shown  by  the  arrow  in  Fig.  1 
and  it  may  be  seen  (8ec.  2),  that  the  magneti 
effect  of  the  current  produced  tends  to  preven 
the  flux  threading  the  coil  from  decreasing  or,  a 
stated  by  Lens’s  law  (Sec.  2),  the  generated  e.mJ 
Fio.  1. — Direction  of  always  tends  to  send  an  electric  current  in  such 
generated  e.m.f.  direction  as  to  oppose  the  change  of  flux  which  pre 
duces  it. 

S.  Force  on  a conductor  in  a magnetic  field.  A conductor  L rn 
long,  carrying  a current  of  I amp.  perpendicular  to  a magnetic  field  of  ( 
lines  per  sq.  cm.,  is  acted  on  by  a force  of  (BL//10  dynes  in  a direction  foum 
by  Fleming’s  left-hand  rule,  which  states  thatif  the  thumb,  the forefingt 
and  the  middle  finger  of  the  left  hand  be  placed  at  right  angles  to  one  anotbf 
so  as  to  represent  three  coordinates  in  space,  with  the  thumb  pointed  in  th 
direction  of  the  force  on  the  conductor  and  the  forefinger  in  the  direction  ( 
the  lines  of  flux,  then  the  middle  finger  will  point  in  the  direction  oftb 
current. 

f.  Identity  of  generator  and  motor  structure.  Diagram  A,  Fig.  J 
shows  a generator  under  load;  the  direction  of  rotation  is  determined  by  tb 

ftrime  mover,  while  the  direction  of  the  current  in  the  conductors  may  b 
ound  by  the  right-hand  rule  (Par.  4).  A force  is  exerted  on  the  col 
ductors,  inasmuch  as  they  are  carrying  current  in  a magnetic  field;  tb 
direction  of  this  force  is  found  by  the  left-hand  rule  (Par.  •)  and  is  opposed  • 

m 


Digitized  by  Google 


Sec.  8-9 


D.  C.  GENERATORS  AND  MOTORS 


e.m.f.  is  being  generated  in  it,  that  is,  it  should  be  midway  between  the  poles 
or  in  the  neutral  position. 

9.  neld  excitation.  The  necessary  to  establish  the  flux  in  the 

magnetic  circuit  is  obtained  by  means  of  field  coils  which  are  wound  upon  the 
poles  of  the  machine.  The  exciting  current  for  the  field  coils  may  be  supplied 
m various  ways.  When  a generator  supplies  its  own  exciting  current  it  is  said 
to  be  self -excited ; when  the  exciting  current  is  supplied  from  some  external 
source,  such  as  an  exciter,  the  machine  is  said  to  be  separately  excited. 
The  different  connections  used  are  shown  diagrammatically  in  Fig.  4. 

Diagram  A shows  a separately  excited  machine.  Diagram  B shows  a 
shunt  machine,  in  which  the  field  coils  form  a shunt  across  the  armature 
terminals  and  have  many  turns  of  small  wire  carrying  a current  which  is  pro- 
portional to  the  terminal  voltage  of  the  machine.  This  field  current  seldom 
exceeds  5 per  cent,  of  the  armature  current  under  full-load  conditions.  Dia- 
gram C shows  a series  machine,  in  which  the  field  coils  are  in  series  with  the 


A- Separately 
Excited 


i?- Shunt 


c 

D -Compound 
Long  Shunt 


E - Oom  pound 
Short  Shunt 


. Fio.  4. — Methods  of  excitation. 


armature  and  have  fewer  turns  than  the  coils  of  a shunt  winding,  but  employ 
a larger  sise  of  wire  because  they  carry  the  whole  or  a fixed  proportion  of  the 
total  current.  Diagram  D shows  a compound  mftchine  in  whioh  there  is 
connected  to  the  terminals  a shunt  winding  which  carries  an  exciting  current 
proportional  to  the  terminal  voltage;  and  also  a series  winding  which  carries 
a current  proportional  to  the  armature  current.  This  method  of  connection 
is  known  as  the  “long  shunt.”  Diagram  B shows  a compound  machine 
connected  in  another  manner.  The  connection  in  this  case  is  known  as  the 
“short  shunt” : that  is,  the  shunt  coil  is  connected  to  the  terminals  of  the 
armature.  Small  machines  using  permanent  magnets  for  field  poles  sre 
called  magnetos. 

CLASSIFICATION  OF  TYPES 

10.  Classification  according  to  the  number  of  poles,  as  follows: 

(a)  Bipolar  machines  (Fig.  4)  have  only  two  poles. 

fb)  Multipolar  machines  (Fig.  46)  have  more  than  two  poles;  the 
number  of  poles  is  always  a multiple  of  two. 

(c)  Homopolar  machines  (hig.  89)  have  two  poles,  but  the  conductor* 
always  cut  lines  of  unidirectional  flux.  The  resulting  e.m.f.  is  continuous  in 
one  direction  and  therefore  no  commutator  is  required. 

11.  Classification  according  to  the  method  of  drive,  as  follows: 

(a)  Belted-type  motors  ana  generators  are  self-contained.  This  type 
of  machine  includes  bearings,  shaft  extended  for  a pulley  and  a sliding 
biuse  with  belt-tightening  device.  An  outboard  bearing  is  usually  provided 
with  machines  oflarger  capacity  than  200  kw.  at  600  rev.  per  min. 

. (b)  The  engine- type  generator  has  its  armature  mounted  on  a oontinus* 
tion  of  the  crank  shaft  of  the  engine,  and  slow-speed  unit*  are  generally 
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i without  base,  bearings,  or  shaft,  these  being  furnished  by  the  engine 


bUfc1*The  direct-connected  turbo-generator  has  its  armature  shaft 
foiried  directly  to  that  of  a steam  turbine.  In  this  type  the  construction  < f 
Ihe  renerator  is  special  on  account  of  the  high  speed.  , 

(dll  The  reared  turbo-generator  has  its  armature  shaft  connected  to 
th*  shaft  of  a steam  turbine  through  a reduction  gear,  so  that  a generator  of 
moderate  goeed  and  simple  construction  may  be  used. 

(•)  Thewater- wheel  type  generator  has  its  armature  shaft  coupled 
directly  to  that  of  a water  wheel.  Such  a generator  may  be  of  either  the 
Sntefor  the  vertical  type  and  is  generally  supplied  complete  with  base. 

bCfnnfte^ack°goared  type  motor  embraces  a speed-reduction  gear  as  an 
eleme^of  tiie  machine.  *The  slow-speed  shaft  ^supported  in  bearings 

attached  to  the  frame.  

II.  Classification  according  to  special  features  of  construction,  as 

*0l(a7lnterpole  machines  (Fig.  24)  have  small  auxiliary  poles  which  carry 
»ries  windings  and  improve  commutation.  . . ,. 

(6)  CompSn»*t*d  machine*  (Fig.  27)  have  sene,  windings  on  the  pole 
(aces  to  neutralise  armature  reaction.  Such  machines  may  also  have  inter 

Miscellaneous.  Under  this  class  may  be  included  mill  motors 
used inroiling  mills;  flame-proof  motor*  (or  mine  service;  Tariable-»pee(i 
generators,  for  train  lighting;  etc.  (Par.  18C  to  lie). 

ARMATURE  WINDINGS 

II  The  Gramme  ring  winding  is  almost  obsolete;  examples  of  it 
an  shown  in  Figs.  3,  5,  and  6 merely  to  present  clearly  the  meaning  of  i 
terms  used  in  describing  the  various  types  of  winding. 

ii  a re-entrant  winding  closes  or  re-enters  on  itself.  A singly 're- 
entrant winding  closes  on  itself  only  after  including  all  of  the  co^ctors 
Figs.  3and  6.  A doubly  re-entrant  winding  closes  on  itself  after 
including  half  of  the  conductors;  see  Fig.  5. 


Fia.  5. — Doubly  re-entrant  duplex 
winding. 


Fia.  6. — Singly  re-entrant  duplex 
winding. 


If.  A simplex  winding  has  only  two  paths  through  the  armature  from 
each  brush ; see  Fig.  3.  A duplex  winding  has  twice  as  many,  or  four  pal 
through  the  armature  from  each  brush.  In  tins  winding  each  brush  shou  1 
cover  at  least  two  commutator  segments;  see  Figs.  5 and  6.  Althougni 
possible  to  use  multiplex  and  multiply  re-entrant  windings,  they  .ire 
seldom  found  in  modern  machines.  Even  duplex  windings  are  rarely  u*e<l 
except  for  machines  of  very  large  current  capacity. 

1C.  The  drum  winding  has  coils  shaped  as  shown  in  Fig.  7.  At  any 
instant,  two  sides  of  each  coil  are  under  adjacent  poles.  Since  the  numbe 
conductors  in  each  coil  must  be  a multiple  of  two,  the  total  number  of  conduct- 
ors must  be  even.  A winding  made  with  coils  of  this  shape  must  lie 
layers  and  is  called  a double-layer  winding.  . 

IT.  Representation  of  drum  windings.  Fig.  S shows  a double-in  yer 
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drum  winding  corresponding  to  the  Gramme  ring  winding  in  Fig.  3.  It  has 
the  same  number  of  conductors  and  the  same  number  of  paths  through  the 
armature,  but  only  half  the  number  of  commutator  segments.  Conductors 
in  the  upper  layer  are  represented  by  full  lines  and  those  in  the  bottom  layer 
by  dotted  lines.  The  radial  lines  represent  face  conductors;  the  connecting 
lines  on  the  inside  represent  the  connections 
at  the  commutator  end,  and  those  on  the  out* 
side  represent  the  connections  at  the  opposite 
end.  For  convenience  the  brushes  are  shown 
inside  the  commutator. 


Fia.  7. — Coil  group  for  double 
layer  winding  with  two  turns  per 
coil  and  eight  conductors  per  slot. 


Fig.  8. — Simplex  singly  re-entrant 
drum  winding. 


18.  Multiple  winding.  Fig.  9 shows  a six-pole  drum  winding  with  six 
paths  in  parallel  between  the  positive  and  the  negative  terminals.  The  three 
positive  brushes  are  connected  together  outside  of  the  machine  by  a copper 
ring  T+,  and  the  three  negative  brushes  are  connected  by  a similar  ring  T - 
This  winding  is  of  the  multiple  type,  that  is,  the  number  of  armature  circuita 
between  terminals  is  a multiple  of  the  number  of  poles. 


re-entrant,  full-pitch  multiple  winding 
equalisers. 


Fig.  9. 

Figs.  9 and  10. — Simplex,  singly 
with 


19.  Equalizers.  Fig.  10  shows  a multiple-wound  armature  which  is  not 

central  with  the  poles.  The  flux  density  in  the  air  gaps  .1  is  greater  that 
in  the  air  gaps  H,  and  the  voltage  generated  in  a circuit  under  pol- 
greater  than  that  in  a circuit  under  poles  B , so  that  the  g voltage 

Between  c and  d is  greater  than  that  between  /and  q\  hence  a circulating 
current  will  flow  through  the  winding  and  brushes,  causing  sparking,  addi- 
tional loss  and  additional  heating.  This  circulating  current  may  be  mini- 
mixed  by  careful  centering  during  erection,  while  the  sparking  may  be  pre- 
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vented  by  providing  a low-resistance  path  of  copper  between  c and  /,  and  also 
•ee  between  d and  g (shown  outside  of  the  brush  circle),  so  that  the  circulating 
rerrent  will  flow  through  this  path  rather  than  through  the  brushes.  These 
equaliser  connections,  as  the  low'-resistance  paths  are  called,  do  not  eliminate 
the  circulating  current,  but  merely  prevent  it  from  passing  through  the 
brashes. 

An  armature  is  completely  equalized  by  connecting  together  all  commu- 
tator segments  which  should  be  at  the  same  potential.  However,  it  is  usual  to 
provide  about  30  per  cent,  of  the  maximum  number  of  equalizer  connections 
tod  make  their  cross-section  equal  to  half  the  cross-section  of  the  armature 
conductor.  The  equalizer  connections  shown  in  Fig.  9 are  located  behind 
the  commutator.  In  this  position  it  is  difficult  to  reach  them  for  repair; 
consequently  it  is  usual  to  connect  the  equalizers  to  the  windings  at  the  rear 
end  of  the  machine. 

20.  The  number  of  slots  and  the  number  of  commutator  seg- 
ments, in  a multiple-wound  armature  supplied  with  equalizers,  should,  for 
& simplex  winding,  be  a multiple  of  p/2,  the  number  of  pairs  of  poles. 

21.  Pitch  of  winding.  The  winding  shown  in  Fig.  9 is  a full-pitch 

hirilnff  or  one  in  which  the  width  of  the  coil  exactly  equals  the  pole  pitch. 
Hg-  H shows  part  of  a short-pitch  winding  or  one  in  which  the  width  of  the 

' is  less  than  the  pole  pitch. 


..d,  11. — Simplex  singly  re-entrant 
short-pitch  multiple  winding. 


Fio.  12. — Two-circuit  progressive 
winding. 


22.  Two-circuit  or  series  winding.  Fig.  12  shows  a six-pole  drum 
hiding  with  only  two  paths  between  the  positive  and  the  negative  terminals. 

fely  ro  sets  of  brushes  are  required  and  each  brush  short-circuits  p/2  coils 
"series.  Since  the  points  a,  b,  and  c are  all  at  the  same  potential,  and  also 
t points  d,  e,  and  /,  it  is  possible  to  place  brushes  on  the  commutator  at  each 
these  points,  so  that  the  current  may  be  collected  from  three  sets  of 
inzhes  instead  of  from  one,  and  a shorter  commutator  may  be  used.  A 
achine  with  a two-circuit  winding  has  generally  as  many  brush  sets  as  there 
* poles. 

23.  The  number  of  commutator  segments  in  a two-circuit  winding 
_u»t  not  be  a multiple  of  the  number  of  pairs  of  poles,  for  otherw  ise  the 

lading.  after  it  had  passed  once  around  the  armature,  would  close  upon 
*“if.  To  be  singly  re-entrant,  the  winding  must  progress  or  retrogress  by 
commutator  segment  each  time  it  passes  around  the  armature,  the  con- 
ition  for  which  is  that  the  number  of  commutator  segments  must  equal 
p/2)±l,  where  A is  a whole  number  and  p is  the  number  of  poles. 

14.  Application  of  two-circuit  winding.  Each  circuit  of  a two- 
rcuit  winding  is  made  up  of  conductors  passing  under  all  the  poles,  so  that 
► equalizers  are  required.  Because  of  this,  and  also  because  only  two  sets 
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of  brushes  are  required,  this  type  of  winding  is  well  suited  for  direct-current 
railway  motors,  inasmuch  as  tne  two  sets  of  brushes  for  a four-pole  motor 
are  placed  90  deg.  apart  so  that  they  may  easily  be  inspected  from  the  car. 

If.  Lap  windings  and  wave  windings.  A multiple-wound  armature 
is  sometimes  said  to  have  a lap  winding  and  an  armature  with  a two-circuit 
winding  is  said  to  have  a wave  winding. 

IS.  Dead  coils.  There  are  generally  more  coils  than  there  are  slots,  and 
each  coil  may  have  more  than  one  turn.  A coil  in  this  case  is  defined  as  the 
shortest  winding  element  between  two  commutator  segments.  It  is 
not  always  possible  to  put  a proper  two-circuit  winding  into  a given 
armature.  A 110-volt,  four-pole  machine,  with  forty-nine  slots,  forty-nine 
coils,  and  two  conductors  per  slot,  may  have  a two-circuit  winding  because 
it  fulfills  the  condition  that  49  = (24  p/2)  -f  1 ; when  wound  for  220  volte, 
however,  four  conductors  per  slot  are  required,  and  the  number  of  coils  is 
98*  (49  p/2)  ±0,  which  will  not  give  a two-circuit  winding.  In  such  a case, 
one  coil,  called  a dead  coi),  is  not  connected  into  the  winding,  its  two  ends 
being  taped  so  as  to  completely  insulate  the  coil.  The  machine,  there- 
fore, may  have  a two-circuit  winding  with  ninetynMven  active  coils  and 
ninety-seven  commutator  segments. 

ST.  Turbo-generator  windings.  In  turbo-generators  the  conductors 
are  long  and  move  at  high  speed,  so  that  the  voltage  between  adjacent  com- 
mutator segments  is  often  higher  than  desirable.  For  such  machines  it  has 
been  proposed  to  use  the  type  of  winding  shown  in  Fig.  13.  the  voltage 
between  adjacent  commutator  segments  being  that  generated  in  one  con- 
ductor. To  keep  the  inductance  of  the  return  conductors  low,  it  is  desirable 
to  group  together  return  conductors  in  which  the  currents  at  any  instant  are 
in  opposite  directions. 


Fia.  13. — Winding  with  half-  Fia.  14. — Connection  of  equaliser 
turn  coil.  between  parallel  windings. 


28.  Equaliser  connections  for  turbo-generator  windings.  The 

-normal  multiple-circuit  doubly  re-entrant  duplex  or  multiplex  windings 
can  only  be  used  to  their  full  advantage  when  the  voltage  between 
the  segments  belonging  to  the  different  parallel  windings  is  equally  dis- 
tributed, that  is  to  say,  the  potential  between  segments  1 ana  2 should 
be  exactly  half  of  the  potential  between  segments  1 and  3;  but  without 
special  means  of  bringing  about  this  condition  it  is  rather  dangerous  to  use 
these  windings.  It  may  happen  that  the  potential  is  very  unevenly  distrib- 
uted between  the  segments,  and  this  gives  rise  to  very  great  equalising  losses 
over  the  brushes.  The  winding  shown  in  Fig.  14  is  a multiple-circuit  doubly 
re-entrant  duplex  winding;  the  thin  lines  in  the  diagram  indicate  one  of  the 
parallel  windings,  the  thick  the  other.  The  thin  lines  at  the  bottom  of  the 
diagram  indicate  the  normal  equaliser  connections  for  the  winding  shown  i® 
thin  lines,  and  the  thiok  lines  at  the  top  indicate  the  normal  equaliser  con- 
nections for  the  winding  shown  in  thick  lines.  The  corresponding  equalise! 
rings  of  the  two  parallel  windings  are  connected  through  the  equalisers  indi< 
cated  on  the  left  of  the  diagram,  and  by  means  of  these  connections  equa 
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and  the  main  exciting  m.m.fs.  exist  together.  Since  the  armature  teeth  are 
saturated  at  normal  flux  densities,  the  increase  in  flux  density  at /is  leas  than 
the  decrease  at  e,  so  that  the  total  flux  per  pole  is  diminished  by  the  cross- 
magnetising  effect  of  the  armature. 

S3.  Demagnetizing  effect.  Fig.  17  shows  the  magnetio 'field  produced 
by  the  m.m.f.  of  the  armature  when  the  brushes  are  shifted  through  an  angle 


Fios.  17  and  18. — Demagnetising  and  cross  magnetising  effect. 

0 so  as  to  improve  commutation  (Par.  47).  The  armature  field  is  no  longer 
at  right  angles  to  the  main  field,  but  may  be  considered  as  the  resultant  of 
two  components,  one  in  the  direction  OY,  called  the  cross-magnetising  com- 
ponent, the  effect  of  which  is  discussed  in  the  last  paragraph,  and  the  other 
in  the  direction  OX,  which  is  called  the  demagnetising  component  because 
it  is  directly  opposed  to  the  main  field.  Fig.  18  shows  the  armature  divided 
so  as  to  produce  these  two  components,  and  it  may  be  seen  that  the  demag- 
netising ampere-turns  per  pair  of  poles  are 

(~~  ) X ^gQ--  (ampere-turns) 


(2) 


where  20/180  is  generally 
about  0.2.  Therefore  the 
demagnetising  ampere- turns 
per  pole  are 

0.1  (~ ^*)  (ampere-turns)  (3) 

34.  No-load  and  full- 
load  saturation  curvet. 
Curve  1,  Fig.  19,  shows  the 
no-load  saturation  curve  of 
a direct-current  generator. 
When  full  load  is  put  on  the 
generator  there  is  a decrease 
in  flux  and  therefore  a drop 
in  voltage  ab  due  to  the  arma- 
ture cross-magnetising  effect 
(Par.  31).  A further  voltage 
drop  due  to  the  armature 
i demagnetising  effect  is 
counter-balanced  by  an  in- 
crease in  excitation  of  be* 
0.1  (ZJe)/p;  also  a portion 
ed  of  the  generated  e.m.f.  is 
required  in  overcoming  the  internal  resistance  of  the  machine.  With  an  ex- 
citation of  10,000  ampere-turns,  the  voltage  at  no  load  and  normal  speed 
equals  240  volte.  At  full  load,  with  the  same  excitation,  the  terminal 
voltage  equals  196  volts.  In  order  that  the  full-load  voltage  may  be  the 
same  as  that  at  no  load,  the  number  of  ampere-turns  per  pole  which  must 
be  supplied  by  the  series  field  is  (13,400- 10,000)  -3,400  ampere-turns. 
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divides  into  two  parts  which  are  proportional  to  the  areas  of  contact  between 
the  brush  and  segments  5 and  6 respectively,  and  the  current  density  is  un> 
form  across  the  brush  surface.  In  diagram  C the  two  oont&ct  areas  are  equal; 
there  is  no  tendency  for  current  to  pass  round  coil  Af,  and  the  current  density 
is  again  uniform  across  the  brush  surface.  In  diagram  D the  contact  area 
between  the  brush  and  segment  5 is  small  while  that  between  the  brush  and 
segment  6 is  large;  the  larger  part  of  the  current  therefore  enters  at  segment 
6 and  the  current  in  coil  At  is  reversed,  while  the  current  21  e again  divides 
into  two  parts  which  are  proportional  to  the  contact  areas  between  the  brush 
and  the  two  commutator  segments,  and  the  current  density  is  still  uniform 
across  the  brush  surface. 

ST.  Perfect  commutation  is  defined  as  such  a change  of  current  in  the 
coil  being  commutated  that  the  current  density  over  the  brush  contact 
surface  is  constant  and  uniform. 

S8.  The  brush  contact  resistance  depends  on  the  brush  material  and. 
for  carbon  brushes,  it  decreases  with  increase  of  current  density  as  shown 
in  Fig.  21.  The  contact  resistance  with  current  flowing  from  commuta- 
tor to  brush  is  somewhat  higher  than  with  current  flowing  from  brush  to 
commutator. 

39.  Change  of  contact  resistance  with  temperature.  If  the  current 
density  in  a brush  contact  be  suddenly  increased,  the  contact  resistance 

does  not  immediately  decrease  to 
the  value  given  in  Fig.  21,  but 
gradually  decreases  as  the  temper- 
ature of  the  contact  increases,  and 
reaches  a constant  value  after 
about  20  min.  This  explains  why 
a machine  will  carry  a considerable 
overload  for  a short  time  without 
sparking,  whereas,  if  the  overload 
be  maintained,  the  machine  will 
begin  to  spark  as  the  brush  tem- 
perature increases  and  the  contact 
resistance  decreases. 

40.  Current  deniitr  in  the 
brushes.  For  sparkless  com- 
mutation. (1)  the  current  density 
in  the  brush  tip  must  not  be- 
come infinite,  and  (2)  the  aver- 
age amount  of  energy  expended 
at  the  brush  contact  must  be  lim- 
ited. For  machines  required  to 
operate  without  sparking  up  to  26  per  cent,  overload,  a rate  of  energy  dissi- 
pation of  35  watts  per  sq.  in.  (5.5  watts  per  sq.  cm.)  may  be  allowed  at 
full-load,  so  that  the  permissible  current  density  depends  upon  the  voltage 
drop  across  the  brush  contact.  The  better  the  commutation,  the  more  nearly 
uniform  is  the  current  density  in  the  brush  contact,  and  the  higher  the 
average  density  which  may  be  allowed. 

41.  Current  density  in  the  brush  tip.  The  effect  of  coil  resistance 
may  generally  be  neglected,  but  that  of  self-induction  must  be  considered. 
The  e.m.f.  of  self-induction  and  mutual  induction  of  coil  M (Fig.  20)  opposes 
the  change  of  current  in  that  coil,  so  that,  in  diagram  C,  at  the  end  of  naif  of 
the  period  of  commutation,  the  current  in  the  coils  M has  not  become  aero. 
When  it  does  beoome  zero,  some  time  later,  and  the  currents  entering  seg- 
ments 5 and  6 are  equal,  the  contact  area  with  segment  5 is  smaller  than  with 
segment  6 and  the  current  density  in  the  brush  tip  is  greater  than  normal. 
It  may  be  shown  theoretically  that  the  tip  density  at  the  end  of  commutation 
becomes  infinite*  when  RTe/(L  + M ) is  fees  than  unitv, 

where  R is  the  resistance  of  the  brush  contact  in  ohms, 

Tt  is  the  time  of  commutation  in  seconds, 
t is  the  coefficient  of  self-induction  in  henrye  of  one  coil  M , 
and  M is  the  coefficient  of  mutual  induction  in  henrys  between  coil  M 
and  coils  M\  and  Mt. 


* Reid,  on  “ Direct-current  Commutation,”  Trant.  A.  I.  E R,  Vc4.  XXIV. 
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Fia.  21. — Brush  contact  resistance. 
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41.  Copper  leal  brushes  can  carry  150  amp.  per  sq.  in.  (23  amp.  per 
aq.  cm.)  with  a drop  o£  0.3  volt  at  the  contact.  • 

Carbon  brushes  can  carry  35  watts  per  sq.  in.  (5.5  watts  per.sq  cm.), 
Par.  40,  for  example  36  amp.  per  sq.  in.  (5.5  amp.  per  aq.  cm.)  with  a drop 
of  1.0  volts  at  the  contact. 

43  Average  reactance  voltage.  The  criterion  for  sparkless  commu- 
tation is,  then  (Par.  41),  that  RTt/(,L  + M)  shall  be  greater  than  unity,  or 

2 + (4) 

1 1 

where  21,  is  the  current  entering  the  brush  (Fig.  20).  The  latter  quantity  is 
called  the  average  reactance  voltage  and  the  former  is  the  voltage  drop  across 
one  brush  contact.  It  will  jy 

be  found  that  the  higher 
the  contact  resistance  and 
the  lower  the  reactance 
voltage,  the  better  is  the 
commutation. 

Fig-  22  shows  the  mag- 
netic field  encircling  the 
short-circuited  coils  of  a 
full-pitch  multiple  wind- 
iug.  The  reluctance  of  the 
magnetic  path  may  readily 
be  calculated  from  which 
the  yalue  of  the  flux  per 
unit  current  and 
the  coefficient  of  self  and 
mutual  induction,  are  ob- 
tained. Deep  slots  de-  ....  . • , 

crease  the  reluctance  of  the  magnetic  path  (for  the  same  cross-sec  t ion  of 
conductor)  and  increase  the  reactance  voltage,  therefore  they  should  be 
avoided  if  possible. 

44.  Effect  of  type  of  winding  on  reactance  voltage.  In  the  short- 
pitch  winding  shown  in  Fig.  11,  the  conductors  undergoing  commutation 
lie  in  different  slots,  and  the  reluctance  of  the  magnetic  path  around  the 
coils  is  ereater,  and  the  coefficient  of  mutual  induction  smaller,  than  in  a 
full-pitch  winding.  The  use  of  a short-pitch  winding  therefore  lowers 
the  reactance  voltage  and  improves  commutation,  but,  as  shown  m big.  11. 
it  also  reduces  the  effective  interpolar  space  by  the  angle  9 . 

In  the  two-circuit  winding  with  one  set  of  positive  and  ono  set  of 
negative  brushes,  shown  in  Fig.  12,  each  brush  short-circuits , p/2  coils  in 
senes,  so  that  the  reactance  voltage  is  p/2  times  that  of  a multiple winding. 
When.^however,  the  number  of  brush  sets  is  the  same  as  ■ the  i numb*  a poles 
there  is  a short  commutation  path  around  one  coil  and  the  commu  at  ion  is 
improved.  . , 

45  Reactance  voltage  formula.  Approximate  results  may  be^obtained 
by  use  of  the  following  formula  for  the  average  reactance  voltage. 

ffr«*fcS(r.p.rn.)rcLe  T5 

where  S is  the  number  of  commutator  segments, 
r p.m.  is  the  speed  of  the  machine  in  rev.  per  mm., 

I,  is  the  current  in  each  armature  conductor, 
h,  is  the  frame  length  in  inches  (see  Fig.  38), 

T is  the  number  of  turns  per  coil  between  segments, 

/poles  \ e.  i for  multiple  windings  and  p/2  for  two-circuit  windings, 

a — 1.6  for  two-circuit  windings  and  for  full-pitch  multiple  windings 

1IM*  fc  — 0.93  for  shortrpitch  multiple  windings. 

Deep  slots  increase  the  reactance  voltage  above  this  value. 

• Gray.  "Electrical  Machine  Design,"  p.  84. 
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46.  Effect  of  brush  ere.  An  increase  in  the  brush  are  has  no  effect  on 
the  reactance  voltage  because,  while  it  increases  the  number  of  coils  in  series 
at  short  circuit,  it  decreases  the  time  of  commutation  in  the  same  ratio,  and 
the  reactance  voltage  remains  unchanged.  On  the  other  hand,  a wide  arc 
may  cause  sparking  by  starting  commutation  in  the  coils  before  they  are  in 
a reversing  field,  or  by  keeping  them  short-circuited  until  they  are  in  too 
strong  a field.  To  minimise  this  trouble  make  the  proportions  such  that, 

, . v / pole  pitch\  w /commutator  <uameter\ 

brush  arc<  { — — )X  (- 7 j. ) (6) 

\ ^ 12  / V.  armature  diameter  / 

where  all  dimensions  are  in  inches.  Furthermore,  the  brush  should  not 
cover  more  than  three  commutator  segments  except  in  machines  of  low 
reactance  voltage,  otherwise  there  will  be  large  circulating  currents  in  the 
brush  face. 


4T.  Shifting  of  brushes.  To  improve  commutation^  the  brushes  are 
shifted  from  tne  neutral  position,  so  that  the  short-circuited  coils  are  in  a 
magnetic  field  and  an  e.m.f.  (J?.)  is  generated  in  them  which  opposes  the 
reactance  voltage  and  improves  commutation.  As  the  current  in  the  machine 
increases,  the  reactance  voltage  increases  with  it.  To  have  perfect  commu- 
tation at  all  loads,  the  voltage  E,  must  maintain  an  unvarying  ratio  to  the 
current.  This  is  only  possible  when  the  distance  by  which  the  brushes  are 
moved  from  the  neutral  position  increases  as  the  cur- 
rent increases.  Modern  machines  must  operate  from 
no  load  to  25  per  cent,  overload  without  sparking  and 
. without  shifting  of  the  brushes  during  operation..  In 
these  machines  the  brushes  are  permanently  shifted 
(at  the  time  of  erection)  from  the  neutral  position 
until  the  voltage  E,  is  so  large  that  sparking* takes 
place  at  no  load. 

48.  Number  of  slots  per  pole.  Fig.  23  shows 
three  of  the  stages  in  the  commutation  of  a machine 
with  six  coil  sidesper  slot.  The  commutator  segments 
are  evenly  spaced  while  the  coils,  being  in  dots,  are 
not.  Between  the  instant  when  the  brush  breaks  oon- 
tact  with  coil  A,  and  the  instant  it  breaks  with  coil  C, 
the  slot  has  moved  through  a distance  x,  so  that  if  the 
magnetic  field  in  which  the  coils  are  commutated  is 
suitable  for  coil  A,  it  is  too  Btrong  for  coil  C,  and  the 
latter  will  therefore  be  badly  commutated,  every  third 
commutator  segment  being  blackened.  The  distance 
x is  equal  to  the  slot  pitch  minus  the  width  of  one 
commutator  segment.  To  minimise  this  trouble,  a 
machine  should  have  more  than  twelve  slots  per  pole. 
Large  machines  have  generally  more  than  fourteen 
slots  per  pole. 

49.  Limits  of  reactance  voltage.  Experience 

„ shows  that  when  the  following  conditions  are  fulfilled, 

Fiq.  23. — Commu-  namely: 

tation  with  several  m Number  of  slots  per  pole  is  greater  than  twelve, 
coils  per  slot.  (2)  Brush  arc  is  less  than  one-twelfth  of  the  pole 

Sitch  measured  at  the  commutator  surface, 
an  seven-tenths  of  the  pole  pitch,  and 
(4)  Ampere-turns  for  air-gap  and  teeth  are  greater  than  1.2  to  1.5  times 
the  armature  ampere-turns  per  pole  (Par.  88) : then  the  reactance  voltage 
calculated  by  Eq.  5 (Par.  48)  should  be 

(1)  Less  than  seven-tenths  of  the  voltage  drop  per  pair  of  brushes,  with 
brushes  in  neutral  position,  and 

(2)  Less  than  the  full  voltage  drop  per  pair  of  brushes,  with  the  brushes 
shifted  to  improve  commutation. 

A machine  with  a two-circuit  winding  will  commutate  about  20  pea*  cent, 
better  than  would  be  indicated  by  the  value  of  reactance  voltage  obtained 
from  Eq.  5 (Par.  46),  while  the  commutation  of  a machine  with  a short- 
pitch  winding  will  be  about  30  per  cent,  worse  than  indicated,  because  of  the 
reduction  of  the  effective  interpolar  space  (Par.  44). 

60.  Shunt,  compound  and  series  machines.  Due  to  armature  reaction, 
the  flux  at  the  pole  tip  toward  which  the  brushes  are  shifted  decreases  with 
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increase  of  armature  current  (Par.  SI).  This  decrease  is  kept  within  reason- 
able  limits  by  the  use  of  a strong  exciting  field  (Par.  Sfi)  and  is  less  in  a com- 
pound machine  than  in  a shunt  machine  operating  on  constant  excitation. 
In  the  series  machine  the  main  exciting  m.m.f.  and  the  armature  m.m.f. 
increase  together,  and  the  flux  at  the  commutating  pole  tip  may  increase  or 
decrease,  depending  on  the  relative  strength 
of  held  and  armature. 

SI.  Intorpoles.  An  Interpole  genera- 
tor is  shown  diagrammatically  in  Fig.  24, 
where  n and  * are  auxiliary  poles  which 
have  a series  winding  so  connected  that  their 
•trength  increases  with  the  armature  cur- 
rent. To  improve  commutation  in  a non- 
interpole generator,  the  brushes  are  shifted 
forward  in  the  direction  of  motion,  so  that 
would  come  under  the  tip  of  the  N pole 
and  fl_  under  the  tip  of  the  S pole.  Iu  the 
interpole  machine  the  auxiliary  pole  n U 
placed  opposite  the  brush  fi+  and  the  auxili- 
ary pole  » opposite  the  brush  fi- 
ll. Interpole  excitation.  The  inter- 
pole must  have  a m.m.f.  equal  and  opposite  Fio.  24. — Magnetic  circuit  of 
to  that  of  the  cross-magnetising  effect  of  interpole  generator, 

the  armature,  namely  ,ZIe/2p  ampere-turns 

per  pole  (Par.  SO)  and,  in  addition,  a m.m.f.  which  can  send  across  the  gap 
a flax  large  enough  to  generate  in  the  short-circuited  coil  an  e.m.f.  equal 
and  opposite  to  the  reactance  voltage.  In  order  that  the  interpole  flux 
may  be  always  proportional  to  the  current,  the  interpole  magnetic  circuit 
most  not  be  allowed  to  become  saturated. 

SS.  The  effective  interpole  arc  is  represented  by  the  expression  TP»>+2| 
(we  Fig.  25)  and  should  be  of  such  proportions  that  while  the  current  in  a 
conductor  is  being  commutated,  the  slot 
carrying  that  conductor  is  in  the  interpole 
fiel<L 

§4.  The  reluctance  of  the  interpole  air- 

gap  should  vary  as  little  as  possible  for  differ- 
ent positions  of  the  armature,  otherwise  the 
interpole  field  will  be  pulsating.  The  effect- 
ive interpole  arc  should  therefore  be  a 
multiple  of  the  slot  pitch;  it  is  generally  made  about  15  per  cent,  of  the  pole 
pitch  and,  to  minimise  the  interpole  leakage  flux,  the  main  pole  aro  is  not 
more  than  about  65  per  cent,  of  the  pole  pitch. 

M.  The  axial  length  of  the  interpole  in  inches  is  given  by  the  formula,9 
24  X core  length  in  inches  X amp,  cond.  per  in.  . 

“ interpole  gap  density  in  lines  per  sq.  in. 

The  ampere-conductors  per  in.  (Par.  99)  seldom  exceed  900,  and,  with  an 
interpolegap  density  of  45,000  lines  per  sq.  In.  (7,000  lines  per  sq.  cm.), 
the  interpole  circuit  will  not  be  saturated  up  to  50  per  cent,  overload;  the 
mterpole  length,  therefore,  need  not  exceed  half  the  frame  length,  if  there 
ire  as  many  interpoles  as  there  are  main  poles  and  if  the  overloads  do  not 
exceed  50  per  cent. 

14.  The  interpole  ampere-turns  per  pole  for  a newly  designed  machine 
ire  usually  made  equal  to  1.4  times  the  armature  ampere-turns  per  pole 
(Par.  51).  This  is  generally  too  large,  so  adjustment  must  be  made  after 
the  machine  is  erected. 

IT.  Flashing  over  t is  generally  caused  by  a sudden  change  of  load.  Fig* 
26  shows  a representation  of  the  armature  cross-field  in  a loaded  machine* 
A sudden  change  of  load  alters  the  value  of  the  cross-flux,  and  a voltage 


Fio.  25. — Interpole  width. 


9Gray.  “Electrical  Machine  Design, “jp.  94. 

tLamme,  * ‘Physical  Limitations  in  Commutating  Machinery,”  Tram. 
A.  I.  E.  E.,  Vol.  34,pp.  1559-1614,  Aug.,  1915,  andLinebaugh  and  Burnham, 
“Protection  from  Flashing  for  D.  C.  Apparatus,”  Proc.  A.  I.  E.  E.,  Vol.  37, 
pp.  617-628,  June,  1918. 
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proportional  to  the  rate  of  change  of  flux  is  generated  in  coil  a.  This  may 
increase  the  voltage  that  already  exists  between  adjacent  segments  to  such  a 
value  that  arcing  starts,  and  then  the  machine  flashes  over  from  brush  to 
brush,  particularly  if  the  commutator  is  dirty.  Machines  with  badly 
distorted  fields  and  a high  average  voltage  between  commutator  segments 
are  especially  likely  to  flash  over. 

58.  Compensating  windings.  For  such  service  as  the  operation  of 
reversing  rolling  mills,  the  current  in  the  motors  may  change  suddenly  from 
full-load  value  in  one  direction  to  three  times  full-load  value  in  the  opposite 
direction.  For  such  machines  the  average  voltage  between  adjacent 
commutator  segments,  which  is  equal  to  the  terminal  voltage  divided 
by  the  number  of  commutator  segments  per  pole,  should  not  exceed 


Flo.  26.  Fig.  27. 

Figs.  26  and  27. — Armature  field  with  and  without  compensating  windings. 

about  15,  otherwise  compensating  windings  will  be  required  to  prevent 
flashing  over.  The  compensating  winding  is  carried  by  the  pole  face,  and 
is  in  series  with  and  has  the  same  number  of  ampere-turns  per  pole  as 
the  armature.  However,  the  current  passes  in  the  opposite  direction  to 
that  in  the  armature  and  thus,  as  shown  in  Fig.  27,  tne  armature  field  ia 
completely  neutralised.  For  further  discussion  of  the  subject  of  commu- 
tation see  the  references  below.  * 


ARMATUR1  DESIGN 

55.  Output  equation.  The  output  of  a machine  is  proportional  to  the 
armature  volume,  and  the  output  equation  is 

~ ,T  watts  X 60.8  X 107  , . . 

D‘Le“r.p:rio<«7xTx*  (0Um-)  <8> 

where  D«  is  the  armature  diameter  in  inches, 

Lt  is  the  frame  length  in  inches  (Fig.  38), 

(B0>is  the  apparent  gap  density  in  lines  per  sq.  in.. 

♦ is  the  per  cent,  enclosure  ( — pole  arc  pole  -i- pitch),  and 
q is  the  ampere-conductors  per  in.  ( — Z/c/rZ>a). 

•0.  The  e.m.f.  equation  for  all  types  of  direct-current  generators  is: 

*-*<»-)(3D10-  <"*■>  w 

where  E ia  the  generated  voltage  between  terminals, 

Z is  the  total  number  of  face  conductors, 

is  the  flux  per  pole  which  crosses  the  air-gap  and  is  cut  by  the  arma- 
ture conductors, 

r.p.m.  is  the  armature  speed  in  revolutions  per  min. 

“paths”  refer  to  the  number  of  parallel  circuits  (electric)  through  th© 
armature. 


• Arnold,  “Die  Gleichstrommaschine,”  Vol.  I and  II;  Hawkins  and 
Wallis,  “The  Dynamo,”  VoL  II;  Baily  and  Cleghorne,  Journal  of  Inst,  of 
Elec.  Eng.;  Vol.  XXXVIII;  Gray,  “Electrical  Machine  Design;”  Hobart. 
Dynamo  Design,”  L&mme,  Tran*.  A.  I.  E.  E.,  Vol.  XXX,  p.  2359. 
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H.  Another  output  equation,  readily  obtained  from  the  e.m.f.  equa- 
tion, in  given  by 

" (Si)(*•Xpol“,  ao^lor  <»°> 

where  (Z/./paths),  called  the  electric  loading,  in  the  total  number  of  am- 
pere-conductors on  the  armature  periphery.  The  larger  the  electrio  loading, 
the  more  copper  and  the  less  iron  there  is  in  the  machine.  The  magnetic 
loading,  an  the  quantity  (0OX  poles)  is  termed,  is  the  total  flux  entering  the 
armature.  The  larger  the  magnetic  loading,  the  more  iron  and  the  less  cop- 
per there  is  in  the  machine. 

U.  The  gap  density  ((B0)  is  limited  by  the  density  at  the  bottom  of  the 
teeth;  the  greater  the  diameter,  the  less  the  tooth  taper,  and  the  higher  the 
gap  density  for  a jpven  tooth  density  at  the  root.  The  relation  between 
and  Dm  is  given  in  fig.  28. 


IS.  The  ampere- conductors  per  in.  (q)  are  limited  by  heating  and  by 
commutation.  If  q is  large,  the  copper  section  must  be  large  and  the  slots 
deep  in  order  to  keep  down  the  temperature,  but  deep  slots  tend  to  cause 
sparking.  It  is  found  that  q depends  principally  on  the  output  of  the  machine, 
m shown  in  Fig.  29. 

If  the  speed  for  a given  output  be  increased,  a smaller  diameter  can  be 
wed,  and  the  peripheral  velocity  will  not  be  greatly  increased.  Since  the 
imall  machine  is  not  so  well  ventilated  as  the  large  machine,  see  Fig.  31, 
the  same  value  of  q should  be  used  in  each  case. 

•4.  Relative  cost  factor.  A certain  ratio  k,  which  is  equal  to  the  magnctio 
loading  divided  by  the  electric  loading,  will  give  the  cheapest  machine. 
Then 

— «»  a const,  (electric  loading)  (magnetic  loading.)  Par.  41. 
r.p.m. 

— a const,  (electrio  loading)*  (11) 

sod  the  relation  between  the  watts  per  rev.  per  min.  and  the  electric  loading, 
given  in  Fig.  30,  may  be  used  in  preliminary  design.  The  value  of  k 
w affected  by  the  coet  of  labor  and  material  and  by  the  conditions  of 
manufacture. 

•4.  Humber  of  poles.  A pole  of  circular  cross-section  has  the  largest 
action  for  the  shortest  mean  turn.  If  the  pole  be  rectangular,  then  that 
with  a square  section  has  the  largest  area  for  the  shortest  mean  turn.  For 
economy  in  copper,  the  ratio  of  pole  pitch  to  frame  length  will  generally 
have  a value  between  1.1  and  1.7. 
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66.  The  armature  ampere-turns  per  pale  seldbm  exceed  7.600  in 
non-interpole  machines.  A larger  number  requires  a long  pole  pitch,  long 
end  connections,  a large  number  of  exciting  ampere-turns  per  pole,  long 
poles,  and  a yoke  of  large  diameter.  For  interpole  machines,  the  main 
field  need  not  be  so  strong  relatively  to  the  armature  field  as  in  non-inter- 
pole machines,  and  a reasonable  limit  for  the  armature  ampere-turns  per  pole 
is  10,000. 

€7.  A simple  procedure  for  armature  design  is  given  in  the  follow- 
ing: 

ZIe , the  number  of  ampere-conductors,  is  obtained  from  Fig.  30. 

q «» ZI c/irD«,  the  number  of  ampere-conductors  per  in.,  is  obtained 
from  Fig.  29. 

Dm , the  armature  diameter,  is  next  determined. 

<B,  is  obtained  from  Fig.  28. 

Lt  is  found  by  substitution  in  Eq.  8,  Par.  69. 

p,  the  number  of  poles,  is  so  chosen  that  the  pole  pitch  divided 
by  L«  equals  1.1  to  1.7. 

the  flux  per  pole -0.7  (pole  pitch)  XL(X(B„  assuming  the  pole 
enclosure  - 0.7. 

Z , the  number  of  armature  conductors,  is  found  from  Eq.  9,  Par.  CO. 


A 20  40  00  60  100 

B *00  400  000  800  1000 

C *000  4000  0000  800010000 
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Fig.  30. 


Fio.  31. 


The  winding  is  then  so  chosen  that  the  reactance  voltage  will  be  below 
the  desired  limit.  A two-circuit  winding  is  the  cheapest,  and  a winding 
with  two  turns  per  coil  is  cheaper  than  one  with  only  one  turn  per  coil. 

68.  The  commutator  diameter  (/>,)  is  made  equal  to  six-tenths  of  the 
armature  diameter  so  as  to  have  reasonably  long  “necks*'  (coil  leads),  but 
a peripheral  velocity  greater  than  3,500  ft.  per  min.  (1,070  m.  per  min.),  is 
undesirable.  One  objectionable  feature  of  the  turbo-machine  is  that  ita 
commutator  speed  may  run  as  high  as  7,000  ft.  per  min.  (2,140  m.  per  min.). 

69.  Brush  design.  The  brush  arc  should  not  exceed  the  value 
(polejutch)  (~dia;)  j>he  volts  drop  per  pair  of  brushes  should  be 

chosen  to  suit  the  reactance  voltage  (Par.  49).  The  energy  at  the  brush 
contacts  is  limited  to  35  watts  per  sq.  in.  (5.5  per  sq.  cm.)  (Par.  40). 

70.  Example  of  armature  design.  It  is  required  to  determine  approxi- 
mate dimensions  for  a direct-current  generator  of  the  following  rating:  400 
kw.,  240  volts,  1,670  amp.,  200  rev.  per  min.  The  results,  determined  in  con- 
secutive order,  are  as  follows: 


Z/«,  ampere-conductors, 
ampere-conductors  per  in., 
m,  armature  diameter. 

Bn  apparent  gap  density, 

La,  frame  length, 


-1.33X10* 

-733 

— 58  in. 

— 58,000  lines  per  sq.  in. 
-12  in. 
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P.  poles, 
r,  pole  pitch, 
flux  per  pole, 

Z,  total  face  conductors. 
Winding, 


-82 

-13 


S,  commutator  segments, 

BV,  reactance  voltage, 

D„  commutator  diameter. 

Brush  arc, 

Volts  per  pair  of  brushes. 

Amp.  per  so.  in.  brush  contact, 
Brush  length, 

F,  commutator  face. 


-10 

-18.2  in. 
-8.8X10* 
-820 

2-turn  mult. 

short  pitch 
-206 
-3.1 


» 164  - 820  - 820 

1-turn  ser.  2-turn  mult.  1-turn  mult. 

short  pitch 
-410 
-1.5 
-35  in. 

-0.91  in. 

-2 

-35 

-10.5  in. 

— 13  in. 

If  the  winding  were  senes,  or  two-turn  multiple,  the  reactance  voltage 
would  be  too  high  and  interpoles  would  be  required. 

Comparative  designs  should  be  worked  out  with  both  larger  and  smaller 
armature  diameters  and  with  different  numbers  of  poles;  then  a choice 
ihould  be  made,  and  the  design  completed  as  below. 

The  final  or  detailed  design  is  worked  out  in  the  following  order.  The 
probable  number  of  total  face  conductors  is  820,  from  the  preliminary  design. 
The  number  of  slots  per  pole  should  be  greater  than  fourteen  and  the  total 
comber  of  slots  greater  than  140;  the  nearest  number  of  slots  that  will  give 
to  even  number  of  conductors  per  dot  is  200.  Therefore 
Sots  -200 

Conductors  per  slot  — 4 

Coils  —400 

Commutator  segments  - 400 

Winding  1-turn  multiple 

Ampere-conductors  per  in.  - 107  X 800/V  X 58  - 730 
Ampere-conductors  per  in.  , _. 

— ~ t —1.3  for  40  deg.  cent,  nse,  from  Fig.  31. 

Cir.  mils  per  amp. 

Cir.  mils  per  amp.  — 560 

Amp.  per  conductor  at  full  load  — 167 

Section  of  conductor  -93,000  cir.  mils -0.073 

sq.  in. 

Sot  opening— 0.47  X (slot  pitch)  in  large  machines 
— 0.52  X (slot  pitch)  in  small  machines 
For  a first  approximation,  therefore 
Sot  pitch  —0.91  in. 

Sot  opening  — 0.43  in. 

0.064  width  of  slot  insulation  (Fig.  47) 

0.04  clearance  between  coil  and  core 

0.326  available  space  for  copper  and  conductor  insulation. 

Use  fiat  strip,  as  in  Fig.  47,  with  two  conductors  in  the  width  of  the  slot; 
aake  the  strip  0.14  in.  wide  and  insulate  it  with  half-lapped  cotton  tape. 

Depth  of  conductor  — 0.073/0.14  — 0.52  in.;  increase  this  to  0.55  in.  to 
Jaw  for  rounding  of  the  corners. 

Sot  depth  is  found  as  follows: 

0.55  —depth  of  each  conductor 
0.024  — insulation  of  each  conductor 
0.084  - depth  of  dot  insulation  (Fig.  47) 

0.058  — depth  of  each  insulated  coil 

2 — number  of  coils  in  depth  of  dot 
1.316  — depth  of  coil  space 
0.2  — thick  ness  of  stick  at  top  of  dot 

1.516  — necessary  dot  depth;  make  it  1.6  in. 

The  tooth  flux  density  should  now  be  checked  to  make  sure  that  it  is  not 
' wo  high,  see  Par.  138,  and  the  internal  diameter  of  the  armature  made  such 
| that  the  flux  dendty  in  the  armature  core  shall  not  exceed  85,000  lines  per 
| «J-  in. 

! *1*.  Moot  of  intorj>oloa.  When  interpoles  are  used,  the  reactance  vol- 

tage is  no  longer  a limiting  factor  in  the  design,  so  that  deep  dots  may  be 
•sed  and  a large  amount  of  copper  put  on  each  inch  of  the  periphery.  For 
taterpole  machines,  the  value  of  q,  the  ampere-conductors  per  in.,  will 
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generally  be  20  per  cent,  greater  than  given  in  Fig.  20.  The  commutating 
fringe  under  the  pole  tip  is  not  used,  so  that  the  ratio  of  the  exciting  ampere- 
turns  per  pole  for  gap  and  teeth  to  the  armature  ampe  returns  per  pole,  which 
is  seldom  less  than  1.2  for  non-interpole  machines,  is  generally  made  about 
0.8  for  similar  machines  with  interpolee.  There 
is  therefore  a large  saving  in  field  copper,  and 
in  pole  and  yoke  material. 

72.  Speed  limitations  in  design.  * If  the 
peripheral  velocity  of  a machine  is  fixed,  the 
output  can  be  increased  only  by  increasing  the 
frame  length,  the  number  of  conductors,  or  the 
current  per  conductor,  all  of  which  increase  the 
reactance  voltage;  so  that,  after  a oertain  out- 
put has  been  reached,  interpoles  must  be  sup- 
plied or  the  peripheral  velocity  increased,  t Fig. 
32  Bhows  the  maximum  output  that  can  be  ob- 
tained for  a given  speed,  the  peripheral  velocity 
being  taken  as  6,000  ft.  per  min.  (1,830  m.  per 
min.)  for  machines  of  ordinary  construction,  and 
Fio.  32. — Maximum  output  16,000  ft.  per  min.  (4,600  m.  per  min.)  for  turbo- 
curves. machines.  The  high-speed  turbo-machine  is 

not  too  satisfactory  as  regards  efficiency,  com- 
mutation, and  heating  and  the  tendency  is  to  gear  a high-speed  turbine  to  a 
moderate  speed  generator  through  a reduction  gear. 


FIELD  DESIGN 

78.  The  magnetic  circuit  is  well  shown  in  general  in  Fig.  38,  where  the 
closed  dot-and-dash  line  indicates  the  complete  path  through  one  pair  of 
poles,  two  air-gaps,  the  armature  and  the  yoke,  all  in  series.  There  are  as 
many  paths  similar  to  this  one,  in  a multipolar  machine,  as  there  are  poles. 
This  path,  of  course,  is  the  path  of  the  useful  flux,  and  does  not  take  into 
consideration  the  leakage  flux. 


Fios.  33  and  34. — Fringing  constant. 


74.  The  fringing  constant,  t The  actual  air-gap  area  per  pole  equals 
G(tL«)x/X,  Par.  78,  where  X/x  (Fig.  33)  is  the  fringing  constant  C.  Now 
x — t+/s  where  / depends  on  the  slot  width  s and  on  the  air-gap  clearanoe  4 
and  may  be  obtained  from  Fig.  34.  Then 

C - X/x  = ( t +#)/  ( t +/•)  (12) 

For  the  machine  shown  in  Fig.  36: 
s/4-  0.43/0.3  -1.44 
/— 0.78  from  Fig.  34. 

C-  (0.48+0.43)/(0.48  +0.78  X 0.43)  - 1.12 


* Hobart  and  Ellis.  “Hiph  Speed  Dynamo-electric  Machinery.'’ 
t Gray.  "Electric  Machine  Design,"  p.  142. 


J 


(Carter,  Electrical  World  and  Engineer , Nov.  30,  1001;  Hele-8haw.  Hay 
and  Powell;  Jour . of  Inst,  of  Elec.  Eng.,  Vol.  XXXIV,  p.  21. 
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There  is  a small  amount  of  fringing  at  the  pole  tips  which  tends  to  increase 
the  sir-gap  area,  but  this  effect  is  counterbalanced  by  the  effect  of  the  in- 
crease in  the  air-gap  clearance  near  the  pole  tips.  The  fringing  constant 
for  the  vent  ducts  may  be  found  in  the  same  way  as  .for  the  slots,  but  is  so 
Deafly  equal  to  unity  that  the  calculation  is  seldom  made. 

Tl.  The  magnetic  areas:  In  Fig.  38,  let 

A,  -the  yoke  area; 

A,  - the  pole  area  — WpLp  for  solid  rectangular  poles  and  ^0.95  W PLP  for 
poles  built  of  lammadons; 

At  -the  tooth  area  per  pole  — tyN/p)tLn  where  Ln,  the  net  length  of  the 
core  equals  0.9  (JLc  — the  space  taken  by  the  ducts),  0 is  the  ratio  pole 
arc/pole  pitch,  and  N is  the  total  number  of  teeth. 

-the  armature  core  area  — 

A,  -the  apparent  gap  area  per  pole  — 0tL«; 

i^-the  actual  gap  area  per  pole  — At/C,  where  C is  a constant  greater 
takes 


than  unity,  which  takes 
. r into  account  the  effect  of 
fj  the  slots  in  reducing  the 
gap  area. 

kese  areas  are  determin- 
i.  in  the  first  instance,  by 
fet|  the  total  flux  in  a 
i portion  of  the  magnetic 
lit,  by  the  allowable  flux 


0.48  -L 


:iC£> 


^?(U«U  200-0. 43  x L9 
I 400 
W lading  1 Van 
Mult. 

900 


E.W.400 
Yalta  n*  load  240 
Volta  full  load  240 
B.P.M.  800 
d 0.8  In. 

Fio.  35. — Fringing  constant  study. 


Flux  density  in  the 

The  apparent  gap 
_ which  may  be  allowed 
an  armature  of  specified 
_atier  is  shown  by  the  curve 
Fig.  28.  It  will  be  noted 
•t  — 0a/ A^  where  Ag  is 
_B  apparent  gap  area  per  pole. 

She  apparent  gap  area  is  connected  with  the  actual  gap  area  by  the  relation 
fA§mCAmt,  where  C (fringing  constant)  is  greater  than  unity.  Conversely, 
|fie  apparent  gap  density  is  connected  with  the  actual  gap  density  by  the 
t constant,  and  Boi  — CBg. 

TT.  Flux  densities  in  the  iron  are  given  below.  These  are  average 
found  in  standard  machines  designed  for  continuous  duty. 


Expres- 
sion for 

Material  o( 
magnetic  cir- 
cuit 

Lines 
per  sq. 
in. 

Lines 
per  sq. 
cm. 

U the  yoke  density 

0- 
2 A\ 

cast  iron. . . . 
cast  steel. . . . 

40.000 

80.000 

6,200 

12,400 

'f,  the  pole  density 

0-n 

A p 

laminations. . 
cast  steel. . . . 

95.000 

90.000 

14,700 

14.000 

23.000 

i the  apparent  tooth  density 
(maximum) 

0a 

At 

laminations. 

150,000 

1%  the  core  density 

0. 

2 Ac 

laminations. 

85,000  | 13,000 

Tt.  The  apparent . tooth  density  ((B<)  is  greater  than  the  actual 
sty  in  the  teeth  because,  since  the  teeth  are  highly  saturated  at  normal 
sties,  a considerable  amount  of  flux  passes  down  the  slots,  vent  ducts, 
pd  air  spaces  between  the  laminations.  The  relation  between  the  appa- 
pat  and  the  actual  tooth  density  is  given  in  Fig.  30,  for  the  magnetisation 
Hrrse  shown  in  Fig.  37  and  for  the  ratio  Ln/Le^  0.8. 

i ft.  Leakage  factor.  Fig.  38  shows  two  poles  of  a multipolar  machine; 
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> <t>m,  the  total  flux  per  pole,  con- 

-A-  - 2 sista  of  the  flux  <t>a  which 

a ,a5  crosses  the  air-gap  and  is  cut 
.3'  by  the  armature  conductors, 
and  the  leakage  flux  which 
crosses  between  the  poles  but 
does  not  enter  the  armature. 
The  ratio  0n/0a,  called  the 
leakage  factor,  is  greater  than 
unity;  its  value  may  be  calcu- 
lated with  a fair  degree  of  ac- 
curacy if  the  dimensions  of  the 
magnetic  circuit  are  known, 
but  for  direct-current  machines 
it  is  usual  to  assume  a value  of 
ll^^lll  leakage  factor  and,  for  a first 

— — — — — — — — — — L“ L— 1 — ^ approximation,  the  following 

no  i*o  iw>  140  i»o  i«o  170  180*10  table  may  be  used  for  the  tvpe 
Apparent  Dwitj  in  Una  p«  B^-Im  of  machinc  shown  in  Fie.  38 


of  machine  shown  in  Fig.  38. 


Fio.  36. — Armature  tooth  densities. 


Leakage  factor 

Four-pole  machines  up  to  10  in.  armature  diameter. . . . 

1.25 

Multipolar  machines  between  10  in.  and  30  in.  diameter.. 

1.2 

Multipolar  machines  between  30  in.  and  60  in.  diameter. . 

1.18 

Multipolar  machines  greater  than  60  in.  diameter 

1.15 

80.  Calculation  of  the  leakage  factor.*  Fig.  39  shows  part  of  a 

machine  with  a large  number  of  poles.  The  total  leakage  flux  per  pole  is 

<t>*  = + (131 

*The  derivation  of  these  formulas  in  given  in  Gray,  “ Electrical  Machine 
Design,”  page  51,  for  other  cases  see  Hawkins  and  Wallis,  " The  Dynamo,” 
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where 


*-13 *(*!),., 

(14) 

*i™  19k(n/) f+t  A«  logic  ^1-f  ■ 

rW,  \ 

2li  ) 

(1  «> 

*-6.5t(nJ),.,  MJL 

II 

(lfi) 

*4-9.5 *(«/), +<  hp  logn  (l  + 

wWp  \ 

21.  ) 

(17) 

Fio.  38. — The  paths  of  the  main  and  the  leakage  fluxes. 

tnd  k is  equal  to  unity  for  inch  units  and  to  1/2.54  - 0.8937  for  centimeter 
junta  For  a given  value  of  *«,  the  flux  crossing  the  air-gap,  the  value  of 
(A/Wthe  necessanr  ampere-turns  per  pole  for  gap  and  teeth,  may  be  found; 
•ad,  substituting  this  value  in  the  above  formulae,  the  corresponding  value 
of  #*  may  be  found.  The  leakage  factor- 1 +*,/*..  • 

•1.  Calculation  of  field 
umpere- turns  per  pole. 

The  total  ampere-turns  per 
pole  required  to  establish  the 
seoessary  flux  in  the  mag- 
netic circuit  may  be  analysed 
■to  a aeries  of  components. 

The  natural  subdivision  fol- 
lows the  several  different 
•embers  or  elements  which 
*>  to  make  up  the  complete 
trcuit.  These  would  in- 
dude the  yokes,  the  field 
cores.  the  air-gaps,  the  arma- 
ture teeth  ana  the  armature 
core.  Since  the  field  poles 
•re  structurally  duplicates  of 
•sch  other,  except  where  in- 
terpdes  are  used,  it  is  nat- 
ural to  confine  the  calcula- 
tions of  required  ampere- 
toms  to  a single  field  pole. 

Fig.  40  shows  the  unit  mag* 
aetie  circuit  for  a multipolar 
■tachine.  or  that  part  of  the  I 


Fio. 


— The  leakage  paths. 

— w.  P»rt  of  the  total  magnetic  structure  which  corresponds  to 
one  field  pole  and  simply  needs  repeated  application  to  build  up  the  whole 
Anacture,  This  unit  magnetic  circuit  comprises  one  complete  field  core,  one 
complete  air-gap,  one  complete  group  of  armature  teeth  under  a single  pole 
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face,  two  half-yokes  in  parallel  and  two  half-armature  cores  in  parallel. 
The  total  number  of  ampere-turns,  at  no  load,  may  be  expressed  as 

nJ-(n/)r+(aJ)«+(«/),+  (»i/)i  + (^  (18) 


where  the  several  quantities  in  the  formula  are  as  follows: 

(n/)v  represents  the  number  of  ampere- turns  required  to  establish  the 
flu*  fm/2  through  a length  of  yoke  equal 
to  lv  m Fig.  38;  this  length  is  one-half  the 
total  length  of  the  yoke  circuit  from  pole 
to  pole.  In  a single-yoke  machine,  such 
as  the  horse-shoe  Dipolar  type,  with  two 
field  coils,  the  full  value  of  flux,  or  0M( 
should  be  assumed  instead  of  0m/2. 

(nJ)„  represents  the  number  of  am- 
pere-turns required  to  establish  the  flux 
<t>a/2  through  a length  of  armature  core 
equal  to  in  Fig.  38. 

(nl),  represents  the  number  of  am- 
pere-turns required  to  establish  the  flux 
4m  through  the  field  core,  which  haa  a 
length  of  Ip  as  shown  in  Fig.  38. 

*t  • , A.  . lA  - (nJ)t  represents  the  number  of  am- 

Fro.  40.  Unit  magnetic  circuit  of  pere- turns  required  to  establish  the  flux 
multipolar  machjnc.  through  one  set  of  armature  teeth 

l under  one  pole  face. 

(nl)9  represents  the  number  of  ampere-turns  required  to  establish  the 
flux  0a  through  one  air-gap.  ^ 

The  calculation  of  ampere-turns  in  each  case,  except  tor  the  air-^ap.  is 
carried  out  by  taking  difforent  values  of  flux  density  (B  and  obtaining  the 
proper  value  of  ampere-turns  per  in.  from  the  curves  in  Fig.  37;  the  latter 
is  then  multiplied  in  each  instance  by  the  length  of  the  corresponding  por- 
tion of  the  magnetic  circuit,  in  inches. 

The  required  number  of  ampere- turns  for  the  air+gap,  in  terms  of  inch 


units,  is  given  b^ 


"3.20 

and  in  terms  of  centimeter 
units,  by 

(20) 

The  quantity  C is  the  fringing 
constant  (Par.  TO). 

83.  Excitation  lor  tapered 
teeth.  When  the  armature 
teeth  are  tapered,  the  flux 
density  is  not  uniform  through-* 
out  the  total  depth  of  the 
tooth.  The  tooth  length  must 
therefore  be  divided  into  a 
number  of  short  lengths,  the 
flux  density  and  the  corre- 
sponding ampere-turns  per  in. 
length  found  in  each  case,  and 
the  average  value  multiplied 
by  the  tooth  length  to  give 
(nl)  i.  This  process  can  be  Fio.  41- 
shortened  by  use  of  the  aeries 
of  curves  shown  in  Fig.  41;  if 
Jfc , the  ratio  between  the  actual  flux  densities  at  the  bottom  and  at  the  top  of 
the  tooth,  is  known,  the  average  ampere-turns  per  in.  oaa  be  found  directly. 

83.  Calculation  of  the  no-load  saturation  cures.  Taking  the  ex- 
ample of  the  ten-pole  machine  shown  in  Fig.  35,  the  following  oaieuletaons 
must  be  carried  out  in  order  to  obtain  a senes  of  points  from  which  to  plot 
the  no-load  saturation  curve. 

Ln  — the  net  axial  length  of  armature  core  » 0.9  (12  — 8X0.5)  -»d.45  In. 
dr*  the  yoke  area  - 136  sq.  in. 


-Magnetisation  curves  for  tapered 
teeth. 
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87.  The  minimum  length  of  field  coil  to  give  the  necessary  radiating 

surface  for  cooling  is  given  by  the  formula* 

n/1  f ( length  of  mean  turn (22) 

/ 1,000 \/  external  periphery  X watts  per  sq.  in. Xd/  X«/X127 

where  Lj  is  the  length  of  the  field  coil  in  inches,  Fig.  42, 


shown  drawn  to  scale  in  Fig.  35;  it  is  requin 
which  is  not  supposed  to  be  given. 

The  following  data  are  taken  from  Par.  83, 
- 10.5X10* 

-9X10* 
nit  - 2.080 

(Bg  — 59,000  lines  per  sq.  in. 


1 S 3 4 * •«  10» 

Fartphml  of  tin  Am* can 

la  Tx.  pw  Mia. 

Fio.  44. — Field-coil  heating  constant. 


Fio.  43. — Space  factor  for  wire. 

(a)  Calculation  of  the  air-gap  clearance.  _ „ 

(n/)fl  + (nJ)»-  1.2  times  the  armature  ampere-turns  per  pole,  from  Par.  30, 

- 1.2  (800X167/2X10)  -8,100 
(n/)i—  2,080  see  above 

(n/),-  6.020, 

Ci-  3.2  X 6,020/59,000,  from  Par.  81, 

- 0.328  in., 

C—  1.12  from  Fig.  34, 

3 - 0.29  in.  (make  it  0.3  in.). 


Electrical  Machine  Design,”  p.  66. 
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(b)Calculatlon  of  approvimato  dimension  for  tho  napkitlo 
fltaeuii. 

Assume  the  no-load  excitation  — 1.26  [(nl)§+  ( nl)t ] 

— 10,100  ampere- turns  per  pole. 

N«xt  find  L/  for  the  shunt  coil  from  eq.  22  (Par.  87), 

vhsre  dj  is  assumed  to  be  2 in.;  *f  is  assumed  to  be  0.6,  from  Fig.  43;  the 
iUowabw  watts  per  sq.  in.  *0.6  from  Fig.  44;  the  external  periphery  of  the 
Wd  ooil  equals  1.2  times  the  length  of  the  mean  turn,  approximately;  there- 
fore!/- 10  in.,  approximately;  the  latter  should  be  increased  30  per  cent,  to 
allow  for  the  senes  coil. 

The  pole  area-**/®,  -10.5X10»/95,000-112  sq.  in. 

Thevoke  area  - *«/2®,- 10.6  X10*/2  X 40,000 -132  sq.  in. 

(•)  saturation  curves.  From  these  dimensions  the  magnetic  circuit 
h drawn  to  scale  and  the  no-load  and  the  full-load  saturation  curves  are 
determined  and  plotted.  For  the  machine  in  question,  the  curves  are  given 
is  Fig.  12. 

(d)  Design  of  the  shunt  ooils.  The  details  are  as  follows: 

The  no-load  excitation  - 2,220  ampere-turns  per  pole.  Fig.  18,  or  Par.  82. 
f /,  the  volts  per  ooil,  equals  0.8x240/10-19  volts:  this  leaves  20  per  oent. 

of  the  terminal  voltage  to  be  abeorbed  by  the  field  rheostat. 

M,  the  mean  turn,  equals  63  in.  The  external  periphery  equals  61  in. 

Tbs  rise  of  wire  equals  2,220  X 63/18,  from  Par.  88,  or  28,000  dr.  mils.  The 
proper  else  of  wire  is  No.  6.6  A..W.G.,  a special  rise  between  Nos.  6 and  6, 
which  has  a section  of  22,500  dr.  mils  ana  a diameter  when  insulated  with 
double  cotton  of  0.18  in.  When  such  odd  sises  are  not  available,  the  coil 
can  he  made  with  the  proper  number  of  turns  of  No.  5 wire  in  series  with 
the  proper  number  of  turns  of  No.  6,  so  as  to  have  a field  coil  of  the  proper 


The  number  of  layers  of  wire  in  a 2-in.  depth  equals  2/0.18  — 10. 

The  number  of  turns  per  layer  in  a 10-in.  length  equals  10/0.18  — 53. 
*/•  the  number  of  turns  per  coil,  equals  530. 
h,  the  shunt  current,  equals  2,220/630  - 18.8  amp. 

Tbs  current  density  equals  29,600/18.8-1,570  cir.  mils  per  amp. 
(s)  Design  of  the  series  coils.  The  details  are  as  follows 


• 13,400  ampere-turns,  Fig.  12. 

— 9,990  ampere-turns. 

— 3,410 
-2.5 

— 1,370  amp. 

— 800  amp. 


Excitation  at  full  load  and  normal  voltage 
Shunt  excitation  at  normal  load 
Series  ampere-turns  per  pole  at  full  load 
Series  turns  per  pole 
Series  current  — 3,410/2.5 
Current  in  series  shunt 
The  current  density  is  taken  20  per  oent.  greater  than  in  shunt  ooils  because 
the  series  coils  are  better  ventilated. 

Current  density  — 1,300  cir.  mils  per  amp. 

8ise  of  wire  - 1, 300 X 1,870  - 1,780,000  cir.  mils- 1.4  sq.  in. 

Resistance  of  2.5  turns  - 7.4  X 10~*  ohms. 

Lose  in  one  aeries  coil  - 1, 370*  X 7.4  X 10~»- 140  watts. 

The  permissible  watts  per  sq.  in.  is  taken  20  per  oent.  greater  than  in  shunt 
coils. 

Watts  per  sq.  in. 

Necessary  radiating  surface 
Length  L / of  series  ooil 
Depth  of  wire  - wire  section/!/ 

Biss  of  wire  — 3 strips  (3.2  in.X0.15  in.). 


-0.72 

- 140/0.72-195  sq.  in. 

- 195/61 -3J2  in. 

- 0.45  in. 


GSNI&AL  DESIGN  AND  CON8TXU CTION 
N.  Type  of  construction  for  small  machines.  Fig.  45  shows  the 
type  of  construction  generally  adopted  for  machines  up  to  100  h.p.  at  600 
rev.  per  min. 

81.  The  armature  core  ( M in  Fig.  45)  is  built  of  laminations  of  sheet 
steal  14  mil*  (0.35  mm.)  thick,  which  are  separated  from  one  another  by  layers 
of  varnish  and  have  slots  F punched  to  carry  the  armature  coils  G. 

ft,  A — notch  is  punched  at  one  side  of  the  key-wav  K (Fig.  45) 
and  these  notches  must  line  up  when  the  punching#  are  assembled,  to  ensure 
that  tbs  bur  re  at  the  edges  all  Ue  in  the  same  direction. 
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OS.  Brua  vent  Mfmnti  (P  in  Fig.  45),  about  t in.  <1  on.)  wide, 
separate  the  core  into  sections  about  3 in.  (7.5  cm.)  wide.  The  core  and  the 
▼ant  segments  are  clamped  between  end  heads  N which  carry  coil  supports 
L attached  by  arms  shaped  like  fans.  The  coils  are  held  in  place  against 
centrifugal  force  by  steel  band  wires. 

§4.  The  poles  (B  in  Fig.  45),  are  of  circular  cross-eection  in  order  to  give 
the  required  area  for  the  magnetic  flux  with  the  minimum  length  of  mean 
turn  of  field  coil  A.  They  are  made  of  forged  steel  and  have  laminated  pole 
faces  E made  of  sheet  steel  25  mils  (0.03  mm.)  thick. 

95.  End  play  is  provided  for  by  making  the  axial  length  of  the  pole  face 
| in.  (1  cm.)  shorter  than  that  of  the  armature  core.  This  enables  the 
revolving  part  of  the  machine  to  oscillate  axially  and  so  prevent  the  journals, 
bearings  and  commutator  from  wearing  in  grooves. 


Fia.  45. — Small  direct-current  motor. 


99.  The  yoke  (C  in  Fig.  45)  carries  the  bearing  housings  D which  stiffen 
the  whole  machine.  The  housings  can  be  rotated  with  respect  to  the  yoke 
through  90  dep.  or  180  deg.,  so  that  the  machine  may  be  mounted  either  on 
a wall  or  a ceiling.  This  rotation  of  the  bearings  is  necessary  because  the 
machine  is  lubricated  by  oil  rings  and  the  oil  wells  must  always  be  below 
the  shaft. 

97.  The  commutator  segments  (J  in  Fig.  45)  are  of  hard-drawn  copper 
and  have  a wearing  depth  of  from  0.5  in.  (1.25  om.)  on  a 5-in.  (12.5-oa.) 
commutator  to  1.0  in.  (2.5  cm.)  on  a 50-in.  (125-cm.)  commutator.  The 
commutator  shell,  as  the  clamps  and  their  supports  are  called,  is  provided 
with  air  passages  R which  help  to  keep  the  machine  oooL 

98.  The  bearing  construction  is  shown  in  detail  in  Fig.  45.  The 
projection  T on  the  oil-hole  cover  keeps  the  oil  ring  from  rising  and  resting  ■ 
on  the  bushing;  the  oil  slingers  prevent  the  oil  from  creeping  along  the  shaft. 
The  liner  of  special  bearing  metal  is  given  a anus  fit  in  the  bearing  shell,  and  i 
can  be  removed  when  worn  and  another  put  in  its  place.  A small  overflow  | 
at  U makes  it  impossible  to  fill  the  bearing  too  fall. 

99.  The  brushes  are  carried  on  studs  which  are  insulated  from  the  rocket 
arm  V.  The  rocker  arm  is  carried  on  a turned  seat  on  the  bearing  and  caa 
be  clamped  in  a definite  position. 

100.  Type  of  construction  for  large  engine-type  generators.  For 

large  direct-connected  engine-type  units  the  type  of  construction  shown  is 
Fig.  46  is  generally  adopted.  The  armature  oore  ie  btdlt  of  segments  carried 
by  dovetails  on  the  spider.  The  segments  of  alternate  layers  overlap  ae  as  It 
break  joints  and  give  a solid  core.  The  poles  are  of  rectangular  rr  fa  seeding 
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sad  are  built  of  laminations  25  mils  (0.63  mm.)  thick,  of  the  shape  shown  at 
P,  and  assembled  so  that  the  rounded  pole  tips  point  in  opposite  directions 
and  a saturated  tip  is  produced  which  helps  commutation.  The  shaft, 
base  and  bearings  are  generally  supplied  by  the  engine  builder,  so  that  the 
•ommutator  nrust  be  sup- 
ported from  the  armature 
spider;  the  brush  rigging 
most  also  be  supported  by 
the  machine. 

101.  Mechanical  design.  * 

The  yoke  should  be  heavy 
and.  in  engine-type  units,  is 
often  made  with  a large  sec- 
tion of  cast  iron  rather  than  a 
smaller  section  of  cast  steel; 
it  most  be  stiff  enough  to 
prevent  undue  sagging  even 
when  there  is  a large  unbal- 
anced magnetic  pull.  The 
shaft  should  be  stiff  enough 
to  limit  the  deflection  to  5 
per  oenfe.  of  the  air-ga£  clear- 
ance and,  along  with  the 
spider,  should  hare  a factor 
of  safety  of  12  to  take  care 
of  abort-circuits. 

101.  Unbalanced  magnetic  pull,  f If  the  armature  of  a machine  is  x 
cm.  out  of  centre,  the  flux  density  under  the  poles  where  the  gaps  are  smallest 
will  be  greater  than  under  the  poles  where  the  gaps  are  largest,  and  the  pull 
on  one  side  of  the  machine  will  be  greater  than  on  the  other  by  an  amount 

kS<&*j  (23) 

wherr  -B  is  the  effective  gap  density, 

£ — v D<%L«,  tho  total  armature-core  surfaoe, 
z-arnmtui  lisplacement, 

b » length  of  air-gap,. 

Jr  = 7 •>  x 107  ^ *DCk  un*ta  ftr®  use<*  an<*  pull  is  in  pounds, 


Fia.  40. — Large  engine-type  generator. 


* - : 


• 2 47X10*  **  centimeter  units  are  used  and  the  pull  is  in  kilograms. 

The  above  formula  bolds  for  a two-circuit  winding;  if  a multiple  winding  is 
used,  the  e.m.fs.  in  the  different  paths  will  be  unequal,  and  circulating 
currents  will  flow  tending  to  keep  the  flux  densities  under  the  poles  equal. 

INSULATION 

lOt.  Qsnsrsl  requirements.  A good  insulator  for  electrio&l  machinery 
must  have  high  dielectric  strength  and  high  electrical  resistance,  should  be 
tough  and  flexible,  and  should  not  be  affected  by  heat,  vibration,  or  other 
operating  conditions. 

104.  Th«  insulating  materials  generally  used  for  revolving  machinery 
are  as  follows; 

(a)  Mlcanite,  which  is  easily  bruised  and  should  be  protected  by  a 
tougher  material. 

(b)  Varnished  doth,  which  must  be  carefully  handled  to  prevent 
cracking  or  scraping  of  the  varnish  61m. 

(e)  Paper,  which  is  chosen  for  its  toughness  and  should  be  baked  dry 
wrben  tested. 

* Livingstone,  "Mechanical  Design  and  Construction  of  Commutators;" 
Livingstone,  "Mechanical  Design  and  Construction  of  Generators;"  Haw- 
kins and  Wallis,  "The  Dynamo  ;'T  Hobart  and  Ellis,  "Armature  Construction.’* 

t Behrend,  B.  A.  Trans.  A.  I.  E.  E.,  Vol.  XVII,  p.  617;  and  Rosenberg, 
“Magnetic  Pull  in  Electrical  Machines,”  Proe.  A.  I.  E.  E.,  Vol.  37,  p.  1069* 
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(d)  Cotton  tape,  which  is  used  to  insulate  copper  etnp  of  larse  tee  lion. 

(e)  Cotton  covering  is  used  in  one,  two  or  three  layers,  and  has  the  thick* 

ness  given  in  Sec.  5,  when  applied  to  round  wire.  Small  strip  copper  is 
generally  doublc-cotton-covered,  and  the  total  thickness  of  insulation  (two 
sides)  varies  from  about  14  mils  on  the  smaller  sises  to  about  20  mile  on 
sizes  more  than  i in.  thick.  . 

(f ) Impregnating  compound  must  be  used  at  a temperature  lower  than 
120  deg.  cent.,  which  is  the  breakdown  temperature  of  cotton.  It  should  have 
as  little  chemical  action  as  possible  on  copper,  iron  and  insulating  materials. 

(g)  Elastic  finishing  varnish  should  have  a hard  skin  when  dry  and 
should  be  proof  against  oil,  water,  acids,  and  alkalies. 

105.  The  limiting  temperature*  for  colluloee  materials  is  about  120 
deg.  cent.,  but  the  operating  temperature  should  not  exceed  about  90  deg. 
cent.  When  subjected  to  higher  temperatures  for  long  periods,  the  material 
becomes  dry  and  brittle,  and  pulverizes  under  vibration.  When  mica, 
asbestos,  enamels  and  special  gums  can  be  prepared  in  such  a manner  that 

they  are  tough  and  flexible 
ana  do  not  become  brittle 
at  high  temperatures,  then 
the  operating  temperature 
limit  may  be  increased. 

10$.  Insulation  of  ad- 
jacent conductors  In  a 
■lot.  The  voltage  between 
adjacent  commutator  seg- 
ments seldom  exceeds  20 
volts,  so  that  cotton  tap* 
is  sufficient  insulation  be- 
tween adjacent  coils  in  a 
slot.  When  the  individual 
coils  are  made  of  a number  < 
of  turns  of  round  double- 
fW  47  AND  48.  Armature  slot  insulation.  £*£“ 

sulation  between  them  as  shown  in  Fig.  48,  because  the  cotton  covering  may 
become  damaged  when  the  coils  are  squeezed  together  to  get  them  into  a alot. 

107.  Example  of  240- volt  armature  insulation.  The  winding  is  to 

be  of  the  double-layer  multiple  typo  with  two  turns  per  coil  and  four  cods 
or  eight  conductors  per  slot.  The  conductors  are  to  be  of  strip  popper 
wound  on  edge.  A section  through  the  slot  and  insulation  is  shown  in  rig. 
47,  and  the  various  operations  are  as  follows:  . 

(a)  After  the  copper  has  been  bent  to  shape,  tape  it  all  over  with  one  layer 
of  half-lapped  cotton  tape  6 mils  (0. 15  mm.)  thick.  This  forms  the  insola- 
tion between  adjacent  conductors  in  the  same  slot.  . - 

(M  Tape  together  the  two  coils  that  form  one  group,  with 
half-lapped  cotton  tape  6 mils  (0.15  mm.)  thick.  .This  forms  the  end- 
connection  insulation  and  also  part  of  the  slot  insulation.  . ,.  . 

(c)  Bake  the  coil  in  a vacuum  tank  at  1(H)  deg.  cent,  so  aa  to  t*?61  ***  "Mte- 
ture,  then  dip  it  in  a tank  of  impregnating  compound  at  \*3  aeg.  eenw  ana 
leave  it  there  long  enough  to  become  saturated  with  eompouno. 

( d ) Place  one  turn  of  empire  cloth  10  mils  (0.25  mm.)  thick  on  the  slot 
portion  of  the  coil  and  lap  it  over  as  shown  at  d.  This  empire  doth  cell 
should  project  0.75  in.  (2  cm.)  from  each  end  of  the  core. 

(c)  Place  one  turn  of  paper  10  mils  (0.25  mm.)  thick  on  the  elot*portaioa 
of  the  coil  and  lap  it  over  as  shown  at  «.  This  PW*  EX1?* 

0.75  in.  (2  cm.)  beyond  the  core  at  each  end.  It  is  not  P‘*?*2*  co“*or 

insulating  purposes,  but  to  protect  the  other  insulation  which  is  likely  other- 
wise  to  become  damaged  when  the  coils  are  being  placed  in  the  slots. 

if)  Heat  the  coil  to  100  deg.  cent,  and  then  press  the  slot  portion  to  ahan* 
while  hot.  The  heat  softens  the  compound  and  the  pressure  forces  out  the 
excess  of  compound.  The  coil  is  allowed  to  cool  under  pressure  sa a oornss 
out  of  the  press  with  such  a shape  and  size  that  it  slips  essily  into  the  sloe, 

(ff)  Dip  the  ends  of  the  coil  into  elastic  ti pishing  varnish. 

•Rayner.  Journal  of  Inst,  of  Elec.  Eng.,  Yol.  XXXIV,  p.  513. 


Fio.  47. 


Fio.  48. 
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1M.  Example  of  UO-Tolt  insulation  for  a railway  motor  armature. 
The  winding  is  of  the  double-layer,  two-circuit  type  with  four  turns  per  coil 
of  double-cotton-covered  wire  and  six  coils  or  twenty-four  conductors  per 
dot.  A cross  section  through  the  slot  and  insulation  is  shown  in  Fig.  48. 
Tbe  various  operations  are  as  follows: 

(a)  The  cotton-covered  wire  is  treated  with  enamel  to  increase  its  heat- 
muting  properties  and  is  then  bent  to  shape. 

(b)  A group  of  three  coils  are  placed  together  and  a wrapping  of  mica  cloth, 
made  of  5-mu  (0.13-mm.)  mica  and  5-mil  (0.13-mm.)  cloth  is  placed  on  the 
dot  portion  of  the  coil  to  form  the  insulation  between  coils  and  also  between 
the  coil  group  and  the  sides  of  the  slot. 

(e)  The  end  leads  of  each  coil  have  to  pass  all  the  other  turns  of  the  coil 
tad  are  insulated  with  a stocking  of  cotton,  different  colors  being  used  for 
the  three  coils  in  a group  so  that  the  position  of  each  coil  may  be  easily 
determined  when  the  winding  is  being  connected  to  the  commutator. 

(<f)  The  group  of  three  coils  is  taped  on  the  ends  with  half-lapped  cotton 
tape  6 mils  (0.15  mm.)  thick,  which  tape  is  allowed  to  overlap  the  slot  in- 
flation for  0.5  in.  (1.5  cm.)  so  as  to  bind  it  in  place. 

(•)  The  group  of  coils  is  completely  taped  with  one  layer  of  half-lapped 
wtton  tape  5 mils  (0.15  mm.)  thick. 

if)  The  top  and  the  bottom  layers  of  the  winding  are  separated  from  one 
mother  at  the  ends  by  a layer  of  canvas  30  mils  (0.75  mm.)  thick  and  in  the 
dot  by  a layer  of  fibre  30  mils  (0.75  mm.)  thick. 

(f)  After  being  wound,  the  armature  is  impregnated  with  compound  and  is 
finally  painted  with  elastic  finishing  varnish. 


1§9.  Field  coll  Insulation.  Three  examples  are  shown  in  Fig.  40.  The 
•oils,  after  being  wound  and  taped,  are  baked  in  a vacuum  tank  and  then 
impregnated  with  compound.  This  compound  is  a better  insulator  than  the 
dr  which  it  replaces;  it  is  also  a better  conductor  of  heat. 

lit.  Ventilated  field  coils,  as  shown  at  C in  Fig.  40,  are  insulated  with 
vooden  spacing  pieces  about  0.5  in.  (1.3  cm.)  thick.  The  coils  are  made 
ntf-supportingoy  being  impregnated  with  solid  compound  at  about  120  deg. 
cent.  The  insulation  on  the  individual  turns  of  the  series  coil  consists  of  one 
layer  of  half-lapped  cotton  tape  6 mils  (0.15  mm.)  thick. 

111.  Fire-proof  field  colls  for  railway  motors  have  been  made  with 
■trip  copper  wound  on  edge,  with  asbestos  insulation  between  layers.  The 
coils  are  brought  to  a red  neat  to  expel  the  binding  material  in  the  asbestos 
fabric  and  then  placed  in  a metal  case  lined  with  asbestos  and  sheet  mica. 

lit.  Commutator  segments  are  insulated  from  one  another  by  mican- 
He  about  30  mils  (0.75  mm.)  thick,  strips  of  uniform  thickness  being  used 
and  the  copper  segments  tapered  to  suit.  The  mica  must  be  one  of  the  soft 
varieties  (sec.  4)  so  that  it  will  wear  equally  with  the  copper  segments. 
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The  segments  of  copper  and  mica  are  assembled  together  in  an  external 
press  ring,  are  next  heated  to  soften  the  binding  material  in  the  micanite,  and 
are  then  drawn  tightly  together.  The  V’-grooves  shown  in  Fig.  45  are  then 
turned  and  the  segments  clamped  tightly  by  the  V-cones,  from  which  they 
are  insulated  by  mica  cones  ^ in.  (1.6  mm.)  thick. 

113.  Potential  stresses  due  to  switching.  A conductor  conveying  a 
current  is  surrounded  by  a magnetic  field.  If  the  circuit  be  suddenly  opened, 
the  flux  decreases  rapidly  and  an  e.m.f.  is  induced  in  the  circuit.  In  the  case 
of  shunt  field  ooils  with  many  turns,  this  e.m.f.  may  be  exoeasive  and  must 
be  provided  against  as  described  in  Par.  145  and  249.  This  flux  due  to  the 
field  coils  also  threads  the  armature,  and  the  sudden  change  of  flux  may 
increase  the  e.m.f.  per  coil  enough  to  cause  flashing  over  between  segments 
or  to  break  down  the  insulation  between  adjacent  coils  in  the  same  slot. 
This  latter  trouble  may  also  be  caused  by  a sudden  change  of  load  (see 
Par.  57). 

114.  If,  due  to  switching,  any  point  in  a coil  be  suddenly  raised  by  a poten- 
tial of  E volts,  the  potential  of  the  whole  winding  will  gradually  rise;  but, 
as  this  requires  a definite  though  very  short  interval,  the  potential  difference 
acroes  the  first  few  turns  of  the  coil  is  approximately  equal  to  B and  may  be 
large  enough  to  break  down  the  insulation  between  adjacent  turns  near 
the  terminals. 

114.  Puncture  test.  To  make  sure  that  there  is  enough  insulation  ba- 
tween  the  conductors  and  the  core,  and  that  this  insulation  has  not  been 
damaged  in  handling,  all  new  machines  are  subjected  to  a puncture  test  be- 
fore they  are  shipped,  that  is,  a high  voltage  is  applied  between  the  conductors 
nnd  the  core  for  1 min.  If  the  insulation  does  not  break  down,  it  is  as- 
sumed to  be  ample.  The  values  of  puncture  voltage  recommended  by  the 
Standards  Committee  of  the  American  Institute  of  Electrical  Engineers  may 
be  found  in  Sec.  24.  For  further  information  on  insulation  see  footnote.  * 

COOLING  AND  VIKTILATION 

115.  Heat  transfers.  The  losses  in  an  electrical  machine  are  transformed 
into  heat,  causing  a rise  of  temperature  at  the  source  of  lose.  Heat  is  trans- 
mitted in  general  by  three  methods,  namely,  conduction,  convection  and 
r.idiation.  In  order  that  a flow  of  heat  may  take  place,  there  must  be  a 
difference  of  temperature,  and  heat  flows  in  the  direction  of  diminishing 
temperature.  Thus  the  highest  temperature,  or  "hot  spot,"  in  an  electrical 
machine,  is  at  the  seat  of  loss;  the  temperature  falls  in  the  direction  in  which 
the  heat  flows,  and  becomes  a minimum  at  the  point  or  points  where  the  heat 
leaves  the  machine.  The  temperature  becomes  stationary  when  tbe  rate  at 
which  heat  is  generated  is  equal  to  the  rate  at  which  it  is  conducted  away. 

117.  Heating  and  cooling  curves.  The  rate  at  which  heat  is  dissipated 
depends  on  the  difference  between  the  temperature  of  the  machine  ana  that 
of  the  surrounding  air.  During  a brief  interval  after  starting  under  load, 
this  temperature  difference  is  small,  very  little  heat  is  dissipated,  and  the 

M&perature  rises  rapidly.  As  the  temperature  more  sees,  mere  of  the-brat 
is  dissipated,  and  the  temperature  rises  more  slowly.  The  heating  and  cool- 
ing curves  of  a continuous-current  motor  are  given  in  Fig.  50,  the  cooling 
curve  being  the  reciprocal  of  the  heating  curve. 

118.  General  effect  of  densities  and  speed.  The  lower  the  flux  qad 
the  current  densities,  the  larger  will  be  the  mass  of  material  in  the  machine 
for  a given  loss,  and  the  longer  the  time  taken  to  reach  the  final  temperature. 

low-speed  machines  are  poorly  ventilated,  have  low  current  densities,  and 
require  a long  time  to  reach  the  final  temperature;  field  coils  require  longer; 
t han  armature  coils  because  they  are  stationary  and  the  current  density  ia 
the  wire  is  very  low. 

119.  Permissible  temperature  rise.  Cotton  insulation  should  not  bej ; 
operated  continuously  at  temperatures  greater  than  about  90  deg.  cent*  | 
This  permits  a temperature  rise  of  50  deg.  cent,  with  an  air  temperature  of, 
40  deg.  cent. 


• Fleming  and  Johnson,  Journal  of  Inst,  of  Elec.  Eng.,  Vol.  XL VII,  p.  539J 
Hobart  and  Turner,  "Insulation  of  Electric  Machines;  ’*  Haytker,  /mtm 
of  Inst,  of  Elec.  Eng.,  Vol.  XXXIV,  p.  613;  Vol.  XLIX,  p.  3. 
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180k  Intermittent  ratings.  Suppose  that  a machine  is  operating  on  a 
continuous  cycle,  x min.  loaded  and  y min,  without  load.  The  temperature 
of  the  machine  will  vary  during  each  cycle  between  the  values  #■  and  $9 
(Fig.  50),  where  the  temperature  increase  in  the  interval  x is  equal  to  the 
temperature  decrease  in  the  interval  y.  Under  these  service  conditions, 
it,  the  highest  operating  temperature,  is  less  than  0»,  the  maximum  tern* 
perature  that  would  be  obtained  on  continuous  operation  under  load.  For 
tins  service,  therefore,  a machine  may  be  designed  with  higher  copper  and 
iron  densities  than  otherwise  it  would  hare  if  designed  for  the  same  load  but 
for  continuous  operation.  It  must  be  noted  that,  if  the  machine  is  stationary 
during  the  period  of  no  load,  the  drop  in  temperature  is  small,  and  the 
rating  of  the  machine  cannot  be  made  much  greater  than  if  it  were  operating 
on  continuous  load. 


Fio.  50. — Heating  and  oooting  curves  of  a direct-current  motor. 


181.  Heat  conduction  in  the  armature  core.  The  hottest  part  of 
the  core  is  at  A,  Fig.  51 ; consequently  the  heat  has  to  be  conducted  along  the 
laminations  and  dissipated  from  surfaces  B,  and  also  across  the  laminations 
and  layers  of  varnish  and  dissipated  from  surfaces  C.  The  conductivity 
along  the  laminations  is  about  fifty  times  that  across  the  laminations,  but 
the  end  surface  of  the  laminations  is  small  compared  with  the  surface  of  the 
vsat  ducts,  so  that  radial  ducts  are  effective  and  necessary. 


Fio.  51. — Heat  conduction  in  armature  core. 


188.  Flux  density  and  peripheral  velocity.  The  peripheral  velocity 
of  a machine  in  ft.  peT  min.  is 

i"10  X pole  pitch  in  inches  X frequency  in  cycles  per  seo. 

Hence  for  a pveu  frequency,  the  peripheral  velocity  of  the  machine  is  pro- 
portional to  its  pole  pitch.  The  flux  in  the  armature  core  of  a direct-cur- 
rent machine  is  always  alternating,  and  the  frequency  is  equal  to  the 
product  of  the  revolutions  per  sec.  and  the  number  of  pairs  of  poles  (inter- 
poles excluded). 
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The  loss,  however,  is  large  since  much  iron  is  used  in  the  core.  When  the 
peripheral  velocity  is  low,  the  core  is  shallow  and  the  vent  ducts  are  not  very 
effective  because  of  their  small  surface,  and  the  ventilation  is  poor;  the  loos, 
however,  is  small  because  there  is  not  much  iron  in  the  core.  It  is  found 
that,  for  a given  frequency,  the  same  flux  densities  can  be  used  for  all  pe- 
ripheral velocities. 

US.  Tooth  and  core  densities.  For  frequencies  up  to  00  oyolee  per 
sec.  and  for  a temperature  rise  of  less  than  50  deg.  cent.,  the  following  flux 
densities  may  be  used: 

Actual  maximum  tooth  denaity  { ’^OOO  u££  p£  S'. 

Average  core  deumty  j «$? 

Higher  densities  mav  be  used  for  frequencies  lower  than  00  cycles,  as  far  as 
heating  is  concerned;  but,  with  a greater  density  than  tne  above,  the  core 
becomes  saturated  and  the  cost  of  the  extra  field  oopper  required  to  send 
the  flux  through  a saturated  core  is  greater  than  the  cost  of  the  extra  iron 
required  to  keep  the  flux  density  below  the  saturation  point.  There  is  no 
such  objection  to  high  tooth  densities,  because  a machine  with  saturated 
teeth  and  a short  air-gap  is  just  as  effective  in  preventing  field  distortion  as  a 
machine  with  unsaturated  teeth  and  a long  air-gap.  with  tooth  densities 
greater  than  the  above,  it  is  difficult  to  predetermine  the  ampere-turns  for 
the  teeth  with  sufficient  aocuracy  to  ensure  enough  field  margin  to  give 
normal  voltage  at  full  load,  because  the  permeability  of  the  iron  used  may 
be  lower  than  was  expected. 

114.  Heating  of  armature  windings.  The  beating  of  the  end  con- 
nections must  be  considered  separately  from  the  heating  of  the  core,  because 
the  kind  of  radiating  surface  is  different,  and  also  the  manner  in  which  it  Is 
cooled.  The  temperature  rise  is  proportional  to 

ampere-conductors  per  in.  of  periphery  - * 

cir.  mils  per  amp.  ' ' 

and  may  be  obtained  from  Fig.  52.  For  a given  loes  per  unit  area  of  radiating 
surface,  a large  machine  operates  at  a lower  temperature  than  a small  one 

!ti because  its  windings  are  not  so  crowded 

on  the  ends,  and  free  passage  of  air  into  the 

machine  is  not  restricted  by  the  bearing 

/ housings. 

s 7M-—  115.  Overload  temperature*.  Due  to 

I '.v/  the  fact  that  the  heat  lose  in  the  eopper 

0 ^ ^ has  to  pass  through  the  insulation  or  be 

1 A y dissipated  from  the  end  connections,  the 

{ Ji 7 7^ maximum  rise  in  temperature  of  a machine 

1 | yZ*'  will  be  more  nearly  proportional  to  the 

*|  J ^ oopper  loss  than  to  the  total  loos  in  arma- 

o I tore  core  and  copper.  A large  number  of 

■ ■ — 1 1.  1 . ■ J tests  on  standard  machines  have  shown  - 

w ® 1 * * * * * * to*  that  the  temperature  rise  of  an  armature 

Mptmi  ▼Mij  «r  ft*  Araatan  hfijw  Kin. is  approximately  proportional  to  the  sum 
Fio.  52— Temperature  rise  of  of  the  armature  eopper  loss  plus  30  per 
armature  coils.  oent.  of  the  iron  loss.  _ 

114.  Tsmpsrature  gradient  in  the 
conductors.*  The  hottest  part  of  the  winding  is  at  e.  Fig.  51.  If  it  be 
assumed  that  all  the  heat  is  conducted  along  the  copper  and  dissipated  from 
the  ends,  then  the  difference  in  temperature  Detween  « and  a in  deg.  oent.  is 
given  by  the  formula,  t 


* Goldschmidt,  BUctroUchnische  ZeiUcKrift , VoL  XXIX.  p.  8S6;  Gray, 
" Electrical  Machine  Design;"  Symons  and  Walker,  Journal  of  Inst,  of  Elec. 
Eng.,  VoL  XLVIII,  p.  074. 
f way*  "Electrical  Machine  Design,"  p.  110. 
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5.7  X 10*  X (length  at  in  inches)5  A 

_ — 2-^== — (deg.  cent.)  (25) 

(ctr.  mils  per  amp.)5 

If  m is  10  in.,  and  the  number  of  cir.  mils  per  amp.  is  500,  then  this  tempera- 

tore  difference  is  23  deg.  cent. 

Much  of  the  heat,  however,  is  conducted  through  the  insulation  and, 
assuming  that  all  the  heat  travels  in  this  direction,  the  temperature  difference 
between  the  copper  and  the  surrounding  iron,  in  deg.  C.,  is  given  by  the 
formula 

1 /ampere-conductors  per  slot)\  /thickness  of  insul.x 

0.003  \ cir.  mils  per  amp.  / \ 2d  + * / 

In  the  machine  shown  in  Fig.  35,  the  design  data  is  as  follows: 
Ampere-conductors  per  in.  - 730 

Sot  pitch  “0.91  in. 

Ampere-conductors  per  slot  — 670 

Or.  mils  per  amp.  — 560 

M+«  -3.63  in.,  Fig.  51 

Thickness  of  insulation  —0.06  in.  including  clearance 

Temperature  difference  —6.5  deg.  cent. 

127.  Commutator  hsatiof.  The  direction  of  the  air  circulation  in  a 
commutator  with  open  necks  is  shown  in  Fig.  53,  and  the  temperature  rise 
nay  be  obtained  from  the  heating  curve.  The 
iDrF.  The  effect  of  the  necks 
has  not  yet  been  determined 
experimentally.  Part  of  the 
seek  from  a to  b can  be  closed 
up  without  affecting  the  venti- 
lation or  the  temperature  rise 
to  any  great  extent.  The  losses 
are  assumed  to  be  brush  fric- 
tion and  contact  resistance 
losses;  hence  if  the  commuta-  | 


he  radiating  surface  is  taken  as 


aa  L0  1.6  iO  2.6  *.o  ft>(  * 10* 

fwipfcirti  Vriecitj  of  tho  ComauUtor  la  ft.  pot  Mia. 


tion  is  poor  and  the  brushes  - 
chatter  badly  the  temperature  i 
rise  may  be  higher  than  that 
obtained  from  the  curve.  * 

US.  Field  coil  heating.  J 
Tbs  temperature  rise  of  the  Jj  * 
coil  surface  is  proportional  to  a 
the  loss  per  unit  area  of  ex-  * 3 
ternal  surface  and  may  be  ob-  | 
t&ined  from  Fig.  44  if  B,  Fig.  ■ 

42,  is  taken  as  the  radiating  J 
mrfaee.  The  effect  of  arms-  w 
tore  fanning  can  readily  be  un- 
derstood; a short  coil  is  more  Flo.  53. — Temperature  rise  of  commutators, 
effective ’than  a long  one  be- 
cause of  the  larger  per  cent,  of  the  loss  that  is  dissipated  from  the  ends  of  the 
coiL  Ventilating  openings,  as  shown  in  C,  Fig.  49,  allow  the  loss  per  unit  area 
it  external  surface  to  be  50  per  cent,  greater  than  for  an  unventilated  coiL 

Uf,  Tbs  temperature  • of  the  coil  is  that  which  limits  the 

current  it  can  carry,  but  this  temperature  cannot  readily  be  determined 
experimentally.  The  external  surface  temperature  may  be  measured 
by  a thermometer  and  the  mean  temperature  can  be  found  by  the  increase 
in  resistance  of  the  coil.  The  resistance  at  any  temperature  t is  approxi- 
mately Rt  — fj#(l  -f-0.0044),  where  R „ is  the  resistance  at  0 deg.  cent.,  and  t 
is  expressed  in  deg.  cent.  The  mtio  between  the  maximum  and  the  mean 
temperatures  seldom  exceeds  1.2,  but  the  ratio  between  the  mean  and  the 
external  surface  temperatures  may  have  any  value  from  1.4  to  3 depending 
on  the  thickness  of  the  coil  and  the  amount  of  insulation  used,  an  average 
value  for  coils  2 in.  thick,  made  of  double-cotton-covered  wire  and  impreg- 
nated, is  1.5  when  no  external  protecting  covering  is  used. 

* lister.  Journal  of  Inst,  of  Elec.  Eng.,  Vol.  XXXVIII,  p.  399. 
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ISO.  Semi-enclosed  machines  hare  the  frame  openings  screened  with 
perforated  sheet  metal.  This  prevents  free  circulation  of  air  through  the 
machine  and  causes  the  temperature  to  rise,  on  an  average,  about  20  per  cent, 
higher  than  if  operating  as  an  open  machine. 

131.  In  totally  enclosed  machines,  the  temperature  rise  of  the  core  and 

the  coils  is  proportional  to  the 
total  loss  in  the  machine  (neg- 
lecting bearing  friction);  it  is 
independent  of  the  distribution 
of  this  loss  and  may  be  found 
from  Fig.  54.  The  rating  as 
an  enclosed  machine  will  be 
considerably  lower  than  that 
as  an  open  machine.  A casing 
around  the  machine  makes  it 
equivalent  to  an  enclosed  ma- 
chine with  an  extra  large  radi- 
ating surface;  the  casing  should 
be  of  heat-conducting  material 
such  as  sheet  metal  and  should 
'ndt  be  of  wood.  Fans  on  the 
armature  help  in  the  cooling  of 
enclosed  machines  by  blowing 
the  hot  air  against  the  caring. 


iraxtin  Peripheral  Ytlooitj  La  Ft.  per  MJa. 


Fig.  54. — Temperature  rise  of  enclosed  motors.  1SS.  Forced  ventilation,  * 

whereby  air  is  blown  through 
a machine  by  an  external  fan  or  by  a fan  attached  to  the  armature,  allows 
the  machine  to  have  the  same  rating  as  it  would  have  when  operating  as  an 
open  machine;  100  cu.  ft.  (2.8  cu.  m.)  of  air  per  kw.  loss  should  be  supplied 
for  a temperature  rise  of  the  windings  and  the  core  of  40  deg.  cent. 

EFFICIENCY  AND  LOSSES 

1SS.  The  iron  losses  f consist  of  hysteresis  and  eddy-current  looses  in  the 
urma ture  teeth  and  core; 


t hese  may  be  kept  small  by 
the  use  or  special  grades  of 
iron  (Sec.  4)  and  by  the  use  140 
of  thin  and  well-varnished 
laminations.  There  are 
losses  also  in  the  end  heads 
and  spider  due  to  leakage 
flux;  losses  due  to  filing  of  the  i 
slots  which  short-circuits  the  80 
laminations;  losses  due  to  the  ■ 
fact  that  the ‘core  flux  takes  t 80 
t lie  shortest  path  and  crowds  I 
in  behind  the  teeth,  so  that  3 40 
the  core  density  is  not  uni- 
form; and  pole-face  losses^ 
due  to  the  movement  of  the 
armature  teeth  past  the  faces 
the  poles. 


0^i«  par  »i— I 


of  the  poles.  In  order  to 
minimize  the  pole-face  loases, 
the  pole  faces  should  be  lam- 
inated if  the  slot  opening  is 


Fia.  55. — Iron-toss  curves  for  direct-current 
machines. 

greater  than  twice  the  air-^ap  clearanoe. 

134.  The  iron  loiaea  increase  with  the  load  if  the  flux  per  pole  is  kept 

•Gray.  “Heating  of  Pipe-ventilated  Machines/*  London  Electrician. 
J in.  16,  1914. 

t Thornton.  ' ‘ Distribution  of  Magnetic  Induction  in  Armatures,**  JoummI 
of  Inst,  of  Elec.  Eng.,  Vol.  XXXVII,  p.  125. 

\ Wall  and  Smith.  “Pole-face  losses,"  Journal  of  Inst,  of  Elec.  Eng.,  Vol. 
, p.577. 
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constant,  because  of  field  distortion,  as  the  densities  are  then  very  high  under 
Alternate  pole  tips. 

Ilf.  The  individual  iron  losses  cannot  be  calculated  separately,  and 
curves  such  as  those  in  Fig.  55,  obtained  by  tests  on  completed  machines, 
must  be  used  as  follows: 

Taking  the  machine  shown  in  Fig.  35: 

Actual  maximum  tooth  density 
Average  core  density 
Weight  of  armature  tfptli 
Weight  of  armature  core 
FraqtteiMy«pXr.(Km./liO 
Tooth  lose  per  lb. 

Core-loss  per  lb. 

Total  iron  low- (385X6)  + (2,300 X 1.8)  - 
1M.  The  armature  copper  loss  is  given  by  the  formula 

(watts)  (27) 

c.m. 

where  Z is  the  number  of  conductors,  L is  the  length  of  one  conductor  in 
in.  (Fig.  56),  Ie  is  the  current  in  each  conductor,  or  the  total  current  divided 

by  the  number  of  armature 


= 150,000  lines  per  sq.  in. 
=*84,000  lines  per  sq.  in. 
-,386  lb. 

= 2,300  lb. 

■»  16.6  cycles  per  see. 

= 6 watts,  from  Fig.  55. 

= 1.8  watts. 

■ 6,450  watts. 


v; 

0 - 

paths,  and  c.m.  is  the  cross- 
lection  of  each  conductor  in 
dr.  mils. 

1ST.  The  shunt  excitation 

loss  equals  EJ / watts,  where' 

Et  is  the  terminal  voltage  and 
If  the  -shunt  current.  In  a 
generator,  about  20  per  oent. 
of  this  loss  will  be  in  the  shunt-  i 
field  rheostat. 

1M.  The  aeries  excitation 
loss  equals  I»*R»  watts,  where 
/«  is  tne  total  current  in  the 
marhinA  and  R»  is  the  com- 
bined parallel  resistance  of  the 
series  field  coils  and  the  series  shunt. 

1M.  The  brush  contact  resistance  loss  has  been  discussed  in  Par. 
M and  equals  Bhla  watts,  where  Eh  is  the  voltage  drop  per  pair  of  brushes 
sad  la  is  the  total  current  of  the  machine. 

140.  The  bearing  friction  loss  for  moderate-speed  bearings  with  ring 

lubrieitfion  and  light  machine  oil  is  given  by  the  formula 


5 10  15  20  25 

Pole  Pitch  In  Inches 
Fia.  56. — Dimensions  of  coils. 


(watts) 


(28; 


where  d is  the  bearing  diameter  in  inches,  l is  the  bearing  length  in  inches, 
and  * is  the  rubbing  velocity  in  feet  per  min. 

141.  The  brush  friction  loss*  assuming  the  coefficient  of  friction  to  be 
0.28  and  the  brush  pressure  to  be  2 lb.  per  sq.  in.,  is  given  by  the  formula 

1.25  (watt.)  (29) 

where  A is  the  total  brush  rubbing  surface  in  square  inches,  and  V is  the 
rubbing  velocity  in  feet  per  min.  The  brush  pressure  is  generally  less 
than  21b.  pej  sq.  in.  (0.14  kg.  per  sq.  cm.)  except  for  railway  motors,  where 
it  may  be  twice  as  large  in  order  to  keep  the  contact  firm  in  spite  of  the  vibra- 
tion of  the  machine. 

14S.  The  windage  loss  cannot  be  accurately  calculated  and,  w'ith  periph- 
eral velocities  less  than  6,000  ft.  per  min.,  is  so  small  that  it  may  be 
neglected. 

14g,  The  efficiency  of  a generator  is  given  by  the  expression 

git, 

. output  r losses 


(30) 
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The  efficiency  of  a motor  is  expressed 

input -losses 

m input  ^ ^ 

When  the  copper  losses  only  are  taken,  the  result  is  the  electrical  efficiency. 
The  commercial  efficiency,  which  is  the  important  one,  is  obtained  by 
substituting  the  total  losses  in  the  above  equations.  For  values  see  Figs.  66 
and  67. 


GENERATOR  CHARACTERISTICS  AND  REGULATION 

144.  External  characteristics  of  separately  excited  generators. 

Fig.  57  shows  some  of  the  saturation  curves  of  a continuous  current  genera- 
tor. Given  a constant  excitation  of  18  amp  , the  terminal  voltage  at  no 
load  is  320,  at  full  load  is  292,  and  at  twice  full  load  is  262  volts.  The  rela- 
tion between  Elt  the  terminal  voltage,  and  /«,  the  load  current,  is  given  in 
curve  1,  Fig.  58,  the  excitation  and  the  speed  being  constant.  This  curve  is 
called  the  external  characteristic  of  the  machine.  The  voltage  drops  as  the 
load  increases  because  the  cross-magnetixing  and  the  demagnetising  effects 
of  armature  reaction  reduce  the  flux  per  pole,  while  part  of  the  generated 
voltage  is  required  to  send  the  armature  current  through  the  armat  re  and 
brushes.  The  demagnetising  ampere-turns  per  pole  are  directly  propor- 
tional to  the  armature  current,  but  their  effect  in  reducing  the  flux  increase* 
as  the  flux  density  decreases. 


58. — External  characteristics. 
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145.  The  external  characteristic  of  a shunt  machine  is  plotted  in 

curve  2,  Fig.  58;  the  drop  in  voltage  is  greater  than  in  a separately  excited 
machine  because,  since  the  field-coil  resistance  is  constant,  the  exciting  cur- 
rent in  the  shunt  coils  decreases  as  Et  decreases.  The  points  for  this  character- 
istic curve  are  obtained  as  follows:  the  dotted  straight  line  in  Fig.  57  is 
drawn  through  the  point  o,  where  ab/ob  — 329is  “ 17.8  ohms,  the  latter  being 
the  constant  field  resistance.  With  a terminal  voltage  of  320  and  the  cor- 
responding shunt  current  of  18  amp.,  the  load  current  is  xero.  With  a ter- 
minal voltage  of  272  and  the  corresponding  shunt  current  of  15.3  amp.,  fufl- 
load  current  is  required  to  give  the  proper  armature  reaction.  As  the  resist- 
ance of  the  external  circuit  is  reduced  the  armature  current  increases  and  the 
terminal  voltage  decreases  until  point  d is  reached,  after  which  a further 
reduction  in  external  resistance  causes  such  a large  drop  in  voltage  that  the 
load  current  decreases.  For  example,  with  a terminal  voltage  of  63  and  the 
corresponding  shunt  current  of  3.55  amp.,  full-load  armature  current  is 
sufficient  to  give  the  proper  armature  reaction. 

146.  Critical  resistance  of  shunt  generators.  The  external  resist- 
ance equals  Ei/Ia,  and  may  be  found  from  curve  2,  Fig.  58.  Using  the 
value  so  found,  the  relation  between  terminal  voltage  and  external  resist- 
ance, and  also  that  between  current  and  external  resistance,  are  plotted  in 
Fig.  59.  The  critical  resistance  is  0.1  ohms;  whenever  the  external  resiat- 
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tDM  is  reduced  below  this  value,  the  machine  becomes  completely  demag- 
netised (exoept  for  the  residual  magnetism),  and  the  terminal  voltage  and 
the  armature  current  both  become  practically  aero. 

14T.  When  a shunt  generator  is  short-circuited  the  machine  is  de- 
nagnetised  and  the  current  becomes  negligible  (Fig.  50).  At  the  instant 
of  short-circuit,  however,  the  flux  in  the  pole  cannot  reduce  suddenly  to 
arc,  and  the  voltage  due  to  this  flux  will  send  a large  current  through  the 
circuit;  at  the  end  of  a few  seoonda,  however,  the  current  will  have  become 
wro. 

141.  Instability  of  unsaturated  shunt  MMrators.  If  the  no-load, 
normal  voltage  point  on  the  saturation  curve  IS  a.  Fig.  60,  below  the  point 
of  saturation,  then  the  overload  capacity  of  the  machine  will  be  small,  and 
the  change  of  voltage  with  load  will  be  large.  Furthermore,  a slight  decrease 
in  speed  will  cause  a decrease  in  the  generated  voltage,  which  will  decrees* 
the  shunt  field  current  and  cause  the  voltage  to  drop  still  further.  If  ae  is 
tangent  to  the  saturation  curve  at  point  a,  then  the  ratio  of  voltage  change 
to  the  change  of  speed  producing  it,  is  ab/oc. 
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Fio.  60. — No-load  and  full- 
load  saturation  curves. 


resistance  base. 


140.  The  refutation  of  electrical  machinery  is  defined  in  the  A.  I.  E.  E 
Standardisation  Rule#  (Sec.  24).  The  voltags  regulation  of  a separately 
excited  generator  is  be/bh  (Fig.  58);  for  a shunt  generator  it  is  ec/eh  (Fig 
58);  for  a flat-compounded  generator  it  is  fg/ch ; and  for  an  overcompounde<l 
generator  it  is  mn/hk  (Fig.  58).  The  current  regulation  of  a constant 
current  generator  depends  largely  on  the  type  of  regulator  used  and  is 
defined  as  the  ratio  of  the  maximum  difference  of  current  from  the  rated  load 
ulue  (occurring  within  the  range  from  rated  load  to  short-circuit,  or  mini 
aam  limit  of  operation)  to  the  rated  load  current. 

Iff.  To  the  terminal  voltage  constant,  shunt  generator- 

aay  be  operated  with  an  adjustable  resistance  in  series  with  the  shunt  field 
«ds;  this  resistance  may  be  reduced  automatically,  or  by  hand,  as  the  load 
bereases.  Automatic  regulators  for  this  purpose  generally  consist  of  a sole 
■old  connected  across  the  terminals  of  the  machine,  acting  as  a relay  which 
rill  open  or  close  an  operating  circuit  and  vary  the  resistance  of  the  field 
circuit  as  required. 

111.  The  Tirrill  Regulator,  described  in  Sec.  10,  periodically  short 
circuits  part  of  the  field  rheostat  by  means  of  light  vibrating  contacts  of 
■mall  inertia;  the  time  during  which  the  rheostat  is  short-circuited  or  ia 
active  determines  the  average  field  ourrent  and  therefore  the  voltage  of  the 
machine. 

lit.  Compound  machines,  operated  without  a regulator,  keep  the  vol- 
eonstant  from  no  load  to  full  load  because,  due  to  the 


aeries  field  ooils,  the  total  excitation  increases  with  the  load;  the  machine  is 
then  said  to  be  flat-compounded.  By  the  use  of  an  extra  strong  series 
field,  the  voltage  may  be  made  to  Increase  with  the  load:  the  machine  is 
then  said  to  be  ovsrooxnpounded.  Curves  8 and  4,  Fig.  58,  show  the 
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characteristic  curves  for  compound  generators.  The  compounding  ol  a 
machine  may  be  reduced  by  shunting  the  series  field  coils  with  a resistance; 
this  resistance  is  called  a “series  shunt.” 

153.  Series  generators.  Curve  1,  Pig.  01,  shows  the  relation  between 
voltage  and  current  if  there  is  no  armature  resistance  or  armature  reaction. 
This  is  really  the  no-load  saturation  curvo  of  the  machine  and  is  determined 
by  separately  exciting  the  field  coils  so  that  no  current  flows  in  the  armature. 
Curve  2 shows  the  actual  relation  between  terminal  voltage  and  load  current. 


r-Q 


Fio.  61.  F>«*»  62. 

Figs.  61  and  62. — Characteristic  curves  of  a senes  generator. 

The  total  voltage  drop  consists  of  that  portion  due  to  the  decrease  in  flux 
caused  by  armature  reaction,  and  that  required  to  send  the  current  through 
the  armature,  brushes  and  series  field  ooils. 

164.  Critical  resistance  of  series  generators.  The  values  of  current 
in  a series  generator  and  the  resistance  of  the  external  circuit,  are  plotted  n 
Fig.  62.  The  critical  resistance  of  the  machine  is  4.9  ohms;  with i an  exUroal 
resistance  greater  than  this,  the  machine  will  not  excite,  or  build  up. 

155  Series  machines  were  formerly  used  as  constant-current  gen- 
erators for  the  operation  of  arc  lamps  in  series,  but  few  of  them  are  now  m 
service.  Specially  designed  machines  were  oper- 
ated with  automatic  regulators  so  as  to  have  the 
line  ab  (Fig.  61)  nenrly  vertical,  and  the  current 
practically  constant  for  all  voltages  up  to  Ew. 
(Fig.  61). 

156.  The  Brush  regulator,  shown  diagram- 

matically  in  Fig.  63,  nas  been  used  ns  a con- 
stant-current regulator.  The  carbon  pile  C 

has  the  property  that  its  resistance  decreases 
through  a wide  range  as  the  pressure  between 
Fio.  63. — Constant-current  the  ends  increases.  If  the  current  *n.  l^e.  V V 
regulator  ternal  circuit  increases,  the  pull  of  the  solenoid  H 

also  increases,  and  the  carbon  pile  is  comprew»M 
and  its  resistance  reduced  so  that  it  shunts  more  of  the  current  from  the  eerie* 
field  coils;  the  flux  in  the  machine  is  therefore  reduced  and  the  voltage  drop* 
until  the  current  reaches  the  value  for  which  the  regulator  was  set.  Other 
types  of  constant-current  regulators  are  desenbed  in  1 ar.  209  and  212. 

MOTOR  CHARACTERISTICS  AND  REGULATION 

157.  Counter  e.m.f.  It  was  pointed  out  in  Par.  6 that,  since  a motor 
armature  revolves  in  a magnetic  field,  an  e.m.f.  is  generated  in  the  conductor* 
which  is  opposed  to  the  direction  of  the  current  and  is  called  the  counter 
e.m.f.  The  applied  e.m.f.  must  be  large  enough  to  overcome  the  counter 
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utl.  And  alno  to  send  the  armature  current  /•  through  &«,  the  resistance  of 
the  armature  winding,  the  bruahea  and  the  aeries  field  softs;  er 

Ea-B>+IaRm  (volts)  (32) 

dure  Ba  la  the  applied  e.m.f.  and  Eb,  the  counter  e.m.f,  la  given  by  Eq.  9, 
fir.  m. 

116.  Shifting  of  the  bruahea.  It  mav  be  seen  from  Fig.  2 that,  while  the 
brashes  of  a generator  are  shifted  forward  in  the  direction  of  motion  to  help 
commutation,  thoee  of  a motor  have  to  be  shifted  backward.  In  each  case, 
however,  the  armature  reaction  reducee  the  flux  per  pole. 

IN.  The  torque  aqoathn.  The  tongue  of  a motor  as  proportional  to 
the  number  of  conductors  on  the  armature,  to  the  current  per  conductor 
sad  to  the  total  flux  in  the  maohine.  The  formula  for  the  torque  is 


torque  (lb.  at  X ft.' ra^,)  (33) 

there  Z ia  the  total  number  of  armature  conductors,  0 is  the  total  flux.per 
pole,  and  /•  ia  the  armature  current  taken  from  the  line. 

Ui  The  spaed  equation  is 

For  & given  motor  the  number  of  armature  conductors  Z,  the  number  of  poles, 
uxd  the  number  of  armature  paths,  are  constant.  The  torque  can  therefore 
be  expressed  as  , 

' fdrque  — a constant  X 0/«  (36) 


tad  the  speed,  likewise,  ^expressed 

r.p.m  — a constant  X^—  (37) 

161.  Shunt-motor  speed  and  torque.  In  this  case  B»,  Rm  and  0 are 
constant,  and  the  speed  and  torque  curves  are  shown  in  curves  1,  Fig.  04;  toe 
dfeeftive  torque  is  less  than  that  generated,  by  the  torque  required  for  the 
riadage  and  the  bearing  and  brush  friction.  The  drop  in  speed  from  no 
load  to  full  load  seldom  exceeds  5 per  cent.;  indeed,  sinoe  0,  the  flux  per  pole, 
decreases  with  increase  of  load,  due  to  armature  faction,  the  speed  may 
remain  approximately  constant  up  to  full  load. 

16fi.  Xffect  of  fleld-coil  heating  on  speed.  The  field-coil  resistance 
utcreases  and  the  exciting  current  decreases  about  20  per  oent.  as  the  field 
toils  increase  in  temperature.  The  flux  per  pole  is  therefore  less  and  the 
peed  greaser  wbdn  the  machine"  is  hot  than  when  cold,  unless  a field  rheostat 
• manipulated  to*  keep  the  exciting  current  constant.  The  effect  of  change 
4 exciting  current  on  speed  is  minimised  by  having  the  magnetic  circuit 
aril  saturated,  so  that  a large  change  in  current  will  produce  only  a small 
dange  in  flux.  --  - ... 

16S.  Variable-speed  operation  of  shunt  motors  can  beet  be  investi- 
nted  by  means  of  Eq.  37,  Par.  160.  In  order  to  increase  the  speed,  0 must 
be  reduced  by  inserting  a resistance  in  series  with  the  field  coils.  In  order 
to  decrease  the  speed  below  the  value  which  it  has  with  full  field,  the  quantity 
(*,  — T*Rm)  must  be  decreased  by  placing  a resistance  in  series  with  the 
trmature.  The  latter  resistance  must  be  able  to  carry  the  armature  current, 
but  the  starting  resistance  must  not  be  used  for  this  purpose  since  it  is  de- 
agned  for  starting  duty  only,  and  would  burn  out  if  allowed  to  carry  full- 
load current  for  more  than  a few  minutes. 


164.  flpssd  control  of  shunt  motors  by  firm* hurt  resistance  is  dot 
very  satwfaotory.  Since  the  speed  regulation  is  bad.  If  a motor  is  operating 
with  full-load  current  at  half  speed,  about  60  per  oent.  of  the  applied  voltage 
is  eoiwumed  in  the  resistance,  but  if  the  load  were  decreased,  so  that  only 
ball  of  full-load  current  was  required,  then  only  26  per  cent,  of  the  applied 
▼oltsge  would  be  consumed  in  the  same  external  resistance,  and  the  motor 
speeowould  increase  to  76  per-cent,  of  nprxnal  speed,  unless  the  external 
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control  resistance  were  automatically  increased  with  decrease  of  load.  Due 
to  the  large  voltage  drop  across  the  external  resistance,  the  efficiency  of  the 
system  is  low. 

ICS.  When  the  speed  of  shunt  motors  is  controlled  by  field  resist- 
ance, the  3 peed  regulation  and  the  efficiency  are  both  good,  but  the  commu- 
tation is  generally  poor  because,  at  high  speeds,  the  main  field  is  weaker  than 
normal  while  the  armature  field  is  unchanged,  so  that  the  field  distortion  is 
excessive  and  the  commutating  field  under  the  pole  tip  consequently  dis- 
appears (Par.  SC).  The  reactance  voltage  also  is  increased  (Par.  4C).  With 
standard  shunt  motors  without  interpolea,  it  is  generally  impossible  to  in- 
crease the  speed  more  than  00  per  cent,  by  field  weakening  without  having 
trouble  due  to  sparking,  the  output  of  the  machine  being  the  normal  full 
load. 

ICC.  Speed  changes  of  shunt  motors  under  rapidly  fluctuating 

* * When  the  load  on  a shunt  motor  increases  slowly,  the  flux  per  pole 

decreases  due  to  armature  reaction, 
and  the  speed  (Eq.  87,  Par.  ICS)  re- 
mains approximately  constant.  If, 
however,  the  load  changes  rapidly, 
the  flux  per  pole  cannot  change 
rapidly  due  to  the  self-induction  of 
, the  field  coils;  the  machine  then 

3 operates  for  the  instant  as  a con- 

£ m stant-fiux  machine,  and  the  speed 

g drops  rapidly  to  allow  the  counter 

6 e.m.f.  to  decrease  and  the  necessary 

jj  goo  current  to  flow, 

n 1C7.  Speed  and  torque  of  scries 

motors.  The  speed  equation  (Eq. 
37,  Par.  ICO)  and  the  torque  equa- 
tion (Eq.  33,  Par.  ICO)  apply  to 
motors  of  all  continuous-current 
types.  In  the  case  of  aeries  motors 
^ the  flux  * increases  with  the  arme- 

% » ture  current  /«;  the  torque  would  be 

(S  proportional  to  /«*  were  it  not  that 

the  magnetic  circuit  becomes  satu- 
rated with  increase  of  current.  Bines 
A increases  with  load,  the  spaed  drops 
j , as  the  load  increases.  The  speed 

1 and  torque  characteristics  are  shown 

m in  curves  3,  Fig.  64. 

ICC.  Excessive  speeds  of  series 
motors  on  small  loads.  If  the 
load  on  a series  motor  becomes  small, 
the  speed  becomes  very  high,  so  that 
a series  motor  should  always  be 
geared  or  direct-connected  to  the 
load.  If  it  were  belted,  and  the  belt 
broke,  the  motor  would  run  away 
and  would  probably  burst. 

ICC.  Speed  adjustment  of  series  motors.  For  a given  load,  and  there- 
fore for  a given  current,  the  speed  of  a series  motor  can  be  increased  by 
shunting  the  series  winding  or  by  short-circuiting  some  of  the  series  turns, 
so  as  to  reduce  the  flux.  The  speed  can  be  decreased  by  inserting  resistance 
in  series  with  the  armature. 

170.  The  compound  motor  is  a compromise  between  the  shunt  and  the 
aeries  motor.  Because  of  the  series  winding,  which  assists  the  shunt  winding, 
the  flux  per  pole  increases  with  the  load,  so  that  the  torque  increases  mare 
rapidly  and  the  speed  decreases  more  rapidly  than  if  the  series  winding  wasi 
not  connected,  but  the  motor  cannot  run  away  on  light  loads,  becauss  of  tbs 

• Short,  E.  W.  " Inherent  Regulation  of  Direct-current  Motor;"  Jonmd 
of  Inst,  of  Elec.  Eng.,  Vol.  XLvI,  p.  171. 


Armature  Current 
Fid.  64. — Motor  characteristics. 
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dost  excitation.  The  speed  end  torque  characteristics  for  such  a maehine 
an  abown  in  curvet  2,  Fig.  64.  The  speed  of  a compound  motor  can  be 
adjusted  by  armature  and  field  rheostats,  just  as  in  the  shunt  machine 
(Par.  ItS). 

ITi.  Automatic  speed  regulation.  To  keep  the  speed  constant  under 
•B  conditions  of  load  some  kind  of  centrifugal  governor  may  be  used  to  operate 
oa  fie  shunt-field  rheostat.  A piece  of  apparatus  of  this  kind  now  on  the 
market*  is  an  adaptation  of  the  Tirrill  voltage  regulator,  in  which  a oen 
trifogal  control  device  mounted  on  the  motor  shaft  perforins  the  function** 
of  the  main  control  magnet  in  the  standard  regulator.  The  regulator  period 
ieally  abort-circuits  part  of  the  shunt-field  rheostat  by  means  of  light  vibrat- 
iag  contacts  of  small  inertia.  The  time  during  whioh  the  rheostat  is  short- 
amntedL  or  is  active,  determines  the  average  field  ourrent  and  the  flux  per 
pole,  and  therefore  the  speed  of  the  machine.  When  the  speed  is  too  high . 
tie  Centrifugal  device  ahortr-circuits  the  rheostat  for  a long  period  and  allows 
fie  flux  per  pole  to  increase  and  the  speed  to  decrease. 

ITS.  The  differential  motor  is  a compound-wound  machine  with  the 
shea  winding  opposing  the  shunt  winding,  so  that  the  flux  will  decrease  as 
fie  load  increases  and  the  speed  he  oonstant  from  no  load  to  fuH  load,  or 
Jftoally  increase  with  increase  of  load.  The  series  winding  of  such  a motor 
fioold  be  short-circuited  when  starting  the  machine,  so  that  the  starting  eur- 
Rtt  will  not  be  excessive.  Differential  motors  are  rarely  used,  because  th 

rd  of  the  shunt  motor  is  so  nearly  constant  from  no  load  to  full  load  that 
extra  complication  of  the  differential  winding  is  rarely  necessary.  Dif- 
ferential windings  are  used  to  some  extent  for  small  motors,  in  order  to 
■eve  constant  speed  with  variable  load. 

ITS.  Unstable  operation  with  rising-speed  characteristic.  Upon 
mddenly  increasing  the  load  torque  on  a differential  motor,  designed  for  a 
nang-speed  characteristic,  the  speed  for  a brief  instant  decreases.  Thin 
results  m a momentary  drop  of  counter  e.m.f.,  which  admits  a larger  armature 
torrent,  in  turn  weakening  the  resultant  field  strength  and  further  reducing 
the  counter  e.m.f.  The  attendant  increase  in  armature  current  increase h 
fie  armature  torque,  and  the  reactions  are  such  that  the  latter  continue* 
to  increase  until  it  exceeds  the  load  torque  and  commences  to  accelerate 
fie  armature.  The  increase  in  speed  continues  until  the  rising  counter 
ami.  finally  limits  the  armature  current  to  a value  at  which  the  armature 
torque  equals  the  load  torque,  and  the  speed  becomes  constant.  These  re- 
actions, with  change  of  load,  occur  quite  rapidly;  if,  however,  the  field 
wrea  are  large  ana  massive,  changes  in  flux  attendant  upon  sudden  change* 
a wifi  lag  by  an  appreciable  time  interval,  on  account  of  eddy 

rerrenta  in  the  cores.  The  preaenoe  of  an  appreciable  flux  lag,  with  very 
■pidly  changing  loads,  results  in  unstable  operation;  for  example,  when  the 
bid  is  suddenly  increased,  the  speed  will  drop  appreciably  before  it  cozc- 
aeacea  to  aceelerate,  and  when  the  load  is  suddenly  removed,  the  speed 
, «8  rise  appreciably  before  it  commences  to  decrease.  The  effect  of  tho 
■nature  inertia  will  accentuate  these  defects  in  speed  regulation.  Such 
(fefacts  are  not  found  in  motors  whose  speed  decreases  with  increasing 
bad,  u„  which  have  a drooping  speed  characteristic. 

174.  Interpole  motors  have  a commutating  field  which  increases  with 
fie  current  and  is  not  affected  by  armature  reaction  (Par.'  81).  Motor* 
vkich  are  subjected  to  excessive  overloads,  and  adjustable-speed  motor* 
•periling  at  high  speeds  with  a weak  main  field,  give  little  trouble  due  to 
harking  if  supplied  with  interpoles.  Hunting  t takes  place  in  interpol 
machines  which  have  a rising-spaed  characteristic.  Such  a character 
■he  may  be  obtained  by  working  with  a weak  main  field  and  with  a short 
■r-ftp  under  the  main  poles,  so  that  the  field  distortion  under  load  is  largo 
•ad  the  flux  per  pole  decreases  with  increase  of  load  due  to  the  cross-maf 
•ctiring  effect  of  the  armature  (Par.  SI). 

Such  a characteristic  may  also  be  obtained  by  making  the  interpol ee  too 
*re»g.  If  commutation  is  perfect,  the  current  in  the  short-circuited  coil 
riU  be  aero  when  that  ooil  is  in  the  geometrical  neutral  position.  If,  however 

^'General  Electric  Company's  Bulletin  on  "Automatic  Voltage  Regulators, 
t Rosenberg,  BUctricum,  Aug.  4,  1011. 
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the  commutating  field  Is  too  strong,  the  reversal  of  this  current  wifl  be  ad- 
vanced, so  that  the  true  neutral  will  bo  shifted  backward.  The  flux  per  pole 
will  therefore  decrease -with  increase  of  load,  due  to  the  demagnetising  effect 
produced,  and  the  speed  will  increase  with  load. 

Due  to  saturation  of  the  interpole  coos,  the  .interpole  field  will  be  too  strong 
at  light  loads,  if  of  the  proper  strength  at  full  load.  Hunting  is  therefore 
likely  to  oocur  at  light  loads,  particularly  if  the  main  field  is  so  weak  that  the 
effect  of  the  brush  currents  in  demagnetizing  the  manhine  is  proportionately 
large. 

178.  Non-inductive  shunts  should  not  be  used  with  interpole 
windings  if  the  load  fluctuates  rapidly,  because  then  the  currant,  which  is 
rapidly  changing,  will  pass  through  the  shunt  rather  than  through  the  inter* 
pole  ooils,  since  the  latter  have  considerable  inductance,  and  the  commutation 
will  therefore  be  poor.  To  make  the  shunt  take  its  proper  share  of  the§  cur- 
rent under  all  conditions  of  load,  it  should  be  made  inductive  by  winding  it 
on  an  iron  core,  and  the  ratio  of  the  shunt  resotanoe  to  the  interpde-ooil 
reactance  should  be  equal  to  the  ratio  of  the  shunt  resistance *tQ  , the  in  terpole- 
coil  resistance. 

178.  Reversal  of  direction  of  motion.  In  order  to  reverse  a motor 
it  is  necessary  to  reverse  the  current  in  the  field  coils,  or  in  the  armature,  but 
not  jn  both.  In  an  interpole  machine,  the  interpole  winding  must  m 
considered  as  part  of  the  armature  and  not  as  part  of  the  field  system. 

WRIOHTB  AND  COSTS 

177.  Weights  and  costs.  The  cost  figures  given  by  different  manufao- 
turers  on  a large  generator  may  vary  as  much  as  50  per  cent.  One  manu- 
facturer may  build  an  entirely  new  machine  and  charge  part  of  the  coat  of 
development  to  the  order;  another  may  offer  a standard  machine  of  larger 
capacity,  with  a lower  rating  for  the  particular  case;  while  still  another 
manufacturer  may  increase  the  rating  of  a machine  of  smaller  capacity, 
adding  fans  if  necessary  to  keep  the  machine  cool. 


Fid.  65.^-Cost  of  small  direct-current  motors  without  base  or  pulley. 

The  cost  of  large  units  depends  largely  on  the  cost  of  material,  while  that 
of  small  motors  depends  largely  on  the  cost  of  labor.  These  costa  are  con- 
tinually changing,  so  that  it  is  impossible  to  give  figures  which  are  always 
reliable.  The  curves  in  Figs.  65,  66  and  67  are  average  figures  for  standard 
machines. 

178.  Short- time  ratings.  The  effect  of  time  on  the  rating  may  be 
seen  from  the  following.  A given  frame  will  have  a rating  of  12  h.jp.  at  500 
r.p.m.  as  an  enclosed  machine  on  continuous  duty;  or  19  h.p.  at  500  r.p.m. 
as  an  open  machine  on  continuous  duty;  or  81  h<p.  at  500  r.p.m.  with  a f-hr. 
rating;  or  40  h.p.  at  500  r.p.m.  with  a half-hour  rating.  The  temperature  rise 
on  full  load  is  40  deg.  cent,  as  an  open  machine,  and  50  deg.  neat,  as  am  en- 
closed machine.  The  horse-power  is  proportional  to  the  speed  over  a range 
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Horse  Power 

Fio.  66.— Weight  and  cost  of  standard  220-volt  direct-current  motors 
without  base  or  pulley. 


Fio.  67. — Weight  and  cost  of  standard  560-volt  direct-current  generators 
without  base  or  bearings.  A,  slow-speed  engine  type;  B,  high-speed  gener- 
ators. 
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of  30  per  oent.  above  or  below  the  rated  speed.  The  maximum  permissible 
speed  is  the  highest  that  can  be  used  for  variable-speed  operation  with  the 
particular  line  of  machines  on  which  data  is  given. 

179.  Kfleet  of  voltage  on  weight,  cost  and  efficiency.  If  two  machine* 
are  built  on  like  frames  for  the  same  output  and  speed  but  for  different  vol- 
tages, the  number  of  commutator  segments  will  be  proportional  to  the  voltage 
and  the  commutator  length  will  be  proportional  to  the  current.  The  low- 
voltage  machine  will  be  the  heavier  because  of  the  long  commutator,  but, 
for  moderate  outputs,  there  will  not  be  much  difference  in  oost  between  a 
120-volt  and  a 600-volt  machine;  the  oost  of  the  extra  copper  on  the  low- 
voltage  machine  is  compensated  for  by  the  cost  of  the  extra  labor  on  the  high- 
voltage  commutator. 

The  losses  will  be  affected  in  the  following  way:  The  windage,  bearing 
friotion,  excitation  and  iron  losses  will  be  unchanged;  the  brush  friction  low 
will  be  the  smaller  in  the  machine  with  the  higher  voltage;  the  contact 
resistance  loss  will  be  the  smaller  in  the  machine  with  the  higher  voltage 
because  the  contact  drop  is  the  same  in  each  case  and  the  loss  is  therefore 
proportional  to  the  current.  The  armature  copper  loss  will  be  unchanged 
if  the  same  amount  of  armature  oopper  is  used  in  each  machine,  became, 
tinoe  the  number  of  conductors  is  directly  proportional  to  the  voltage,  tbs 
section  of  each  conductor  will  be  proportional  to  the  current  and  the  current 
density  will  be  the  same  in  each  machine.  If,  however,  due  to  the  space  takes 
by  the  insulation  on  the  large  number  of  conductors,  the  total  amount  of 
oopper  is  the  smaller  in  the  machine  with  the  higher  voltage,  then  the  copper 
Iocs  will  increase  with  the  voltage  and,  for  the  same  copper  loss  is  sack 
machine,  the  output  of  the  high-voltage  machine  will  be  less  than  that  of  tbs 
low-voltage  machine. 

180.  Kfleet  of  speed  on  weight,  oost  and  efficiency.  The  output  of  s 

machine  equals  tne  product  of  (volts  per  conductor)  X (current  per  con- 
ductor) X (number  of  conductors).  For  a given  frame,  the  volts  per  con- 
ductor is  directly  proportional  to  the  speed,  and  the  product  of  (the  current 
per  conductor)  X (number  of  conductors)  is  constant  for  a constant  cuneet 
density  and  a constant  weight  of  armature  oopper.  The  output  is  therefore 
directly  proportional  to  the  speed.  As  a matter  of  fact  tne  flux  densty 
must  decrease  as  the  speed  and  the  frequency  increase,  in  order  to  keep  down 
the  iron  loss;  but  the  current  density  may  increase  with  speed  due  to  better 
ventilation.  However,  the  output  is  directly  proportional  to  the  speed,  over 
a considerable  range.  The  higher  the  speed,  the  larger  the  output,  sad  there- 
fore the  longer  the  commutator  and  the  heavier  the  machine. 

At  very  low  speeds  the  number  of  conductors  becomes  large  and,  on  aeeouit 
of  the  amount  of  insulation  required,  the  total  amount  of  copper  is  less  than 
normal;  the  rating  of  such  machines  must  therefore  be  reduced  in  faster  ratio 
than  the  speed  is  reduced. 

The  total  armature  loss  for  a given  frame  and  a given  temperature  ri»  » 
equal  to  k(A  •fBXr.p.m.)  (see  Fig.  52)  so  that  while  the  output  is  directly 
proportional  to  the  speed,  the  losses  do  not  increase  so  rapidly;  and,  until 
turbo-speeds  are  reached,  at  which  the  windage  losses  become  excessive,  the 
efficiency  increases  with  the  speed. 

STANDARD  CONSTANT-POTENTIAL  GENERATORS 

181.  Generators  for  power  and  lighting  servloe  are  usually  wound 
for  125  volts  or  250  volts  and  are  either  flat-compounded  or  slightly  over- 
compounded, so  that  the  voltage  at  the  lamps  varies  but  little  with  change  of 
load.  The  efficiency,  weight,  cost  and  speed  may  be  obtained  from  Figs  W 
and  67.  The  regulation  should  be  less  than  2 per  cent. 

ltfl.  Generators  for  railway  servloe  are  subject  to  rapidly  fluctuating 
loads  and  to  sudden  and  excessive  overloads.  The  engine  speed  will  drop 
considerably  on  an  excessive  overload  unless  a large  flywheel  is  supplied. 
The  machines  are  generally  wound  for  550  volts  at  no  load  and  600  volts  at 
full  load  for  oity  service,  1,200  volts  for  interurban  service  and  3,000  volts 
for  trunk  line  electrification.  In  order  to  secure  proper  commutation  under 
nil  load  conditions,  interpole  machines  are  generally  employed. 

183.  Generators  for  electrolytic  work  are  usually  low-voltage  machines 
of  large  current  capacity.  When  the  terminal  voltage  is  very  low.  the  excit- 
ing current  will  be  large  if  the  machine  is  shunt  wound,  and  the  field  rheostat 
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viU  be  relatively  expensive;  therefore  such  — chines  ere  often  separately 
excited  from  a source  of  higher  voltage.  For  eleetrio  e melting  end  other  work 
than  the  meohine  ie  likely  to  be  subjected  to  short  circuits,  shunt  exoitetioA 
udearabie,  since  e shunt  generator  will  not  msintsin  e large  current  through 
adort  circuit  (Per.  14T).  Because  of  the  large  ourrente  to  be  collected,  these 
Machines  hare  low  ceastanoe  brushes,  a high  current  density  in  the  brush 
contact  end  a wide  brush  arc.  These  ooncutioBs  are  bad  for  eemnratafikm, 
•o  that  interpoles  are  often  used.  Since  each  armature  circuit  has  comparer 
troly  few  conductors  in  sense,  and  these  conductors  are  of  large  section,  there 


will  be  large  circulating  currents  unless  equalisers  (Par.  It)  of  large  cro 

t shown  in  Fig.  14  are  particularly 
it  and  weigh 


era  tors  cost  i 

ge  amount  of  com* 
> given  ainoe  the 


notion  are  used.  Windings  such  as  that 

mi  ted  for  generators  of  this  type.  , Electrolytic  generators  eo 
nose  than  standard  560-volt  machines,  because  of  the  large  am 
mutator  copper  required.  Accurate  cost  figures  oannot  be  gi 
Amiga  ie  generally  special 

1S4.  Boosters  are  used  in  constant-potential  systems  to  compensate  for 
luder-drop  or  to  aid  in  charging  storage  batteries,  etc.  Boosters  carry  large 
urreate  at  low  voltages  and  have  long  commutators  in  proportion  te  their 
mtput.  In  order  that  the  flux  may  be  proportional  to  the  exciting  current, 
he  magnetic  circuit  must  not  be  saturated;  for  this  reason  the  machine  is 
harier  than  a machine  of  normal  voltage  and  of  the  same  output.  Boosters 
then  carry  large  currents  in  a weak  magnetic  field,  so  that  they  must  be 
liberally  designed  for  commutation.  Reversible  boosters  often  have  lami- 
nated field  systems.  When  reversing  a machine  with  a solid  field  system, 
eddy  currents  set  up  in  the  solid  masses  by  the  change  of  flux  prevent  this 
change  from  being  very  rapid. 

1M.  Exciters  are  generally  flat-compounaed  for  120  volts  or  240  volts  if 
the  excited  machine  is  operated  without  an  automatic  regulator.  When 
operated  with  an  automatic  regulator,  the  exciter  must  be  capable  of  supply- 
ing a voltage  about  40  per  cent,  more  than  normal.  The  magnetio  circuit 
ihonld  not  be  highly  saturated, 

in  order  that  the  necessary  in-  3-  «— I 

crease  in  excitation  for  a given  I , — « ■ ^ 

increase  in  voltage  of  the  ex- 
cited machine  may  not  be  too 
Urge.  Machines  with  solid 
poles  are  quite  satisfactory,  as 
very  rapid  changes  of  voltage 
are  not  desirable.  The  weight, 
cost  and  efficiency  of  such  ma- 
chines may  be  obtained  from 
Rg.  66. 

IS4.  Variable-speed  ff en- 
taton*  used  for  the  lighting 
d vehicles  are  required  to  give 
constant  voltage  over  a wide 
rings  of  speed.  Many  patents 
hsve  been  taken  out  on  ma- 
chines for  this  purpose.  In  one 
bps  the  armature  is  moved 


Speed 


Fio.  68. — Rosenberg  car  lighting  gener- 
ator. 


ttudly  out  of  the  field  by  a governor,  as  ths  speed  increases.  In  another 
bps  the  brushes  are  shifted  automatically  as  the  speed  changes.  Other 
are  driven  by  slipping  belts  or  slipping  dutches. 

1ST.  The  Bosenberg  variable-speed  generator f is  self-regulating  and  is 
diown  (Ungrammatically  in  Fig.  68.  The  battery  voltage  is  approximately 
constant  and  the  shunt  field  sends  across  the  air-gaps  a flux  41,  which  is  ap- 
proximately constant.  The  armature  cuts  this  flux  and  an  e.mJ.  is  generated 
between  brushes  56,  but  none  between  brushes  BS  The  former  brushes  are 
•hort-cirouited,  so  that  a current  flows  in  the  armature  and  sets  up  an  anna- 
tare  field  4a  Since  the  armature  outs  this  latter  field,  there  is  an  e.mJ, 


* Morgan.  “Dynamos  for  Motor  Road  Vehides,"  Journal  of  Inst,  of 
Elec.  EngTvol.  XLVIII,  p.  749. 

t HaU.  “The  Rosenberg  Generator, “ General  Electric  Review,  Vol.  XIII, 
p.  37. 
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between  brashes  BB  end  a current  7 in  the  external  circuit.  This  current  I 
seta  up  a flux  *1,  which  opposes  <fri,  but  can  never  exceed  8t,  so  that  I cannot 
exceed  that  value  at  which  the  armature  ampere-turns  per  pole  equal  the 
shunt-field  ampere-turns  per  pole.  The  relationship  between  current  and 
speed  for  different  shunt  excitations  is  given  in  Fig.  68.  The  direction  of  ths 
current  I is  independent  of  the  direction  of  rotation  of  the  maohine. 

188.  Third-brush  generators.  * This  type  of  machine  is  shown 
diagramin&tically  in  Fig.  69.  At  no  load  the  exciter  voltage  ab  is  half  the 

terminal  voltage  ac,  but  armature 
reaction  weakens  the  leading  pole 
tip  so  that  as  the  armature  cur- 
rent increases,  the  exciter  voltage 
ab  decreases  and  thereby  limits 
the  current. 

Another  type  of  third  brush  gene- 
rator t gives  constant  voltage  over 
a wide  range  in  Bpeed  and  without 
the  use  of  a battery.  The  ma- 
chine has  a 2-pole  armature  and  a 
4-pole  field  system  excited  so  as  to 
give  two  magnetic  fields  at  right 
angles. 

a shunt  generator  driven  from 
The  diagram  shows  the 


Fio.  69. — Third  brush  generator. 


189.  A system  of  car  lighting  by 

the  car  axle  is  shown  diagrammatically  in  Fig.  70. „ 

conditions  at  standstill ; the  switch  S is  open,  the  generator  is  cut  out  and  the 
battery  supplies  the  lamps.  As  the  car  speeds  up,  the  generator  voltage 
increases  and,  when  the  value  is  reached  for  which  solenoid  F was  set,  the  pull 
of  the  magnet  closes  the  switch  and  connects  the  generator  in  parallel  with 
the  battery.  The  generator  then  delivers  current  to  the  battery  and  to  the 
lamps,  which  current,  flowing  through  coil  ff,  helps  to  keep  the  switch  dosed. 
As  tne  speed  increases,  the  voltage  of  the  generator  and  the  battery  current 

bothincrease.but 
t*u*ttl  when  full-load 
battery  current  ia 
reached,  the  pull 
of  coil  D acts  to 
lessen  the  pres- 
sure on  the  car- 
bon pile  Band  the 

Senerator  vdUge 
ecre&aes;  coil  D 
therefore  limits 
thebatterychair- 
lung  current, 

Fio.  70. — Car-lighting  system.  1 ^**en  , 

charge,  its  voltage  rises  }o  the  maximum  value  and  then  the  pull  of  coil  A 
acts  to  lessen  the  pressure  on  the  carbon  pile,  preventing  further  rise  of  voltd 
age  and  permitting  the  generator  to  supply  only  the  current  for  thelampa 
When  the  speed  drops  below  a certain  value,  the  battery  voltage  ia  highm 
than  that  of  the  generator;  current  then  flows  back  through  the  Soil 
thus  releasing  the  switch  S and  disconnecting  the  generator  from  the  circuit 
Since  the  generator  current  should  always  be  in  the  same  direction  no  nut" 
ter  what  the  direction  of  motion  of  the  car,  a pole  changer  A i»  supplied; 
consists  of  a double-throw  switch  operated  by  means  of  a mechanism  on  the 
shaft,  which  mechanism  reverses  the  switch  when  the  rotation  of  thegco^11 
tor  reverses. 


THU2-WZBC  CONSTANT-POTENTIAL  GENERATORS 

188.  The  early  three-wire  systems  were  operated  with  two  dtniM 
generator  units  connected  in  series  and  the  neutral  connected  to  the  eentri 

• Langsdorf.  ' ‘Principles  of  Direct  Current  Machinery,**  2d  ed.,  p.  434. 
t S.  R.  Bergman.  “D.  C.  Generator  for  Constant  Potential  at  VarisbH 
Speed,”  Proc.  A.  I.  E.  E.,  Vol.  XXXVII  (Attg.;  1918),  pp.  1011-1018. 
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patui  m shown  in  Fig.  71.  In  this  system  the  voltages  Ea  and  Eb  can  be 
nplated  independently  of  one  another. 

111.  The  earliest  type  of  three-wire  generator  was  a machine  which 
hid  two  armature  windings  on  the  same  core,  revolving  in  the  same  magnetic 
field.  with  a separate  commutator  for  each  winding.  This  machine  was 
connected  as  shown  in  Fig.  72.  Since  the  armature  reaction  affects  each 


voiding  equally,  it  has  no  effect  on  the  division  of  voltage, -so  that  B*  differs 
fromBi  only  by  the  armature  resistance  drops  in  the  two  windings.  These 
Stages  cannot  be  regulated  independently  of  one  another  by  means  of 
kki  rheostats. 

1H.  The  Dettmar  and  Sothert  machine  is  of  the  split-pole  type 
ifld  a shown  diagram maticall^  in  Fig.  73  for  the  case  of  a two-pole  armature 
rrrolring  in  a field  system  with  four  pole-pieces.  Even  on  balanced  load, 
srmature  reaction  strengthens  the  upper  S pole  and  weakens  the  lower 
> poi«,  so  that  £«  increases  and  Eb  decreases  with  increase  of  balanced  load, 
to  neutralise  this  effect,  the  weakened  poles  are  compounded  cumulatively 
tnd  the  strengthened  poles  are  differentially  compounded.  If  the  shunt 


Fios.  74  and  75.— -Unbalanced  currents  in  three-wire  generators. 


Is  2 and  4 are  connected  across  E*t  and  the  coils  1 and  3 across  Eb,  the 
lancing  will  be  better  than  if  ail  four  coils  were  connected  in  series  across 
The  voltages  Em  and  Eb  con  be  regulated  independently,  by  bond,  when 
1 Excitation,  is  thus  divided. 

M.  The  Dobrowolsky  machine  is  thatgenerally  used  for  three- wire 
oration.  a It  is  shown  (Ungrammatically  in  Fig.  74  and  consists  of  a stand* 
l two-wire  machine  with  a coil  of  high  reactanoe  and  low  resistance  con- 
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nected  permanently  across  diametrically  opposite  points  on  the  armature. 
The  voltage  between  a and  b is  alternating  and,  even  at  no  load,  or  when 
the  load  is  perfectly  balanoed,  an  alternating  current  flows  in  this  reactance 
coil.  This  current,  however,  is  extremely  small  because  the  reactance  is 
large.  Tim  center  o of  the  coil  is  always  midway  in  potential  between  thi 
brushes  e and  d,  and  is  connected  to  the  neutral  of  the  system.  When  the 
1 >ads  on  the  two  sides  of  the  system  differ,  the  difference  between  the  cur- 
rents in  the  outside  lines  flows  in  the  neutral  wire  and  through  the  reactanc* 
coil,  which  offers  only  a small  resistance  to  direct  current. 

194.  The  current  distribution  in  the  Dobrowolsky  machine*  may 
be  considered  as  that  due  to  the  average  current  (ti+i«)/2  and  a super- 
imposed unbalanced  current  (it  — **)/2,  as  shown  in  Fig.  75.  The  former 
of  these  currents  flows  in  the  outside  lines,  but  does  not  pass  through  tbs 
neutral  line,  and  so  does  not  affect  the  potential  of  the  point  o.  The  un- 
balanced current  is  that  which  affects  the  voltages  on  the  two  aides  of  the 
system  and  this  current  is  shown  separately  in  Fig.  76. 


d 


Fxo.  76.  Fia.  77. 

Figs.  76  and  77. — Unbalanced  currents  in  three- wire  generators. 

If  Rm  is  the  resistance  of  the  armature  from  brush  to  brush,  then  the  resit 
nee  from  a to  c varies  from  0 to  2 Ra  and,  in  the  position  shown  in  Fig.  70 
it  is  equal  to  R».  If  Rb  is  the  resistance  of  each  of  the  two  legs  of  the  balano 
coil,  the  voltage  drop  from  o to  a is  equal  to  (*i—  w)A»/2;  the  drop  from  a to  i 
equals  \eRe  and  is  alternating,  with  an  average  value  of  (u— tt)ft«/6.  Thi 
average  drop  from  o to  c is  expressed  by 

2£W(£+*)  (volt.)  (38 

190.  The  unbalanced  current  (it— it)  is  generally  limited  to  25  per  cent 
of  the  full-load  current  in  the  outside  lines  and,  since  the  armature  drop  si 
full  load  equals  the  product  of  full-load  current  and  Ra.  and  seldom  exceed 
3 per  cent,  of  E,  it  follows  that  the  average  voltage  from  a to  c eeldofl 
exceeds  0.25  per  cent,  of  Ea  for  25  per  cent,  unbalanced  current.  Therefor 
the  regulation  of  each  side  of  the  system  is  determined  principally  by  ta 
drop  in  the  balance  coil  and  can  readily  be  kept  within  2 per  cent. 

199.  The  use  of  two  balance  coils  connected  as  shown  in  Fig.  77  result 
in  a slight  improvement  in  the  machine.  The  average  voltage  drop  frosl 
o to  e in  this  case  is 

— 4 ~ +*»)  approx.  (volts)  (39 

and  is  apparently  less  than  it  would  be  with  only  one  ooil.  But  when  tw) 
coils  are  used,  as  in  Fig.  77,  each  one  carries  half  of  the  current  carried  bj 
the  single  coil  in  Fig.  76;  therefore  the  wire  used  has  half  the  section  and  esc) 
of  the  coils  in  Fig.  77  has  twice  the  resistance  of  the  coil  in  Fig.  76,  sum!  tty 
drop  from  o to  a is  the  same  in  eaeh  ease.  The  drop  from  a to  e is  leas  » 
Fig.  77  than  in  Fig.  76,  but  the  difference  is  so  small  that  it  has  little  effect  <* 

* Hawkins.  Journal  of  Inst,  of  Elec.  Eng.,  Vol.  XLV,  p.  704. 

Ferguson.  "Characteristics  of  the  Three-wire  Generator,**  EUctrica 
World,  Vol.  64,  pp.  1199-1204,  Dec.  19,  1914. 
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tk  nidation;  it  does,  however,  reduce  the  heating,  because  the  unbalanced 
current  he*  the  shorter  distance  to  travel  in  the  armature  when  two  balance 
cola  are  used,  so  that  for  the  same  armature  temperature  rise,  the  machine 
•ith  tbs  angle  balance  coil  requires  slightly  larger  copper  for  the  armature 
conductors  than  that  with  two  balanoe  coils. 

19T.  The  rating  of  the  balance  eoil.  The  voltage  between  a and  b 
(Fit  74  to  Fig.  76)  is  alternating  and  has  a maximum  value  equal  to  E and  an 
elective  value  equal  to  Efy/2.  The  current  in  each  half  of  the  balance  coil 
equals  (ii— ij)/2,  neglecting  the  small  exciting  current^ so  that  the  volt- 
smpere  capacity  of  the  balance  coil  equals  — The  normal  out- 

t of  the  generator  on  balanced  load  equals  El  volt-amperes,  so  that  for 
per  cent,  unbalanced  cur- 
rent. the  transformer  rating  in 
rolt-amperes  is  only  9 per  cent, 
of  that  of  the  generator. 

IN.  Compound- w o u n d 
three- wire  generators  have 
•D  the  series  coils  on  the  N 
poiee  placed  on  one  side  of  the 
circuit  and  all  the  series  coils 
on  the  5 poles  placed  on  the 
other  side  of  the  circuit,  so  that 
tie  compounding  is  independ- 
ent of  the  unbalancing  of  the 
load.  The  compounding  has 
no  effect  on  the  voltage  unbal- 
ancing. 

ltl.  Parallel  operation* 

(Par.  tti)  is  poeriDle  if  two 
equalisers  are  used,  one  for 
each  set  of  series  field  coils. 

The  diagram  of  connections  is 
ihotrn  in  Fig.  78;  six  leads  per  Fio.  78. — Parallel  connection  of  three- wire 
machine  are  required  because  generators, 

tire  circuit-breakers  on  the 

iritchboard  must  be  in  the  armature  circuit  and  not  in  the  equaliser  circuit. 

STAKDARD  COHSTANT-POTKNTIAL  MOTORS 
NO.  Motors  for  general  industrial  servioe  should  be  of  the  open  type 
rienever  possible.  The  totally  enclosed  type  should  not  be  used  unless 
•bolutely  necessary.  For  erane  service,  a totally  enclosed  series  motor  is 
wd  with  a half-hour  rating.  For  elevator  servioe,  an  open  compound 
•tor  is  used,  and  for  freight  hoiste,  an  open  aeries  motor  each  with  a 1-hr. 
*fa«. 

Nl.  Motors  for  railway  servioe  are  generally  wound  for  550  volta- 
Tiey  are  series  wound,  and  so  constructed  that  they  may  be  easily  opened  for 
Nsir.  The  steel  frame  is  of  the  split-box  type,  so  arranged  that  the  complete 
■feature  may  be  easily  removed.  The  armature  core  and  commutator  shell 
Jfe  mounted  on  a east-steel  spider,  in  order  that  a damaged  shaft  may  readily 
re  removed.  Railway  motors  have  undercut  mica  (commutator  insulation) 
id  abrasive  brushes,  but  the  tendency  is  to  use  interpoles  in  order  to  mini- 
liu  sparking  and  flashing-over  and  to  allow  high  speeds  to  be  obtained  for 
Durban  service  by  field  weakening.  Since  the  load  fluctuates  between  wide 
ifeits,  interpole  shunts  should  not  be  supplied  (Par.  ITS). 

Hail  way  motors  may  be  built  for  1,200  volts,  but  the  weight,  rise,  and  cost 
to  increased  for  a given  rating.  A 100-h.p.  600-volt  motor  can  be  rebuilt 
» develop  75  h.p.  at  1,200  volte;  the  larger  the  output  the  less  will  be  the 
ifference  in  rating  between  the  high-voltage  and  the  low-voltage  machine, 
be  1,200-volt  machine  has  the  shorter  commutator  and  therefore  the  longer 
ire  and  the  larger  flux  per  pole,  but  has  less  copper  in  the  slots  due  to  the 
(trm  insulation  required  for  the  large  number  of  conductors  and  the  high 
)ltage.  A four-pole  machine  with  an  average  of  20  volts  between  segments 


* Bulletin  on  " I.  T„  E.  Circuit  Breakers." 
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STAND  AMD  COM8TANT-CTHLUNT  QINSBATOES 
S06.  Open-circuit  windings.  Fig.  79  shows  an  armature  with  two  open 
coil®  and  four  commutator  segments.  The  Voltage  between  A and  B varies 
a®  shown  in  Fig.  80;  the  current  is  pulsating  and  only  half  Of  the  armature 
is  in  use  at  any  given  instant. 

107.  In  the  Brush  are  machine  the  commutator  segments  are  made  to 
overlap  a®  shown  diagrammatically  in  Fig.  81  and  the  brushes  are  wide  enough 
to  oover  two  overlapping  segment®.  During  the  first  one-eighth  rev.,  coil  C 
alone  is  active  and  the  e.rni.  in  that  coil  passes  through  its  maximum  value. 
During  the  next  one-eighth  rev.,  coils  C and  D are  in  parallel;  the  e.m.f.  in  C 
is  decreasing  and  that  in  D is  increasing.  During  the  next  one-emhth  rev., 
ooil  C is  cut  out  and  coil  D alone  is  active.  When  two  coils  are  m parallel 
the  higher  e.m.f.  in  one  coil  tends  to  reverse  the  current  in  the  coil  of  lower 


• Baum.  "Fire  Damp-proof  Apparatus,”  General  Electric  Review , Vol. 
XIII,  p.  402. 
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Lm.f.  and,  when  the  latter  current  is  zero,  the  contact  between  the  corre- 


10$.  Ratings  of  Brush  arc  generators.  A 6,250-volt,  9.6-amp.,  500- 
ev.  per  min.  Brush  machine  weighs  9,590  lb.  (4,350  kg.),  occupies  a floor 
pee  of  84  in.  by  56  in.  (2.1  by  1.4  m.)  and  requires  91  h.p.  to  dnve  it. 


f Fig.  79. — Open  coil  armature.  Fig.  80. — Voltage  between  A B. 

109.  The  Brush  regulator  in  its  simplest  form  is  shown  in  Fig.  63. 
A more  recent  type  consists  of  two  electromagnets  rotated  in  opposite  direc- 
foas  on  a common  axis  by  means  of  belts  from  the  main  shaft;  between  the 
■agnets  is  a piece  of  iron  which,  when  clutched  by  either  electromagnet. 
Kata  the  contact  arm  to  move  over  the  face^>f  a rheostat  which  shunts  the 
field  windings.  The  excitation  of  the  clutch  magnets  is  controlled  by  a sole- 
noid in  the  line  circuit,  so  adjusted  as  to  close  the  circuit  of  one  magnet,  or  the 
other,  according  as  the  value  of  the  line  current  is  too  great  or  too  small. 


Fig.  82. — Thomson -Houston  type. 


Fig.  81. — Brush  type. 


Arc  light  generators. 


**10.  The  Thomson-Houston  machine  has  three  open  coils  spaced  120 
Ketrical  degrees  apart,  joined  together  at  their  inner  ends,  and  connected  to 
[three-part  commutator  at  the  outer  ends,  as  shown  diagrammatically  in 
m.  82.  At  the  position  shown  in  Fig.  82,  the  e.m.f.  in  coil  C is  increasing, 
at  in  D is  decreasing,  and  that  in  A is  zero;  coil  A is  therefore  out  of  cir- 
it  at  the  instant.  As  the  armature  revolves,  the  e.m.f.  in  A increases  and 
it  in  D decreases,  until  finally  the  brush  disconnects  the  coil  D and  connects 
jn  series  with  C.  This  cannot  be  done  suddenly,  however,  or  bad  sparking 
uld  result;  therefore  the  extra  set  of  bhisRes  (shown  by  dotted  line?)  is 
led  anrW*oils  A and  D are  connected  in  parallel  until  the  increasing  voltage 
A is  able  to  reduce  the  current  in  D to  zero,  and  thereupon  the  latter  coil 
ft  be  disconnected  from  the  brush.  The  voltage  regulation  in  this  machine 

[•For  tables  of  ratings  of  aro-lighting  generators  see  Houston  and  Ken- 

Wy,  **  Recent  types  of  Dynamo-electric  Machinery,”  pub.  1898. 
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is  obtained  by  shifting  the  brushes.  When  the  brushes  ere  in  the  pontiff 
shown  in  Fig.  82,  large  e.mJ*.  are  being  generated  in  the  eoils  oonneeted  ■ 
series;  when  the  brushes  are  shifted  through  90  deg.  these  ooils  are  generatm 
low  e.m.fs.  and  the  terminal  voltage  is  a minimum.  The  mechanism  whiel 
shifts  the  brushes  also  varies  the  anqle  6 between  brushes  so  as  to  secur 
good  commutation  with  all  brush  positions.0 

ail.  Eating  of  Thomson-Houston  are  machines.*  A 2,500-volt 
10-amp.,  829  rev.  per  min.  Thomson-HouSton  machine  weighs  5,975  lb 
(2,700  kg.),  occupies  a floor  space  rtf  64  in.  by  52  in.  (1.6  X 1.3  m.)  and  re 
quires  38  h.p.  to  drive  it. 

211.  The  Thomson-Houston  regulator  is  shown  diagrammaticaDj 

in  Fig.  83.  The  electromagnet  M is  short-circuited  through  the  contact  S 
When  the  line  current  is  too  strong,  contact  S is  opened  by  the  magnet  N m* 
the  main  current  passes  through  M,  which  raises  a lever  and  increases  t 1m 
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Fig.  83. — Thomson-Houston  regulator. 


brush  arc.  At  the  same  time  the  brushes  are  Shifted  from  the  portion  o 
maximum  e.m.f.  The  arcing  at  the  commutator  is  suppressed  by  a meehan 
ic  ally -operated  blower,  and  the  arcing  at  the  switch  S is  minimised  by  th 
discharge  resistance  R. 

lit.  The  Wood  are  machine  has  a Gramme-ring  winding  with  a larg 
number  of  commutator  segments.  The  current  is  kept  constant  by  shiftin 
thn  brushes,  the  voltage  being  a maximum  when  the  brushes  are  in  the  neutn 
lition  and  sero  when  the  brushes  are  under  the  centres  of  the  polo 
I e regulator  is  operated  by  an  electromagnet  whioh  lifts  a lever  against  tb 
pull  of  a spring;  when  the  line  current  is  too  large,  the  magnet  pulls  the  levi 
in  such  a manner  as  to  engage  reduction  gearing  with  the  revolving  armatui 
and  cause  the  brushes  to  move  to  a position  of  lower  voltage;  if  the  current  I 
too  email,  the  Bpring  pulls  the  lever  in  the  opposite  direction  and  the  gearin 
then  moves  the  brushes  to  a position  of  higher  e.m.f. 

As  in  the  Thomson-Houston  machine,  the  brushes  of  the  Wood  are  machit 
are  split  into  two  parts  separated  by  an  angle  # (Fig.  82).  As  the  brush* 
move  under  the  poles,  for  the  purpose  of  reducing  the  terminal  voltage.  M 
e.m.f.  generated  in  the  short-circuited  coils  increases,  and  must  be  counts 
balanced  by  a higher  reactanoe  voltage;  this  is  readily  obtained  in  a Gramm 
winding  by  reducing  the  brush  are  so  as  to  decrease  the  time  of  oommutstkri 
For  sparkless  operation,  the  brush  angle  $ should  decrease  as  the  brusbss  sktt 
under  the  poles;  this  is  accomplished  automatically  by  the  brash-redos 
device. 

216.  Eating  of  Wood  are  machines.  * A 6,250-volt.  9.6-amp.,  500  w 
per  min.  Wood  arc  machine  weighs  14,600  lb.  (6,600  kg.),  occupies  s Art 
space  of  82  in.  by  80  in.  (2.1  m.  by  2 m.)  and  requires  90  h.p.  to  drive  it. 

216.  Constant-current  generators  for  series  are  lighting  are  near! 
lets,  although  the  Rosenberg  machine  (Par.  18T),  is  coming  into  use  l 
the  operation  of  searchlight  arcs.  Direct-current  series  lighting  systems  a 
now  in  use,  but  in  most  cases  are  supplied  from  rectifiers  (Bee.  6). 


* Houston  and  Kennclly,  " Recent  Type*  of  Dynamo-eleotrio  Machinery 
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THUBY  STSTBM 

tit.  Thi  constant-current  system  employing  the  types  of  generator 
fasmbed  above  is  now  rarely  used,  but  the  system  has  other  applicati  i * 
ptrticulariy  in  the  transmission  of  energy  over  long  distances  (Bee.  11). 
Constant-current  machines  for  operation  on  the  Thury  System*  have  been 
bdH  for  5.000  volts  and  150  amp.  These  machines  have  a two-circuit  drum 
winding;  a commutator  with  a large  number  of  segments,  so  as  to  keep  down 
the  average  potential  between  bars  to  about  20  volts;  ana  two  sets  of  brushes 
placed  diametrically  opposite.  The  claim  has  been  made  that  units  rated 
at  5,000  volts  and  500  amp.  can  be  constructed  for  sparkless  operation,  and 
at  reasonable  cost. 

11 T.  The  Thury  regulator  is  much  like  the  Brush  regulator  (Par.  109) . 
•xcapt  that  instead  of  moving  the  contact  arm  of  a rheostat,  it  shifts  t he 
brushes  through  90  electrical  deg.  as  in  the  Wood  machine  (Par.  113). 
Another  type  of  regulator  has  a relay  in  the  main  circuit  which  operates 
the  governor  on  the  prime  mover  in  such  a manner  as  to  inoreaae  the  speed, 
ud  therefore  the  voltage,  if  the  line  current  becomes  too  small;  the  brushes 
U this  case  are  fixed  in  position. 

111.  Cons  taut-current  motors  must  consume  an  e.m.f.  which  varies 
with  the  load.  A centrifugal  governor  on  the  motor  shaft  causes  the  brushes 
to  be  shifted  away  from  the  neutral  position  when  the  speed  rises  due  to  a re- 
faction in  load,  so  that  the  counter  e.m.f.  is  decreased,  and  also  the  total  con- 
noted e.m.f.  The  generator  brushes  are  moved  automatically  at  the  same 
fate  to  give  this  lower  voltage. 

HI.  Sparkles*  operation  in  all  brush  positions  is  made  possible  by  so 
dengning  the  machine  that  the  number  of  armature  amp.-turns  per  pole 
{•equal  to  the  exciting  amp.-turns  per  pole.  When  the  voltage  between 
bnaheeis  a maximum,  the  brushes  are  in  the  neutral  position;  but  when  this 
▼allege  is  small,  the  demagnetising  effect  of  the  armature  is  large,  and, 
•hhough  the  brushes  are  under  the  poles,  the  magnetic  field  is  small.  The 
po/ee  are  shaped  so  that  the  short-circuited  coils  are  always  in  a suitable 
fold  and  therefore  commutation  is  as  good  as  in  an  interpole  generator. 

, Ml.  Insulation.  Since  the  generators  and  the  motors  are  all  connec  ts! 
» Mriss,  the  potential  between  a machine  and  the  ground  may  be  very  high, 
although  the  machine  itself  is  wound  only  for  5,000  volts.  Hence  each 
aachins  must  be  insulated  from  the  ground,  and 
driven  through  an  insulating  coupling.  The  power- 
bause  floor  is  also  made  of  insulating  material  for  the 
yotection  of  the  operators. 

111.  Operation  of  constant- current  machines, 
nt  84  snows  the  diagram  of  connections  of  the  sys- 
Js . To  place  machine  A in  operation,  it  is  first 
bought  up  to  speed  and,  when  full-load  current  flows 
htbe  local  circuit,  the  switch  S is  thrown  to  the  proper 
Ntion  to  place  the  machine  in  series  with  the  line.  Fro.  84. — Connection 
ft  take  s machine  out  of  operation,  the  brushes  are  of  series  generators 
benght  slowly  to  the  sero  voltage  position;  then  the 

■dtch  S is  manipulated  to  short-circuit  the  machine  and  disconnect  it  from 
th  line. 

To  start  up  a motor,  first  see  that  the  brushes  are  in  the  position  of  cero 
JUce.  then  switch  the  machine  in  series  with  the  line  and  move  the  brushes 
favly  into  the  neutral  position  to  bring  the  motor  up  to  speed,  after  which 
It  automatic  regulator  will  keep  the  speed  constant. 


XOTOB-OKHSKATOB  SETS 


IIS.  Direct-current  seta  are  generally  used  to  obtain  energy  for  special 
Imposes  from  a standard  lighting  and  power  system.  Thus  the  generator 
rithe  set  will  often  be  a special  machine. 

^111.  The  speed  of  these  machines  is  seldom  fixed  by  external  considera- 
and  may  be  choeen  high  in  order  to  keep  down  the  cost.  The  present 
incy  is  to  use  speeds  such  as  those  given  in  Fig.  67  for  high-speed 
fators;  machines  of  higher  speed  will  be  eheaper  and  will  operate  satisfac  - 
drily  but  will  rarely  be  accepted  by  operating  engineers.  


•Highfield,  Journal  of  Inst,  of  Elec.  Eng.,  Vol.  XXXVIII,  p.  471;  Vol. 
tLlX,  p.  848;  Still,  Blootrical  World,  Vol.  LX,  p.  1093,  1912. 
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111  Standard  balancer  EBtl,*  a*  used  far  three-wire  operation,  consul 
of  two  like  unite  coupled  together,  each  wound  for  half  of  the  total  voltaii 
and  connected  in  senes  as  shown  in  Fig.  85.  On  balanced  load,  they  botl 
run  ” light’1  as  motors;  but  with  unbalanced  load*,  the  currents  flow  as  show) 
in  Fig.  85  and  machine  M acts  as  a motor  and  drives  Q as  a generator.  Tb< 
current  in  M is  greater  than  that  in  G by  that  amount  required  to  supply 
the  armature  losses.  The  motor  speed  drops  with  increase  of  load,  and  thi 
generator  voltage  drops  due  to  the  decrease  in  speed  and  in  excitation,  a 
that  E,  is  less  than  \E.  By  crossing  the  shunt  coils,  os  in  Fig.  86,  the  result 
tioo  is  improved.  The  motor  field  decreases  with  decrease  of  E,  and  thi 
speed  of  the  set  increases  with  load;  furthermore,  the  generator  excitation 
being  taken  from  Em,  increases  with  load,  so  that  with  this  connection  th 
voltages  are  more  nearly  equal  under  all  conditions. 


Figs.  85,  86  and  87.—  Balancer  sets. 


110.  Compound  balancers  are  connected  as  in  Fig.  87,  so  that  the  gen 
erator  is  always  cumulatively  compounded  and  the  motor  is  compounded 
differentially,  no  matter  in  which  direction  the  unbalanced  current  flow* 
This  connection  causes  the  balancer  speed  and  the  generator  voltage  t< 
increase  with  the  unbalanced  load. 

The  generator  current  is  expressed  by  the  formula, 


and  the  motor  ourrent  by 


, r T?"»Xl7#  * 

1+0*, 


/-  - I0- 


(40 


(«; 


1 +17"*, 

The  efficiency  in  each  ease  being  given  with  (he  shunt-excitation  loss  neg 
lected.  The  actual  combined  efficiency  of  the  set  is 

EB-T^2i  <4* 


HOMOPOLAH  MACHINES 

116.  Theory  of  Operation,  t Fsrsda 

showed  that,  if  the  metal  strip  A,  Fig.  81 
be  moved  so  as  to  cut  lines  of  force,  an  em. 
will  be  established  between  the  brushes  a an 
b and  a continuous  current  sent  round  the  el 
ternal  circuit  connecting  them. 

117.  The  radial  type,  shown  in  Fig.  8S 
consists  of  a metallic  disc,  rotating  betweet 
poles  which  are  excited  by  field  coils  woum 
concentric  with  the  shaft.  The  brushes  ar 
placed  at  a and  6,  and  holes  are  cast  in  thi 
yoke  to  allow  access  to  the  brushes.  In  R| 
90,  there  are  two  discs  mounted  on  the  sa*m 
shaft  so  that  they  are  electrically  connects 


• Budd  Frankenfield,  Electrical  World , Dec.  23,  1905;  Lanier,  EUctrie* 
Journal , Vol.  IX,  p.  1036. 

tGray.  "Impossible  Homopolar  Machines,”  Canadian  Elec.  New,  Mai 
15,  1913. 
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•4  (he  hub,  and  the  total  e.mi.  ia  twice  that  of  one  diee.  Steel  km  been  sug- 
gested for  the  diso  material  so  aa  to  reduoe  the  reluctance  of  the  magneuo 
circuit;  this,  however,  would  introduce  a magnetic  pull,  due  to  inequalities  in 
the  air-gape  on  the  two  aides  of  the  disc,  and  this  pull  could  be  eliminated 
only  by  carefully  adjusting  the  discs  and  then  securing  them  in  such  a way 
aa  to  prevent  end  play. 


Fio.  89.  Fio.  90. 

Fioa.  89  and  90. — Radial  type  of  homopolar  machine. 


US.  The  axial  type,  shown  in  Fig.  91,  consists  of  a metallic  cylinder 
routing  in  a uniform  magnetic  field.  The  voltage  of  such  a machine  is  low ; 
a 300-kw.f  500-volt,  3,000-rev.  per  min.  machine  with  an  armature  diameter 
of  19.3  in.  (49  cm.),  effective  core  length  of  12.2  in.  (31  cm.)  and  a peripheral 
velocity  of  15,200  ft.  per  min.  (77  m.  per  sec.)  generates. 4 U>  volts  per  con- 
ductor in  a field  of  112.00Q  lines  per  sq.  in.  (17,300  per  sq.  cm.)  density.  In 
this  case  twelve  conductors  ii?  senes  are  required  for  500  volts,  and  each  con- 
ductor requires  two  slip-rings,  with  brushes 
on  each  ring  adequate  to  carry  the  full- 


load  current,  the  rubbing  velocity  being 
•bout  15,000  ft.  per  min.  (77  m.p.s.).  • 

119.  The  brush  friction  loss  is  very 
hrge  and  the  total  contact  drop  of  twenty- 
four  contacts  in  scries  is  also  large.  The 
jficiency  is  about  88  per  cent,  at  half 
had  and  91  per  cent,  at  full  load. 

110.  The  output  equation  (Far,  fO) 
hr  a homopolar  machine  is 
*#I.  / watts \ /’60.8X10*\,  . /JOX 

“ (r.p.m.)  (-«rr  )(eu- m ) (43) 

•here  <B«  in  the  above  300-kw.  machine  is 
112,000  H«m*«  par  sq.  in.  and  is  limited  by 
aturation;  q m the  above  machine  equals 
ttx  600/ar  X 19.3  — 120  ampere-conductors 
per  in.,  a value  which  cannot  be  increased 
rithout  increasing  the  number  of  brushes,  ....  . , 

ud  which  cannot  reach  the  value  given  in  91.  Axial  type  of  homo- 

K*.  29  unless  some  brush  is  devised  which  polar  machine, 

rill  collect  about  1,200  amp.  per  so.  in. 

(ISfi  amp.  per  sq.  cm.)  of  contact  surface. 

Substituting  the  above  values  for  (&,  and  q the  following  equation  is  ob- 
tained. 

Da*Le  - 45  ( (CU.  in.)  (44) 

Vr.p.m./ 

* Noeggerath.  Trans.  A.  I.  E.  E.,  Vol.  XXIV,  p.  1. 
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Now  the  flux  density  in  Motion  A,  Fig.  91,  is  limited  to  about  130,000  lines 
per  sq.  in.  (20,000  per  sq.  cm.)  so  that  — 1.7  L,  approximately,  and  there- 
fore />«•  — 76  watts/rev.  per  min.,  with  the  above  limitations. 

221.  Weight  and  cost.  * Because  of  the  low  value  of  ampere-conductors 
per  in.,  made  necessary  by  the  brush  rigging,  the  value  of  X>«*Lr  for  a homo- 
polar  machine  will  generally  be  greater  than  for  a machine  of  the  standard 
type  and  the  machine  will  be  much  heavier  and  more  expensive.  Therefore, 
until  suitable  brushes  are  found,  this  type  of  machine  is  not  likely  to  be  widely 
used  except  in  the  case  of  machines  for  low  voltages  and  large  currents. 

232.  The  maximum  output  that  can  be  obtained  for  a jciven  number 
of  revolutions  per  minute  may  be  found  by  assuming  a limiting  peripheral 
velocity  of  15,000  ft.  per  min.  (77  m.  per  sec.).  Then  the  output  in  watts  is 
equal  to  DaaXr.p.m./76  and 

kw  . a to  (Penp.  vel.)»  _1_  ,4.x 

kw  0,72  r.p.m.*  X 1000  (45) 

-2.5X10V(r.p.m.)* 

The  maximum  output  and  the  speed  are  plotted  in  curve  4,  Fig.  32.  The 
points  shown  on  the  curve  give  the  ratings  of  two  machines  now  in  operation. 

1SS.  Compound-wound  homopolar  machines.  The  idea  under- 
lying the  compounding  is  explained  by  the  dia^am  in  fig.  92,  which  relates 

to  a machine  having  b!x  conductors.  The  brushes  B are  connected  to  the 

stationary  conductors  H by  means  of  con- 
nection pieces  G.  Only  a portion  of  the 
whole  length  of  G is  actually  employed  to 
carry  current,  and  the  amount  of  tnis  active 

Krtion  can  be  varied  by  the  brush  rocker  F. 

practice  it  is  sufficient  to  have  a flexible 
lead  instead  of  the  fixed  conductor  G, 

234.  Homopolar  machines  may  be 
made  self-exciting  and  Noeggerath  points 
out  that  homopolar  machines  may  even  be 
operated  without  the  use  of  a field  coil. 

US.  Standard  lines  of  homopolar 
machines  are  not  on  the  market;  the  ma- 
chines are  heavy  and  expensive  if  the  am- 

E ere -conductors  per  in.  are  kept  low  so  as  to 
ave  a reasonably  satisfactory  brush  rigging 
(Par.  230),  and  are  troublesome  in  opera- 
tion unless  they  are  excesrively  large.  The 
troubles  encountered  in  the  construction 
and  operation  of  a homopolar  machine  are 
described  by  Lam  met  in  connection  with  a 
2,000-kw.,  260-volt,  7,700-amp.,  1.200-rev. 
per  min.  machine  which  had  16  slip-rings  operating  at  a peripheral  velocity  of 
13,200  ft.  per  min.  (67  m.  per  sec.)  ana  copper  leaf  brushes  set  against  the 
direction  of  rotation,  the  nngs  being  lubricated  with  graphite. 


Fio.  92. — Compounding  of 
homopolar  machines.  B,  arm- 
ature conductors;  C,  insulation 
between  conductors;  D,  slip 
rings. 


OPERATION  OF  GENERATORS  AND  MOTORS 

236.  Shunt-wound  generators  in  parallel.  A and  B,  Fig.  93,  are 
two  similar  generators  feeding  the  same  bus  bars  C and  D.  If  machine  A 
tends  to  take  more  than  its  proper  share  of  the  total  load,  the  voltage  of  A 
falls,  and  the  load  is  automatically  thrown  on  B,  the  machine  with  the 
higher  voltage.  Furthermore,  if  the  engine  connected  to  B fails  for  an  in- 
stant, that  machine  slows  down,  its  generated  e.ro.f.  falls,  and  current  Bows 
back  from  the  line  to  operate  it  as  a motor.  Since  the  excitation  remains 
unchanged,  the  machine  will  run  at  normal  speed  and  in  the  same  direction 
as  before,  and,  as  soon  as  the  engine  recovers,  will  again  take  its  share  cl 
the  load. 

237.  Division  of  load  between  shunt  generators  in  parallel.  The 

external  characteristics  of  the  two  machines  are  shown  in  Fig.  95.  At  | 


• Pohl.  “The  Development  of  Tubo-gcnerators,”  Journal  of  Inst,  of  Elen 
Eng  . Voi.  XL,  p.  239. 

t Lamms.  Trent,  of  A.  I.  E.  E.,  Vol.  XXXI,  p.  976. 
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voltage  B*  the  currents  in  the  machines  are  /•  and  Is,  and  the  line  current 
To  make  machine  A take  more  of  the  load,  its  excitation  must  ho 
increased,  in  order  to  raise  its  characteristic  curve.  If  a 100-kw.  machine 
sod  a 50O-kw.  machine  have  the  same  regulation,  and  therefore  the  same  drop 
in  voltage  from  no  load  to  full  load,  then,  as  shown  in  Fig.  96,  the  machines 
will  divide  the  load  according  to  their  respective  capacities. 


Fro.  93. — Shunt. 


Fio.  94. — Compound. 


Connections  for  parallel  operation. 

US.  Compound-wound  generators  In  parallel.  A and  B,  Fig.  94. 
are  two  compound- wound  machines.  If  machine  A tends  to  take  more  than 
its  proper  ahare  of  the  load  the  series  excitation  of  A increases,  its  voltage 
rises  and  it  takes  still  more  of  the  load,  so  that  the  operation  is  unsUr 
Furthermore,  if  the  engine  on  B fails  for  an  instant,  that  machine  slows  down, 
its  generated  voltage  falls  and  current  flows  back  from  the  line  to  operate  it 
ss  a motor.  Under  these  conditions  the  shunt  excitation  remains  unchan.  ed, 
but  the  current  in  the  series  coils  is  reversed,  so  that,  running  as  a motor  in  a 
weak  field,  the  machine  will  tend  to  increase  in  speed  and  possibly  run  away. 

U9.  Equaliser  bus. 

To  prevent  instability 
when  compound-wound 
machines  are  operated  in 
parallel,  a bus  bar  of  large 
■ection  and  negligible  re- 
balance, called  an  equal- 
iser bus,  is  connected  from 
« to  / as  in  Fig.  94.  Points 
t and  / are  then  practically 
it  the  same  potential; 
therefore  the  current  in 

uch  series  coil  is  inversely  Ji  Bt 

proportional  to  the  resist-  Armature  Current 
ince  of  that  coil,  is  inde-  Fig.  95.  _ _ _ Fig.  96. 

pendent  of  the  armature  Fias.  95  and  96. — Division  of  load  between  two 
current,  and  is  always  in  shunt  generators  in  parallel, 

the  same  direction.  The  ...  ,,  , . . 

machine  ammeter,  which  indicates  (at  the  switchboard)  the  current  output, 
thould  always  be  connected  in  series  with  the  lead  k.  Fig.  94.  In  Intsrpole 
machines,  the  interpole  winding  is  considered  as  part  of  the  armature. 

240.  1 cries  shunt.  When  a single  compound  generator  has  too  much 
compounding,  a shunt  in  parallel  with  the  series  fiejd  W>ils  will  reduce  the 
current  in  these  coils  and  so  reduce  the  compounding.  When  compound 


lowatts 


machine  alone,  but  also  that  of  all  the  other  machines  with  which  it  is  operat- 
ing in  parallel.  In  order  to  reduce  the  compounding  of  a single  machine,  a 
resistance  must  be  placed  in  series,  and  not  in  parallel  with  the  senes 
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coils.  A combination  of  aeries  and  shunt  resistances  can  also  be  employed. 
This  adjustment  is  made  after  erection.  If  one  machine  is  found  to  taJce 
more  than  its  share  of  the  load,  then  its  compounding  must  be  reduced  by 
means  of  a resistance  placed  in  series  with  its  series  field  coils. 

841.  Starting  and  stopping  a single  shunt-wound  generator. 

It  is  generally  safest  to  start  with  the  machine  entirely  disconnected  from 
the  external  circuit  and  with  the  fiold  rheostat  all  in  circuit.  Then  bring  the 
generator  up  to  speed  and  cut  out  the  field  resistance  until  the  voltage  of 
the  generator  is  normal.  The  main  line  switch  may  then  be  closed  and 
further  adjustment  of  voltage  made  if  necessary. 

To  stop  the  machine,  open  the  feeder  switches,  insert  all  the  resistance 
in  the  field-coil  circuit,  tnen  open  the  main  switch  and  shut  down  the 
engine. 

848.  Starting  and  stopping  shunt-wound  generators  in  parallel. 

Assume  that  machine  A,  Ftg.  93,  is  running;  it  is  required  to  throw  machine 
B in  parallel  with  it.  This  latter  machine  must  on  no  account  be  connected 
to  the  line  while  coming  up  to  speed,  otherwise  it  will  form  a short  circuit 
across  the  machine  which  is  already  in  operation.  To  place  machine 
B in  operation,  bring  it  up  to  speed  with  the  switch  S open,  adjust  the  shunt 
rheostat  until  Eb^Ba,  then  close  switch  S and  increase  the  excitation  of  B 
until  it  takes  its  share  of  the  load.  To  disconnect  this  machine,  its  excitation 
should  be  reduced  until  machine  A carries  the  entire  load;  the  switch  5 may 
then  be  opened.  When  shunt  machines  are  being  connected  in  parallel  for 
the  first  time,  the  polarity  of  the  switches  should  be  carefully  tested  with 
a voltmeter  or  its  equivalent. 

848.  Starting  and  stopping  compound-wound  generators.  A 

single  machine  is  started  and  stopped  in  the  same  way  ns  a shunt  machine 
(Par.  841).  To  place  machine  B,  Fig.  94,  in  parallel  with  machine  .4,  which 
is  already  running,  bring  the  machine  up  to  speed  and  excite  it  to  give 
normal  voltage;  first  close  switches  g and  h in  order  to  excite  the  series  coals, 
then  make  Eb  eaual  to  the  bus-bar  voltage  and  close  switch  k\  the  machine 
may  then  be  made  to  take  its  share  of  the  load  by  increasing  the  shunt  excita- 
tion. To  disconnect  the  machine,  reduce  its  load  to  zero  as  in  the  shunt 
generator,  and  open  the  three  switches  in  the  reverse  order. 

Three  separate  switches  are  necessary  for  large  machines,  because  o i the 
large  currents.  For  smaller  machines,  one  double-pole  switch  for  g and  %, 
ana  a single-pole  switch  k , are  sometimes  used.  For  small  machines,  a 
three-pole  switch  is  often  used,  but  then  the  main  switch  is  closed  before 
the  series  field  has  its  proper  value  and  there  is  a momentary  disturbance. 

844.  Starting  and  stopping  motors.  All  except  small  motors,  rated  at 
a small  fraction  of  a horse  power,  should  be  provided  with  a starting  bo*  or 
starting  rheostat.  Such  starters,  on  constant-potential  systems,  consist  in 
general  of  graded  resistance  connected  in  series  with  the  armature,  and  elimi- 
nated step  by  step  as  the  motor  comes  up  to  speed.  The  starting  torque,  as  | 
well  as  the  running  torque,  is  given  by  Eq.  36,  Par.  169 ; therefore  in  order  to 
keep  the  starting  current  as  small  as  possible,  the  magnetic  flux  should  be  as 
large  as  possible  and  the  field  coils  should  be  fully  energised  before  the  arma- 
ture receives  any  current.  The  counter  e.m.f.  at  standstill  is  zero,  and 
therefore  the  series  starting  resistance  is  necessary  to  limit  the  starting  cur- 
rent to  a safe  value.  Starters  should  be  equipped  with  an  automatic) 
release  which  will  operate  under  the  conditions  of  no  terminal  voltage,  or  no 
current  in  the  shunt  held  coils,  so  that  the  motor  will  not  be  burnt  out  when  the 
terminal  Voltage  is  re-established  or  when  the  field  circuit  accidentally  opens. 
For  further  information  on  starters  see  Sec.  5,  and  for  information  on  motor 
control  see  Sec.  15. 

Shunt  motors  may  be  stopped  by  merely  opening  the  line  switeh;  such 
motors  should  not  be  stopped  Dy  returning  the  handle  of  the  starting  box  to 
the  "off”  position,  because  this  method  requires  the  opening  of  the  held  cir- 
cuit while  energized  and  gives  rise  to  a momentary  but  very  severe  induced 
e.m.f.  The  handle  of  the  starting-box  should  automatically  return  to  the 
“off”  position  before  the  motor  finally  comes  to  a dead  standstill. 

846.  Field  discharge.  If  the  field  circuit  be  suddenly  opened  while  J 
carrying  current,  then,  due  to  the  rapid  decrease  of  flux  through  the  large  . 
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number  of  field-coil  turns,  a large  e.m.f.  will  be  induced  between  the  two  open 
ends.  This  may  be  sufficient  to  break  down  the  insulation  between  the  field 
eoils  and  the  poles.  To  prevent  this,  when  a motor  is  disconnected  from  a 
line,  the  field  coils  should  be  short-circuited  through  the  armature  winding 
u the  instant  the  line  circuit  is  opened,  the  necessary  connections  being  mad*- 
by  the  starter. 

144.  Installation  of  motors  and  generators.  The  machine  should,  if 
possible,  be  placed  in  a cool  ventilated  position  which  is  free  from  dirt,  dust, 
or  moisture.  Machines  required  to  operate  in  damp  places  should  have  the 
coils  specially  treated.  The  foundation  should  be  solid  to  prevent  vibration 
if  the  machine  is  belted,  the  belt  tension  should  not  be  too  great,  the  diBtance 
bctween  belt  centres  too  short,  or  the  pulley  too  small;  the  pulley  should  not 
have  a diameter  less  than  that  recommended  by  the  manufacturer.  The  belt 
should  be  flexible  and  without  lumpy  joints  and  the  bottom  side  should  be  thu 
tight  side.  After  erection,  clean  the  bearings  by  pouring  in  gasoline,  drain 
this  off  through  the  drain  cocks  and  then  fill  the  bearings  with  light  miners  I 
oil.  Before  starting,  see  that  there  are  no  loose  parts  and  that  the  brushes 
ut  making  firm  contact. 

147.  Starting  generator!  for  the  first  time.  Bring  the  generator 
slowly  up  to  speed  with  the  field  circuit  open  and  see  that  the  oil  rings  operate 
properly;  then  close  the  shunt  field  switch  and  bring  the  voltage  up  to  nor- 
mal. Run  the  machine  without  load  for  an  hour,  after  whioh  the  load  may 
gradually  be  increased.  Generators  should  be  thoroughly  dried  out  in  every 
instance  before  they  are  placed  in  commission. 

148.  Starting  motors  for  the  first  time.  Check  the  connections  to 
make  sure  that  they  are  correct  and  secure.  See  that  the  controller  handle  is 
is  the  starting  position,  then  close  the  line  switch.  If  the  motor  does  not 
start  on  the  first  or  second  notch  of  the  controller,  open  the  line  switch  and 
look  for  the  trouble.  When  starting,  bring  the  controller  handle  over  slowly 
to  the  running  position,  allowing  the  motor  to  gather  speed,  but  do  not  run  on 
the  starting  notches  for  any  length  of  time.  Run  the  motor  without  the  belt 
for  half  an  hour  (this  cannot  be  done  with  a series  motor)  and  then  put  on  the 
load.  When  shutting  down,  open  the  line  switch  and  see  that  the  controller 
handle  returns  to  the  starting  position  before  the  motor  finally  stops. 

148.  Operating  instructions.  Keep  oil  away  from  the  commutator, 
brushes  and  windings.  Do  not  allow  dirt  or  dust  to  accumulate  in  or  around 
the  machine.  Do  not  lubricate  the  commutator  with  oil;  a piece  of  muslin 
moistened  with  vaseline  may  be  used  to  clean  the  commutator.  Emery 
is  a conductor  and  should  not  be  used  in 
fitting  brushes  or  cleaning  the  commuta- 
tor; use  sandpaper  and  ao  not  use  it  on 
the  commutator  too  frequently.  Do 
«ot  use  greater  brush  tension  than  neces- 
*ry;  tension  greater  than  2 lb.  per  sq.  in. 

(0.14  kg.  per  sq.  cm.)  is  seldom  re- 
paired. When  replacing  brushes,  use 
the  quality  and  sise  originally  supplied 
vith  the  machine,  and  fit  them  to  the 
commutator  with  sandpaper  before  nse; 

« strip  of  sandpaper  should  be  placed  on 
tte  commutator  below  the  brushes,  sand  Fio.  97. — Field  discharge  resistanc- 
sde  up,  and  pulled  through  in  the  direc- 
tion of  motion  of  the  commutator.  Do  not  open  generator-field  circuit  s 
quickly  (Par.  118);  open  the  switch  slowly,  permitting  the  arc  to  extinguish 
Padually,  which  should  take  about  5 sec.  On  large  generators  use  a field 
discharge  resistance,  which  is  connected  across  the  terminals  as  soon  as  the 
field  switch  opens;  see  Fig.  97. 

Do  not  stop  quickly  on  account  of  a hot  bearing,  but  slow  down  the  mu 
'•bine  and  apply  good  clean  oil.  A quick  shut-down  will  cause  the  bear 
to*  to  "freese.”  Inspect  and  clean  the  machine  periodically. 

SM.  Poor  commutation  is  generally  due  to  one  or  more  of  the  following 

causes; 

(a)  Brushes  not  in  the  proper  position. 

(b)  Bad  spacing  of  the  brush  sets.  This  may  be  checked  by  counting  the 
number  of  commutator  segments  between  adjacent  brush  sets. 
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(0)  Projecting  mica.  Thu  cause  may  be  removed  by  cutting  out  the  mica 
between  segments  for  dr  in-  (0.16  cm.)  below  the  commutator  surface. 

(d)  Rough  commutator,  generally  caused  by  sudden  rushes  of  current. 
When  such  current  rushes  are  inherent  under  the  operating  conditions,  and 
interpoles  are  not  employed,  it  may  be  advisable  to  use  abrasive  brushes  to 
keep  the  commutator  free  from  rough  spots. 

(e)  Flat  bars,  produced  beoause  some  of  the  oommutator  segments  are 
softer  than  others. 

(f)  High  bars,  generally  due  to  soft  spots  in  the  mica  clamping  cones. 

(g)  Grooved  commutator,  may  be  prevented  by  staggering  the  brush  sets 
so  that  the  space  between  two  brushes  of  one  set  is  covered  by  a brush  of  the 
next  set  and  the  commutator  wears  down  evenly. 

(h)  Poor  brush  contact,  due  to  imperfect  bedding  of  the  brushes,  to  dirt,  or 
to  burning  of  the  contact. 

(1)  Worn  brushes  being  replaced  by  others  of  the  wrong  quality  or  sise. 

(j)  Sticky  brushes,  which  do  not  move  freely  in  box  holders  and  so  do  not 
follow  irregularities  of  the  commutator. 

(k)  Vibration  due  to  want  of  balance  in  the  armature,  to  poor  founds* 
tions,  or  to  a badly  laced  belt. 

(l)  Chattering  of  the  brushes,  which  can  generally  be  cured  temporarily  by 
cleaning  the  commutator  with  a piece  of  muslin  moistened  witn  vaseline, 
and  may  be  cured  permanently  by  changing  the  brush  angle. 

991.  Armature  winding  troubles  are  generally  due  to  the  following 


(a)  A broken  coil,  generally  at  the  commutator  end,  caused  by  the  wire 
connected  to  the  commutator  being  too  tight,  excessive  vibration,  poor 
soldering  at  the  commutator  neck,  or  the  use  of  copper  which  wsb  not  prop- 
erly annealed.  This  trouble  causes  a bad  aro  at  the  instant  the  brush  breaks 
contact  with  the  segment  connected  to  the  broken  coil.  The  trouble  can  be 
fixed  temporarily  by  short-circuiting  the  oommutator  segments  connected 
to  the  damaged  coil,  thereby  cutting  it  out,  care  being  taken  not  to  short- 
circuit  the  coil  itself. 

(b)  A short-circuited  armature  coil  may  be  due  to  damaged  insulation 
between  turns  or  to  an  accumulation  of  copper  dust  in  the  oommutator  nooks. 
A large  local  current  will  flow  in  this  coil  and  cause  it  to  become  hot  and  to 
smoke. 

(c) .  An  armature  coil  may  be  reversed  during  repairs.  The  e.m.f.  of  the 
reversed  coil  opposes  that  of  the  other  coils  so  that  one  circuit  in  the  armature 
will  generate  less  than  normal  voltage  (Par.  19).  At  the  moment  of  com- 
mutation, the  conductors  of  this  coil  will  be  under  the  wrong  pole  tips  and 
local  sparking  will  take  place. 

191.  Field-coil  troubles  are  generally  due  to  the  following  causes: 

(a)  An  open  circuit:  If  the  motor  is  series  wound,  the  machine  will  stop 
and  oannot  be  started  again;  if  a shunt  motor,  the  machine  will  speed  up  as 
the  flux  decreases  (Par.  191)  and  the  line  current  will  increase  .as  the  back 
e.m.f.  diminishes,  until  the  circuit-breakers  open.  If  the  machine  is  a shunt 
or  compound  generator,  the  generated  e.m.f.  will  greatly  decrease  and  a large 
current  will  flow  into  the  machine  from  other  generators  whioh  are  operating 
in  parallel  with  it,  and  open  the  circuit-breakers. 

(b)  A short  circuit  will  reduce  the  field-coil  resistance  and  in  the  case  of  a 
shunt  machine,  will  cause  the  exciting  current  to  increase  and  the  tempera- 
ture  to  rise.  The  m.m.f.  of  the  damaged  coil  will  be  reduced  and  that  of  the 
other  coils  increased,  so  that  the  strengths  of  the  poles  will  be  different  (Par. 
19).  The  average  flux  per  pole  will  be  unchanged  in  a shunt  machine,  but 
will  be  reduced  in  a series  machine. 

(c)  Reversed  field  coils  will  cause  adjacent  poles  to  have  the  same  polarity. 
The  polarity  can  be  tested  with  a compass  or,  if  that  is  not  available,  with  a 
piece  of  soft  iron  which  will  lie  along  the  lines  of  force  and  therefore  bridge  the 
poles  if  the  polarity  is  correct,  but  will  tend  to  lie  axially  in  the  direction  of  the 
shaft  if  the  polarity  is  wrong. 

S99.  The  effect  of  wear  in  the  bearings  is  to  throw  the  armature  out  of 
centre  with  respect  to  the  pole-pieces  and  cause  an  unbalanced  pull  (Par.  19). 

994.  End  thrust  causes  heating  of  the  bearings  and  is  generally  due  to 
projection  of  the  armature  core  beyond  the  magnetic  field  (Par.  99).  End 
thrust  may  also  be  due  to  the  fact  that  the  shaft  is  not  horisontai. 
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SM.  1-ldnil  magnetism  of  feht  ftiuntor  fluids  may  be  “killed" 
by  a short  circuit.  When  this  happens,  the  field  coils  must  be  excited  from 
sn  external  source,  using  batteries  if  nothing  else  is  available. 

SM.  Humming  may  be  cured  by  chamfering  the  pole  tips. 

TESTING 

1ST.  Purpose  of  testing.  Commercial  testa  are  made  on  standard 

m^hiiwuw  to  make  sure  that  they  have  been  properly  constructed.  Accept* 
sues  testa  are  made  on  important  machines  to  make  sure  that  they  meet 
the  guarantees.  Special  tests  are  made  by  the  designer  to  find  the  limits  of 
a new  machine  and  to  obtain  constants  and  data  to  be  used  on  future  designs. 

SM.  No-load  saturation,  friction  and  iron-less  tests. . To  make  this 
test  the  machine  is  separately  excited,  connected  as  shown  in  Fig.  OS,  and 
driven  as  a generator  at  the  rated  speed  by  a shunt  motor  M of  such  sise  that 
the  rated  output  of  the  motor  is  approximately  equal  to  the  largest  loss  to 
be  measured.  The  losses  in  the  driving  motor  should  have  been  previously 
determined  and  should  be  known  for  all  inputs.  The  generator  is  excited  to 


Fiq.  98. — Connections  for  Fio.  99. — No-load  Fio.  100. — Connections  for 

large  machine.  curves.  small  machine. 

No-load  saturation,  friction  and  iron-loss  tests. 


give  about  one  and  one-half  times  normal  voltage;  the  excitation  is  then 
gradually  reduced,  the  speed  being  kept  constant,  and  simultaneous  readings 
are  taken  of  generator  voltage,  speed  and  exciting  current,  also  of  motor 
input,  speed  and  excitation.  The  losses  in  the  motor  for  a definite  voltage, 
current,  speed  and  excitation  are  known;  the  output  can  therefore  be  found 
and  is  equal  to  the  sum  of  the  iron,  windage  and  friction  losses  in  the  genera- 
tor, an  allowance  being  made  for  the  loss  in  the  belt.  The  results  are  plotted 
as  in  Fig.  99.  The  loss  with  aero  excitation  is  the  windage  and  friction  loss, 
from  which  the  windage  and  bearing  friction  can  be  separated  by  taking  a 
reading  with  the  brushes  lifted. 

Sit.  The  brush  loss  varies  greatly  with  the  condition  of  the  contact  sur-  \ 
facef  and  a note  should  be  made  on  the  test  sheet  as  to  whether  the  test  was 
before  or  after  the  heat  run  and  whether  or  not  the  commutator 
was  cleaned  and  lubricated  before  the  test  was  made. 

• SM.  The  saturation  and  no-load  loss  test  for  a small  motor  is  gener- 
ally made  by  separately  exciting  the  machine,  connecting  it  as  shown  m Fig. 

100,  and  running  it  idle  at  normal  speed.  The  armature  voltage  is  varied  with 
a rheostat  in  the  armature  circuit  and  the  excitation  is  adjusted  to  keep  the 
■peed  constant.  This  excitation  will  be  approximately  the  same  as  the  no-load 
excitation  as  a generator,  since,  at  no  load,  the  applied  voltage  is  practically 
equal  to  the  back  e.m.f.  (Par.  157).  The  armature  input  will  be  the  sum  of 
the  windage,  friction  and  iron-losses  and  also  the  small  copper-loss  due  to  the 
no-load  armature  current;  the  latter  loss  can  be  calculated  and  deducted. 

151.  Armature  resistance.  This  is  generally  measured  by  passing  a 
known  current  through  the  stationary  armature  and  measuring  the  voltage 
drop  between  the  brushes  and  also  across  the  terminals  of  the  machine.  This 
latter  value  is  not  the  true  voltage  drop  between  the  terminals,  since  the  con- 
tact resistance  when  the  machioe  is  running  is  different  from  that  when  the 
machine  is  stationary. 

The  armature  resistance  is  sometimes  determined  by  passing  a current 
through  the  armature  and  also  through  a standard  resistance  of  approxi- 
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mately  the  same  value  and  at  least  the  same  current-carrying  capacity,  and 
comparing  the  drops  of  potential  across  each,  in  which  case  the  current  need 
not  be  measured. 

262.  The  fleld-coil  resistance  is  determined  by  passing  a known  current 
through  the  coils  and  measuring  the  drop  of  potential  across  the  field  ter- 
minals. 

263.  Load  tests  on  machines  of  considerable  sise  must  be  made  by  some 
method  whereby  the  power  developed  by  the  machine  is  not  dissipated,  but  is 
made  available  for  the  test;  otherwise  the  power-house  capacity  may  not 
be  large  enough  to  test  many  machines  and  the  cost  of  the  test  will  be 
excessive. 

264.  Blonder s loading-back  method.  Two  identical  machines  are 
required  for  this  test.  They  are  separately  excited,  connected  together 
mechanically  to  run  at  the  same  speed,  and  their  armatures  are  connected 
electrically  in  opposition  as  in  Fig.  101  so  that,  when  equally  excited,  there  is 
no  current  in  the  armature  circuit.  An  auxiliary  motor  M is  belted  to  the  set 


Fia.  101. — Blondel  method. 

Ia 


Fig.  102. — Kapp  method. 

Loading  back  tests. 

and  should  have  a capacity  large  enough  to  supply  the  no-load  losses  of  both 
machines.  The  booster  B must  carry  full-load  current  and  is  used  to  circu- 
late the  current  through  the  armatures  of  both  machines.  The  set  is  brought 
up  to  speed  by  the  auxiliary  motor,  the  switch  S being  open.  The  fields  are 
then  excited  until  the  voltage  E is  normal  and  the  voltage  across  the  switch  S 
is  zero.  . This  switch  may  then  be  closed  and,  by  suitably  exciting  the  booster, 
any  desired  armature  current  may  be  made  to  circulate.  The  booster  sup- 
plier the  copper-loss  and  the  motor  M supplies  the  other  armature  losses  of 
both  machines  so  that  El  is  the  generator  output;  one-half  the  output  of 
equal  to  the  sum  of  the  windage,  friction  and  iron-losses  of  one 
machine;  one-half  of  el  is  the  copper-loss  of  one  machine;  and  Ei  equals 
the  excitation  loss  of  one  machine,  from  all  of  which  the  efficiency  may  be 
found. 

265.  The  regulation  of  a generator,  or  of  a motor,  may  be  determined 
from  Blondel’s  test.  The  machines  in  this  case  need  not  be  identical,  but 
they  must  be  of  the  same  voltage,  and  the  output  of  the  testing  machine 
mupt  not  be  less  than  that  of  the  machine  to  be  tested.  In  the  test  for 
generator  regulation,  start  with  normal  voltage  E and  no  circulating  cur- 
rent; then  excite  the  booster  to  give  the  desired  current  /„  and  measure 
} the  terminal  voltage.  Plot  E,  and  Ja  as  in  Fig.  58.  In  the  test  for  mo- 
wd  regulation,  keep  the  voltage  across  the  motor  terminals  constant 
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by  means  of  the  booster,  and  vary  the  speed  of  the  auxiliary  motor  M unti  \ 
the  circulating  current  has  the  value  desired.  Plot  the  speed  and  I a as  in 

F IM*  HoDkinson’ft  teat.  This  test  is  similar  to  Blondel’s,  but  the  booster 
is  eliminated  and  the  auxiliary  motor  is  used  to  supply  all  the  losses,  the  cur- 
rent in  the  armatures  being  circulated  by  weakening  the  field  of  one  machine 
and  strengthening  that  of  the  other.  The  iron-losses  in  the  two  machines  are 
different  because  the  fields  have  different  excitations,  so  that,  while  the 
method  is  satisfactory  for  regulation  and  heating,  it  is  not  satisfactory  for 


efficiency 

Kapp'l  method  is  preferred  to  Hopkinson  s and  is  the  one  generally 
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St7.  SAPP' I mowou  is  preicrrcu  w 
adopted  in  commercial  work  for  regulation  and 
heating  teste;  the  efficiency  of  a machine  is 
generally  calculated  from  the  losses.  The  dia- 
gram of  connections  is  shown  in  Fig.  102.  I he 
losses  are  supplied  from  the  testing  circuit  and 
are  easily  measured,  but.  since  the  copper-losses 
in  the  two  machines  are  different,  as  also  are 
the  iron-losses,  the  method  should  not  be  used 
for  an  accurate  determination  of  efficiency. 

168  Load  tests  on  series  motors.  When 
a large  number  of  railway  motors  have  to 
be  tested  the  loading-back  method  of  test  is 
used.  Two  motors  are  connected  together  as 
shown  in  Fig.  101  and  are  geared  to  the  same 
countershaft  so  as  to  run  at  the  same  Bpeed. 

This  countershaft,  driven  by  an  auxiliary 
motor  supplies  the  mechanical  losses.  The 
field  coils  ax©  connected  in  the  armature  cir- 
cuit and  a booster  is  also  placed  in  this  circuit 
to  supply  the  copper  losses.  * 

tig  pronv  brake  test.  The  efficiency  is  seldom  determined  by  direct 
measurement  of  input  and  output  except  in  the  case  of  small  motors  which  are 
connected  directly  to  the  line  and  the  load  then  measured  by  means  of  a 
water-cooled  prony  brake  as  in  Fig.  103. 
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270  In  constant-current  arc  generators,  the  load  losses  are  generally 

large,  and  the  efficiency  of  such  machines  is  obtained  by  measuring  output 
electrically,  and  the  input  by  means  of  a driving  motor  whoso  efficiency  is 
known.  . . 

271.  Load  saturation  test.  The  generator  is  driven  by  a motor  of  the 
same  voltage  and  of  larger  output,  and  the  machines  are  connected  to  the 
testing  circuit  as  in  Fig.  102.  Starting  at  about  20  per  cent,  above  normal 
voltage  and  with  full-load  circulating  current,  the  excitations  of  the  two 
machines  are  gradually  reduced  and  a senes  of  readings  of  Li : and  t are 
taken,  /.  being  constant.  The  results  are  plotted  as  in  curve  2,  1 ig.  1 h 
272  Heat  run.  The  machine  is  connected  at  in  Fig.  102  and  operated  at 
rated  speed  and  voltage,  with  the  desired  circulating  current.  Ihe 
suggestions  contained  in  the  A.  L E.  E.  standardisation  rules.  Sec.  . 
regarding  measurement  of  temperature  and  conditions  of  teat,  should  be 
followed.  _ 

273.  Insulation  resistance  may  be  measured  with  a megger  (bee  6) 
or  by  means  of  a high-resistance  voltmeter  connected  as  in  Fig.  104. 
In  the  latter  case  the  insulation  resistance  equals  the  resistance  of  the 
voltmeter  multiplied  by  the  ratio  (*-,)/,.  where  *.  the  voltage  ol  the  tertint 
circuit,  should  be  the  same  os  the  normal  voltage  of  the  machine  bei  g 

•For  modifications  of  this  test  see:  . . . , . % - - , 

Workman,  R.  E.  “ Factory  Testing.”  Electru  Journal  \ ol.  I.  p .»ol. 

Fay,  C.  J.  ” Testing  Largs  Motors,”  Electric  Journal , \ ol.  Ill,  p 525. 
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tested,  and  e is  the  voltmeter  reading  or  the  drop  in  voltage  aeroaa  the  volt- 
meter resistance. 


- 174.  Puncture  test.  To  test  the  insulation,  a high  voltage  is  applied 
between  the  armature  winding  and  the  frame,  between  the  held  windings 
and  the  frame,  and  also  between  the  shunt 
and  the  series  field  coils  with  the  shunt  wind- 
ing disconnected  from  the  armature.  The 
test  voltage  is  obtained  from  a small  testing 
transformer  of  adjustable  ratio  and  should 
be  raised  to  the  desired  value  smoothly  and 
without  sudden  large  increments;  the  maxi- 
mum should  be  applied  for  1 min.  unless 
otherwise  specified,  and  then  gradually  de- 
creased. The  recommendations  given  in 
Sec.  24.  should  be  followed. 

179.  Acceptance  tests.  A compound 
3 be  ■ - ~ 


Fio.  104. — Measurement 
of  insulation  resistance. 


generator  to  be  tested  for  efficiency,  regula- 
tion, temperature,  commutation  and  insulation  would  be  handled  as  follows: 

(a)  Grind  the  brushes  in  place  with  sandpaper. 

(b)  Measure  the  armature  and  the  field  ooil  resistances. 

(c)  Pl-ice  full  load  on  the  machine  (Par.  171).  Adjust  the  brush  position 
so  that  the  maohine  is  sparkless  over  the  desired  range  of  operation.  The 
brushes  should  not  be  set  further  forward  than  necessarv,  otherwise  the  arma- 
ture reaction  will  be  greater  than  it  need  be.  Adjust  tne  current  in  the  series 
coils  with  a temporary  shunt  to  give  the  required  voltage  at  no  load  and  at 
full  load. 

(d)  Keep  the  machine  on  full  load  until  the  temperatures,  as  indicated  by 
the  field  coil  resistance,  have  become  approximately  stationary;  then  shut 
down  and  take  temperatures. 

(e)  Measure  the  armature  and  the  field  coil  resistances  before  the  machine 
has  time  to  cool. 

(f)  Give  the  machine  an  overload  run,  if  that  is  desired. 

(g)  Make  the  regulation  test  (Par.  S66  and  167) ; then  since  the  machine  is 
properly  connected,  a full-load  saturation  test  may  be  made  for  the  informa- 
tion of  the  designer,  if  required. 

(h)  The  no-load  loss  may  be  determined  by  running  the  machine  idle  as  a 
motor  (Par.  160),  but  the  designer  will  probably  want  information  in  regard 
to  the  separate  losses  (Par.  168).  The  test  results  are  then  worked  up,  and, 
if  the  machine  is  satisfactory,  the  insulation  resistance  is  measured  and  the 
puncture  test  made. 


176.  Commercial  or  shop  tests.  For  standard  machines  on  which  the 
designer  has  all  the  information  he  requires,  such  a complete  test  (Par.  176) 
is  not  necessary.  The  machine  should  be  run  idle  at  normal  speed  and  volt- 
age to  make  sure  that  the  no-load  losses  are  not  too  high  due  to  poor  material 
or  poor  construction,  and  that  the  excitation  is  not  too  large  or  too  small. 
The  armature  and  field  coil  resistances  are  checked  with  the  calculated  values. 
The  machine  is  run  for  an  hour  at  25  per  cent,  overload  to  test  the  mechaniesl 
construction  and  then  run  idle  at  50  per  cent,  above  normal  voltage  to  test 
the  insulation  between  turns.  The  speed  may  be  increased  during  this 
latter  test.  The  insulation  resistance  is  then  measured  and  the  puncture 
test  made.  For  further  information  see  the  series  of  articles  on  shop  testing 
bv  R.  E.  Workman  in  Vol.  I of  Electric  Club  Journal. 
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CONVERTERS  AND  DOUBLE-CURRENT  GENERATORS 

SYNCHRONOUS  CONVERTERS 

BT  r.  D.  HXWBTJBT,  M.B. 

QBH1EAL  THEORY 

1.  Comparison  with  separate  synchronous  motor  and  direct  enr- 
rent  generator.  The  theory  of  the  synchronous  converter  is  best  explained 
by  the  similarity  of  the  converter  to  a synchronous  motor  driving  a direct- 
current  generator.  The  converter  combines  the  characteristics  of  both  motor 
and  generator  in  the  single  armature  winding.  This  winding  is  provided  oa 
one  end  with  a commutator  as  in  a direct-current  generator,  and  on  the  other 
with  collector-rings  and  taps  to  the  winding  as  in  a revolving-armature 
synchronous  motor.  Alternating  current  is  supplied  through  the  collector- 
nngs,  and  with  no  direct-current  load  the  synchronous  converter  operates 
purely  as  a synchronous  motor.  Its  speed  is  determined  by  the  frequency 
and  number  of  poles  and  the  flux  is  fixed  by  the  impressed  voltage,  just  as 
in  a synchronous  motor. 

S.  Excitation.  In  the  synchronous  converter,  as  in  the  synchronous 
motor,  the  magnetic  flux  and  the  corresponding  net  exciting  ampere-turns  are 
determined  solely  by  the  impressed  voltage.  If  it  is  attempted  to  vary  the 
exciting  ampere-turns  and  flux  by  variation  of  the  main  field  excitation,  the 
latter  variation  is  neutralised  by  an  equivalent  change  in  excitation  brought 
about  by  a change  in  phase  and  value  of  the  armature  current,. no  that  the 
flux  ana  net  excitation  remain  constant.  Increased  excitation  in  the  main 
field  winding  produces  a leading  current  in  the  armature  (leading  with  respect 
to  the  line  voltage)  which,  in  the  majority  of  transmission  lines  serving  syn- 
chronous converters,  is  beneficial  to  line  power-factor  and  voltage.  Con- 
versely, under-excitation  produces  a lagging  current  which  is  detrimental  to 
the  power-factor  and  voltage  of  such  lines. 

S.  Ratio  of  alternating  voltage  to  diroot-ourront  voltage.  Assum- 
ing the  synchronous  converter  to  be  operating  without  direct-current  load, 
it  will  be  dear  that  the  direct-current  voltage  between  brush  arms  will, 
through  the  action  of  the  commutator,  have  a value  equal  to  the  maximum 
instantaneous  value  of  the  alternating  voltage,  giving  proper  consideration 
to  the  relative  points  in  the  armature  winding  to  which,  at  any  instant,  the 
brushes  and  collector-rings  are  connected.  In  the  single-phase,  two-phase, 
and  six-phase  diametrically  connected  converters,  the  direct-current  brushes 
and  collector- rings  are  connected  to  equivalent  points  on  the  armature  wind- 
ing. so  that  the  ratio  between  the  alternating  and  direct-current  voltages  is 
simply  the  ratio  between  the  effective  and  the  maximum  alternating  voltages. 
In  the  three-phase  converter,  the  collector-rings  are  connected  to  points  120 
electrical  degrees  apart,  while  the  direct-current  brushes  are  connected  to 
points  180  electrical  degrees  apart,  so  that  the  voltage  ratio  is  affected  by  this 
difference.  The  theoretical  ratios  are  shown  in  Far.  4.  See  Par.  Sf  and 
Figs.  9 to  14,  inclusive,  for  further  information. 

These  theoretical  ratios  are  based  on  the  assumptions  that  the  impressed 
alternating-current  wave  form  and  the  counter  e.m.f.  waveform  of  the  con- 
verter are  both  sine-waves,  that  there  is  no  loss  in  the  converter,  and  that  tbs 
direct-current  brushes  are  at  the  no-load  neutral  position.  Variations  in 
wave  form  are  small  in  commercial  circuits  and  apparatus.  The  effect  of  the 
resistance  of  the  windings,  brushes,  and  brush'  contact  is  appreciable,  and 
mny  vary  the  ratios  (Par.  8)  from  2 to  4 per  oent.  Changes  in  brush  position, 
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mo  within  the  email  limit*  permitted  hr  nommuesting  condition*,  may 
affect  the  ratio  1 per  oent.  A lagging  current  in  the  oonverter  winding  ha* 
the  same  effect  as  narrowing  the  pole-face  and  will  thu*  increase  the  ratio  of 
alternating  voltage  to  direct-current  voltage.  In  general,  therefore,  actual 
ratios  are  slightly  higher  than  the  theoretical  ratio*  (Par.  4),  assuming  con- 
version from  alternating  to  direct-current. 

4.  Table  of  Theoretical  Voltage  Ratios 


Number  of  converter  phase* 

Ratio  of  alternating  voltage 

Single-phase 

Two-phase 

Three-phase 

Six-phase  double  delta 

Six-phase  diametrical 

0.71  of  direct  voltage 

0.71  of  direct  veitage 

0.61  of  direct  voltage 

0.61  of  direot  voltage 

0.71  of  direct  voltage 

9.  The  theoretical  current  ratio,  neglecting  the  losses  and  aeeum- 
isg  100  per  oent.  power-factor  is  the  inverse  ratio  of  the  alternating  and 
direct-current  voltages  (Par.  4).  This  follows  from  the  equality  of  the  alter- 
sating-ctUTent  input  and  direct-current  output.  From  this  standpoint,  but 
including  the  effect  of  the  looses,  the  current  ratio*  are  given  by  the  following 
formula: 

(amp*-)  (1) 

ia  which  exprection  the  symbol  J«  represents  the  value  of  the  alternating  our- 
rent  and  Id  the  value  of  the  direct  current.  Bff  represents  the  efficiency. 
Y it  equal  to  twice  the  square  root  of  two  divided  Dy  the  number  of  ool- 
leetor-rings.  Values  of  Y are  given  as  follows: 


No.  of  phases  | 

Value  of  7 

Single-phase  • 

1.41 

0 707 
0.940 
0.470 

Two- phase 

Three-phase 

Six-phase 

(Both  double-delta  and  diametrical  trans- 
former connections.) 

For  all  practical  purposes  an  average  efficiency  of  94  per  oent.  may  be 
mamed,  in  which  case  the  current  ratio#  will  be  as  shown  in  Par.  4. 
Tkeae  dimple  ratios  are  very  easily  remembered  and  are  convenient  for 
approximate  calculations. 

6.  Table  of  Approximate  Current  Ratio* 


No.  of  phases 

Alternating  current  per  terminal 

Single-phase . . . 

Two-phase 

Three-phase. . . 
Six-phase 

1 . 50  times  direct  current 

0.75  times  direct  current 

1.00  times  direct  current 

0.50  times  direct  eurrent 

T.  Actual  current  ratio.  Since  the  current  ratios  given  in  Par.  4 are 
Jued  on  theoretical  voltage  ratios  (Par.  4)  the  actual  ratios  will  vary  from  2 
k 4 per  cent,  from  those  of  Par.  4.  In  specific  cases  where  exactness  is 
haired,  the  current  oan  be  determined  most  conveniently  from  the  direet- 
fcrrent  output,  actual  alternating  voltage,  actual  efficiency  and  power-factor 
ting  the  following  formula: 

jr  tr  y 1000 

ftemating  current  (per  terminal)  *^x^x  y x pj\  (amp,)  <a> 
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Where  Bm  is  the  alternating  voltage.  Values  of  7 are  given  as  follows: 


Number  of  phases 

Velue  of  Y 

Single-phase 

1.00 

Two-phase 

2.00 

Three-phase 

1.73 

Six-phase 

3.00 

If  the  efficiency  and  power-factor  are  not  known,  see  Par.  28,  18,  and  19  for 
probable  values. 

1.  Armature  currents  and  heating.  The  current  in  the  converter 
armature  may  be  considered  as  made  up  of:  (a)  an  alternating  current,  uni- 
formly dividing  among  the  various  conductors  of  the  winding,  which  is  neces- 
sary to  drive  the  converter  as  a synchronous  motor,  and  which  is  determined 
by  the  magnitude  of  the  losses;  (b)  a current  flowing  from  the  collector-hni 
taps  to  the  direct-current  brushes,  varying  widely  in  value  in  the  different 
conductors  at  different  positions  of  the  armature  with  respect  to  the  field 
poles.  The  first  component  is  small  and  in  theoretical  discussions  is  usually 
neglected.  The  second  component  for  convenience  in  calculation,  may  be 
considered  to  be  a resultant  of  the  instantaneous  values  of  alternating  cur- 
rent and  direct  current  in  any  individual  conductor.  Fig.  1 illustrates  the 


Current  AotutUj  FWwtng 


Fia.  1. — Armature  current  in  conductor,  100  per  cent.  poweT-factor. 

simplest  case,  namely,  that  of  a conductor  midway  between  alternating-cul 
rent  taps,  whioh  are  equidistant  from  pole  centres,  and  with  100  per  cent 
power-factor  alternating-current  input.  This  diagram  clearly  shows  th 
relation  between  the  effective  current  actually  flowing  and  the  alternatint 
current  and  direct  currents  that  would  flow  in  separate  motor  and  generate 
windings,  and  indicates  the  fundamental  reason  for  the  economy  of  the  syn 
chronous  converter  due  to  its  single  winding. 

9.  The  ratio  of  the  effective  or  resultant  armature  current  to  th 
external  direct  current  varies  with  the  number  of  phases,  or  more  properly 
with  the  number  of  connections  per  pole  to  the  armature  winding.  Th 
larger  the  number  of  such  connections,  the  smaller  will  be  the  effectic 
current. 

10.  The  distribution  of  the  current  among  the  different  conductor 

at  100  per  cent,  power-factor  is  suoh  that  the  maximum  loss  occurs  in  tb 
tap  ooils  and  the  minimum  loss  in  tho  coils  midway  between  taps.  This1 
shown  in  Fig.  3. 

11.  The  effeet  of  diminishing  power-factor  on  the  effective  curres 
is  to  inorease  the  latter  greatly,  even  with  small  reduction*  in  power-iacto 
The  effect  of  decreased  power-factor  on  the  distribution  of  current 
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greatly  to  increase  the  current  and  loss  in  conductors  near  one  side  of  the  tap 
coils  and  to  reduce  the  loss  in  conductors  on  the  other  side  of  the  same  tap 
ooils.  The  average  effective  current  and  the  loss  are  considerably  Increased. 
The  effects  of  power-factor  are  illustrated  by  Fig.  2 which  shows  the  same 
conditions  as  Fig.  1,  except  that  the  power-factor  is  86. 5 per  cent,  instead  of 
100  per  cent.  It  will  be  seen  that  the  alternating-current  wave  Has  been 
shifted  with  respect  to  that  of  the  direct  current,  thus  causing  an  increase  in 
the  effective  current.  Fig.  3 shows  the  difference  in  distribution  of  losses  and 
difference  in  average  losses  with  100  per  oent,  and  95  per  oent.  power-factors. 

It.  Table  showing  Relative  Converter  Losses  on  Basis  of  Direct-cur- 
rent Generator  Losses  taken  as  Unity 

Calculations  based  on  3 per  oent.  rotational  looses 
(Calculated  by  C.  E.  Wilson) 


Relative 

armature  loss  in 

Relative  maximum  loss  in  1 

complete  winding 

one  conductor 

No.  of 
collector 
rings 

133 

133 

133 

na 

133 

EH 1 

133 

1331 

98.5 

94 

86.6 

76.6 

100 

98.5 

94 

86.6 

76.6 

per 

per 

per 

per 

per 

per 

per 

per 

per 

per 

cent. 

ISfl 

jgTg 

EBB 

Wmm 

2 

1.451 

BBS 

HEW] 

fgffl 

HFWl 

3 ' 

IWi'iM 

1.468 

1.249 

i ifvt  1 

{ ff.yi.l 

3.696 

4 

0.391 

0.426  0.532 

0.746 

1.137 

0.751 

1.367 

1.861 

2. 606 

6 

0.274 

[UtiilUiJCtM] 

0.935 

•**j  - 

1.249 

1.825 

12 

0.824 

m2 

IS.  Losses  affecting  rating.  Par.  IS  shows  the  relative  average  losses 
and  maximum  loss  per  conductor  compared  with  those  of  the  equivalent 
direct-current  generator  for  various  phases  and  power-factors.  It  shows  a 
large  increase,  particularly  in  the  maximum  loss  due  to  small  changes  in 
power-factor.  It  is  this  characteristic  that  limits  the  use  of  synchronous 
converters  to  operating  power-faotors  near  100  per  oent.  This  table  also 
shows  the  advantage  of  a large  number  of  rings.  Practically  all  converters 
above  200  or  300  kw.  arc  now  built  with  six  collector-rings  and  phases,  while 
12  rings  have  been  considered  for  the  largest  ratings.  A distinction  must  be 
made,  however,  between  copper  loss  and  rating.  This  table  does  not  repre- 
sent relative  capacities  of  the  various  armatures,  since  the  rating  depends  on 
many  other  factors  besides  armature  coil  heating.  In  general,  the  current 
capacity  of  a given  armature  will  be  increased  by  increasing  the  number  of 
rings  and  will  be  reduced  by  a reduction  in  power-factor,  even  slightly  below 
100  per  cent,  power-factor,  although  not  to  so  great  an  extent  as  is  indicated 
by  a direct  comparison  of  the  losses. 

14.  The  armature  reaction  of  the  synchronous  converter  is  relatively 
small  compared  with  that  of  the  equivalent  direct-current  generator  on 
acoount  of  the  relatively  small  effective  armature  current.  In  this  character- 
istic the  converter  is  very  nearly  equal  to  the  compensated . direct-current 
generator.  In  a six-phase  converter,  the  effective  armature  reaction  varies 
From  7 per  cent,  to  20  per  cent,  of  the  armature  reaotion  in  an  equivalent 
uncompensated  direct-current  generator.* 

15.  Commutation  in  tbs  synchronous  converter  offers  the  same 
problem  as  in  the  direct-current  generator,  differing  only  in  degree.  Due  to 
the  smaller  effective  current  the  armature  reaction  and,  to  a lesser  extent, 
the  self-induction,  are  smaller  than  in  the  direct-current  generator  of  equal 
rating,  so  that  allowable  commutation  limits  are  much  higher.  The  syn- 
chronous converter,  without  commutating  poles,  holds  a position  between 
the  simple  direct-current  generator  and  the  direct-current  generator  with 
commutating  poles  and  with  a compensating  pole-face  winding.  For  this 
reason  the  commutating  poles  with  their  attendant  complications  were  not 
added  to  the  synchronous  converter  until  long  after  they  had  been  suooeaa- 


• Lamrae,  B.  G.  and  Newbury,  F.  D. 
verters;”  Trans.  A.  I.  E.  E.,  Vof.  hcXIX, 
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folly  used  with  direct-current  generators  and  motors.  During  the  past  2 
years,  however,  this  refinement  nas  been  added  to  the  synchronous  converter 
tad  considerable  gains  have  been  made  due  to  its  use.  In  the  synchronous 
converter  the  commutating-pole  winding  has  approximately  25  per  cent,  to 
40  per  cent,  of  the  ampere-turns  which  are  necessary  in  the  equivalent  direct- 
current  generator.  * 

11.  The  relation  between  power-factor  and  main  field  excitation  is 
the  same  in  the  synchronous  converter  as  in  the  synchronous  motor  or  in 
synchronous  generators  in  parallel.  For  reasons  already  stated  (Par.  11,  IS, 
and  IS),  the  synchronous  converter  is  not  used  for  operation  at  low  power- 
factor  except  at  email  loads,  so  that  this  question  is  not  of  practical 
importance. 

IT.  Control  of  direct-current  voltage*  Due  to  the  fixed  ratio  between 
the  alternating  voltage  and  the  direct-current  voltage,  variation  in  direct- 
current  voltage  can  be  obtained  only  by  three  general  methods,  which  are  as 
follows:  (a)  by  varying  the  alternating  voltage;  (b)  by  varying  the  direct- 
twrent  voltage;  (c)  by  varying  the  flux  without  correspondingly  varying 
the  alternating  voltage,  as  in  the  split-pole  converter. 

IS.  Tor  varying  the  alternating  voltage,  the  important  commercial 
nethods  are:  (a)  by  an  induction  regulator  or  regulating  transformer;  (b) 
by  a synchronous  booster;  (c)  by  the  oombined  actionof  reactance  and  senee 
Ud  winding. 

19.  A regulating  transformer  (also  called  a Stillwell  regulator)  consists 
of  s transformer  with  a Urge  number  of  tape  and  a dial  face  plate  for  connect- 
iag  the  converter  terminals  to  the  various  transformer  taps.  The  transform- 
on  and  switching  devices  are  large  and  expensive,  and  the  switohee  are  sub- 
ject to  rapid  deterioration  due  to  sparking  while  changing  the  voltage. 


Pio.  4. — Connections  of  synchronous  converter  and  induction  regulator. 

Tb  method  also  has  the  objection  that  the  voltage  cannot  be  varied  by  small 
fcemmente  unless  an  excessive  number  of  taps  is  provided.  In  the  past  this 
Method  has  been  used  extensively  but,  with  the  development  of  preferable 
Methods,  has  been  abandoned.  An  induction  regulator  accomplishes  the 
Me  result  with  infinitely  small  increments  and  without  interrupting  the  elec- 
ted circuit.  The  induction  regulator  consists  of  a stationary  winding  (uau- 
the  secondary)  and  a rotatable  winding  (usually  the  primary) , the  change 

• voltage  being  obtained  by  rotating  one  element  through  part  of  a re  volu- 
me, which  changes  the  ratio  of  the  secondary  and  the  primary  voltages. 
hU  simply  a polyphase  transformer  with  rotatable  primary.  Tne  conneo- 
t*s  are  shown  in  Fig.  4.  Through  suitable  relays  the  alternating  voltage 
% be  changed  automatically  or  from  a distance.  The  disadvantages  of  this 
tfthod  of  regulation  are  the  additional  floor  space  and  complicated  wiring 
haired  and  the  difficulty  of  designing  the  induction  regulator  to  withstand 
9 mechanical  stresses  incident  to  connecting  the  converter  to  the  line 
%htiy  out  of  step,  and  also  to  withstand  short  circuits. 

10.  The  synchronous  booster  converter  consists  of  the  combination  of 
9 ordinary  converter  with  an  alternating-current  generator  having  the 

* Lamme.  B.  O.  and  Newbury,  F.  D.  “ Interpolee  in  Synchronous  Con- 
verters;" Trans.  A.  I.  E.  E.,  VoL  XXIX,  page  1625. 
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same  number  of  poles  as  the  converter  and  having  its  armature  winds 
oonneoted  in  series  with  the  converter  armature  winding.  This  boon 
alternator,  by  a change  in  its  own  excitation,  varies  the  voltage  applied  to  tj 
terminals  of  the  converter.  The  excitation  is  so  arranged  that  the  bocej 
fields  and  voltage  may  be  reversed  without  opening  the  field  circuit.  T 
possible  variation  in  voltage  is  double  the  rated  booster  voltage,  sinoe  it  in 
pe  added  to  or  subtracted  from  the  line  voltage.  The  connections  are  ahoi 
in  Fig.  5.  The  voltage  may  be  controlled  automatically  through  relays  aj 
regulator,  or  the  booster  may  be  series  wound,  thus  automatically  compoun 
ing  the  converter.  This  method  of  voltage  variation  has  largely  superset 
the  methods  previously  described,  particularly  in  the  larger  insinuations. 


Fig.  5. — Synchronous  booster  converter. 

ti.  Types  of  synchronous  booster.  The  booster  may  be  a revolrini 
armature  generator  located  between  the  collector-rings  and  main  armature.  C 
it  may  be  a revolving-field  generator  located  outside  of  the  collector-rind 
The  revolving-armature  construction  is  the  more  usual  since  it  eliminate 
additional  collector-rings  and  external  wiring,  and  the  large  number  of  pa) 
allel  circuits  in  the  converter  winding  favorable  to  low-voltage  generatifl 
may  be  conveniently  used  in  the  booster  winding.  The  rotating-field  boostj 
is  sometimes  preferable  since  it  may  be  added  to  a standard  converter  wii 
less  change  in  existing  parts.  There  is  also  less  interference  with  the  vei 
tilation  of  the  main  armature.  * 

12.  The  application  of  commutating  poles  to  the  booster  convert^ 

involves  new  features  due  to  the  motor  action,  or  the  generator  action,  of  tj 
converter  when  the  booster  is  excited.  The  converter  acts  os  a motor  to  tj 
extent  of  the  booster  output  plus  all  losses, when  the  booster  is  excited  \ 
increase  the  direct-current  voltage,  and,  conversely,  the  converter  acts  as) 
generator  to  the  same  extent  when  the  booster  is  excited  to  lower  the  voltaJ 
Due  to  this  motor  or  generator  action  the  effective  current  in  the  convert* 
armature  varies  with  the  booster  excitation  as  w’ell  as  with  the  output  of  q 
rect  current,  t If  the  effective  armature  current  varies,  the  commutating 
pole  flux  must  vary  correspondingly  if  the  commutating  poles  are  to  be  \ 
benefit.  This  variation  is  accomplished  by  providing  two  windings  on  tl 
commutating  poles:  A series  winding  that  provides  the  correct  excitatifl 
when  the  booster  is  not  excited;  and  a shunt  winding  in  which  the  current 
varied,  in  amount  and  direction,  in  proportion  to  the  change  in  armatu 
reaction  caused  by  the  booster.  There  are  numerous  methods  used  in  pra| 
tice  to  control  the  current  in  the  shunt  winding  of  the  commutating  pole 


• Newbury,  F.  D.  14  Voltage  Regulation  of  Rotary  Converters; “ 'Elects 
Journal,  Vol.  V,  page  616. 

t Yardley,  J.  L.  McK.  “Efficiency  of  Synchronous  Booster  Coi 
verters;"  Elec.  Journal,  Feb.,  1913. 
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One  of  the  simplest  ooneista  In  connecting  the  shunt  oom  mutating  pole  wind- 
ia*  across  a double-dial  “ potentiometer-type “ rheostat,  which  is  meeh- 
Mwlly  connected  to  a similar  rheostat  that  controlfl  the  booster  field  ex- 
dtation.  Any  ehange  in  booster  excitation  oansss  a corresponding  change 
a commutating  pole  excitation.  The  commutating  pole  excitation  is 
father  controlled  by  connecting  a resistance  in  series  with  the  field  winding 
Unt  is  varied  automatically  in  proportion  to  the  direct-current  load  on  the 
inverter.  • 


of  CoavOTter  Vott^fo 

Onrrent  LagLng  Behind 
Generator  Voltage 


Onnrent  Leading 
Generator  Voltage 


Onrrent  in  Phase  ' 
with  Generator  Voltage 


Fio.  6, — Variation  of  converter  voltage  with  reactance  in  circuit  and  with 
varying  power-factor. 


13.  Automatic  compounding.  With  reactance  in  the  supply  circuit 
rf  the  converter,  the  voltage  at  tne  collectors!  ng»  may  be  varied  through  a 
sail  range  by  changing  the  phase  of  the  supply  current.  As  previously 
explained,  the  current  phase  may  be  altered  by  varying  the  excitation  of  the 
a&in  field  winding.  In  practice  this  is  accomplished  automatically  by  pro- 
viding a aeries- field  winding  in  addition  to  the  shunt-field  winding.  The 
frectr-current  voltage  is  varied  in  the  compound-wound  converter  by  the 
Cabined  effect  of  the  aeries  winding  and  the  reactanoe  in  producing  a varia- 
nts® of  the  alternating  voltage.  While  the  arrangement  of  field  windings  is 
tfes&me  as  in  the  compound-wound  direct-current  generator,  the  theory  and 

action  are  entirely  different.  The  effect  of  the  reactance  in  varying  the 
nltage  may  be  seen  from  the  diagrams  in  Fig.  6,  At  lagging  power-factors 
is  reactance  voltage  diminishes  the  line  terminal  voltage  and  at  leading 
Mver-factor  it  increases  the  line  terminal  voltage,  t 

14.  Heating  effect  of  automatic  compounding.  On  account  of  the 
tiditional  heating  at  power-factors  less  than  unity,  it  is  customary  to  operate 
Slow  lagging  power-factors  at  light  load  (when  the  additional  heating  is  of  no 
to  sequence)  and  at  leading  power-factors  only  slightly  below  100  per  cent. 
4 overload. 


• A detailed  description  of  this  method  of  control  will  be  found  in  an  article 
M.  W.  Smith,  “Commutating  Pole  Windings  of  a Synchronous  Booster 
Ganverter,”  BUc.  Journal,  Dee.,  1917. 

t Lincoln,  P.  M.  “ Voltage  Regulation  of  Rotary  Converters;  Elec, 
Journal , Vol.  I,  page  55. 
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28.  Conditions  affecting  direct-current  Toltifo  ncvUtion 

the  compound  converter.*  It  is  apparent  that  the  direct-curre 
voltage  regulation  of  the  compound-wound  converter  depends  on  maa 
elements  internal  and  external  to  the  converter,  and  that  the  chan 
in  voltage  is  limited  by  the  inability  of  the  converter  to  operate 
low  power-factor  and  heavy  load.  The  range  of  voltage  is  more  i 
stricted  and  the  results  are  much  more  difficult  to  predetermine  thi 
in  the.  compound-wound  direct-current  generator.  The  voltage  rani 
is  affected  by  oertain  factors  which  are  as  follows:  (a)  the  resistant 
drop  between  the  point  of  constant  voltage  and  the  converter;  (1 
the  reactance  drop  between  the  same  points;  (c)  the  ratio  of  armattu 
ampere- turns  to  shunt- field  ampere-turns;  (d)  the  ratio  of  series-fid 
ampere-turns  to  shunt-field  ampere-turns;  (e)  the  setting  of  the  shun 
field  rheostat;  (f)  the  transformer  secondary  voltage;  (g)  the  total  dro 
through  the  converter. 

If . Customary  values  for  these  factors  (Par.  tf)  are  as  follows:  (a)  th 
full-load  armature  ampere-turns  are  approximately  equal  to  the  no-load  shorn 
field  ampere-turns;  (b)  the  full -load  series-field  ampere-turns  are  approximate!; 
one-third  the  armature  or  shunt-field  ampere-turns;  (c)  the  shunt- fiel 
rheostat  is  so  set  that  the  lagging  component  of  the  line  current  will  b 
approximately  25  per  cent,  of  the  full-load  energy  component;  the  shunt 
field  current  will  tnen  be  about  50  per  cent,  of  its  normal  no-load  100  pe 
cent,  power-factor  value  under  the  previous  assumptions;  (d)  the  transforme 
secondary  voltage  is  choeen  higher  than  the  correct  no-load  value  to  com 
pensate  for  the  under  excitation  of  the  shunt  field. 

Under  the  above  conditions,  an  approximately  flat  direct-current  voltagi 
regulation  curve  will  be  obtained  from  no  load  to  full  load  with  oonstan 
voltage  at  the  high-tension  transformer  terminals  and  15  per  cent,  reactanoi 
in  the  transformer.  It  is  impossible  to  over  compound  the  converter  (o) 
compensate  for  alternating-current  line  drop)  unless  the  series  field  strengti 
and  the  reactance  are  considerably  increased. 

2T.  Relation  between  power-factor  and  load  in  compound  con- 
verters. With  the  average  conditions  stated  in  Par.  tf,  the  power-fsrtoa 
will  vary  with  the  load  approximately  as  is  shown,  Par.  28.  With  larger  over 
loads — carried  for  a sufficient  length  of  time  to  make  heating  a consideration 
— the  shunt  field  winding  should  be  further  under-excited  in  order  to  brini 
the  power-factor  nearer  unity  at  the  extreme  overloads,  or  the  series  field 
should  be  shunted  to  reduce  the  change  in  power-factor  with  load. 


28.  Table  of  Power-factor  Variation  with  Load  in  Compound 
Converters 


Load 

Power-factor 

fL 

it 

Per  cent. 

40  lag 

65  lag 

02  lag 

98.5  lag 

100  per  cent. 

99  lead 

98.5  lead 

2f.  The  reactance  necessary  for  compounding  may  be  in  tbs  sMl 

down  transformers  or  in  separate  reactance  coils.  Where  possible.  *w 
transformers  are  designed  with  the  neceeeary  reactance,  as  this  method  I 


* Bache-Wiig,  J.  “ Voltage  Regulation  of  Compound-wound  Rotary  0(4 
verters;”  EUc.  Journal , Vol.  VIII,  page  860.  J 
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ac  Tap 


ac  Tap 


Fig.  7. — Flux  distribu- 
tion in  three-part  pole, 
split-pole  converter. 


tower  in  ooet  and  requires  leas  floor  spaoe  and  wiring;  it  is,  however,  difficult 
••to  design  the  transformers  when  the  required  reactance  is  more  than  10 
jm  sent.  It  is  also  more  difficult  to  obtain  high  reactance  in  25-cycle  than 
m QO’Cyole  transformers,  and  in  the  core  type  than  in  the  shell  type 
(Bw.  6). 

M.  The  split-pole  method  of  voltage  control  utilises  a different 
principle  from  any  previously  discussed.  Variation  of  direct-current 
voltage  is  secured,  not  by  a variation  in  the  impressed  alternating  voltage, 
bat  by  a change  in  the  shape  of  the  magnetio  field,  such  that  the  total  flux 
and  the  direct-current  voltage  are  changed,  while  the  alternating  voltago 
remains  substantially  unchanged.  This  is  pos- 
able because  of  the  fact  that  in  polyphase  wind- 
ings in  which  the  phases  are  tapped  120  electri- 
cal degreee  apart,  third  harmonics  and  multiples 
thereof  cancel  out  and  do  not  appear  at  the 
120-deg.  terminals.  The  action  of  the  split- 
pole  converter  therefore  depends  on  variations 
lathe  field  flux  distribution  which  produce  third 
harmonics,  in  conjunction  with  taps  on  the 
•heraa ting-current  side  120  deg.  apart.  The 
nsson  for  this  will  be  understood  by  reference 
to  Fig.  7.  It  is  evident  that  the  armature  coils 
between  the  120-deg.  taps  on  the  alternating- 
corrent  side  will  always  include  two  equal  and 
opposite  areas  of  the  third-harmonic  variation 
« flax  which  neutralise  each  other  and  so  pro- 
duce no  change  in  alternating-current  wave 
form.  On  the  other  hand,  the  armature  coils  between  the  brushes  on  the 
direct-current  side,  whioh  are  180  electrical  degrees  apart,  will  always  in 
dude  three  areas  of  the  third  harmonic  variation  in  flux,  only  two  of  which 
neutralise  eaoh  other,  leaving  one  to  change  the  average  ordinate  of  the 
field  flux  ourve,  and,  consequently,  the  direct-current  voltage. 

With  the  split-pole  converter,  the  120-deg.  connection  on  the  alter- 
nating-current side  Is  preferable;  consequently  the  three-phase  delta  connec- 
tion or  the  rix-phaae  double-delta  connection  should  be  used.  However,  any 
weondary  connection  of  transformers  may  he  used  providing  the  primary 
■ Y eonnected  and  the  neutral  is  not  fixed. 

Harmonics  other  than  the  third  and  multiples  thereof  will  appear  at 
jba  alternating-current  terminals  and  will  cause  a corrective  current  to 
flow  from  the  supply  circuit  through  the  converter  windings  so  as  to  neutral- 
ly the  flux  producing  these  harmonics  in  the  converter.  It  is  desirable, 
tiwefore,  so  to  design  the  converter  that  the  wave  form  will  be  as  nearly 
“ possible  a combination  of  the  fundamental,  third  and  ninth  harmonics 
to  practice  this  is  so  nearly  accomplished  that  the  effect  of  the  split-polo 
«*ve rter  on  the  supply  circuit  wave  form  is  negligible.* 
fll.  Action  of  the  split-pole  converter.  When  the  split-pole  cou- 
rier is  operated  at  a higher  voltage  than  that  corresponding  to  the  alter- 
ing line  voltage,  the  additional  output  due  to  the  increased  direct- 
*vtent  voltage  is  supplied  by  an  increased  current  on  the  alternating- 
cvrentside.  This  current  moreover  is  a " motor  "current  dividing  in  the 
«o»verter  in  the  same  way  as  the  motor  current  necessary  to  supply  tho 
“•es.  . The  value  of  the  effective  current  is,  therefore,  considerably  in- 
"tosed.  At  lower  voltages  the  converter  acts  as  an  alternating-current 
poerator  decreasing  the  line  alternating  current,  but  due  to  the  distribu- 
tor of  the  current  m the  armature  the  effective  current  is  increased, 
fll.  Two  types  Of  split-pole  converter.  The  first  converters  of  thifl 
vpe  were  designed  with  two  regulating  poles  for  each  main  pole.  This 
•range ment  resulted  in  symmetrical  flux  and  voltage  wave  forms  through- 


* (a)  Stone,  C.  W.  “ Some  Developments  in  Synchronous  Converters;  " 
fast.  A.  I.  E.  E..  Vol.  XXVII,  p.  181. 

(b)  Steinmets,  C.  P.  " Variable  Ratio  Converters;"  G.  E.  Review , 1908, 
tog«  28-84,  1909. 

_ (c)  Burnham,  J.  L.  *'  Modern  Types  Synchronous  Converters;"  G.  E 

Renew,  page  74.  1912. 
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out  the  entire  voltage  range,  and  wae  favorable  to  eommuiation  but  re- 
quired machines  of  comparatively  large  diameter.  The  split-pole  con- 
verters as  built  at  present  have  a single  regulating  pole  for  eaeh  main 

Sole.  This  construction  obviously  permits  a considerable  reduction  in 
iameter  and  cost  for  a given  output,  and  the  detrimental  effect  of  the 
varying  magnetic  field  in  the  oo  mm  stating  sose  can  be  compensated 
for  by  providing  favorable  commutating  conditions  in  other  respects. 
The  field-flux  wave  forms  and  the  corresponding  voltage  wave  forms  for 
various  voltages,  with  both  the  three-part  pole  and  the  two-part  pole  con- 
structions, are  shown  in  Fig.  8. 


Fio.  8. — Flux-distribution  and  alternating  voltage  wave  forms  in  split-pole 
converter. 

Upper  curves,  max.  voltage.  Middle  curves,  mid.  voltage.  Lower 
curves,  min.  voltage. 


Fio.  9.— Single-phase  connections. 


A 


St.  Limits  of  voltage  variation  with  the  split-pole  convertor. 

In  varying  the  voltage,  the  excitation  of  the  regulating  poles  is  increased  in 
the  same  direction  as  the  excitation  of  the  main  poles  to  increase  the 
voltage,  and  is  reversed  to  decrease  the  voltage.  The  split-pole  converter 
is  limited  to  approximately  20  per  cent,  variation  in  either  direction,  but 
this  is  sufficient  to  cover  the  majority  of  applications. 

•4.  Direct-current  booster. — The  direct-current  voltage . can  be 
varied  directly  by  inserting  a booster  in  the  directrcurrent  circuit.  This 
booster  may  be  direct-connected  to  the  converter  of  drived  by  a separate 
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act 6*.  If  is  generally  need  in  the  latter-  farm  At  am  addition  to  existing 
equipment,  since  it  does  not  offset  the  conrerter  either  structurally  or  in 
aspect  to  operating  voltage.  All  methods  involving  change  in  alternating 
voltage  necessitate  the  operation  of  the  converter  at  the  highest  voltage. 


Diagram  Syn.  Converter  Transformers 

Fio.  11. — Six-phase  diametrical  connections. 


A 

Diagram 


Syn.  Converter 


Transformers 


Fio.  13. — Three-phase  Y connections. 


^ Neutmlv^  ^ ^ \ 

Diagram  Syn.  Converter  

fe.  14.-— Three-phase  interconnected  Y connections  (for  3-wire  direct- 
current  circuits). 

Hie  weight,  floor  space  and  coet  of  a converter  with  a direct-connected 
tirect-current  booster  are  greater  than  the  satne  factors  in  a converter  with 
m alternating-current  booster.  A further  serious  disadvantage  of  the  direct- 
earrent  booster  is  the  additional  commutator,  which  is  equal  in  current  capac- 
ity to  the  converter  commutator. 
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if.  Transformer  voltage*  and  connections.  The  various  toff 

former  connections  with  voltages  commonly  used  ate  shown  in  Figil 
to  14,  inclusive.  Fig.  14  shows  the  transformer  connections  neceasl 
when  the  converter  is  used  to  supply  three-wire  direct-current  oircqfl 
this  modification  in  the  transformer  windings  is  necessary  to  avoid  magnm 
unbalance  due  to  the  unbalanced  currents  obtained  with  unbalanced  1<mI 
on  the  direct-current  circuits.  1 

GENERAL  DESIGN  I 

Si.  Similarity  between  converter  and  direct-current  reneratsi 

The  general  design  of  the  synchronous  converter  oloeely  resembles  that  l 
the  direct-current  generator.  The  design  of  tne  magnetic  circuit  is  idea 
tical ; the  types  of  armature  and  field  windings  are  tne  same,  except  for  t§ 
taps  to  the  collector-rings;  the  number  of  armature  slots  per  pair  of  poM 
must  be  some  multiple  of  the  number  of  phases;  the  design  of  the  eleed 
circuit  is  the  same,  except  for  the  reduced  value  of  the  effective  cunol 
This  reduction  of  effective  armature  current  permits  smaller  conducts! 
and  smaller  armature  slots — a condition  favorable  to  commutation;  it  «la 
permits  a higher  ratio  of  armature  ampere-turns  to  shunt-field  ampere-turnl 
resulting  again  in  a smaller  armature  core;  and  furthermore,  it  reduces  th 
flux  distortion  on  overload,  permitting  the  converter  to  carry  large  mo 
mentary  overloads  without  flashing.  In  oommuta ting-pole  converter! 
the  reduced  effective  armature  current  permits  a relatively  small  commute! 
ing-pole  winding,  which  is  favorable  to  heavy  overloads.  With  the  smal 
number  of  commutating-pole  ampere-turns  necessary,  it  is  easy  to  providi 
sufficient  section  in  the  commutating  pole  so  that  large  overloads  cal 
be  carried  without  saturating  the  commutating  pole  and  thus  destroying  th! 
equivalence  of  commutating-pole  flux  and  armature-coil  flux.  In  the  direct 
current  generator  this  is  not  true,  and  commutating-pole  saturation  ii 
usually  a limit  to  the  overloads  that  can  be  carried. 

There  are,  however,  various  requirements  in  design,  due  to  the  rigid 
relationship  between  poles  and  speed,  that  do  not  enter  into  direct-current 
generator  design.  Following  directly  from  this  relationship,  the  maxi- 
mum distance  between  adjacent  neutral  points  on  the  commutator  o(  any 
synchronous  converter  is  a direct  function  of  the  frequency  and  the  pe- 
npheral  speed  of  the  commutator.  The  peripheral  speed  of  the  commutator, 
in  feet  per  min.,  is  equal  to  the  alternations  per  min.  (cycles  per  sec.  timsi 
120)  multiplied  by  the  distance  in  feet  between  adjacent  neutral  poinU 
on  the  commutator  surface. 

17.  Comparison  between  If-cyele  and  fO-eyele  converter* 

This  simple  relationship  between  poles  and  speed  (Par.  If)  is  responsibh 
for  most  of  the  difference  between  high-frequency  and  low-frequency  coo* 
verters.  It  follows  from  this  law  that  the  distance  between  neutral  paint* 
in  a 25-cycle  converter  is  2.4  times  the  distance  in  a corresponding  60-cyc.U 
converter  for  the  same  commutator  speed.  Thus  while  ample  room  it 
available  in  the  25-cycle  converter  for  a large  number  of  commutator  ban 
at  a low  peripheral  speed,  the  reverse  is  true  in  the  60-cyde  converter.  Tbi 
600-volt  60-cycle  converters  that  compare  in  freedom  from  flashing  and 
sensitiveness  with  25-cycle  converters  have  been  built  only  since  it  beeaxm 
possible  to  construct  commutators  of  high  peripheral  speed. 

Up  to  the  year  1909,  60-cycle  600-volt  converters  were  usually  built  with  i 
maximum  distance  between  neutral  points  of  7.5  in.  (19.0  cm.)  and  a periphery 
speed  of  4,500  ft.  per  min.  (22.9  m.  per  sec.).  Since  that  time,  through 
improvements  in  the  mechanical  design  of  commutators,  the  peripheral 
speed  has  been  increased  to  5,500  ft.,  increasing  the  distance  between  neutra 
points  to  9 in.  (22.9  cm.).  This  greater  distance  has  directly  and  indirectly 
improved  the  operating  characteristics.  As  a direct  benefit  there  is  lew 
chance  that  a flash  under  a brush  will  reach  to  the  adjacent  brush  arm,  cans* 
ing  the  converter  to  buck;  and,  indirectly,  the  greater  distance  permits  tb« 
use  of  more  commutator  bars,  reducing  the  maximum  voltage  between  ban 
and  so  reducing  the  danger  of  an  arc  spreading  from  bar  to  bar.  With  9 in 
(22.9  era.)  available  between  tieutral  points,  it  is  possible  to  proportion  60 
qyde  converter  commutators  much  more  conservatively  than  was  poasibU 
in  older  designs  with  resulting  improvement  in  performance. 

The  distance  between  neutral  points  becomes  a design  limitation  only  with 
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Ife  highmr  lino  voltages.  At  260  volts  the  design  of  the  60-cycle  converter 
As  not  been  handicapped  as  it  was  at  600  volts,  although  it  has  unjustly 
differed  in  reputation.  During  the  past  five  years  60^ycle  converters  have 
practically  displaced  motor-generator  sets  for  250-volt  lighting  and  industrial 
power  service. 


I,  Table  off  Weight!,  Speeds  and  Efficiencies  for  600-volt,  16-cyele 
ana  <0- cycle  Converters 


Kw. 

Frequency 

R.p.m. 

Approximate 
net  weight 
(lb.) 

Approximate 
efficiency  at 
full  load, 
per  cent. 

•300 

25 

750 

10,100 

95.3 

*500 

25 

750 

15,000 

96.0 

*1.000 

25 

750 

23,000 

96.5 

1,500 

25 

500 

38,000 

96.7 

looo 

25 

375 

58,000 

96.7 

3,000 

25 

250 

92,000 

96.8 

4,000 

25 

214 

102,000 

96.8 

*300 

60 

1,200 

7,000 

95.0 

*500 

60 

1,200 

10,000 

95.3 

*750 

60 

1,200 

14,000 

95.  5 

1,000 

60 

900 

19,500 

95.  7 

1,500 

60 

720 

28,000 

96.0 

2.000 

60 

450 

46,000 

96.0 

3,000 

60 

400 

69,000 

96.  2 

6.  Table  off  Weights,  Speeds  and  Efficiencies  for  160-volt,  16-cycle 
and  60-cycle  Converters 


Kw. 

Frequency 

R.p.m. 

Approximate 
net  weight 
Tib.) 

Approximate 
efficiency  at 
full  load, 
per  oent. 

300 

25 

750 

12,000 

95.0 

500 

25 

750 

15,500 

95.2 

750 

25 

750 

21,000 

95.3 

1,000 

25 

500  ‘ 

29,000 

95.5 

2,000 

25 

300 

65,000 

95.7 

100 

60 

1,200 

3,100 

93.1 

150 

60 

1,200 

3,800 

93.6 

200 

60 

1,200 

4,500 

94.0 

300 

60 

1,200 

6,600 

94.0 

500 

60 

1,200 

12,000 

94.5 

1,000 

60 

900 

21,000 

94.8 

1,500 

60 

600 

36,000 

95.3 

Fable  of  Weights,  Speeds  and  Efficiencies  for  160-volt,  16-cycle  and 
; 60-cycle  Booster  Converters 


Kw. 

Frequency 

R.p.m. 

Approximate 
net  weight 
(lb.) 

Approximate 
efficiency  at 
full  load, 
per  cent. 

1.000 

25 

500 

35,000 

95.0 

2,000 

25 

300 

73.000 

95.  1 

4,000 

25 

167 

174,500 

95.3 

500 

60 

1,200 

14. COO 

94.3 

1,000 

60 

900 

24,000 

94.5 

1,500 

60 

600 

41,000 

95.0 

2,000 

60 

450 

60,000 

95.2 

3,000 

60 

300 

105,000 

95.4 

•Will  stand  200  per  cent,  overload  momentarily — all  other  machines 
-ill  stand  100  per  cent,  momentary  overload. 
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current  volts  and  one  with  sHernating  volts  as  ordinates.  From  these  ourres 
the  actual  no-load  voltage  ratio  may  be  determined  for  any  desired  voltage. 

ig.  Heating  of  synchronous  converters  occasions  practically  no  diffi- 
culty either  in  design  or  in  operation  under  proper  conditions  of  power-factor, 
etc.  The  problem,  however,  varies  with  converters  of  different  frequencies 
and  voltages  (Par.  44). 

if.  The  overload  capacity,  as  determined  by  heating  and  by  flashing,  is 
inherently  large,  due  in  great  measure  to  the  small  armature  reaction.  The 
latter  ia  particularly  important  since  it  results  in  small  field  distortion  due  to 
load.  Consequently,  on  sudden  ohanges  in  load,  there  is  very  Httle  increase 
in  voltage  between  commutator  bars  or  shifting  of  the  flux  in  the  commutat- 
ing cone,  both  of  whioh,  if  present,  would  tend  to  cause  flashing. 

48.  Tlie  losses  may  be  divided  into  constant  losses  (with  varying  load) 
and  variable  losses.  The  constant  losses  are:  core  loss;  friction  and  windage 
losses  (including  commutator  and  collector  friction);  and  shunt  field  and 
rheostat  loss  (assuming  that  rheostat  resistance  ana  direct-curTent  voltage 
remain  fixed).  The  variable  losses  are:  armature  copper  loss;  series-field 
copper  loss-  commutating-field  copper  loss;  brush  I*R  and  surface-contact 
losses;  and  load  loss. 

49.  Additional  losses  in  the  synchronous  booster  converter.  In 
the  synchronous  booster  converter,  the  only  additional  losses  at  the  mid-vol- 
tage are  the  booster  armature  copper  loss  and  the  load  loss.  At  higher  vol- 
tages, the  converter  copper  loss  is  increased  due  to  the  larger  "motor** 
current  and  the  core  loss  is  increased  due  to  the  higher  voltage.  At  lower  vol- 
tages the  converter  core  loss  is  reduced,  since  the  flux  is  reduoed;  the  con- 
verter copper  loss  is  increased  due  to  the  larger  "generator”  current,  and  tha 
booster  losses  are  the  sum V as  for  a oocrte ponding  increase  in  voltage. 


88.  Addhituti  lo— 61  in  the  split-pole  converter.  In  the  split-pole 
converter  there  are  no  additipnal  losses  at  the  mid-voltage,  but  at  either  lower 
or  higher  voltages  the  converter  oore-loes  is  increased,  sinoe  the  flux  density 
is  increased  (Par,  88  and  Fig.  8).  The  converter  oopper  loss  is  increased,  as 
ia  the  booeter  oon verier,  at  higher  and  lower  voltages  (Par.  81). 


81.  Hunting  of  synchronous  converters,  as  in  other  forms  of  synchro- 
nous apparatus,  is  the  periodic  variation  of  the  rotor  from  the  true  synchro- 
nous position  with  respect  to  the  supply  system.  • During  hunting,  the  rotor 
is  alternately  ahead  and  behind  its  true  synchronous  position.  In  forging 
ahead,  energy  is  expended  in  the  converter,  the  latter  acting  as  a motor ; in 
dropping  behind,  the  converter  acts  as  a generator  and  gives  up  energy. 
This  alternate  motet*  and  generator  action  is  accompanied  by  a variation  in 
the  value  of  the  flux  due  to  the  armature  reaction,  by  a fluctuation  of  aitee* 
aating-current  and  jpoweMactor,  and  by  a shifting  of  ths  commutating  field 
whioh  catxaee  periodic  sparking  at  the  brushes.  The  frequency  of  the  hunting 
cycle  may  often  be  determined  from  the  frequency  of  the  sparking.  Hunting 
nay  be  caused  by  periodic  variation  in  the  supply  frequency,  by  sudden 
changes  in  load,  or  by  excessive  line  drop.  It  is  more  likely  to  occur  in  00- 
oycle  than  ia  25-ojrele  oeavertens,  because  of  the  greater  number  of  poles  ijnd 
consequently  smaller  actual  angular  variation  corresponding  to  the  limiting 
elsotnoal  angular  variation.* 

88.  Hunting  may  be  practioally  eliminated  by  providing  suitable 
damper  or  nnnorttseeur  windings  in  the  pole  faoes.  Since  hunting  is 
accompanied  by«a  shifting  of  the  flux  across  the  pole  face,  the  winding  plaoed 
in  the  path  of  toil  flux  will  oppose  any  such  change,  and  will  tend  to  damp  out 
the  oscillations  as  soon  as  they  begin.  Practically  all  converters  are  now  built 
with  such  windings  (Par  41).  Hunting  troubles  have  also  been  greatly 
reduced  by  the  use  of  generators  driven  by  steam  turbines  or  water  turbines 
m which  the  angular  velocity  is  much  more  uniform  than  in  reciprocating 
tngines. 

88.  Interruption  of  energy  supply.  If  a converter  is  operating  alone 


• (a)  SSeimnots,  C,  P-  "Hunting;”  0.  B.  Review,  May,  1913. 

(b)  Newbury,  F.  D.  ''Hunting  of  Rotary  Converters;”  Elec.  Journal, 
June,  1904. 

(e)  Lsnma  B-  Q>  “ Causes  of  Hunting;**  Elec.  Journal , June,  1911. 
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or  in  parallel  with  other  converters  supplied  from  the  same  alternating-eux^ 
rent  feeders,  the  interruption  of  the  alternating-current  supply  will  bring  the 
voltage  on  the  direct-current  side  to  sero,  ana  the  converters  will  stop.  If* 
however,  there  is  another  source  of  direct-current  connected  to  the  same 
direct-current  bus  and  not  dependent  on  the  same  alternating-current  feeders, 
interruption  of  the  alternating-current  supply  will  not  cause  the  converter  to 
stop;  the  direct-current  voltage  will  be  maintained  and  the  converter  will 
be  driven  as  an  inverted  converter.  If  the  shunt  field  happens  to  be  weak  or 
is  interrupted,  or  if  the  converter  should  supply  energy  to  an  inductive  load 
on  the  alternating-current  side  (such  as  a snort-circuit  on  the  high-tension 
side  of  the  transformers)  the  speed  will  greatly  increase.  To  guard  against 
danger  under  such  conditions,  converters  are  usually  provided  with  a speed- 
limit  device,  and  the  alternating-current  and  direct-current  breakers  are 
so  interlocked  that  opening  the  alternating-current  breaker  opens  the  direct- 
current  breaker.  In  addition,  the  direct-current  breakers  are  sometimes 
provided  with  a reverse-current  tripping  relay.  When  the  alternating-cur^ 
rent  supply  is  subject  to  serious  drop  in  voltage  due  to  short-circuits  or  other 
cause,  it  may  be  advisable  to  provide  the  alternating-current  breakers  with 
low-voltage  tripping  coils.  This  is  particularly  necessary  with  commutating- 
pole  synchronous  converters  due  to  the  flashing  that  would  occur  should  the 
converter  drop  out  of  step  as  a result  of  low  voltage,  and  later  start  with  the 
brushes  down  when  the  voltage  resumes  normal  value. 

04.  The  speed-limit  device  (Par.  0S)  consists  of  a pivoted  weight  rotat- 
ing with  the  converter  shaft;  the  centrifugal  force  acting  on  the  weight  ia 
counter-balanced  by  a spring.  The  weight  moves  outward  and  operate#  a 
switch  when  the  predetermined  overspeea  is  reached.  The  switch  closes  (or 
opens)  tfie  circuit  of  the  shunt  tripping  coil  of  the  direct-current  breaker. 

GENERAL  APPLICATIONS 

•0.  Comparison  of  efficiency  with  that  of  a motor-generator  set. 

The  efficiency  of  a 60-cycle  converter  including  its  transformers  will  be  from 
3 per  cent,  to  5 per  cent,  higher  than  an  equivalent  synchronous  motor-gener- 
ator set  without  transformers.  The  25-cycle  converter  shows  a further  gain 
in  efficiency  over  the  motor  generator  set  of  from  0.6  to  1.0  per  cent.  lithe 
line  voltage  is  above  13,200  volts,  transformers  will  usually  be  required  with 
the  motor-generator  set  as  well  as  with  the  synchronous  converter,  so  that  the 
difference  m efficiency  in  favor  of  the  latter  will  be  further  increased  by  2 
per  cent.  This  higher  efficiency  of  the  converter  is  such  an  important  advan- 
tage that  it  is  sufficient  alone  to  justify  the  use  of  synchronous  converters 
wherever  possible. 

00.  Comparison  of  required  floor  space  with  that  of  a motor-gener- 
ator set.  The  floor  space  required  by  60-cyele  converters  and  transformers 
is  approximately  equal  to  the  floor  space  required  by  60-cyole  motor-generator 
sets  of  compact  design.  The  fact,  however,  that  the  transformers  may  be 
plaoed  in  some  remote  location  makes  the  arrangement  of  synchronous  con- 
verters and  transformers  more  flexible  and  gives  them  in  many  cases  the 
advantage  of  reduced  floor  space. 

07.  Comparison  of  eost  with  that  of  a motor-generator  set.  The 
combined  cost  of  synchronous  converters  and  transformers  is  approximately 
equal  to  the  cost  of  synchronous  motor-generator  sets  without  transformers, 
assuming  a motor  voltage  of  2,300  volte  or  lower.  For  higher  alternating 
voltages  the  motor  cost  increases  appreciably,  making  the  comparison  favor- 
able to  the  converter  equipment.  With  alternating  preasueee  above  13,200 
volts,  transformers  are  necessary  with  the  motor-generator  set  as  well  aa  with 
the  synchronous  converter,  so  that  the  cost  of  the  converter  equipment  is 
relatively  still  lower.  With  60-«ycle  apparatus  under  200  kw.  capacity  and 
alternating  voltages  of  2.300  volts  and  lower,  the  comparison  is  somewhat  in 
favor  of  the  motor-generator  set,  while  with  larger  apparatus  the  comparison 
is  somewhat  in  favor  of  the  synchronous  converter.  In  few  cases,  however* 
will  there  be  sufficient  difference  in  cost  alone  to  determine  the  ehoioe  of 
the  apparatus. 

00.  Comparison  of  reliability  with  that  of  a motor-eenerator  set. 

The  design  and  construction  of  synchronous  converters  has  been  standard- 
ised to  such  an  extent  that  in  respect  to  reliability  the  comparison  is  mainly 
conoemed  with  the  number  of  machines  involved.  Compared  with  a three- 
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vast  motor-generator  set  confuting  of  a synchronous  motor,  direct-current 
generator  and  direct-current  exciter,  the  single  unit  converter  has  & decided 
advantage.  The  comparison  between  the  motor-generator  set  and  the  booster 
eonverter  is  apparently  lees  favorable  on  account  of  the  additional  booster 
generator,  but  there  are  so  few  troubles  that  can  reasonably  be  expected  in  a 
(datively  small  low-voltage  alternator  that  the  difference  is  more  apparent 
than  real.* 

H.  Comparison  of  voltage  oontrol  with  that  of  a motor-generator 

(it  In  this  characteristic  the  synchronous  motor-generator  set  has  an 
advantage  over  the  synchronous  converter.  The  independence  of  alternat- 
ing and  direct-current  voltage  in  the  motor-generator  set  may  justify  its  use 
on  alternating-current  circuits  in  which  the  voltage  fluctuates  badly  and 
where  it  is  essential  to  maintain  steady  direct-current  voltage.  Even  under 
such  conditions  of  fluctuating  alternating  voltage  it  is  considered  preferable, 
by  some  engineers,  to  employ  the  converter  and  obtain  the  desired  steady 
direct-current  voltage  by  means  of  a regulator. t 
•0.  Comparison  of  power-factor  control  with  that  of  a motor-gen- 
srator  set.  The  motor-generator  set,  including  a synchronous  motor,  may 
be  designed  to  correct  power-factor  more  economically  than  can  the  syn- 
chronous converter.  # For  this  reason,  the  motor-generator  set  is  usually 
employed  where  considerable  power-factor  correction  is  necessary. 

61.  For  railway  service  compound-wound  synchronous  converters  are 
generally  used,  sufficient  reactance  being  placed  in  the  alternating-current 
supply  circuit  to  obtain  the  necessary  voltage  regulation.  For  this  service 
on  2 5-cycle  systems,  synchronous  converters  are  used  to  the  practical  exclu- 
hon  of  motor-generator  sets  and  other  forms  of  conversion  apparatus.  On 
50-cyde  and  60-cycle  systems,  the  use  of  motor-generator  sets,  and  in  Europe 
the  use  of  motor  converters  has,  in  the  past,  been  more  general;  but  even 
for  these  higher  frequencies  the  use  of  the  synchronous  converter  has  become 
general. 

m.  For  lighting  and  power  service,  the  shunt-wound  converter  with 
induction  regulator  or  the  more  specialised  form  of  booster  converter  is 
used.  On  the  larger  25-cycle  systems,  the  use  of  converters  is  general.  On 
80-cycle  systems,  their  use,  particularly  in  the  booster  form,  is  rapidly  grow- 
ing, due  mainly  to  the  gain  in  efficiency.  Very  few  motor-generator  sets  are 
now  being  installed  for  this  service. 

61.  The  synchronous  converter  can  be  used  to  supply  S-wire  direct- 
current  circuit#  without  any  structural  change,  except  in  the  case  of 
compound-wound  or  commutating-pole  converters,  in  which  the  series  wind- 
ings on  alternate  poles  are  connected  in  the  positive  and  negative  leads  so 
that  unequal  currents  in  these  leads  will  not  affect  the  magnetisation  of  the 
converter.  See  Par.  M and  Fig.  14  for  the  transformer  connections  necessary 
to  obtain  the  neutral  lead.  The  synchronous  converter  will  operate  under 
extreme  differences  of  current  value  in  positive  and  negative  leads  with  very 
small  differences  in  voltage  between  the  outside  leads  and  the  neutral  lead. 
For  example,  a 1,000-kw.,  60-cycle,  280-volt  commutating-pole  booster  con- 
verter, operated  with  full-load  current  in  the  positive  lead  and  half-load 
current  in  the  negative  and  neutral  leads,  had  a difference  of  only  1 volt 
in  the  pressures  from  neutral  to  positive  and  neutral  to  negative  leads.  The 
feme  converter,  operated  with  full-load . current  in  the  positive  and  the 
neutral  leads  and  sero  current  in  the  negative  lead,  had  a difference  of  4 volts 
i n the  pressures  from  neutral  to  positive  and  neutral  to  negative  leads. 
Without  the  resistance  drop  of  the  booster  armature  winding,  the  voltage 
balanoe  would  have  been  still  better. 

64.  For  electrolytic  work,  either  shunt-wound  converters  without  means 
(or  varying  the  voltage,  or  the  same  types  of  variable  voltage  converters  as 
used  for  lighting  eervfoe,  are  generally  employed. 

OPERATION 

69.  Alternating-current  self-starting.  The  synchronous  converter 
may  be  started  as  an  induction  motor  if  alternating  current  at  reduced  vol- 

* Lincoln,  P.  M.  “Motor  Generators  versus  Synchronous  Converters;” 
Proc.  A.  I.  E.  E..  March,  1907. 

t Walker,  Miles.  “ Rotary  Converters  versus  Motor-Generators;”  Jour. 
I.  E.  E.  (London),  Discussion,  Vol.  XXXVIII,  page  128. 
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(age  is  applied  to  the  collector-rings.  The  armature  winding  acts  as  the  pri- 
mary and  the  squirrel-cage  winding  imbedded  in  the  pole  faces  acts  as  the 
secondary.  For  the  smaller  converters  one  starting  voitage  only  is  required. 
The  middle  terminals  of  a double-throw  switch  are  connected  to  three  of  the 
collector-rings,  one  set  of  outer  terminals  is  connected  to  the  starting^  voltagw 
taps  of  the  transformers  and  the  other  set  of  outer  terminals  is  supplied  witia 
the  full  voltage  of  the  line.  With  six-phase  converters  three  leads  are  carried 
direct  from  the  transformer  to  the  converter,  and  three  through  the  main  and 

No.1  3 P.D.T. 


Fio.  15. — ^Alternating-current  self-starting  connections  with  two  starting 
voltages. 

starting  switches.  With  thfe  largest  converters,  it  is  usual  to  employ  tvo 
starting  voltages  for  which  two  double-throw  three-pole  switches  are  re- 
quired. The  connections  for  this  arrangement  are  shown  in  Fig.  15. 

ft.  Field  “break-up”  switch.  During  the  starting  period  the  field 
winding  has  voltages  induced  in  it  of  magnitudes  depending  upon  the  ratio  of 
armature  and  field  turns.  To  prevent  a dangerous  induced  voltage  in  the 
field  winding,  the  field  circuit  may  be  opened  in  several  places  during  the 
starting  period  by  means  of  a multi-point  double-throw  switch,  which  is 
usually  located  on  the  frame  of  the  converter.  Appreciable  voltage  rise  in 
the  field  circuit  may  also  be  prevented  by  closing  the  field  circuit  during  start- 


ing. This  method  is  employed  generally  because  it  only  requires  a double- 
pole double-throw  field  switch  which  may  be  conveniently  located  on  the 
starting  panel  adjacent  to  the  main  switch. 

•7.  Series-field  switch.  If  a series-field  shunt  is  used,  a switch  is  usually 
provided  for  opening  the  closed  circuit  formed  by  the  series  field  and  it* 
shunt.  If  this  low-resistance  circuit  were  left  closed,  the  single-phase  current 
induced  in  it  would  tend  to  decrease  the  starting  torque.  This  effect,  how- 
ever, is  small.  The  detail  connections  of  the  direct-current  side  of  the  con- 
verter are  shown  in  Fig.  16. 
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•t.  ftmmd  polarity  with  self -starting  con- 

verters. In  this  method  of  starting  with  a self-excited  field  winding,  there 
ta  no  method  of  predetermining  the  polarity  of  the  direct-current  terminals. 
However,  if  the  converter  falls  into  step  with  the  wrong  polarity,  the  machine 
may  be  forced  to  “slip  a pole"  (if  the  armature  is  connected  to  the  low-vol- 
tage taps)  by  reversing  the  field  switch.  When  the  voltmeter  indicates  that 
the  voltage  is  reversed,  the  field  switch  should  be  brought  back  to  its  original 


Fid.  17. — Direct-current  self-starting  connections. 

position.  In  some  converters,  the  field  set  tip  by  the  alternating-current 
may  be  so  strong  even  at  the  lowest  starting  voltage  that  the  converter  can- 
not be  made  to  slip  a pole"  by  reversing  the  field.  Under  these  circum- 
stances it  is  necessary  momentarily  to  open  and  close  the  starting  switch, 
repeating  this  operation  until  the  correct  polarity  is  obtained. 

it.  Direct-current  self -starting.  The  converter  may  be  started  as  a 
direct-current  shunt-wound  motor.  The  current  flow  at  starting  is  limited 
by  an  adjustable  resistance  controlled  by  a multi-point  starting  switch.  The 
connections  for  this  method  are  shown  in  Fig.  17.  If  the  transformers  are 
solidly  connected  to  the  converter  the  starting  current  will  be  approximately 
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Fig.  18. — Alternating-current  motor-starting  connections  with  manual 
synchronising. 

70.  Alternating-current  motor  starting.  A motor  usually  of  the 
induction  type  is  mounted  on  the  converter  shaft.  The  motor  has  fewer 
poles  than  the  converter  and,  therefore,  a higher  synchronous  speed.  In 
starting,  the  motor  is  usually  connected  directly  across  the  line.  The  con- 
nections for  this  method  are  shown  in  Fig.  18. 

A modification  of  this  method  has  recently  been  brought  out  by 
Dr.  Rosenberg  of  Manchester,  England,  and  by  James  Burkefin  this  oountry, 
which  consists  in  connecting  the  starting- motor  windings  in  series  with  the 
converter  armature.  This  limits  the  starting  current  to  a low  value,  and  the 

• Newbury,  F.  D.  and  Smith,  M.  W.  ‘ 'Starting  Rotary  Convert* 
Elect.  Journal,  Jan.,  1018. 
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alternating  current  in  the  converter  armature  causes  it  to  lock  automatically 
in  synchronism.  * 

An  older  modification  of  the  simple  motor-starting  method,  designed  to 
eliminate  the  necessity  for  synchronising,  is  the  addition  of  reactance  in  the 
main  cirouit  as  shown  in  Fig.  19.  When  the  starting  motor  has  brought  the 
converter  armature  near  synchronous  speed,  the  main-line  switches  are  dosed 
with  the  reactanoe  in  circuit.  The  resulting  ourrent  in  the  converter  arma- 
ture causes  it  to  lock  in  synchronism,  after  which  the  reactances  should  be 
ehort-drcuiteci' 


Fig.  19. — Alternating-current  motor-starting  connections  self-synchronising 
with  reactance. 


71.  Starting  small  single-phase  converters.  A method  of  starting, 
adapted  to  small  single-phase  converters,  has  been  developed  by  the  Wagner 
Electric  Manufacturing  Company,  and  is  used  on  the  small  single-phase 
converters  built  by  that  company  for  charging  electrical  vehicle  batteries, 
the  supply  of  direct  current  lor  moving-picture  arc  lamps  and  similar  pur- 
poses. A special  distributed  field  winding  is  provided  on  the  stator,  so 
Connected  that  with  the  double-throw  starting  switch  in  the  starting  position 
the  converter  starts  as  an  alternating-current  series-wound  commutator 
motor.  When  the  starting  switch  is  thrown  to  the  running  position,  the 
alternating-current  leads  are  transferred  to  the  collector-rings,  the  main-field 
winding  is  connected  in  shunt  with  the  main  direct-current  armature  leads 
and  a part  of  the  field  winding  is  short-cirouited  to  act  as  a damper  winding. 
See  Sec.  17,  “ Garage  Equipment.” 

TS.  Methods  of  synchronizing.  With  the  simple  motor-starting 
method,  or  with  the  direct-current  self-starting  method,  the  converter  must 
be  synchronized  with  the  alternating-current  supply  circuit  before  the  main- 
line switches  can  be  closed.  The  theory  and  methods  involved  are  the  same 
as  employed  in  synchronising  two  alternating-current  generators  (Sec  7). 
Lamps  ot  specially  designed  instruments  (Sec.  3)  may  be  used  for  indicating 
synchronism,  as  with  generators. 

With  the  motor  method  of  starting,  the  running  speed  of  the  starting  motor 
should,  in  general,  be  higher  than  the  synchronous  speed  of  the  converter. 
The  8 peed  may  be  brought  down  to  synchronous  speed  Dy  increasing  the  load 
on  the  converter.  This  can  be  accomplished  by  increasing  the  voltage,  thereby 
increasing  the  converter  losses,  or  oy  connecting  a resistance  across  the 
alternating-current  terminals  of  the  converter.  Small  adjustments  in  speed 
may  be  made  by  alternately  opening  and  closing  the  starting-motor  switch. 

with  the  direct-current  self-starting  method,  the  speed  regulation  for 
synchronizing  is  obtained  by  varying  the  converter  shunt-field  ourrent. 
The  seriee-field  circuit  is  opened  to  insure  more  constant  speed  under  the 
condition  of  varying  armature  ourrent.  To  prevent  a rush  of  current  at 
the  instant  of  synchronizing,  it  is  usual  to  leave  a small  amount  of  resistance 
always  in  the  starting-rheostat  circuit. 

73.  Comparison  of  different  starting  methods.  The  alternating- 
current  self-starting  method  is  used  in  most  cases  on  account  of  its  simplicity 
and  its  automatic  synchronizing  feature.  Its  principal  defects  are  the  un- 
certainty in  polarity  and  the  large  starting  ourrent  required.  In  most 
oases  wrong  polarity  can  be  corrected  by  means  of  the  reversing  field  switoh 
(Par.  66),  and  the  amount  of  starting  ourrent  is  of  importance  (aside  from 
the  momentary  line  drop)  only  when  the  converter  rating  approaches  the  rat- 

* • Report  of  Com.  on  “ Electrical  Apparatus,”  National  Electric  Light  Aaso. 
Proceedings,  1914. 
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inf  of  the  alternator  supplying  it.  With  oommutating-pole  synchronous 
converters,  the  simplicity  of  this  method  is  decreased  by  the  necessity  of 
lifting  the  direct-current  brushes.  The  presence  of  the  steel  of  the  com* 
mutating  poles  greatly  increases  the  armature  flux  during  starting,  which 
causes  destructive  sparking  at  the  direct-current  brushes.  To  avoid  this 
objectionable  feature,  commutating-pole  converters  are  provided  with  a 
special  device  for  lifting  all  but  tw*  ?f  the  brushes  (which  indicate  polarity) 
during  the  starting  period. 

The  advantage  of  the  alternating-current  motor  method,  of  starting  is 
the  small  current  required  and  the  certainty  of  obtaining  correct  polanty; 
the  principal  disadvantage  is  the  necessity  for  synchronising.  This  disad- 
vantage is  overcome  by  the  Rosenberg  method  or  by  the  use  of  separate 
reactance  coils  (Par.  75).  As  compared  with  the  alternating-current 
self-starting  method,  this  method  is  somewhat  more  complicated  and  the 
necessary  apparatus  is  more  expensive.  In  some  cases,  however,  where 
small  values  of  starting  current  are  imperative,  it  is  the  only  method  which 
will  meet  the  requirements. 

The  direct-current  self-starting  method  can  only  be  used  where  direct 
current  in  sufficient  amount  is  always  available.  It  is  very  often  used  in 
large  city  lighting  and  railway  substations.  It  has  the  advantage  of 
minimum  starting  current  and  the  absence  of  disturbances  on  the  alternating- 
current  supply  system  (which  is  particularly  important  on  underground  dis- 
tribution systems).  As  with  the  simple  alternating-current  motor  method, 
it  has  the  disadvantage  of  necessitating  manual  synchronizing.  This 
disadvantage  has  been  overcome  in  some  cases  by  combining  the  direct- 
current  and  the  alternating-current  self-starting  methods.  The  converter 
is  started  by  means  of  direct  current,  and  when  a speed  near  synchronous 
speed  has  been  reached,  the  alternating-current  switches  are  closed. 

74.  Parallel  operation.  When  two  or  more  converters  are  connected 
to  the  same  low-tension  bus  on  the  alternating-current  side  and  to  the  same 
bus  on  the  direct-current  side,  the  total  direct-current  load  will  divide  among 
the  several  converters  in  the  inverse  ratio  of  the  counter  e.m.fs.  of  the 
converters  and  the  resistances  of  the  circuits.  If  two  or  more  converters 
are  so  connected,  the  alternating-current  and  the  direct-current  bus  bars 
close  the  circuit  through  any  pair  of  converters;  hence  if  the  counter  e.m.fs. 
of  the  two  converters  vary  even  slightly,  considerable  current  will  circulate 
between  them.  The  counter  e.m.fs.  of  different  converters  are  seldom  exactly 
the  same,  and  the  resistances,  made  up  mainly  of  the  direct-current 
brushes  and  brush  contacts,  are  extremely  variable — even  in  the  same  con- 
verter at  different  times.  For  these  reasons  it  is  not  considered  good 
practice  to  operate  converters  in  parallel  on  both  the  alternating-current 
and  the  direct-current  sides.  Separate  banks  of  transformers  are  usually 
provided — one  for  each  converter.  These  not  only  open  the  circuit  between 
converters,  but  also  provide  means  for  correcting  slight  differences  in  the 
voltage  ratio  of  different  converters.  * 

71.  Division  of  load  on  the  direct-current  side  is  controlled  by 
the  same  factors  as  in  direct-current  generators,  and  in  addition  by  factors 
peculiar  to  the  aynchronou9  converter.  Division  of  load  is  controlled  by 
the  voltage,  so  tnat  all  factors  affecting  voltage  affect  parallel  operation. 
Parallel  operation  of  shunt-wound  converters,,  with  or  without  auxiliary 
scans  for  controlling  the  voltage,  is  as  simple  as  parallel  operation  of 
(bunt-wound  direct-current  generators.  With  compound-wound  convert- 
•n,  equaliser  leads  are  necessary  as  in  direct-current  generators.  (Sec.  8.) 

75.  Corrections  for  Improper  division  of  load.  With  two  converters 
operating  in  parallel  on  the  direct-current  side,  one  of  which  takes  lees  than 
its  proportionate  share  of  the  load,  the  load  may  be  equalized  by  one  or  a 
combination  of  the  following  adjustments: 

(a)  Adjustment  of  the  series-shunt  resistance.  The  shunts  on  the 
(cries-field  windings  can  be  adjusted,  decreasing  the  resistance  of  the  shunt, 
if  posable,  on  the  overloaded  converter  or  increasing  the  shunt,  on  the  under- 
loaded converter.  It  should  be  borne  iir  mind,  however,  that  changing  the 
ampere-turns  in  the  series  field  by  ohanging  the  shunt  resistance  also  changes 
the  resistance  of  the  oomplete  seriee-nela  circuit.  This  change  in  shunt 
resistance  must  be  compensated  for  by  a corresponding  change  in  the  re- 
sistance of  another.part  of  the  eeriee-field  circuit,  so  that  the  resistance  of 

* Newbury,  F.  D.  “Parallel  Operation,”  Elec.  Journal,  July,  1917. 
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the  total  oirouit  remains  unchanged.  From  another  standpoint,  a shunt 
on  one  converter  series  field  may  be  considered  to  be  a shunt  on  both  series 
fields,  the  effect  varying  only  by  reason  of  the  fact  that  the  resistance  of 
the  leads  and  busses  is  added  to  one  shunt  cirouit  and  not  to  the  other 
(Sec.  8). 

(b)  Insertion  of  resistance  in  leads  between  series-field  and  equali- 
ser bus.  If  the  relative  ampere-turns  are  correct  but  the  series-field 
resistances  are  differently  proportioned,  the  resistance  of  the  leads  between 
the  series  field  and  the  equalizer  bus  may  be  changed  to  compensate  for  a 
difference  in  the  series-field  resistances.  The  resistance  in  the  series  circuit 
of  the  converter  taking  more  than  its  share  of  the  load  should  be  increased. 
This  adj  ustment  varies  the  resistance  of  one  series  field  without  introducing 
a third  parallel  circuit  between  the  equaliser  and  the  main  bus.  Adjustment 
by  this  method  is  less  complicated  than  an  adjustment  of  the  series-shunt 
resistance. 

(c)  The  transformer  ratio  can  be  changed.  This  increases  the 
voltage  by  the  same  amount  throughout  the  range  of  load,  and  will  not  correct 
for  an  unequal  division  which  changes  with  the  total  load.  An  increase 
in  no-load  voltage  of  one  converter  will  cause,  at  lighter  loads,  a greater  in- 
crease in  proportionate  load  on  that  converter. 

(d)  The  reactance  can  be  increased  in  the  circuit  of  the  lightly 
loaded  converter,  which  will  raise  its  direct-current  voltage  and  cause 
it  to  carry  more  nearly  its  proper  share  of  the  load.  This  method  is  similar 
in  effect  to  an  increase  in  the  number  of  series-field  turns,  but  the  effect  is 
obtained  tft  the  expense  of  a greater  range  in  power-factor.  It  sometimes 
happens  that  the  reactances  of  converters  in  parallel  are  worked  at  different 
saturations,  with  the  result  that  the  reactance  voltages  of  the  two  converter 
circuits  will  have  different  ratios  at  light  and  at  heavy  loads.  Such  a relation 
will  cause  the  converter  with  the  more  highly  saturated  reactance  to  take 
less  than  its  share  of  the  load  at  heavy  loads. 

(e)  The  relative  shunt-field  currents  of  the  two  converters  can  be 
changed.  The  converter  having  the  smaller  ratio  of  series-field  ampere-turns 
to  armature  ampere-turns  should  have  its  shunt-field  current  increased.  This 
will  increase  its  no-load  voltage  (on  account  of  change  in  power-factor) 
and  cause  it  to  take  a greater  share  of  the  load  at  light  loads.  The  voltages 
will  tend  to  equalize  as  the  load  increases,  a correct  division  being  obtained 
at  only  one  value  of  the  load. 

77.  Load-division  study.  Since  there  are  so  many  variables  affecting 
load  division,  it  is  important  to  make  a careful  and  systematic  study  of  the 
particular  case  before  making  any  changes.  Such  a study  should  be  eon- 
ducted  as  follows: 

(a)  Adjust  the  transformer  ratios  so  that  at  no-load  and  with  the  shunt 
field  adjusted  to  give  equal  power-factors,  all  converters  have  the  same 
no-load  direct-current  voltage. 

(b)  The  series  fields  should  be  adjusted  by  shunts  so  that  the  ratio  of  series- 
field  ampere-turns  to  armature  ampere-turns  is  the  same. 

(c)  The  resistances  of  the  series  fields  (including  shunt)  plus  the  resist- 
ances of  the  leads  from  the  series  fields  to  the  main  bus  (positive  or  negative) 
should  be  so  adjusted  that  the  resistances  are  inversely  proportional  to  the 
rated  capacities  of  the  converters. 

(d)  The  reactances  should  be  adjusted,  if  possible,  so  that  the  reactance 
volts  of  the  various  circuits  throughout  the  range  of  load  are  equal.  If 
they  cannot  be  made  equal,  the  senes  ampere-turns  should  be  greater  in  the 
converter  having  the  smaller  reactance,  to  afford  an  approximate 
compensation. 

It  is  only  possible  to  obtain  correct  division  of  load  and  equal  power- 
factor  on  all  converters  when  the  maohines  are  properly  proportioned  with 
respect  to  all  four  elements,  namely:  the  transformer  ratio,  the  series-field 
ampere-turns,  the  series-field  resistance  and  the  reactance. 

78.  Interruption  of  alternating-current  supply  by  circuit  breaker 
in  substation.  * Under  such  conditions,  if  the  converter  is  connected  to 
another  souroe  of  direct  current,  the  converter  will  “ motor0  unless  the  direct- 
current  breaker  is  opened  by  interlock  with  the  alternating-current  breaker 
(Par.  08)  or  by  a reverse-current  relay.  A compound-wound  converter  will 
run  in  the  same  direction  when  the  direct-current  power  is  reversed,  the 
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current  in  the  series  binding  will  be  reversed  (unless  there  are  several  con- 
verters in  the  same  station  connected  to  an  equaliser  bus),  and  the  current 
in  the  shunt  winding  will  remain  the  same  in  direction.  With  a single  con- 
verter in  a substation  which  is  connected  to  other  converters  in  other  sub- 
stations on  the  direct-current  side,  the  converter  will  increase  its  speed  due  to 
the  reversed  series  field.  It  may  also  increase  its  speed  if  the  shunt  field  is  ad 
justed  for  less  than  100  per  cent,  power-factor.  The  increase  in  speed  from 
the  reversed  series  field  will  not  be  serious  unless  there  is  a circuit  connecter! 
to  the  alternating-current  side  which  will  provide  a load.  Under  these 
conditions  the  overspeed  device  will  operate,  thereby  opening  the  direct- 
current  breaker. 

71.  Interruption  of  alternating-current  supply  outside  sub- 
station. In  this  case  an  interlock  between  the  substation  alternating 
current  and  direct-current  breakers  will  not  operate  to  open  the  direct - 
current  breaker,  and  reverse  current  or  overspeed  must  be  depended  upon  to 
protect  the  converter.  In  case  of  interruption  of  alternating-current  supply 
the  converter  should  be  manually  disconnected  from  the  direct-current  lines 
(if  this  is  not  done  automatically)  and  the  switches  on  the  alternating-current 
ade  opened  for  starting. 

to.  Commutating-pole  converters  require  more  complete  pro- 
tection from  low  alternating  voltage  because  of  the  excessive  sparking 
at  the  commutator  which  is  encountered  when  the  converter  is  not  in  phase 
with  the  supply  circuit.  If  the  alternating  voltage  is  lowered  momentarily 
by  a short-circuit  or  other  cause,  the  converter  may  fall  out  of  synchronism. 
When  the  voltage  is  restored  the  converter  will  not  be  in  phase  and  the  spark 
iug  may  be  sufficient  to  make  the  converter  “buck.”  The  conditions  are 
similar  to  those  which  exist  when  starting  the  converter  with  the  brushes 
down. 

II.  Protection  of  high-voltage  converters.  High-voltage  converters 
(1,200  volts  and  above)  should  be  more  completely  protected  from  abnormal 
conditions  than  low-voltage  converters  on  account  of  the  more  destructive 
nature  of  the  “bucking”  when  once  started. 

U.  Sparking  at  the  brushes  may  be  due  to  any  of  the  following  causer 
(a)  brushes  incorrectly  set  with  reference  to  the  neutral  point.  Correct 
setting  is  of  particular  importance  in  commutating-pole  converters;  (b) 
brushes  of  improper  characteristics;  (c)  defective  electrical  design;  (d) 
bunting;  (e)  severe  overloads  or  extreme  variation  in  load;  (f)  in  non-com- 
mutating pole  converters,  low  alternating  voltage  with  large  direct-cuirent 
loads;  (g)  brush  holders  insufficiently  supported;  (h)  brushes  stuck  in  holders 
or  inaccurately  fitted  to  commutator;  (i)  improper  brush  tension;  (j)  rough 
commutator  due  to  high  bars,  to  high  mica  or  to  flat  spots. 

IS.  Bucking  or  flashing  may  be  brought  about  by  any  condition 
fusing  excessive  voltage  in  the  coils  short-circuited  by  the  brush  or  between 
rijacent  commutator  bars,  or  may  be  caused  by  abnormally  low-surfaco 
resistance  on  the  commutator  between  adjacent  brush  arms.  Any  condi 
bon  tending  to  produce  poor  commutation  increases  the  likelihood  of  buck - 
i*f.  Excessive  voltage  under  the  brush  is  usually  caused  by  short-circuits 
d varying  degree.  Most  direct-current  machines  will  flash  if  short-circuited 
rt  the  terminals  and  the  direct-current  voltage  is  maintained.  Short-circuits 
ia  service  usually  occur  on  the  line,  so  that  some  resistance  exists  between  the 
"short”  and  the  machine,  thereby  limiting  the  current.  Taps  from  feeders 
to  trolley  should  always  be  located  9ome  distance  from  tne  substation.  * 
Excessive  voltage  between  commutator  bars  is  caused  directly  by  increased 
voltage,  or  is  indirectly  caused  by  extreme  current  overloads  which  din- 
tort  the  field  flux.  Increased  line  voltage  may  be  due  to  disturbances  on 
the  high-tension  distributing  system  induced  by  lightning,  switching,  short - 
rircuits,  etc.  A decrease  in  the  insulation  strength  between  brush  arms  may 
be  due  to  the  presence  of  conducting  gases  formed  by  a relatively  small 
flash  or  of  foreign  substance  such  as  dirt  or  water.  Most  flashing  is  caused 
by  the  formation  of  conducting  gases.  Ordinary  types  of  circuit  breakers 
do  not  act  quickly  enough  to  protect  machines  from  abnormal  changes  in 


•Smith,  C.  H.  “Relation  of  Trolley  Feeder  Taps  to  Machine  Flash- 
overs,”  Elec.  Journal , Jan.,  1915. 
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current  or  voltage.  On  short  circuits,  for  example,  the  current  increases 
far  beyond  the  setting  of  the  breakers  before  the  circuit  is  finally  opened. 

84.  Reactance  used  as  a protection  against  short  circuits.  Shunt- 
wound  synchronous  converters  may  be  protected  from  the  effects  of  short 
circuits  by  inserting  reactance  in  the  alternating-current  leads. 


TESTING 


85.  The  tests  ordinarily  made  on  synchronous  converters  are  as 

follows:  (a)  resistance  measurements;  (b)  polarity  determination;  (c)  ratio 
of  voltages;  (dl  core-loss  and  saturation  test;  (e)  alternating-current  short 
circuit  or  synchronous-impedance  test;  (0  starting  tests;  (g)  voltage  regula- 
tion test;  (h)  temperature  tests;  (i)  commutating-pole  saturation  teat. 

88.  Measurement  of  resistance.  Resistances  may  be  measured  either 
by  the  bridge  method  or  by  the  use  of  ammeter  and  voltmeter  as  in  direct- 
current  machines.  It  is  customary  in  obtaining  the  armature  resistance 
to  measure  the  resistance  both  on  the  direct-current  side  between  the  proper 
commutator  bars,  and  on  the  alternating- 
current  side  between  the  corresponding  slip- 
rings. 

87.  Determination  of  polarity.  The 

correct  polarity  of  the  fiela  windings  is  de- 
termined in  the  same  manner  as  for  direct- 
current  generators.  The  relative  polarity  of 
the  shunt  and  the  series  windings  in  the  com- 
pound-wound converter  is  also  determined  the 
first  time  the  converter  is  under  load. 

88.  Determination  of  voltage  ratio.  In 
order  to  determine  whether  the  various  taps 
from  the  armature  winding  have  been  brought 
out  correctly  and  connected  to  the  proper 
rings,  readings  of  voltages  between  each  nng 
and  every  other  ring  are  taken.  During  the 
test  the  direct-current  voltage  is  held  constant 
at  some  convenient  value-  The  armature 
winding  is  usually  connected  to  the  collector- 
rings  so  that  adjacent  rings  have  the  minimum 
voltage  possible  between  them.  Under  these 
conditions  the  voltage  between  adjacent  rings 


Fio.  20. — Diagram  of  con- 
verter voltages  between  col- 
lecter-rings. 


is  given  by  the  following  formula,  N being  the  number  of  rings: 

_ Ede  f . 180  deg.\ 

(Bm— ) (volu> 


(3) 


A convenient  method  of  checking  the  values  obtained  on  test  is  to  construct 
a diagram  such  as  that  in  Fig.  20.  The  numbers  outside  of  the  circle  repre- 
sent the  collector-rings.  The  voltages  shown  were  actually  obtained  from 
a 600-volt  six-ring  converter. 

89.  Determination  of  core-loss,  saturation,  friction  and  windage 
losses.  This  test  is  made  either  by  driving  the  converter  by  a small  direct- 
current  motor  or  by  driving  the  converter  itself  as  a direct-current  shunt- 
wound  motor.  The  test  is  the  same  as  the  corresponding  test  of  a direct- 
current  generator  except  that  alternating  voltages  are  obtained  as  well  ss 
the  direct-current  voltage,  in  order  to  obtain  the  actual  voltage  ratio.  If 
the  converter  is  self-excited  during  the  test,  the  measured  loss  must  be  de- 
creased by  the  field- winding  and  rheostat  losses.  The  brush  friction  is 
determined  by  the  difference  in  the  measured  losses  with  the  brushes  down 
and  the  brushes  up.  This  reading  is  of  no  value  unless  the  commutator  has 
a good  polish  and  the  brushes  are  well  seated.  The  friction  and  windage 
losses  are  determined  by  the  difference  in  measured  converter  losses  with  the 
brushes  removed,  and  with  the  driving  motor  running  disconnected  from  the 
machine  under  test. 


90.  Starting  tests.  With  the  alternating-current  self-starting  method, 
a test  is  made  to  check  the  sufficiency  of  the  starting  voltage  to  bring  the  con- 
verter up  to  synchronous  speed.  It  is  customary  to  measure  the  voltage, 
current  and  time  required  to  reach  synchronous  speed.  With  the  induction- 
motor  method  of  starting,  the  test  is  made  to  ascertain  whether  the  load  on 
the  starting  motor  (provided  by  the  converter)  is  such  as  to  permit  it  to 
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operate  sufficiently  near  the  converter  synchronous  speed  at  the  normal  con- 
verter voltage,  so  that  synchronising  will  be  possible.  If  the  normal  losse* 
of  the  converter  are  not  sufficient  to  reduce  the  starting-motor  speed  to  the 
converter  synchronous  speed,  it  is  necessary  to  determine  the  additional 
load  required. 

91.  The  voltage-regulation  test  can  be  made  only  when  the  entire 
equipment  of  transformers  and  reactanoes  to  be  installed  with  the  converter 
is  available.  Even  under  such  circumstances  the  test  must  be  made  on 
the  baais  of  constant  alternating  voltage  on  the  high-tension  side  of  the  trans- 
formers. This  is  rarely,  if  ever,  true  in  practice,  so  that  the  test  unless  made 
after  installation  is  of  little  value  and  is  seldom  made.  Furthermore,  there 
is  no  object  in  adjusting  the  series  winding  of  a converter  except  in  conjunc- 
tion with  all  other  converters  with  which  it  is  to  operate  in  parallel  on  the 
direct-current  side.  With  compound-wound  converters,  tne  alternating 
voltage  should  be  adjusted  to  the  desired  value,  and  the  shunt  field  of  the  con- 
verter should  be  adjusted  to  give  the  correct  voltage  at  no  load.  If  the  trans- 
former ratio  is  correct,  this  will  require  considerable  lagging  current,  which 
may  be  obtained  by  under-excitation.  Load  is  then  placed  on  the  converter 
and  the  desired  full-load  voltage  is  obtained  by  adjusting  the  series-field 
shunt.  This  test  is  never  made  with  shunt-wound  converters  since  a slightly 
drooping  voltage  characteristic  would  always  be  obtained,  and  there  is  no 
means  within  the  converter  of  modifying  it.  With  converters  designed  for 
vide  voltage  ranges,  it  is  customary  to  observe  the  operation  at  the  maximum 
and  minimum  pressures  to  insure  that  there  is  sufficient  range  in  the  field 
windings  and  rheostats  to  obtain  100  per  cent,  power-factor  at  all  voltages, 
and  that  satisfactory  commutation  is  obtained  throughout  the  voltage  range. 


To  A C.  I'otcr 


l 
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Fiq.  21. — Loading-back  temperature-test  connections. 


91.  The  temperature  testa  at  the  factory  are  performed  either  by  direct 
loading  on  resistances  or  by  “loading  back”  on  a similar  converter  or  power 
circuit.  In  the  loading  back  method  (using  a similar  converter),  the  loss*  s 
can  be  supplied  from  either  the  direct-current  or  alternating-current  sides 
u is  forind  convenient.  The  alternating-current  sides  of  the  machine  under 
test  and  of  the  test  machine  may  be  connected  together  by  a complete  metallc 
circuit,  or  through  transformers  having  a one-to-one  ratio.  The  latter 
arrangement  is  preferable,  as  conditions  are  thus  made  more  stable  and  can 
be  more  easily  controlled.  The  connections  for  such  a test  are  shown  n 
Fig.  21.  When  the  machines  under  test  are  compound- wound,  it  is  necessary 
to  reverse  the  series  field  of  the  converter  running  inverted.  In  Fig.  21  the 
losres  are  supplied  partly  from  the  alternating-current  side  and  partly  by  a 
booster  in  the  direct-current  side.  Temperature  tests  are  usually  made  wit  h 
100  per  cent,  power-factor  at  the  converter  collector-rings.  To  obtain  this 
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condition,  the  shunt  field  should  be  adjusted  for  the  proper  no-load  voltage, 
and  the  series  field  shunted  to  give  100  per  cent,  power-factor,  that  is.  a 
minimum  value  of  armature  current,  at  the  tested  load. 

93.  Commutating-pole  saturation  test.  On  commutating-pole 
converters  this  test  is  made  to  determine  the  sensitiveness  of  the  converter 
to  proper  adjustment  of  the  commutating-pole  ampere-turns.  The  converter 
is  so  connected  that  it  can  be  loaded  with  the  commutating  poles  separately* 
excited,  in  order  that  the  excitation  can  be  adjusted.  For  various  loads  and, 
in  variable  voltage  converters,  for  various  voltages,  the  minimum  and  the 
maximum  commutating-pole  excitations  are  determined  between  which  satis- 
factory commutation  is  obtained. 

94 , Determination  of  efficiency.  Efficiencies  are  usually  determined 
by  separate  measurements  of  the  various  losses.  This  method  doee  not 
derive  the  true  efficiency,  as  the  so-called  load  losses  or  stray  losses  cannot 
be  included  by  direct  measurement  This  is  the  conventional  efficiency 
defined  in  Sections  3524  and  4335  A.  I.  E.  E.  Standardisation  Rules,  1921 
Edition.  Stray  losses,  however,  in  converters  are  small  and  no  appreciable 
error  is  introduced  by  omitting  them.  They  are  less  in  low-frequency  con- 
verters than  in  high-frequency  converters.  On  account  of  the  relatively 
small  losses  involved  and  the  large  number  of  instruments  to  be  read,  input- 
output  efficiency  tests  can  be  made  satisfactorily  only  under  laboratory 
conditions  where  the  power  input  and  output  are  absolutely  steady,  and 
w here  carefully  calibrated  instruments  are  read  by  skilled  observers.  Unless 
the  test  can  be  made  under  such  conditions  more  accurate  results  will  be 
obtained  by  calculating  the  efficiency  from  the  separate  measurable  losses, 
and  including  a reasonable  allowance  for  the  stray  losses.  * 

The  reason  for  the  greater  accuracy  of  the  efficiency  calculated  from  the 
separate  losses  is  apparent  when  it  is  remembered  that  a 2 per  cent,  error  in 
the  measurement  of  the  losses  results  in  only  2 per  cent,  of  the  5 per  cent  looses 
(using  95  per  cent,  as  the  true  efficiency)  or  0.1  per  cent,  error  in  the  effi- 
ciency, while  2 per  cent,  error  in  the  input-output  test  affects  the  efficiency 
by  an  equal  percentage,  t 

INVERTED  CONVERTERS 

BY  F.  D.  NEWBURY,  M.E. 

95  Any  synchronous  converter  can  be  operated  inverted;  that  is. 

it  can  be  used  to  convert  direct  current  into  alternating  current. 

96.  The  internal  action  of  the  inverted  converter  is  the  same  as 
that  of  the  synchronous  converter  except  that  the  losses  are  supplied  from 
the  direct-current  side,  so  that  the  distribution  of  currents  in  the  armature 
is  slightly  different. 

97  The  inverted  converter  has  the  speed  characteristics  of  a direct- 

currez\t  motor  instead  of  a synchronous  motor,  except  that  when  the  con- 
verter operates  in  parallel  with  another  source  of  alternating  current  the 
speed  is  controlled  by  each  of  the  two  alternating-current  sources  in  propor- 
tion to  its  share  of  the  load.  When  an  inverted  converter  operates  singly, 
its  speed  may  be  seriously  affected  by  a change  in  load  or  power-factor  on 
the  alternating-current  side.  A lagging  alternating-current  load  will  demag- 
netize the  main  fields  and  the  converter  speed  will  increase,  as  would  that  of 
any  iirect-current  motor  with  weakened  field. 

98.  Alternating  voltage  control.  There  is  no  means  of  varying  the 
alternating  voltage  corresponding  to  the  reactance  and  series-winding  method 
used  with  the  synchronous  converter.  The  alternating  voltage  may  be  con- 
trolled by  any  of  the  other  methods  discussed  in  connection  with  the  syn- 
chronous converter. 

99.  Inverted  converters  are  usually  shunt- wound  in  order  to  secure 
as  nearly  constant  speed  and  frequency  as  possible. 

100.  Correction  for  overspeeding.  Where  inverted  converters  are 
subject  to  loads  of  varying  power-factor  and  where  constant  speed  is  essential, 
it  is  sustomary  to  use  a separately  excited  field  winding,  the  excitation  being 

* Olin  and  Henderson.  "Load  Loss  Correcting  Factors/’  Transaction $ 
A.  I E.  E.,  page  479,  Vol.  XXXII,  Part  I.  Robinson,  L.  T.  ‘ ‘Determina- 
tion of  Stray  Losses  from  Input-output  Tests,”  Transactions  A.  I.  JE.  E., 
page  531,  Vol.  XXXII,  Part  L 

t See  footnote,  Par.  12. 
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•applied  by  a direct-connected  exciter.  The  exciter  ia  designed  with  an 
unsaturated  magnetic  circuit  so  that  a change  in  speed  will  produce  a maxi- 
mum change  in  exciter  voltage.  With  this  arrangement  an  increase  in  speed 
d the  inverted  converter  is  at  least  partially  corrected  by  the  increase  of  its 
excitation  due  to  increased  exciter  voltage. 

101.  Protection  against  overspeeding.  Where  the  conditions  do  not 
require  the  separate  exciter,  it  is  customary  to  install  an  overspeed  tripping 
device  to  protect  the  converter  and  its  alternating-current  load  from  excess- 
ive speed  due  to  unusual  conditions. 

10S.  Applications  of  the  inverted  converter.  The  following  applica- 
tions of  the  inverted  converter  may  be  mentioned:  (a)  to  supply  a smnll 
amount  of  alternating-current  from  an  existing  direct-current  supply;  (b) 
to  form  a connecting  link  between  alternating-current  and  direct-current 
systems  for  the  transfer  of  energy  in  either  direction.  Under  the  latter 
condition  the  converter  may  operate  either  direct  or  inverted.  An  induction 
regulator  or  other  means  of  varying  the  voltage  is  necessary  to  control  the 
transfer  of  energy  through  the  converter  or,  in  the  case  of  operating  the  load 
oo  one  system  entirely  through  the  converter,  to  compensate  for  the  voltage 
drop  in  the  converter  and  transformers,  (c)  To  enable  a storage  batterv  ;o 
be  used  to  equalise  the  energy  input  in  an  alternating-current  system.  Here, 
also,  a means  of  varying  the  voltage  of  the  converter  is  necessary  to  control 
the  charge  and  discharge  of  the  battery.  A notable  installation  of  this  kind 
is  at  the  Indiana  Steel  Company,  where  a 2,000-kw.  260-volt,  25-cycle  split- 
pole  converter  is  used. 

MOTOR  CONVERTERS 

BT  F.  D.  NEWBURY,  M.E. 

IOS.  Structure.  The  motor  converter,  or  cascade  converter,  as  it  is 
sometimes  called,  consists  of  two  elements,  or  machines,  coupled  together 
mechanically  and  electrically.  The  primary  element,  having  the  structure 
of  an  induction  motor  with  a phase-wouDd  rotor,  performs  the  functions  of  a 
voltage,  frequency  and  phase  converter  and  of  an  induction  motor.  The 
secondary  element,  having  the  structure  of  a synchronous  converter  (with 
taps  to  the  winding  but  without  collector  rings),  performs  the  functions  of  a 
direct-current  generator  (driven  by  the  induction  motor,  the  rotors  being 
mounted  on  the  same  shaft)  and  of  a synchronous  converter  (receiving  energy 
of  suitable  voltage,  frequency  and  phase  from  the  rotor  winding  of  the  pri- 
mary element).* 

104.  Starting  resistance.  Three  of  the  inside  terminals  of  the  rotor 
winding  of  the  primary  element  are  attached  to  collector-rings,  to  which  the 
starting  resistance  ia  also  connected.  When  operating  at  synchronous  speed, 
all  of  the  inside  terminals  of  the  rotor  winding  of  the  primary  element  are 
connected  together  to  form  the  neutral. 

101.  The  rotor  of  the  primary  element  is  wound  with  either  0 or 
12  phases,  the  large  number  of  phases  being  used  to  decrease  the  arma- 
ture copper  loss  of  the  commutating  machine.  The  large  number  of  enn- 
^ctions  between  the  two  rotors  does  not  lead  to  any  complication  as  they 
an  be  made  solidly  without  collector-rings. 

100.  Transformers  are  required  only  when  the  line  voltage  exceeds  the 
highest  voltage  for  which  the  primary  element  can  be  safely  and  economically 
round.  In  this  respect  the  motor  converter  is  on  nearly  equal  footing  with 
t he  synchronous  motor-generator  set.  The  difference  in  favor  of  the  latter 
a due  to  the  fact  that  the  synchronous  motor  can  be  satisfactorily  wound  for 
higher  voltages  than  the  induction-motor  element  of  the  motor  converter 

IOT.  Applications.  The  motor  converter  occupies  a position  betw  *n 
the  motor-generator  set  and  the  synchronous  converter.  Its  main  advantage 
over  the  motor-generator  set  lies  m the  fact  that  a part  of  the  energy  is  trans- 
formed electrically  and,  therefore,  more  efficiently  thnn  in  the  motor-geiu  r- 


•(a)  See  German  patent  145434  (1902);  English  patents,  3704  (100.4 / . 
7807  (1904);  U.  8.  patent  72400  (1904). 

(b)  8ee  Arnold  u.  la  Cour,  **  Der  Kaskadenumformer  ” Enke,  Stuttgnn , 
1904. 

(c)  Hallo,  H.  8.  “ The  Theory  and  Application  of  Motor  Converte 
Journal,  I.  E.  E.  (London),  Vol.  XLIII,  page  197. 
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a tor  set  in  which  all  of  the  energy  is  transformed  mechanically.  For  the  s 

reason  it  is  lees  efficient  than  the  synchronous  converter  in  which  the  entire 
output  is  transformed  electrically.  Its  main  advantage  over  the  synchronous 
converter  lies  in  the  fact  that  the  commutating  machine  of  the  motor  con- 
verter operates  at  a frequency  lower  than  the  line  frequency — usually  at 
half  the  line  frequency.  This  advantage  applies  only  in  the  case  of  line 
frequencies  above  40  cycles  per  sec.  and  for  the  higher  direct-current 
voltages,  and  has  been  lessened  even  for  these  conditions  t>y  recent  improve- 
ments in  high-frequency  synchronous  converters.  The  motor  converter 
has  found  its  most  extensive  application  in  England  and  Germany.  # Ixx 
England  approximately  150,000  kw.  of  capacity  has  been  installed  since 
1901,  and  m Germany  approximately  65,000  kw.  of  capacity  has  been  in- 
stalled, mainly  since  1908.  These  figures  were  compiled  m July.  1913. 
Practically  nothing  has  been  done  in  the  United  States  toward  introducing 
the  motor  converter  commercially,  mainly  due  to  the  previous  development 
of  the  high  frequency  synchronous  converter. 

108.  Equations  of  the  motor  converter. 

0 , . Line  frequency  X 120  . . ... 

Synchronous  speed  - 8um  of  poles^(b^th~elcmcl^  (rpm')  (4) 


Rotor  frequency  — Line  frequency  — 


/ Primary  poles  \ 


V 


120 


) (r.p.m.) 
(cycles  per  sec.) 


(5) 

(6) 

(7) 


Power  transformed  electrically  — Total  output  ^®c^n^ry_^2les^ 

Power  transformed  mechanically  — Total  output 

When  the  numbers  of  poles  of  both  elements  are  equal,  as  is  usually  the 
case,  these  relations  obviously  become  very  simple. 

109.  The  average  armature  current  and  heating  in  the  commu- 
tating element  is  less  than  in  a direct-current  generator  of  equal  rating,  but 
morn  than  in  the  corresponding  synchronous  converter.  Assuming  an  equal 
number  of  poles  in  the  two  elements  of  a motor  converter,  the  commutating 
element  is  operating  half  as  a direct-current  generator  and  half  as  a synchron- 
ous converter.  Assuming  further  a twelve-phase  rotor  circuit  and  100  per 
cent,  power-factor  at  the  terminals  of  the  primary  element,  the  average  loss 
will  be  approximately  0.34  (relatively),  the  equivalent  direct-curTent 
generator  loss  being  unity.  This  is  about  30  per  cent,  greater  than  the 
average  loss  in  the  ordinary  six-phase  synchronous  converter,  also  at  100 
per  cent,  power-factor.  The  maximum  loss  in  one  conductor  is  approxi- 
mately 10  per  cent,  less  than  the  maximum  loss  in  the  six-phase  synchronous 
converter,  at  100  per  cent,  power-factor. 

110.  The  armature  loss  increases  less  rapidly  with  reduction  in  power- 
factor  than  in  the  6-phase  synchronous  converter,  due  to  the  generator 
current  loss,  which  does  not  vary  with  power-factor,  and  to  the  higher 
number  of  phases  employed. 

11 1.  Power-factor.  The  power-factor  at)the  line  terminals  of  the  primary 
element  may  be  varied  as  in  the  simple  synchronous  converter  by  varying 
the  lield  excitation  of  the  commutating  machine.  The  magnetising  current 
for  the  primary  element  may  be  taken  from  the  line  or  from  the  secondary 
element  as  desired.  This  is  controlled  by  the  excitation  of  the  commo- 
t ating  machine.  If  the  set  is  operated  at  100  per  cent,  power-factor,  it  follows 
that  the  secondary  element  is  operating  at  a leading  power-factor  (with 
respect  to  line  vol  age)  in  the  neighborhood  of  93  per  cent,  at  full4oad. 
Thi  has  an  important  bearing  on  the  heating  and  sise  of  the  commutating 
machine.  See  Far.  117. 

119.  Voltage  control.  A fixed  voltage  ratio  exists  between  the  alter- 
nate ig-current,  and  the  direct-current  sides  of  the  commutating  element 
of  e motor  converter,  as  in  the  synchronous  converter,  and  the  same  means 
for  varying  the  direct-current  voltage  must  be  employed.  In  a shunt- 
wound  motor  converter  the  direct-current  voltage  drops  with  the  load 
assuming  constant  alternating  voltage.  In  this  case  the  necessarily  high 
rea<  ance  of  the  primary  element  is  a disadvantage.  In  a certain  50O-kw. 
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znotor  converter  the  voltage  dropped  5 per  cent,  between  no  load  and  full 
load.  This  is  lew  than  in  a corresponding  direct-current  generator  but 
more  in  a corresponding  synchronous  converter.  The  motor  converter 
U well  adapted  to  voltage  regulation  by  reactance  and  series-field  excitation. 

In  general,  the  primary  element  will  contain  inherently  sufficient  reactance 
to  obtain  a 10  per  cent,  voltage  increase  (assuming  constant  primary 
alternating  voltage)  with  permissible  range  in  power-factor.  This  range  in 
voltage  is  ample  Tor  the  ordinary  railway  system.  Voltage  ranges  of  20  per 
cent,  to  30  per  cent,  required  by  lighting  systems  using  storage  batteries 
cannot  be  obtained  economically  by  reactance  and  senes-field  excitation. 
For  such  voltage  variation  an  induction  regulator,  alternating-curren* 
booster  or  direct-current  booster  is  required.  The  alternating-curren 
synchronous  booster  must  have  the  same  number  of  poles  as  the  secondary 
element  and  must  be  connected,  electrically,  between  the  primary  anc 
secondary  rotor  windings. 

113.  Relative  size  and  cost.  The  cost  of  the  primary  or  induction 
dement  will  be  approximately  the  same  as  that  of  an  induction  motor  with 
phase-wound  rotor  at  double  the  running  speed  (assuming  *equal  pnmar\ 
and  secondary  poles).  The  cost  of  the  secondary  or  commutating  clemen 
will  be  less  than  that  of  a direct-current  generator  of  the  same  rating  and  moro 
than  that  of  a synchronous  converter  of  the  same  rating  and  opcraung 
frequency.  The  cost  of  the  induction  element  will  be  somewhat  more  than 
that  of  stationary  transformers  necessarily  used  with  the  synchronou 
converter.  On  the  basis  of  a line  voltage  so  low  that  transformers  are  un- 
necessary with  the  motor  converter,  the  cost  without  transformers  is  approxi- 
mately the  same  as  that  of  the  higher-frequency  synchronous  converter  and 
the  necessary  transformers.  In  c-ise  transformers  must  be  used  with  eitne 
form  of  converter  on  account  of  high  line  voltage,  the  cost  of  the  moto 
converter  installation  will  be  from  30  per  cent,  to  40  per  cent,  greater 
than  the  synchronous  converter  installation. 

114.  Efficiency.  At  capacities  of  600  kw.  and  above,  the  efficiency  of 
a synchronous  converter  and  transformers  would  be  1.5  per  cent,  to  2 per  cen 
better  than  the  motor  converter  without  transformers,  assuming  America: 
conditions  which  require  the  use  of  open  armature  slots  m the  pnmat> 
element.  Including  the  transformer  in  the  motor  converter  installation 
would  reduce  its  efficiency  below  that  of  the  equivalent  synchronous  co 
verter  installation  from  3 per  cent,  to  4 per  cent. 

118.  The  method  of  starting  is  the  same  as  in  an  induction  motor 
with  phase-wound  rotor,  a three-phase  resistance  controller  being  used  as 
indicated  in  the  diagram  in  Fig.  22.  It  will  be  noted  that,  during  starting, 
three  phases  of  the  rotor  winding  of  the  induction  element  are  in  series  wii 
the  armature  winding  of  the  commutating  element,  the  other  phases  remain 
mg  open  at  the  neutral.  After  the  main-line  switch  is  closed,  the  rotor  circuit 
of  the  induction  element  is  closed  through  the  starting  resistance.  As  the 
rotor  begins  to  revolve,  two  alternating  currents  are  superimposed  in  ti 
rotor  circuits,  one  at  maximum  frequency  decreasing  with  the  speed,  due 
the  induction  element,  and  one  at  minimum  frequency  increasing  with  the 
ipeed,  due  to  the  commutating  element.  The  latter  current  is  BPPr®f’‘Bt 
only  near  synchronism  or  in  the  case  of  separate  direct-current  excitation 
the  secondary  element.  As  the  rotor  approaches  its  normal  running  spee 
these  two  currents  approach  the  same  frequency,  which  is  indicated  by  a 
dow  oscillation  of  the  needle  of  the  voltmeter  connected  in  the  starting 
circuit.  At  the  moment  the  voltmeter  needle  Passes  through  sero,  t 
starting  resistance  is  short-circuited  and  the  set  will  thereafter  operat  y 
chronously.  The  neutral  points  of  all  the  rotor  phases  are  . , 

together  and  the  starting  brushes  lifted  from  the  rings  by  a ' t 

device.  By  proper  selection  of  the  starting  resistance,  the  starting  cu 
may  be  maintained  at  a low  value  throughout  the  entire  starting  ope 
Due  to  the  small  armature  current  Turing  starring,  the  direct-current 
voltage  will  always  build  up  with  the  correct  polarity.  The  field  ® 
switch  commonly  used  with  alternating-current  self-starring  synch 
converters  is  unnecessary. 

118.  The  motor  converter  may  be  used  to  supply  a thr 
direct-current  circuit  without  change  except  that  the  J™Bk®B  a.r®  i®  f * 
the  rings  after  starting.  They  are  connected  to  the  middle  terminals  o 
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three-pole  double-throw  switch,  one  set  of  outside  terminals  being  connected 
to  the  starting  resistance  and  the  other  set  being  short-circuited  and  con- 
nected to  the  direct-current  neutral  lead. 

117.  Commutating  poles  may  be  used  on  the  commutating 
element  as  in  any  synchronous  converter.  Due  to  the  combined  generator 
and  converter  action  the  ampere-turns  required  on  the  commutating  poles 
more  nearly  approach  the  ampere-turns  on  the  equivalent  direct-current 
generator  than  on  the  equivalent  synchronous  converter. 


DIRECT-CURRENT  CONVERTERS 

BY  ALEXANDER  6 RAY,  M.  8. 

118.  Theory  of  operation.  A three-wire  generator,  operating  with  no 
current  in  one  side  of  the  system,  may  be  used  as  a direct-current  converter 
with  a ratio  of  two  to  one.  Such  conditions  of  operation  are  shown  diagram- 
matically  in  Fig.  23.  If  the  armature  be  connected  across  the  terminals  a 
and  b,  it  will  rotate  as  a direct-current  motor 
armature  and  will  take  a current  i0,  at  a volt- 
age 2e,  to  supply  the  no-load  losses  in  the 
machine.  If  now  two  diametrically  opposite 
points  c and  d be  connected  through  a coil  C 
of  high  reactance  and  negligible  resistance,  and 
if  the  middle  point  / of  the  coil  be  connected 
as  shown  in  Fig.  23,  the  machine  will  become 
a three-wire  generator  (Sec.  8,  Par.  183). 
The  point  / is  then  midway  in  potential  be- 
tween c and  d and,  since  the  e.m.f.  between  c 
and  d is  alternating,  an  alternating  current, 
supplied  from  the  mains,  will  flow  in  the  react- 
ance coil.  This  current  will  be  small  since 
the  reactance  is  large. 


A load  current  at  voltage  e may  now  be 
0 , and  the  current  distribution  in  the 


Fig.  23. — Current  distri- 
bution in  a direct-current 
converter. 

drawn  from  terminals  / and  q , and  the  current  distribution  in  the  system 
will  then  be  as  shown  in  Fig.  23,  the  no-load  currents  being  neglected.  The 
currents  in  sections  M flow  against  the  generated  e.m.f.,  so  that  these 
sections  may  be  considered  to  act  as  motors;  the  currents  in  sections  O flow 
in  the  direction  of  the  generated  e.m.f.,  and  so  these  sections  may  be  con- 
sidered to  act  as  generators.  The  driving  torque  due  to  the  motor  sections 
must  overcome  the  retarding  torque  due  to  the  generator  sections. 
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111.  Armature  currents.  The  current  in  the  armature  conductors 
varies  as  the  armature  revolves;  this  may  be  seen  from  Fig.  24  where  the 
armature  is  shown  in  four  different  positions. 

In  position  A,  the  resistance  from  c to  o is  equal  to  that  from  c to  b,  and 
the  current  t,  entering  the  armature  at  c,  divides  into  two  equal  parts.  In 
position  B,  the  resistance  from  c to  a is  less  than  that  from  c to  6,  and  the 
current  i«  is  greater  than  the  current  t». 

In  position  C,  the  current  in  ca  is  practically  equal  to  % and  that  in  cb 
practically  aero.  In  position  D,  the  currents  in  aU  the  conductors  are  zero. 


Fiq.  24. — Relation  between  current  and  position  of  armature. 

Fig.  25  shows  approximately  how  the  current  varies  in  two  coils  m and  n 
u the  armature  makes  one  revolution.  In  coil  m,  the  current  varies  from 
■ero  to  % while  in  coil  n it  varies  from  — it  to  -Hi*;  the  armature  coils  are 
therefore  not  equally  heated.  Those  next  the  leads  c and  d are  the  hottest 
and  those  midway  between  the  leads  are  the  coolest. 

ISO.  The  rating  of  a direct-current  converter  depends  upon  the  num- 
ber of  phases  of  the  reactance  coil.  With  a 2-phase  reactance  coil,  as 
shown  in  Fig.  26,  the  maximum  current  in  the  conductors  is  less  than  t,  and 
the  current  in  each  armature  coil  is  more  nearly  constant  than  when  only  one 
reactance  coil  is  used.  For  the  same  average  armature  copper  loss  in  each 


Fio.  25. — Variation  of  current  in  coils  m and  n during  one  revolution 
of  armature. 

ase,  a direct-current  generator  can  be  given  the  following  ratings  when  used 
u a direct-current  converter:* 

1.00  as  a direct-current  generator; 

1.22  as  a direct-current  converter  with  one  reactance  coil; 

1.55  as  a direct-current  converter  with  two  reactance  coils; 

1.64  as  a direct-current  converter  with  three  reactance  coils. 

The  cost  and  weight  of  the  equivalent  direct-current  generator  may  be 
obtained  from  Fig.  67  (Par.  178)  Sec.  8,  an  addition  of  5 per  cent,  being 
tnade  for  the  slip-rings. 

181.  The  secondary  voltage  of  such  a system  cannot  readily  be 
controlled  independently  of  that  of  the  primary;  it  decreases  with  increase  of 
load  according  to  Eq.  38  in  Sec  8,  Par.  194  and,  with  a reasonably  priced 

* Steinmets,  C.  P.  “ Elements  of  Electrical  Engineering,'  p.  337. 
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reactance  coil,  this  decrease  in  voltage  can  hardly  be  leas  than  3 per  cent  at 
full  load. 

122.  The  rating  of  the  necessary  reactance  coil  may  be  found  from 
Sec.  3,  Par.  197.  The  frequency,  which  equals  the  number  of  poles  multi- 
plied by  the  r.p.m.  and  divided  by  120  will  generally  be  between  15  and 
40  cycles  per  sec. 

123.  The  Dettmar  and  Rothert  split-pole  machine  (Sec.  8,  Par.  lit) 
when  used  as  a direct-current  converter  has  the  advantage  that  the  secondary 
voltage  can  be  controlled  independently  of  that  of  the  primary.  Each 
pole  of  this  machine  is  split  so  as  to  form  two  polar  projections  of  like  polarity 
and  these  are  excited  independently  of  one  another.  The  neutral  brush  is 
placed  on  the  commutator  midway  between  the  positive  and  the  negative 
brushes  and,  by  varying  the  excitation  of  one  polar  projection  relative  to  that 
of  the  other,  the  flux  entering  the  armature  between  the  positive  and  the 
neutral  brushes  may  be  changed  relative  to  that  between  the  neutral  and  the 


Fio  26. — Current  distribution  in  a direct-current  converter  with  a two- 
phase  reactance  coil. 

negative  brushes,  or  the  potential  of  the  neutral  brush  may  be  varied  as 
desired.  By  the  use  of  suitable  shunt  and  series  coils  on  the  polar  projec- 
tions, any  desired  degree  of  compounding  may  be  obtained  and,  in  the 
extreme  case,  a constant  current  may  be  obtained  from  the  secondary  of 
such  a machine  while  the  primary  is  operating  at  constant  potential. 

124.  The  C.  M.  B.  autoconverter  is  another  type  of  split-pole  machine 
with  the  armature  tapped  by  brushes  placed  between  the  main  positive  and 
negative  brushes.  A standard  line  of  these  machines  is  on  the  market  and 
can  be  supplied  with  a transformation  ratio  as  high  as  four  to  one,  and  with 
such  a combination  of  shunt-field  and  series-field  coils  that  a drooping  second- 
ary < haracteristic  may  be  obtained  if  desired  for  constant-current  operation. 
They  are  supplied  with  ball  bearings  and  have  an  efficiency  which  varies 
from  75  per  cent,  for  a 1 kw.  unit  to  86  per  cent,  for  a 10  kw.  and  94  per  cent, 
for  a 50  kw.  unit. 

125.  Applications.*  Direct-current  converters  of  this  latter  type  are 
used  in  place  of  motor-generator  sets  for  many  purposes,  among  others, 
to  o tain  50  volts  from  a line  of  higher  voltage  for  the  operation  of  aro 
lamps  at  50  volts  in  bioscope  sets  and  searchlamps.  A constant-current 
characteristic  is  the  most  suitable  for  aro-lamp  operation.  They  are  also 
used  for  electric  welding,  the  machines  being  built  with  such  characteristics 
that,  on  short-circuit,  the  current  is  only  10  per  cent,  more  than  full-load 
current,  while  the  voltage  drops  practically  to  sero. 

• For  further  information  on  direct- current  converters  see: 

Steinmetz,  C.  P.  " Theoretical  Elements  of  Electrical  Engineering.'*  oaxe 
337;  New  York,  McGraw-Hill  Book  Co.,  Inc. 

M scFarlane  and  Burge.  London  Electrician,  July  9,  1909  - ’ 

Thompson,  S.  P.  Report  at  Turin  Congress;  London  Electrician,  Sept.  29, 
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DYNAMOTORS 

BY  ALEXANDER  GRAY,  M.  S. 

116.  General  description.  The  dynamotor  is  similar  to  the  motor- 
generator  set  except  that  the  two  armature  windings  are  on  the  same  core 
and  revolve  in  the  same  magnetic  field,  each  winding  being  connected  cither 
to  a commutator  or  to  collector-rings,  in  accordance  with  its  use  for  direct 
or  for  alternating  current  respectively.  It  is  rarely  necessary  to  change  from 
direct  current  to  alternating  current,  so  that  machines  for  such  purpose  are 
•pecial.  A change  from  alternating  to  direct  current  may  be  realized  with 
less  expense  by  the  use  of  a rotary  converter,  with  u transformer  if  necessary, 
than  with  a dynamotor. 

117.  Armature  reaction.  The  armature  for  a direct  current  to  direct- 
eurrent  type  of  dynamotor  is  shown  diagrammatic:! llv  in  Fig.  27.  Here  the 
transformation  ratio  is  four  to  one,  so  that  then  are  four  times  as  many 
effective  turns  in  one  winding  as  in  the  other.  The  direction  of  the  generator 
current  is  that  of  the  (generated  e.m.f.,  but  the  current  in  the  motor  winding  is 
in  the  opposite  direction.  If  the  losses  in  the  machine  be  neglected,  then  the 


Fio.  27. — Arrangement  of  dynamotor  armature  and  commutator. 


motor  input,  EwJm  equals  the  generator  output,  E$Ij,  and  the  value  of  effec- 
tive ampere-turns  in  the  motor  armature,  equals  the  value  of  effective 
ampere- turns  in  the  generator  armature,  ngl8.  Therefore  the  m.m.fs.  of  the 
tvo  windings  are  equal  and  opposite  and  there  is  no  resultant  armature 
reaction.  For  this  reason,  the  dynamotor  can  be  allowed  a smaller  air  gap, 
a smaller  exciting  current,  and  a lighter  field  coil  than  a standard  machine 
built  upon  the  same  frame. 

1*®.  The  commutation  of  these  machines  is  exceedingly  good  if  the 
brushes  on  the  two  commutators  are  so  placed  that  the  short-circuited  coils 
« each  of  the  two  windings  lie  in  the  same  slot.  Under  such  conditions  the 
torrents  in  these  coils  change  at  the  same  time  and  in  opposite  directions,  so 
the  reactance  voltage  is  small  (Sec.  8,  Par  43^.  Dynamotors  can 
therefore  have  deep  slots  and  low-resistanoe  brushes  and  in  consequence  arc 
Stable  for  delivering  large  currents  at  low  voltages.  * 

119.  Voltage  regulation.  The  principal  objection  to  the  standard 
dynamotor  is  that  the  secondary  voltage  cannot  be  regulated  without  chang- 
es* the  excitation  of  the  primary.  The  ratio  of  the  terminal  voltages  is 
mm  by  the  ratio  of  effective  armature  turns  and  by  the  voltage  drop  due 
to  the  resistance  of  both  armature  windings,  so  that  the  terminal-voltage 
fttio  is  independent  of  the  excitation  and  changes  with  the  load.  The 
tr&oaformation  ratio  for  a given  load  can  be  changed  only  by  inserting  a 
rsastance  or  a booster  in  the  primary  or  the  secondary  circuit. 

110.  Combined  dynamotor  and  booster.  A machine  which  is  equiva- 
feut  to  a combined  dynamotor  and  booster  can  be  made  by  extending  one 
trmature  winding  a longer  distance  axially  along  the  core  than  the  other, 
» nd  applying  to  this  extended  part  of  the  core  a magnetic  field  from  an 
iunU&ry  field  system.  The  exciting  current  for  this  auxiliary  field  can  be  so 
J^dsted  as  to  change  the  voltage  of  one  winding  independently  of  that  of 
the  other.  If  this  field  system  be  excited  with  series-field  coils,  the  secondary 
T^ttage  can  be  made  to  vary  with  the  load,  as  desired.  The  chief  advantage 
°*  this  latter  machine  over  the  motor-generator  set  is  that  it  requires  less 

• Sheldon  and  Hausmann.  14  Dynamo-electric  Machinery,”  Yol.  I , page  206. 
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floor  space  and  will  have  a higher  efficiency,  but  will  probably  not  be  cheaper 
if  the  machines  are  of  corresponding  construction. 

181.  A special  dynamotor  is  extensively  used  for  telephone  ringing. 
The  motor  winding  is  for  direct  current  and  the  other  winding  is  connected 
to  two  slip-rings  in  order  to  deliver  alternating  current  at  from  16  to  19  cycles 
per  eec.,  and  about  75  volts  (effective). 

131.  Dynamotors  can  be  used  in  place  of  motor-generator  sets 
only  when  the  regulation  of  voltage  is  not  of  great  importance  as,  for  example, 
in  the  ringing  of  bells  and  gongs,  the  operation  of  signals  in  connection 
with  fire  alarms,  telephone  systems,  annunciators  and  many  other  kinds  of 
signaling,  and  the  operation  of  magnetic  contactor  switches.  For  telegraphic 
work,  dynamotors  are  often  used  in  place  of  primary  batteries,  the  secondary 
voltage  being  50  to  500  volts  direct  current,  depending  on  the  length  of  the 
line  (Sec.  21). 


Fio.  2S. — Weights  and  costs  of  small  dynamotors  and  motor-generator  seta. 

138.  Cost  of  Dynamotors.  Since  the  two  armature  windings  are  upon 
the  same  core,  that  core  will  be  larger  for  a dynamotor  than  for  a generator 
of  the  same  output.  Fig.  28  shows  the  shipping  weights  and  selling  prices  of 
small  dynamotors  and  motor-generator  sets  of  substantial  make  on  a singte 
bed  plate,  the  motor-generator  set  consisting  of  two  machines  joined  by  ■ 
flexible  coupling. 

DOUBLE-CURRENT  GENERATORS 


BT  r.  D.  NEWBURY,  M.E. 

134.  Armature  currents  in  the  double-current  generator.  4 

machine  having  the  same  structure  as  the  synchronous  converter  may  bf 
used  to  generate  both  alternating  and  direct  current  if  driven  by  a suitabU 
prime  mover.  Unlike  the  synchronous  converter,  the  armature  currents  ifl 
the  double-current  generator  are  not  less  than  in  the  corresponding  direct 
current  generator.  The  alternating  and  direct-current  are  not  subtractiva 
as  shown  in  Figs.  1 and  2,  but  are  additive,  since  both  are  generator  currents 
For  the  same  reason,  the  generation  of  both  alternating  and  direct  curTSM 
in  the  same  armature  winding  is  not  favorable  to  commutation  as  in  thq 
synchronous  converter,  but  is  detrimental. 

135.  Depend&nce  of  direct-current  voltage  on  alternating  voltage 

A double-current  generator  has  none  of  the  advantages  of  the  synchronool 
converter  and  has  many  disadvantages  of  its  own.  One  of  the  most  seriaoi 
disadvantages  is  the  dependence  of  the  direct-current  voltage  on  the  alttv 
nating  voltage  and  on  variations  in  alternating-current  load  and  powstl 
factor.  (A  change  in  alternating-current  load  or  power-factor  will  cause  I 
change  in  the  magnetising  effect  of  the  alternating  current  in  the  armatsN 
winding  and  thus  change  the  resultant  magnetisation  on  which  the  dirwi 
and  alternating  voltages  depend.  To  assist  in  maintaining  steady  dim* 
current  voltage.it  is  customary  to  excite  double-ourrent  generators  separately. 
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1W.  Alttrnitiiii-ewnt  parallel  operation.  If  double-current 
generators  are  operating  in  parallel  with  a relatively  large  alternating- 
current  system  on  which  the  alternating  voltage  is  held  constant,  the  direct- 
current  voltage  will  also  be  constant  and  cannot  be  varied  independently  of 
the  constant  alternating  voltage. 

1ST.  Limitations  of  design.  From  the  design  standpoint,  the  double- 
current generator  is  handicapped  by  the  rigid  relationship  between  poles  and 
speed  required  by  the  frequency.  This,  in  general,  results  in  the  use  of 
many  more  poles  than  would  be  employed  in  an  equivalent  direct-current 
generator,  causing  an  appreciable  increase  in  cost.  This  is  particularly  true 
with  slow  engine  speeds  and  high  frequency.  It  is  also  impossible  to  use 
commutating  poles  on  account  of  the  effect  of  variation  in  alternating-current 
load  and  power-factor.  No  machines  larger  than  2,500  kw.  have  ever  been 
built  in  this  type. 

1S8.  Abandonment  of  tlow-speed  type.  During  the  past  10  years, 
no  slow-speed  engine-driven  double-current  generators  of  any  importance 
have  been  installed.  The  reasons  for  this  have  been  the  disadvantages  of  the 
double-current  generator  already  enumerated  and  the  lower  cost  ana  greater 
flexibility  of  alternating-current  generators  used  in  eonj unction  with  syn- 
chronous converters. 
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BT  REGINALD  J.  B.  PIOOTT 
LAWS  OF  HXAT  TRANSFEE 


Tleat  from  Furl 
lWd  and  Hot 
Furnace  Walla 


1.  No  heat  can  be  transmitted  from  a cold  body  to  a hotter  onei 

flue  gases  must,  therefore,  leave  the  boiler  at  not  less  than  the  steam  tempera- 
ture in  an  ordinary  boiler,  or  at  not  less  than  the  incoming  feed-water 
temperature  in  the  counter-current  type  of  boiler. 

2.  Two  kinds  of  heat  transfer  take  place  in  a boiler;  absorption  by 
radiation  from  incandescent  fuel  direct  to  beating  surface,  and  heat  tran^ 

mission  by  contact  and  convection. 
Stefan  and  Boltzmann's  law  states  that 
absorption  by  radiation  is  proportional 
to  difference  of  the  fourth  powers  of  the 
two  temperatures  involved. 

B.t.u.  radiated  per  sq.  ft.  per  hour- 

16X10-1®  (T i4  — TV)  (1) 

where  Ti  — absolute  temp,  in  deg.  Fahr. 
of  “black”  incandescent  bwjy,  and 
Ti- absolute  temp,  in  deg.  Fahr.  of 
receiving  body. 

A “black”  body  such  as  carbon,  in 
any  form  except  the  crystalline,  will 
absorb  all  heat  transmitted,  reflecting 
none.  Metal  and  other  materials  will 
reflect  from  one-fourth  to  one-half  of 
that  received. 

S.  Heating  by  convection  from  hot 
gases  to  water  is  proportional  to  some 
power  of  each  of  the  velocities  of  the 
moving  gases  and  water  or  steam.  The 
heating  is  also  proportional  to  the 
density  of  the  fluids  and  to  the  abso- 
lute temperatures,  since  these  influence 
the  molecular  energy.  The  formula  for 
heat  transfer  by  convection  is, 

H-AU{Ti-Tt)  (2) 


A ^ Average  Temperature  of  Moving  Gases 
J}m  Average  Temperature  of  Dtj  Surface 
(7«  Average  Temperature  of  Wet  Surfac* 
£)m Temperature  of  Water  In  Boiler 

Fio.  1. — Transmission  of  heat. 


where  //  — B.t.u.  transmitted  per  hr.. 
A=area,  sq.  ft.,  C7  = transmission  coefficient,  T\  — T*  — mean  temp.  diff. 

4.  The  transmission  coefficient  for  normal  rating  is  somewhere  around 
5 to  8 B.t.u.  deg.  of  mean  temperature  difference,  per  sq.  ft.,  per  hour,  but 
may  he  much  larger  than  this  in  boilers  with  much  surface  exposed  to  radiant 
heat  and  well  serubbed  by  the  gases.  The  upper  limit  has  probably  never 
been  reached,  the  maximum  value  for  recorded  tests  being  about  20. 

6.  Effect  of  dirty  surfaces.  One  important  difference  noticeable 
between  absorption  of  heat  by  conduction  ana  by  radiation  is  that  the  rela- 
tive cleanness  of  the  surface  affects  the  rate  of  conduction  very  readily,  bat 
absorption  of  heat  by  radiation  i*  practically  unaffected.  Soot  increases  the 
thickness  of  the  film  of  motionless  gas,  besides  adding  its  own  resistance  to 
heat  flow. 


6.  The  resistance  of  the  film  of  inert  gaa  entangled  in  the  rough  surface 
of  the  tube  (or  soot)  is  from  20,0<)0  to  35,000  times  as  great  as  that  of  the 
metal  tube  alone,  so  that  the  thickness  oi  the  dead  gas  film  is  the  controllinf 


704 


Digitized  by  Google 


VmmmM7MnMW?77M7W777B7777m707WWm7777777777777777777ZVn77V7n0Z0Mm7mZmBanP 

Front  Exterior  Elevation  Lonjcltudlnal  Section  Elevation 

Fio.  3. — Scotch  marine  boiler. 


POWBR  PLANTS 


Sec.  10-7 


factor.  In  absorption  of  heat  by  radiation,  however,  the  interposition  of  a 
cas  film  or  layer  of  soot  has  practically  no  effect,  since  conduction  does  not 
bear  a part  in  the  action. 


Fig.  4. — B.  A,  W.  marine  type  boiler  with  superheater,  and  Westing  house 
stoker  with  clinker  crusher. 


BOILEB8 

7.  Boiler  types : in  the  following  classification  modern  types  only  are 
considered. 

IHorisontal  return  tubular  (Fig.  2) . 

Scotch  (Fig.  3). 

Continental  and  other  internally  fired  types  (Fig.  3). 

f Rust 

f B.  & W 


Definite  circulation  path. 


Water  Tube. 


Heine,  etc.,  etc., 
. and  7 
Yarrow 
Thorneycroft. 


Stationary 


fit.,  _ , 

Stirling  (Fig.  6 


. 5> 

anne  (Fig.  4 
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1 Field  Tubes. Nidausse 
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All  types  give  efficiencies  not  differing  widely  when  subjected  to  the  same 
kind  of  furnace  and  flame  conditions,  the  structure  having  less  inherent 
influence  upon  efficiency;  the  cross-baffle  types  have  a slightly  higher 
efficiency,  due  to  greater  turbulence  of  the  gas  flow  over  the  tubes.  But 
inasmuch  as  the  structure  may  influence  very  materially  the  oonditions  of 
combustion,  by  restricting  combustion  spaces,  by  altering  the  length  and  the 
hydraulic  mean  depth  of  gas  passages,  and  by  extinction  of  flame  and  accumu- 
lation of  dirt,  it  may  alter  the  efficiencies  somewhat.  If  combustion  could 
be  entirely  complete,  so  that  the  flame  would  be  extinct  before  reaching 
any  heating  surface,  it  would  make  little  difference  what  type  of  boiler  were 
employed  so  far  as  efficiency  is  concerned. 


Fia.  5. — B.  & W.  stationary  type  boiler  with  superheater,  and  Riley  stoker. 

8.  Fire-tube  boilers  are  cheapest  in  first  cost,  but  lowest  in  capacity 
for  space  occupied;  in  general  they  are  the  most  difficult  to  keep  in  good 
operating  condition,  especially  with  dirty  water,  since  the  water  space  is  not 
accessible.  The  internally  fired  boilers  such  as  the  Scotch  and  the  Conti- 
nental (or  similar)  types  are  somewhat  superior  in  capacity,  but  not  up  to  the 
water-tube  type.  As  a class,  fire-tube  boilers,  from  the  standpoint  of 
safety,  are  least  desirable,  os  they  carry  a large  body  of  hot  water,  storing 
considerable  energy  to  be  liberated  at  the  instant  of  rupture. 

9.  Water-tube  boilers  are  much  lighter  and  smaller  per  unit  of  capacity, 
and  higher  in  first  cost  than  tubular  boilers,  but  easier  to  maintain  inasmuch 
as  the  water  surface  is  allpractically  accessible,  either  for  hand  cleaning  or  for 
turbine  tube  cleaners.  They  are  very  safe,  having  very  small  water  storage 
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(subdivided  into  many  smaller  bodies  by  the  tubes),  and  are  made  up  almost 
entirely  of  the  strongest  natural  shapes — cylindrical — with  little  or  no  stayed 
surface.  There  are  practically  no  records  of  serious  accidents  resulting  from 
the  explosion  of  water-tube  boilers. 


Fig.  6. — Duplex  stoker  setting  for  obtaining  high  combustion  efficiency  and 
extremely  high  boiler  ratings. 

10.  Field-tube  boilers  are  almost  unused  except  for  the  French  marine 
boiler  known  as  the  Niclausse.  The  principal  objection  to  their  use  is  the 
uncertain  and  spasmodic  nature  of  the  circulation  which  may  partake  of  the 
nature  of  flash  generation,  alternating  with  periods  of  flooding  with  water. 
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11.  Flash  fenaraton  are  at  present  unused  exoept  for  steam  automobile 
boilers  and  some  torpedo  boats.  In  American  power  stations  they  are 
tnknown.  However,  if  any  standard  boiler,  such  as  the  B.  A W.  or  Stirling, 
be  forced  much  above  its  normal  rated  capacity,  the  generation,  in  the  lower 
rows  of  tubes  at  least,  becomes  of  the  flash  type  by  reason  of  the  extreme 
conditions. 


It.  Superheaters  are  of  two  general  types:  self-contained,  and  separately 
feed.  The  separately  fired  superheater  is  unpopular  in  America,  chiefly 
because  it  has  not  shown  such  pronounced  economies  as  the  self-contained 
type.  The  two  types  of  self-contained  superheater  are  the  plain  tube  and  the 
protected  tube  types.  To  the  former  class  belong  the  Heine,  the  B.  A W. 
[Fig.  5)  and  the  Stirling;  to  the  latter  class  belong  the  Foster  (Fig.  8)  and  the 
kbwdrer. 


Fia.  8. — Foster  superheater. 


It.  Superheaters  may  be  located  (usually)  between  the  first  and  the 
aecond  passes,  or  in  the  breeching.  With  later  boilers  of  the  ordinary  sta- 
tionary types  the  first  position  is  popular.  With  the  marine  types  now  some- 
times used  in  power  stations,  the  latter  position  is  satisfactory,  as  the  gases 
leave  the  boiler  at  a higher  temperature  (see  Marine  B.  A W.  boiler,  Fig  4). 


11  Heating  surface  is  defined  as  any  surface  in  a boiler  or  superheater 
yhich  is  exposed  to  hot  gases  on  one  side  and  water  or  steam  on  the  other. 
In  water-tube  boilers  the  heating  surface  is  defined  as 


wdln  wDLN 
12  + 24 


(sq.  ft.)  (3) 


vbere  d — outside  diameter  of  tubes  in  in.  1 — length  of  tubes  in  ft.. 
»■  number  of  tubes,  outside  diameter  of  drums  in  in.  L* length 
d drums  in  ft.  and  N ■■  number  of  drums,  headers  not  included. 

11.  Hating  of  superheaters.  Superheaters  are  not  usually  rated  by  sq. 
ft  of  surface,  but  are  figured  for  each  case.  A good  average  rule  is  15  sq.  ft. 
d heating  surface  per  boiler  h.p.,  for  unprotected  tubes;  18  sq.  ft.  of  heating 
•arface  per  boiler  h.p.,  for  protected  tubes.  The  reason  for  using  larger 
“tores  for  superheaters  than  for  steam-making  surface  is  that  heat  trans- 
fusion is  much  more  difficult  between  gas,  iron  and  gas,  than  between 
t*«,  iron  and  water,  or  between  gas,  iron  and  vapor,  the  latter  two  conditions 
draining  in  the  boiler  proper.  The  protected  tubes  interpose  an  additional 
fwistance  to  heat  transfer  because  of  the  cast-iron  protection  rings,  the  rough- 
of  which  also  materially  increases  the  thickness  of  the  dead  gas  film 

11  Orate  surface  is  any  surface  upon  which  coal  is  being  burned.  In 
knd-fired  furnaces  this  amounts  to  the  horiaontal  dimensions  of  the  furnace, 
•de  wall  to  ride  wall,  and  front  wall  to  bridge.  With  the  automatic  stoker, 
w*  term  becomes  more  or  less  anomalous,  since  part  of  the  surface  may  be 
•*d  exclusively  for  coking,  and  the  grates  may  not  be  horisontal;  and  part 
d the  grates  may  be  used  only  for  accumulating  clinker  and  ash.  With  under- 
feed •token,  coal  is  not  burned  upon  the  grates  to  any  appreciable  extent. 
The  term  is  useful  for  comparison,  if  the  projected  area  of  the  furnace  is 
• ■ ®»ch  case. 

[ . IT.  The  ratio  of  heating  surface  to  grate  surface  was  once  considered 
1 important  and  was  generally  made  60  to  1 when  good  coals  were  used. 
Tins  ntio  shows  a tendency  to  decrease  to  30  to  1 or  40  to  1 recent  instal- 
ations,  particularly  with  stokers  intended  for  forcing  to  high  capacities  or 
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where  low-grade  fuel  suoh  as  culm,  or  No.  3 buckwheat  is  burned. 

18.  The  value  of  the  boiler  h.p.  is  at  present  34.5  lb.  of  water  evaporated 
from  and  at  212  deg.  Fahr.,  per  hour;  this  is  equivalent  to  33,479  B.t.u.  per 
hour.  A unit  proposed  to  eliminate  this  somewhat  illogical  unit,  is  the 
myrlawatt,  * a multiple  of  the  watt,  having  a value  of  34.150  B.t.u.  per 
hour,  about  2 per  cent,  larger  than  the  boiler  h.p.  It  would  be  better  to 
eliminate  these  units  altogether,  and  rate  the  boiler  in  square  feet  of  heating 
surface. 

19.  Evaporation.  Taking  dry  coal,  the  actual  evaporation  per  lb.  is, 


— 

to 

(4) 

E'  — EF 

(5) 

H-h 

(«) 

F " 9704 

E — aotual  evaporation 
B ' — equivalent  evaporation 
F— factor  of  evaporation 

jy— total  heat  of  steam  at  boiler  pressure  and  quality. 
h — heat  in  the  feed  water  — feed  temperature— 32. 

IF  — lb.  steam  per  hr. 
w — lb.  dry  coal  per  hr. 

970.4 —latent  heat  at  atmospheric  pressure  — heat  to  convert  1 lb.  of 
water  to  steam,  from  and  at  212  deg.  Fahr. 

Or  the  above  evaporation  may  be  used  “ per  lb.  of  combustible,"  substitut- 
ing lb.  of  combustible  per  hour  in  place  of  lb.  of  dry  coal  per  hour.  All 
temperatures  are  expressed  in  deg.  Fahr.,  and  all  pressures  in  lb.  per  sq.  in., 
and  all  heat  in  B.t.u. 


SO.  Losses  in  boilers  comprise:  (a)  sensible  heat  escaping  in  flue  gases; 
(b)  sensible  heat  lost  in  hot  ashes;  (c)  radiation  of  heat  to  external  air  from 
boiler  setting;  (d)  incomplete  combustion;  (c)  excess  air.  Theoretically  some 
of  these  losses  are  avoidable.  Actually,  about  the  following  proportions  hold 
good  in  recent  practice. 


Heat  in  coal 100  per  oent. 

Heat  absorbed  in  steam  (overall  efficiency) 72  to  80  per  cent. 

Stack  loss,  sensible  heat  only 10  to  15  per  cent. 

Incomplete  combustion 3 to  8 per  cent. 

Hot  ashes Negligible 

Radiation  and  leakage 5 to  7 per  cent. 


SI.  The  combustion  efficiency  of  automatic  stokers  runs  as  high  as 

96  to  97  per  cent,  and  is  maintained  up  to  a very  high  rating  in  some  cases. 
That  of  a hand  fire  is  seldom  over  90  to  92  per  oent.  and  generally  much  leaa. 
due  to  inevitable  carelessness  in  operation. 


88.  Radiation  is  kept  down  by  thorough  lagging  of  exposed  parts  and  by 
the  usual  double-walled  construction  of  boiler  settings  (Figs.  5 and  6).  It 
does  not  vary  greatly  for  any  type  of  boiler,  but  is  reduced  somewhat  by 
setting  in  batteries  instead  of  singly- 

88.  Excess  air  is  caused  by  the  slight  vacuum  in  the  setting  due  to  draft ; 
it  can  be  reduced  by  painting  or  white-washing  the  setting  and  stopping  up  all 
cracks  between  metal  and  brick  with  plastic  asbestos.  In  some  oases  enamel 
brick  or  sheet-iron  settings  are  used,  but  the  expense  is  not  generally  justified 
from  this  point  of  view  alone.  Another  method  of  reducing  setting  infiltra- 
tion is  by  the  use  of  balanced-draft  systems;  in  these  the  methods  of  forced 
draft,  and  natural  or  induced  draft  are  so  employed  as  to  give  practically  sero 
pressure  in  the  fire-box,  by  this  means  reducing  the  average  difference  of 
pressure  from  atmosphere,  over  the  whole  setting. 

84.  Furnace  efficiency  is  expressed  by  the  formula 


Furnace  efficiency 


’ Combustible  burned 
Combustible  fired 


(7) 


Combustible  burned  — (Combustible  fired)  — (Combustible  in  ash)  — 
(Combustible  in  unburned  gas)  — (Combustible  in  soot).  (8) 


• Stott  and  O’Neill. 


p.  411,  Trans.  A.  I.  E.  E.,  Vol.  32,  1913. 
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B.t.u.  Combustible  fired  — (lbs.  dry  coal)  X (B.t.u.  per  lb.  [by  calori- 
meter]). (9) 

B.t.u.  Combustible  burned  * (combustible  fired)  — (B.t  u.  per  lb.  of  ash)  X 
(lbs.  ash)  — (B.t.u.  per  lb.  of  soot)  X (lb.  of  soot)  — (B.t.u.  in  unburned 
gaaes).  (10) 


The  last  item  is  derived  from  the  flue-gas  analysis  and  as  it  always  involves 
several  assumptions,  its  accuracy  is  not  very  certain. 

SS.  Boiler’  efficiencies.  In  Fig.  9 the  lower  curves  show  the  amount  of 
eoal  burned  per  square  foot  of  grate  surface  at  the  corresponding  capacities 
and  efficiencies.  The  upper  curves  show  the  efficiencies  when  the  number  of 
pounds  of  coal  indicated  by  the  ordinate  produce  the  capacity  indicated  by 
the  abscissas. 


Fig.  9. — Boiler  efficiency. 


ft.  Combined  furnace  and  boiler  efficiencies.  The  table  below  gives 

the  pounds  of  water  evaporated  per  pound  of  coal,  and  the  pounds  of  coal 
required  per  boiler  h.p.  hr.  with  coals  of  various  heat  content  and  with 
boiler  installations  having  varying  combined  boiler  and  furnace  efficiencies. 


B.t.u. 
per  lb. 
dry  coal 

50% 

60% 

70% 

80% 

Evapo- 
ration 
per  lb. 
ooal 

Lb. 

Coal 

per 

boiler 

h.p. 

hr. 

Evap- 
oration 
per  lb. 
Coal 

Lb. 

ooal 

per 

boiler 

h?: 

Evapo- 
ration 
per  lb. 
coal 

Lb. 

coal 

per 

boiler 

h.p. 

gr. 

Evapo- 
ration 
per  lb. 
coal 

Lb. 

coal 

per 

boiler 

h.p. 

hr. 

8,000 

9,000 

10,000 

11,000 

12,000 

13.000 

14.000 
14,500 

4.142 

4.600 

5.224 

5.695 

6.213 

6.731 

7.249 

7.608 

8.33 

7.41 

6.60 

6.06 

5.56 

5.12 

4.76 

4.60 

4.971 

5.592 

6.269 

6.834 

7.456 

8.077 

8.698 

9.009 

6.94 

6.18 

5.50 

5.05 

4.63 

4.27 

3.97 

3.83 

5.799 

6.524 

7.314 

7.973 

8.698 

9.423 

10.148 

10.511 

5.96 

5.28 
4.72 
4.33 

3.97 
3.60 
3.40 

3.28 

6.627 

7.456 

8.359 

9.113 

9.941 

10.769 

11.598 

12.012 

5.20 
4.63 
4.13 
3.79 
3.47 

3.20 
2.98 
2.87 
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Efficiencies  at  head  of  oolumns  are  combined  boiler  and  furnaoe  efficiencies. 
Evaporation  is  given  in  pounds  of  water  “from  and  at"  212  deg.  Fahr.  per 
lb.  of  dry  coal.  The  heating  value  can  also  be  taken  for  coal  “as  fired** 
whence  the  “evaporation  per  lb.  of  coal"  and  the  “pounds  coal  per 
boiler  h.p.  hr."  will  elso  be  referred  to  coal  “as  fired."  This  latter  use 
of  the  table  will  contain  a slight  error  due  to  the  absorption  of  a portion  of 
the  heat  by  the  moisture  in  the  coal. 

*7.  The  failure  of  a furnace  to  burn  all  of  the  combustible  is  due 

to  two  principal  causes:  (a)  molecules  of  oxygen  are  not  brought  into 
contact  with  all  the  particles  of  combustible  material;  (b)  the  temperature 
may  be  too  low  for  ignition  when  they  are  in  contact.  The  first  condition  is 
f ound  where  some  of  the  fixed  carbon  in  the  lumps  of  coal  becomes  surrounded 
by  a coating  of  fused  ash,  so  that  the  air  never  reaches  it  during  the  time  that 
the  lump  is  upon  the  grate.  Another  cause,  in  the  case  of  bituminous  coal, 
is  the  lack  of  proper  mixture  of  the  volatile  matter  with  air.  The  second 
condition  is  found  as  a result  of  the  first,  if  streams  of  stratified  hot  com- 
bustible gas  and  air  leaving  the  furnace  are  brought  into  contact  with  the 
comparatively  cold  heating  surface,  they  will  quickly  be  chilled  below  the 
ignition  point,  and  will  sweep  through  the  boiler  without  further  combus- 
tion taking  place. 

18.  Water-tube  boilers  are  generally  rated  on  one  boiler  h.p.  for  each 
10  sq.  ft.  of  heat  surface : Scotch  marine  types  on  8 sq.  ft.,  and  norlsontnl 
return-tubulars  on  12  sq.  ft.  Superheater  surface  is  usually  based  on  a 
transmission  coefficient  of  5 to  8 B.t.u.  per  deg.  of  mean  temp,  difference  per 
sq.  ft.,  per  hour. 

An  empirical  formula  given  by  Bell  (Trans.  A.  8.  M.  E.,  May,  1907)  is, 
Sq.  ft.  superheating  surf,  per  boiler  h.p.  — 


<,  107V 

•"2  (tv-7V)-7v 


(ID 


The  temperature  of  gases  at  the  superheater  may  be  found  from  the  fol- 
lowing relations: 

S»  — superheater  surface  per  b.h.p.,  sq.  ft. 

-per  cent,  of  total  surface  passed  over  by  gases  before  reaching 
superheater. 

7V- superheat,  deg.  Fahr. 

TV  — saturated  steam  temp.,  deg.  Fahr. 

7V — temp,  of  gases  at  superheater,  deg.  Fahr. 

(0. 1728. +0.294)  (7V  - TV)®*«  - 1 (12) 

These  two  formula  are  based  on  the  following  assumptions:  constant  coeffi- 
cient of  heat  transmission;  furnace  temperature  2,500  deg.  Fahr.;  flue  tem- 
perature 500  deg  Fahr. ; steam  pressure  175  lb.  gage ; one  boiler  h.p.  equivalent 
to  10  sq.  ft.  of  heating  surface. 

29.  Boiler  design.  Sinco  the  efficiency  of  boilers  is  so  little  influenced 
by  the  disposition  of  heating  surface,  comparatively  little  original  designing 
can  or  should  be  done  outside  of  standard  forms.  For  central-station  work, 
the  water-tube  boiler  has  practically  the  whole  field,  the  specifications  for  a 
boiler  therefore  look  more  to  the  safety  and  reliability,  by  rigorous  attention 
to  materials,  than  to  the  actual  detailed  design.  The  management  of  the 
furnace  and  combustion  have  much  more  to  do  with  the  efficiency  of  a boiler, 
than  the  arrangement  of  heating  surfaoe. 

50.  Boiler  settings  have  become  moro  or  less  uniform  in  general  type. 

For  the  water-tube  boilers,  a steel  structure  or  skeleton  for  supporting  the 
boiler  proper,  the  brick  walls  being  merely  self  supporting,  is  now  usual  prac- 
tice. Common  red  brick  is  used  for  the  outer  walls,  a double-wall  construc- 
tion being  employed  tp  allow  for  the  differential  expansion  of  inner  and  outer 
surfaces  (on  account’  of  the  great  temperature  difference),  to  minimise  i 
radiation  by  interposing  dead  air  space,  and  to  reduoe  air  filtration.  Where- 
ever  the  temperature  exceeds  1,000  deg.  Fahr.,  fire-brick  is > employed. for  this 
inner  lining.  In  some  cases  silocel  and  other  insulating  materials  are  J 
employed  between  the  fire  brick  and  the  red  brick.  J 

51.  The  baffles  are  always  of  fire-brick,  of  various  special  shapes,  some- 
times backed  or  supported  on  the  cooler  side  by  cast-iron  bars  or  plates. 1 
Figs.  5 and  6 show  these  constructions. 
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M.  The  sotting  for  tubular  boilers,  generally  supports  the  boiler;  for 
internally  fired  boilers,  no  setting  is  required  (see  Figs.  2 and  3). 

IS.  The  computation  of  superheater  surface  is  much  complicated  by 
the  change  of  temperature  of  the  flue  gases  at  the  superheater  with  load  on 
the  boiler,  and  the  uncertainty  of  the  transmission  coefficient.  The  amount 
of  superheater  surface  installed  for  superheats  of  100  deg.  to  175  deg.  Fahr. 
miss  from  13  to  20  per  cent,  of  the  boiler  heating  surface.  Fig.  10  gives 
remits  of  actual  tests. 


14.  Uptakes  are  usually  allowed  0.03  to  0.04  sq.  ft.  of  cross-section  (flue 
erea)  per  rated  h.p.  of  boilers  attached.  Where  the  uptakes  are  very  1 ng 
this  allowance  should  be  increased,  or  the  loss  of  draft  will  be  excessive. 
Where  economisers  are  employed,  the  flues  are  best  made  of  brick  and 
combined  with  the  economiser  setting.  Otherwise  sheet-steel  ducts,  lagged 
with  asbestos  or  other  insulating  material,  are  cheaper  and  more  convenient. 
In  nearly  all  cases  the  uptakes  proper  are  made  of  steel.  It  is  not  necessary 
to  line  these  with  fire-brick  unless  the  flue  temperatures  exceed  700  de*r  a 
large  part  of  the  time;  with  properly  operated  boilers  this  condition  need  not 
•ecur.  Bends  in  uptakes  should  be  avoided,  if  possible,  but  where  necessary 
dould  be  of  large  radius;  sudden  changes  of  section  should  also  be  avoided. 

•I.  Flue  areas  are  based  on  a normal  velocity  of  25  to  40  ft.  per  second; 
aaximura  velocity,  60  to70  ft.  per  second.  The  breeching  area  of  water- 
Wbe  boilers  is  about  0.03  to  0.045  sq.  ft.  per  rated  boiler  h.p.  It  is  best  to 
be  generous  with  areas  wherever  possible  so  as  to  keep  the  draft  loss  low, 
specially  for  the  modern  high  rates  of  driving. 

Safety  valves  of  the  pop  type  are  now  always  used,  the  weigh ted- 
lerer  type  being  prohibited  by  law  in  most  cases.  There  are  two  principal 
desses:  low  lift.  in  which  the  rise  of  the  valve  is  from  0.04  in.  to  0.08  in. ; 
tod  high  lift,  in  which  the  rise  is  0.12  in.  to  0.16  in.  The  high-lift  valves 
have  been  much  more  widely  used  in  the  last  few  years.  Their  principal 
idvantage  is  greater  relieving  capacity;  their  possible  disadvantage  is  with 
dirty  or  hard  boiler  water,  pruning  and  throwing  of  water  from  the  valve. 

IT.  The  rule  of  the  U.  S.  Board  of  Supervising  Inspectors  of  Steam 
Vessels  in  regard  to  safety  valves  is  expressed  as  follows: 

A -0.2074  (^)  ' (13) 

where  A — safety-valve  disc  area,  in  sq.  in.,  per  sq.  ft.  of  grate  area 
under  boiler, 

W ■»  evaporation,  in  lb.  of  steam  per  hr.  per  sq.  ft.  of  grate  surfaefe, 
end  absolute  pressure,  in  lb.  per  sq.  in.  at  boiler. 

This  is  baaed  on  an  assumed  ratio  of  lift  to  diameter  of  valve  of  V? 
end  a 45  deg.  bevel  seat.  Real  discharge  capacity  is  not  considered,  ind 
the  rule  is  therefore  not  logical. 
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88.  Connection  of  safety  valves.  There  must  be  no  valves  between  the 
safety  valve  and  the  boiler  connection ; seats  and  valve  discs  must  be  of 
such  material  as  will  not  mat  together;  no  valves  are  allowed  in  the  discharge 
from  safety  valves;  in  fact  it  is  preferable  to  have  only  a muffler  on  the 
valve,  and  no  discharge  pipe  at  all. 

II.  Oage  glasses  of  the  ordinary  type  should  be  connected,  preferably, 
directly  to  the  steam  drum  and  protected  by  wire  gause  if  near  the  level 
where  firemen  or  others  are  working.  The  Klinger  type  of  gage  glass  with 
heavy  corrugated  plate  glass  and  brass  casing ds  much  safer,  but  more  oostly ; 
the  water  level  is  much  more  clearly  distinguished. 

40.  Quick-closing  gage  cocks  operated  by  chain  or  rod  are  now 
almost  universally  used.  The  gage  glass  and  blow-off  cocks  should  never 
be  so  arranged  that  the  fireman  must  stand  close  to  the  gage  glass  when 
“blowing  down.” 

41.  Manholes  provided  for  entry  to  boiler  drums,  preferably  in  the  heads 
where  they  least  affect  the  strength,  are  made  of  pressed  plate  steel  and  fitted 
from  the  inside  of  the  drum  against  a bumped  lip  or  saddle  in  the  drum  by 
means  of  one  or  two  bolts  made  fast  to  a aog  spanning  the  opening  on  the 
outside.  The  pressure  inside  the  boiler  keeps  tne  manhole  tight,  the  bolts 
being  used  only  to  pull  the  cover  to  a seat.  The  gasket  between  manhole 
cover  and  seat  is  of  asbestos,  lead  alloy  or  oorrugated  copper.  The  standard 
dimensions  are  11  in.  X 15  in. 

41.  Handholes  are  placed  in  mud-drums,  headers,  etc.,  which  are  too 
small  to  admit  the  body,  but  must  be  cleaned  and  inspected.  They  are  made 
In  the  same  manner  as  manholes,  but  the  dimensions  are  usually  4 in.  by  6 in. 
or  6 in.  by  8 in. 

48.  The  blow-off  should  be  connected  to  the  lowest  and  quietest  place 
In  the  boiler,  where  the  mud  and  scale  settle,  or  from  specially  designed 
chambers  in  which  the  sediment  is  induced  to  collect.  The  blow-off  pipe 
must  be  protected  from  the  fire,  as  it  has  normally  no  circulation  of  water  to 

Ctect  it.  Many  installations  have  been  made  with  a plug  cock  next  the 
er,  followed  by  a gate  valve  to  prevent  leakage.  There  are  now,  how- 
ever, one  or  two  successful  valves  on  the  market  which  do  not  require  the 
additional  gate  valve. 

44.  The  feed  pipe  should  enter  the  boiler  so  that  the  flow  is  in  the  direc- 
tion of  natural  circulation  in  the  boiler.  Outside  the  drums  the  feed  pipes 
are  generally  of  brass  to  eliminate  the  chance  of  a break  at  this  point  from 
oorrosion.  A cheek  valve  is  fitted  at  the  entrance  to  each  drum,  to  prevent 
water  flowing  back. 

48.  The  steam  gage  is  connected  to  the  steam  space  of  the  boiler,  to 
prevent  blocking  of  the  pipe  by  scale  or  mud.  A condensing  coll  should  be 
applied  to  prevent  hot  water  or  steam  from  getting  into  the  Bourdon  tube  of 
the  gage.  Thermometers  are  practically  never  used  as  a measurement 
of  steam  pressure,  except  on  tests,  but  are  much  more  reliable. 

48.  Pyrometers  are  used  for  measurement  of  flue  gas  temperature, 
leaving  the  boiler,  and  are  very  valuable  aids  in  checking  the  operation  and 
efficiency. 

47.  Safety  plugs  are  made  of  pure  Banoa  tin.  and  are  so  placed  that  the 
active  fire  will  play  upon  them,  or  at  least  in  the  first  pass  through  the  tubes. 
They  are  placed  about  10  or  12  in.  above  the  danger  limit  of  low  water; 
they  are  ordinarily  protected  by  the  water,  but  melt  in  case  the  level  f alls 
below  them.  The  fire  side  of  the  plug  must  be  kept  clean  of  soot,  or  it  may 
become  so  protected  as  to  be  inoperative. 

48.  Boiler  corrosion  is  caused  either  by  direot  oxidation  of  the  iron  by 
oxygen  dissolved  in  the  water  or  by  reaction  with  some  adds  present  in  the 
feed-water,  having  their  source  either  in  natural  acidity  or  from  the  products 
of  decomposition  of  impurities  introduced  into  the  feed.  Corrosion  by  oxida- 
tion is  the  more  important,  as  the  other  is  always  avoidable  by  proper  puri- 
fication of  feed  water.  Oxidation  goes  on  continuously  wherever  dissolved 
air  is  present,  and  is  much  increased  by  the  vibration  or  flexure  of  any  par- 
ticular point.  The  constant  bending  breaks  off  the  film  of  iron  oxides  formed 
by  the  process,  and  exposes  new  surface  to  be  attacked;  for  this  reason  pitting 
is  commonest  near  joints  where  the  flexure  of  some  one  portion  of  a plate 
is  apt  to  be  severe. 
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49.  Incrustation  is  caused  by  the  deposit  of  solid  matter  during  the  heat- 
ing iind  boiling  of  the  water.  It  may  be  merely  a mechanically  entrained 
impurity,  such  as  mud  and  sand,  or  it  may  be  the  result  of  precipitation  of 
various  salts  insoluble  in  hot  water,  or  by  super-saturation.  The  salts  of 
magnesia,  lime  and  iron  are  those  giving  most  trouble  in  boiler  water.  Some 
of  these  salts  are  soluble  and  cause  the  formation  of  scale  by  super-saturation; 
others  are  insoluble  in  hot  water  and  precipitate  as  the  water  is  heated. 

60.  Treatment  of  feed  water.  The  principal  salts  are  iron,  calcium 
and  magnesium  carbonate,  bicarbonates,  and  sulphates.  The  bicarbonates 
arc  usually  decomposed  by  boiling.  The  general  method  of  treatment  is  by 
adding  lime  (CaO),  and  sodium  carbonate  (NaaCOj)  called  in  the  impure 
commercial  form,  soda  ash. 

51.  Removing  the  precipitation.  Where  the  character  of  the  water  or 
the  plant  layout  does  not  allow  the  treatment  in  a separate  purifying  sys- 
tem, these  reagents  are  added  in  the  boiler  feed,  and  the  precipitation  takes 
place  in  the  boiler,  assisted  by  the  heat.  The  main  object  in  this  case  is  to 
precipitate  the  salts  as  soft  scale,  or  mud,  in  order  that  it  may  be  readily 
blown  out.  Periodic  cleaning  with  some  kind  of  mechanical  cleaner  is  neces- 
sary, however,  even  with  feed-water  treatment,  as  some  of  the  hard  salts  are 
bound  to  stick,  especially  in  the  hardest  worked  tubes  over  the  hottest  fires. 

52.  Periodic  inspection  of  boilers  is  in  itself  a good  preventive  of  acci- 
dent. The  straight  tube,  water-tube  boilers  lend  themselves  most  readily  to 
thorough  inspection,  os  every  part  can  be  seen,  and  the  whole  of  the  shells 
can  be  hammer  tested. 

53.  Boiler  insurance  covers  the  possible  damage  done  by  boiler  explosion. 
The  boiler  insurance  companies  exercise  a vigorous  and  valuable  control  over 
the  manner  of  operation  of  boilers,  and  by  their  frequent  enforced  inspection, 
prevent  little  flaws  from  becoming  disastrous  weaknesses. 

54.  Cleaning.  Those  operations  which  make  for  safety  in  the  boiler 
generally  aid  efficiency.  A good  rule  is  never  to  allow  more  than  in.  thick- 
new  of  scale  to  collect;  and  to  overhaul  thoroughly  every  part  of  the  boiler 
twice  a year.  In  a well-operated  plant,  with  moderately  good  water,  this 
generally  means  cleaning  20,000- 
the  two  row's  of  tubes  near- 
est the  fire  about  once  a 
month,  and  the  remainder 
of  the  boiler,  twice  annu- 
ally. It  generally  pays, 
both  in  safety  and  effi-  £i2,000 
(«ency,  not  to  use  water  ^ 
requiring  more  frequent  © 
deaning  of  the  boiler  than  R 
bst  stated,  but  instead  to 
Purify  the  water  in  separate  £ 
apparatus. 

65.  The  removal  of 
•oot  from  the  outside  of 
the  tubes  is  usually  re- 
paired once  a day  in  well- 
operated  plants;  but  for 
«gh  rates  of  forcing,  and 
specially  for  low-grade 
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Boiler  Horse  Bower 

Fio.  11. — Cost  of  water-tube  boilers. 


Rds  requiring  heavy  blast,  the  interval  may  be  shortened  to  once  every 

eight  hours. 

55.  As  far  as  possible,  all  conditions  about  a boiler  should  be  kept 
uniform— water  level  constant,  feed  supply  steady,  draft  well  regulated,  and 
firing  (either  by  hand  or  stoker)  uniform.  The  use  of  draft,  pressure,  steam- 
flow  indicators  or  feed  meters,  is  always  valuable  in  this  connection.  Changes 
of  load  should  be  anticipated  by  gradual  changes  in  the  running  of  the  boiler, 
since  sudden  alterations  of  draft  or  feed  not  only  cause  strains  in  the  boiler, 
but  loss  of  efficiency,  thus  disturbing  the  normal  operation  of  the  fire  and 
flow  of  steam. 

57.  Boiler  costs.  Fig.  1 1 shows  the  variation  in  total  cost  of  water-tube 
boilers  of  the  B.  <fc  W.  or  Stirling  types.  The  cost  remains  practically  con- 
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st  ant  at  $22.00  to  $25.00  per  h.p.  This  is  partly  due  to  the  fact  that  most 
of  the  smaller  boilers  are  built  for  lower  pressures  than  the  larger  units.  If 
all  were  built  for  high  pressures,  say  200  lb.  gage,  the  cost  would  follow 
approximately  the  rule  given  below  (Jan.,  1021). 

Cost  in  dollars  = 950  -f  18.6  X (rnt<  d h.p.)  for  boiler  alone.  (14) 


68.  The  average  setting  cost  for  300-h.p.  to  600-h.p.  units  is  $5.50  per 

h.p.,  ana  varies  little.  The 
delivered  price  is  approxi- 
mately 71  per  cent.,  the 
erection  coet  9 per  cent., 
and  the  setting  20  per  cent, 
of  the  total  cost,  which 
remains  very  nearly  con- 
stant at  about  $25.00  per 
h.p.  for  horisontal  water- 
tube  boilers  between  300 
h.p.  and  750  h.p.  (Jan.,  1921). 

69.  The  coat  of  vertical 
water-tuba  boilers  aver- 
ages 10  per  cent,  less  than 
horisontal  water-tube  boil- 
ers. The  coet  in  dollars  = 
950  4*  18  X (rated  h.p.),  for 
Boiler  Bor.6  1'owcr  vertical  water-tube  boiler. 

Fia.  12. — Cost  of  fire-tube  boilers.  (delivered  only). 


60.  The  corresponding  costs  of  fire-tube  boilers  are  given  in  Fig.  12. 


. FURNACES  AND  STOKERS 

61.  Principles  of  combustion : Referring  to  Fig.  13,  a stream  of  oxygen 

is  shown  ascending  past  a piece  of  white-hot  oarbon-^-say  a piece  of  cobs, 
or  a piece  of  anthracite  having  practically  no  volatile  matter.  Provided 
the  temperature  of  the  coke  is  high  enough,  oombustion  takes  place  to  COs 
and  CO,  the  former  predominating.  Now  suppose  this  stream  of  CO  and 
COi  flows  past  more  incandescent  coke  with  little  or  no  oxvgen  in  the  im- 
mediate neighborhood.  Some  of  the  CO*  will  combine  with  the  incandes- 
cent C and  reduce  to  CO.  This  combustible  gas  now  flows  on  till  it  finds 
more  oxygen,  and  is  then  burned  to 
CO*.  This  oxidation  and  reduction 
may  go  on  reversing  many  times  dur- 
ing the  travel  of  the  stream  through 
the  bed  of  coal  to  the  top  of  the  fire, 
and  the  burning  of  CO  to  COi  by  con- 
tact with  the  needed  oxygen  is  evi- 
denced by  the  familiar  blue  flame  of 
anthracite  coal  fires. 

62.  With  bituminous  or  semi- 
bituminous  coals,  there  are  two  dis- 
tinct phases  in  the  combustion  process: 
first,  on  heating,  the  distillation  and 
burning  of  the  volatile  hydrocarbons, 
leaves  behind  a mass  of  porous  coke; 
second,  the  burning  of  this  coke  takes 
place  exactly  as  the  anthracite  is 
burned.  The  distillation  of  the  vola- 
tile matter  introduces,  therefore,  a 

f>eriod  during  which  the  coal  absorbs 
icat  instead  <>f  giving  it  out.  The  extra 
volume  of  gas  given  off  requires  a freer  supply  of  air  than  the  hard-coal  fire. 

63.  The  two  great  requirements  for  efficient  combustion  are : (a) 
thorough  "scrubbing"  of  the  <-oal  (or  ooke  and  volatile  gases)  with  the  right 
amount  of  air,  so  tnat  each  particle  of  i-ombustible  receives  its  necessary 
oxygen  within  the  smallest  possible  space  of  time;  (b)  the  maintenance  of 
both  air,  gases,  and  coke  at  a temperature  above  the  ignition  point. 
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•4.  Types  of  furnace  and  stoker:  Hand  firing  always  necessitates  a 

horizontal  or  slightly  inclined  grate,  so  that  coal  may  be  fired  through  open 
doors  all  over  the  surface  of  the  grate;  most  of  the  air  is  fed  through  the  fire 
from  below  the  grate.  In  the  case  of  anthracite  practically  no  air  is  admitted 
over  the  fire,  because  the  compact  nature  of  the  small  sises  of  anthracite  makes 
the  use  of  air  blast  generally  a necessity,  and  more  than  enough  air  can  be 
supplied  from  below  the  grates.  With  bituminous  coal,  not  enough  air  can 
be  supplied  from  below,  and  some  must  be  admitted  by  way  of  the  fire  doors' 
or  other  openings  for  the  purpose  above  the  fire.  The  required  reverbera- 
tory action  for  soft  coals  must  be  obtained  chiefly  by  methods  of  firing. 
Regenerative  action  can  be  improved  by  the  use  of  Dutch  oven  furnaoes,  in 
which  the  whole  furnace  is  roofed  over  with  fire-brick,  which  reflects  heat 
instead  of  absorbing  it,  raising  the  temperature  of  the  furnace.  The  soft-coal 
furnaces  should  always  have  as  high  a combustion  chamber  as  possible,  but 
with  anthracite  coals  18  in.  is  sufficient  Fig.  14  shows  one  type. 


fi.  The  overfeed  stokers  are  those  in  which  coal  is  fed  somewhat  in  the 
manner  of  hand  firing;  green  coal  is  pushed  in  at  one  end,  or  side  of  the  com- 
bustion chamber,  coked  under  a combustion  arch,  and  finally  burned  to  ash 
in  a continuous  progress  across  the  furnace,  the  combustion  of  fixed  carbon 
taking  place  upon  the  grates.  The  best  known  inclined  types  are  the  Roney, 
Murphy,  Model,  Detroit  and  Wetzel.  Fig.  15  shows  the  Roney  type;  coal 
is  fed  in  at  the  top  and  worked  down  by  gravity  and  the  continual  rocking 
of  the  grate  bars. 

M.  The  chain  grate  types  are  the  B.  & W.,  Green,  Coxe,  Illinois, 
etc.  Fig.  16  shows  a typical  chain  grate. 

17.  The  underfeed  stokers  supply  coal  from  below  the  fire,  coke  it  as  it 
approaches  the  incandescent  top  bed,  and  drive  the  gases,  along  with  the 
bust  air,  through  the  white-hot  coke  on  top.  No  combustion  arches  are 
required  and  there  are  no  grate  bars,  strictly  speaking,  as  little  or  no  com- 
bustion takes  place  on  iron — only  upon  a bed  of  coal. 

€8.  Types  of  underfeed  stokers.  The  Jones  was  the  original  of  this 
type,  followed  by  modifications  utilizing  gravity  as  well;  the  earliest  one 
of  the  latter  type  is  the  Taylor,  followed  by  the  Riley  and  the  Westinghouse 
underfeeds.  Lately,  extension  grates  of  the  overfeed  type  and  continuous 
dumping  devices  have  been  incorporated  in  this  type  of  stoker,  lowering 
the  combustible  content  in  the  ash,  and  reducing  the  operating  labor. 
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ft.  Grates  for  hand  fires  ere  of  three  types.  stationary,  shaking  and 

damping.  Stationary  bare  are  of  three  principal  forms:  (a)  plain  girder- 
shaped straight  bars,  spaced  from  each  other  £ in.  or  f in.  by  lugs,  lor  air 
■upply;  (b)  herringbone  bars — two  straight  girder  bars  about  4 in.  to  6 in. 
apart,  cast  with  herringbone-shaped  tie  ribs;  (c)  pinhole  bars,  for  burning 
sawdust,  fine  dust  and  culm,  tan  bark  and  similar  materials.  Rocking 
nod  »h airing  grates  are  made  in  a multitude  of  variations  of  these  simpler 
forms;  and  are  so  arranged  that  die  bars  may  be  rocked  in  groups,  to  aid  in 
cleaning  the  fire,  or  overturned  to  dump  entirely. 

70.  Band  stoking  of  hard  coals  is  done  in  the  following  manner.  Coal, 
generally  of  small  sise  (No.  2 or  No.  3 buckwheat),  is  thrown  well  over  the 
fire,  and  maintained  about  6 in.  to  8 in.  thick  ana  under  considerable  blast 
(1.5  in.  to  2.5  in.  of  water).  As  fast  as  a hole  blows  through  any  portion, 
it  is  covered  with  fresh  coal.  This  implies  frequent  firing,  and  in  order  to 
minimise  the  inrush  of  cold  air  at  open  fire  doors  some  form  of  balanced 
draft  is  very  desirable.  Portions  of  tne  fire  are  allowed  to  burn  out  and  are 
then  dumped  bodily  and  fresh  fire  raked  over  the  bare  grate.  With  shaking 
grates  the  dumping  periods  may  be  farther  apart — 4 to  8 hr.,  depending  on 
the  coal  and  rate  of  firing,  as  part  of  the  ashes  are  removed  at  more 
frequent  intervals  by  shaking  the  grate  without  opening  die  fire  doors. 

71 . Bituminous  coal  can  be  hand  fired  in  two  ways : the  alternate  and 
the  coking  methods.  In  the  first  method,  one  side  of  the  fire  is  at  the  period 
of  hottest  combustion  while  firing  green  coal  on  the  other,  to  provide  the 
necessary  heat  to  volatilise  and  ignite  the  large  volume  of  gas  given  off.  When 
this  green  coal  has  finished  giving  off  gas  and  becomes  well  coked  and  white 
hot,  the  other  side,  now  burned  out,  is  fired.  In  the  coking  method,  the  front 
part  of  the  grate  near  the  fire  doors  is  made  solid  and  is  called  the  dead 
plate;  green  coal  is  fired  upon  this,  under  a coking  arch , and  receives  enough 
neat  from  the  main  body  of  the  fire  and  from  this  arch,  to  become  coked. 
The  gas  thus  given  off  passes  out  from  the  coking  arch  over  the  hot  part  of  the 
fire,  u mixed  with  air  admitted  over  the  fire,  and  thus  ignited.  The  green 
coal,  now  coked,  is  pushed  back  over  the  hot  part  of  the  fire.  As  portions 
burn  out,  they  are  dumped  and  fresh  coke  raked  over  the  bare  grates.  There 
are  many  variations  in  the  manner  in  which  these  operations  are  performed, 
depending  on  the  kind  of  coal.  One  man  can  ordinarily  take  care  of  one 
boiler  up  to  600  h.p.,  or  two  boilers  at  the  utmost. 

71.  Automatic  stoking  in  the  overfeed  type  occurs  almost  in  the  same 
order  as  the  hand  firing  of  bituminous  coal,  except  that  all  the  processes, 
feeding,  ooking,  segregation  of  ash,  and  sometimes  dumping,  are  done  by 
power  and  are  continuous,  instead  of  intermittent.  The  advantage  in  avoiding 
irregularity  in  the  processes  is  obvious. 

78.  Automatic  stoking  in  the  underfeed  type  requires  no  regenerative 
devices  in  the  furnace  (such  as  the  coking  arch),  since  the  gases  and  the 
air  are  mixed  by  passing  through  the  bed  of  coal  together  and  are  finally 
heated  by  direct  contact  with  the  incandescent  coke,  before  issuing  into  the 
furnace.  The  underfeed  stokera  are  capable  of  almost  unlimited  forcing 
without  serious  loss  of  furnace  efficiency,  and  are  much  lower  in  mainte- 
nance costs  than  the  overfeed  types,  as  no  hot  fire  is  carried  on  cast-iron 
parts. 

74.  Maintenance  oosta  of  stokers.  The  following  costs  applied  in 
1914,  but  should  be  doubled  for  1920-21  conditions.  The  maintenance  of 
Roney  stokers  with  good  ooal,  varies  from  about  $0. 10  to  $0. 12  per  ton  fired; 
the  Murphy,  Model,  Detroit,  Wetsel  and  Wilkinson  vary  from  $0.11  to 
10.14,  the  higher  cost  being  due  to  the  use  of  lon^  bars  in  the  fire,  which  are 
injured  only  in  about  the  lower  third,  necessitating  the  scrapping  of  about 
two-thirds  of  the  bars  practically  uninjured.  With  the  Roney  finger  grate, 
tke  parts  actually  in  the  fire  are  separately  removed,  and  consequently 
the  efficiency  of  use  of  the  metal  is  higher.  Chain-grate  stokers  are  com- 
parable in  maintenance  with  the  Murphy  type.  Jones  stokers  require 
about  $0.04  to  $0.06  per  ton  fired  for  maintenance,  and  the  Taylor  stoker 
from  $0,025  to  $0.04  depending  on  the  coal.  Highly  volatile  coals,  which 
must  be  fired  thinner  on  account  of  clinkering,  use  up  more  iron,  as  the  heat 
ia  nearer  to  the  fingers  and  retorts. 

7$.  Stoker  labor.  One  stoker  operator  to  each  four  stokers,  and  one 
eoal  passer  to  rake  up  siftings  for  each  five  stokers  is  good  practice  for  the 
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Ronev  type.  The  size  of  the  stoker  makes  comparatively  little  difference, 
and  hence  the  larger  the  stoker  the  better.  One  stoker  operator  for  6 
stokers,  and  one  coal  passer  for  raking  siftings  to  6 stokers,  is  good  practice 
for  the  Green  or  B.  & w.  types.  One  stoker  operator  to  15  stokers  is  needed 
for  the  Riley  and  similar  types  but  no  coal  passers,  as  there  arte  no  siftings. 
The  Jones  type  requires  about  the  same  labor  as  the  Roney  as  the  ashes  must 
be  raked  out  by  hand. 

76.  The  rate  of  combustion  for  hand  fires  is  normally  10  lb.  to  12 

lb.  of  coal  per  sq.  ft.  of  grate  for  anthracite,  and  15  lb.  to  20  lb.  for  bituminous 
coals.  Under  forcing  the  rate  may  go  as  high  as  80  lb.  per  Bq.  ft.  of  grate, 
with  forced  draft.  For  power  plants  the  usual  maximum  is  40  lb.  to  50  lb. 
of  soft  coal. 

77.  Natural  or  chimney  draft  is  common  for  bituminous  coals. 

On  hand  fires  0.3  in.  to  0.6  in.  water  draft  at  the  breeching  will  generally 
produce  rated  capacity  from  the  boiler;  0.3  in.  draft  at  the  breeching  will 
produce  rated  capacity  on  the  overfeed  slope-grate  types  with  high  percent- 
age of  air  space  (35  per  cent,  to  45  per  cent.).  With  the  restricted  types 
(Wilkinson)  and  the  cnain-grate  stokers,  where  the  air  space  is  only  8 percent, 
to  15  per  cent.,  the  required  draft  to  produce  rating  is  usually  0.4  m.  to  0.5  in. 

78.  Forced  draft  with  underfeed  stokers  and  anthracite  hand  fires 
is  practically  a necessity,  as  the  resistance  through  the  fires  is  very  much 

rjatcr  (Par.  80).  The  small  sices  of  anthracite  pack  very  closely,  and  in 
in.  or  8 in.  thickness  may  offer  as  much  as  1 in.  to  2 in.  difference  of 
pressure  above  and  below  the  fire.  In  the  underfeed  stokers  the  fire  is 
much  thicker  than  in  the  overfeed  type  (the  latter  is  about  the  same  as 
hand-fired  bituminous  grates  or  10  in.  to  14  in.),  or  usually  about  2 ft.  6 in. 
or  3 ft.  thickness  of  fuel  bed. 


79.  The  amount  of  air  required  varies  with  the  volatile  content  of  the 
coal.  The  combustible  constituents  are  carbon,  hydrogen  and  sulphur. 
As  far  as  heat  and  air  supply  are  concerned,  the  carbon  and  hydrogen  alone 
are  important,  the  sulphur  seldom  exceeding  3 per  cent,  being  low  in  heat 
value. 


C + Ot-COt 
2Ht+0,«2H*0 


(15) 


2 vol.  1 vol.  2 vol. 


(16) 


The  combining  weights  are  in  the  proportions  of  the  molecular  weights, 
so  that  12  lb.  C +32  lb.  Cb-44  lb.  COt  (17) 

1 lb.  C-Hl  lb.  Oi  = H lb.  COi-3.67  lb.  COi  (18) 

Air  is  20.9  per  cent  Oi  and  79.1  per  cent.  N by  volume,  and  23.6  per  cent.  Ot 
and  76.4  per  cent.  N by  weight,  so  that,  as  1 lb.  C requires  2.67  lb.  Os,  it 
will  require  <7  $8*  X 2.67  = 11.30  lb.  of  air  per  lb.  of  carbon.  Similarly, 
hydrogen  requires  34  lb.  of  air  per  lb.  Then  the  air  required  per  lb.  of  any 
coal  will  be  given  by 

(fraction  C per  lb.)  X 11.3  + (fraction  H per  lb.)  X 34 —lb.  (19) 

air  required  per  lb.  of  coal. 

The  theoretical  amount  cannot  be  used  because  mixing  is  imperfect. 
Usually  18  lb.  of  air  per  lb.  of  coal  are  supplied  for  underfeed  stokers  and  20 
lb.  to  24  lb.  for  overfeed  and  band  fires. 

80.  Automatic  damper  regulators  are  used  to  maintain  substantially 
constant  boiler  pressure  under  variable  load.  A diaphragm  operated  by 
steam  pressure  controls  a pilot  valve  admitting  water  or  oil  under  suitable 

f>ressure  to  a cylinder  which  in  turn  operates  the  damper  lever.  If  increase  in 
oad  causes  drop  in  pressure,  the  diaphragm  and  pilot  cause  the  pressure 
cylinder  to  open  the  damper  wider,  increasing  the  draft  and  the  rate  of  com- 
bustion, thus  making  more  steam  to  recover  the  proper  steam  pressure;  and 
vice  versa.  This  device  may  be  employed  in  the  stack  or  breeching  for 
natural  draft;  or  it  may  control  the  fan-engine  throttle  for  forced  or 
induced  draft,  producing  the  same  results. 

81.  In  the  balanced-draft  systems,  a steam  pressure  regulator  con- 
trols the  forced-draft  fan,  and  a combustion-chamber  pressure  regulator  con- 
trols the  stack  damper  or  induced-draft  fan,  so  as  to  maintain  zero  pressure 
difference  over  the  fire.  This  is  specially  advantageous  for  hand  firing,  as  the 
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fire  doors  may  be  opened  and  shut  without  a rush  or  cold  air  over  the  fire. 
It  is  also  a convenience  with  any  forced-draft  stoker. 

fit.  The  accessories  of  the  automatic  stoker  consist  of  the  forced-draft 
ho  (if  required),  the  stoker  engine,  and  usually,  for  overfeed  stokers — a 
dice  bar  and  a poker,  needed  occasionally  for  obstinate  clinkers.  In  the 
later  types  of  underfeed  stokers,  automatic  dumping  devices  are  attached, 
vhirh  eliminate  the  need  of  hand  manipulation  of  the  fire  almost  altogether 
(Fig.  5). 

fifi.  The  stoker  engines  required  with  all  stokers  except  the  Jones  and 
the  Wilkinson,  may  be  of  any  standard  type.  The  slope-grate  overfeed 
Sokers  require  about  1.5  to  2 h.p.  per  stoker,  the  highest  being  for  the  largest 
e*es — say  150  in.  in  width.  Chain  grates  require  2 to  3 h.p.;  underfeed 
Sokers,  3.5  to  4 h.p.  per  stoker.  The  Riley  requires  about  0.4  h.p.  per  retort. 
The  Jones  type  baa  a steam  cylinder  attached  individually  to  each  plunger 
sad  requires  no  other  drive.  The  Wilkinson  type  generally  has  a hydraulic 
cylinder  operating  each  stoker. 

84.  Furnace  efficiency  is  defined  in  Par.  S4.  Its  value  for  hand  fires 
may  be  brought  up  to  94  or  95  per  cent,  hut  seldom  runs  higher  than  88 
per  cent,  in  regular  operation.  Automatic  stokers  can  be  made  to  operate  at 
efficiencies  as  high  as  96  to  97  per  cent.  It  is  a question  chiefly  of  adequate 
sir  supply,  intimate  mixture  of  gases,  and  high  temperature. 

fifi.  Flue-gas  analysis.  The  Orsat  apparatus  is  the  simplest  and  com- 
aoaest  means  of  analyzing  flue  gases,  it  appears  in  several  forms,  all  of 
vbich  employ  some  form  of  graduated  glass  gas-measuring  chamber,  usually 
vtterjacketed,  and  has  means  for  exposing  tne  sample  of  gas  successively  to 
•olutioos  of  potassium  hydroxide,  potassium  pyrogallate,  and  cuprous  chlor- 
ide (generally  the  acid  solution),  for  removing  COi,  Oj  and  CO,  respectively. 

The  gas  is  returned  to  the  measuring  chamber  after  each  absorption, to  meas- 
ure die  reduction  of  volume.  Several  automatic  machines  have  been  devised 
for  measuring  and  recording  COa  content  in  flue  gases  continuously;  but 
it  is  now  well  known  that  COa  measurement  alone  is  an  insufficient  indica- 
tion of  boiler  efficiency.  Flue  temperature  and  sometimes  the  full  gas  anal- 
jrais  are  desirable.  The  absorption  of  CO  is  particularly  troublesome,  as  a 
rule,  because  the  cuprous  chlonde  must  be  used  fresh,  and  is  apt  to  throw  off 
the  absorbed  CO  if  diluted;  this  also  may  happen  in  the  Elliott  apparatus. 
The  Blliott  apparatus  differs  from  the  Orsat  in  using  long  burettes  and 
pipettes  for  greater  accuracy,  and  the  pouring  of  the  absorbents  through  tlfe 
absorbing  chamber  by  hand:  also,  an  explosion  pipette  for  measuring  the 
xnburned  hydrocarbons  is  added.  The  Hempei  apparatus  is  still  more 
accurate  and  refined,  but  is  strictly  a piece  of  laboratory  apparatus.  The 
Orsat  type  is  made  in  easily  portable  form  for  use  at  the  boiler. 

fifi.  Smoke  consists  chiefly  of  unburned  carbon  suspended  in  the 
foe  gases;  it  may  be  in  the  form  of  particles  of  unburned  coke  blown  up  from 
fire  by  heavy  driving  or  high  blast,  or  in  the  finely  divided  lamp-black 
form,  developed  by  the  breaking  up  of  hydrocarbon  gases,  deficient  in  air,  and 
upoeed  to  high  temperature.  The  latter  form  is  chiefly  indicative  of  bad 
combustion;  the  cure  consists  of  thorough  mixing  of  volatile  matter  and 
air  in  the  furnace,  and  the  maintenance  of  a high  temperature  of  this  mixture 
until  combustion  is  complete,  or  in  other  words,  until  there  is  no  more  flame. 
Ifiio  far  as  any  furnace  or  method  of  firing  accomplishes  these  two  things,  in 
Uut  degree  it  will  be  smokeless. 

fiT.  Specifications  for  stokers  should  cover  the  following:  (a)  general, 
ud  terms  of  delivery  and  erection;  (b)  drawings  of  stokers  ana  dimensions  of 
toilers  to  which  they  are  to  be  attached;  (c)  operating  conditions  of  boilers 
rating;  (d)  general  description  of  stokers;  (e)  dampers,  doors,  drive, 
aad  labor  used;  (f)  fan  requirements,  foundations,  air  ducts  and  brickwork: 
(t)  tests  and  operating  conditions  for  tests,  including  full  description  ana 
Poximate  analysis  of  coal  to  be  used;  (h)  guarantees,  capacity,  efficiency, 
labor  to  operate,  gas  analysis,  smoke,  maintenance;  (i)  time  of  shipment, 
{rice  and  terms  of  payment;  (j)  detailed  description  of  stoker  and  all  parts. 

fifi.  The  cost  of  automatic  stokers  per  rated  h.p.  of  boiler  (May, 
1520)  varies  but  little  with  size,  as  most  of  the  stokers  are  made  up  of  parts 
ach  that  increase  in  size  means  merely  increase  in  unit  structure.  The 
Fire  is  given  delivered  but  not  erected,  although  superintendence  of  erco- 
ton  is  included;  common  labor' for  erection  is  furnished  by  the  purchaser. 
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The  cost  of  Roney  and  other  step-grate  stokers  is  from  $6.50  to  $8.00  pee 
rated  boiler  h.p.,  average  $7.50;  chain  grates,  $13.00  to  $20.00,  average 
$16.00;  underfeed  (Jones  type),  $7.00  to  $11.00,  average  $8.50;  underfeed 
(gravity  plunger),  $12.00  to  $16.00,  average  $14.50. 


89.  The  forcing  capacity  of  these  different  types  is  extremely  variable; 
the  overfeed  step-grate  types  usually  cannot  exceed  200  per  cent,  of  rating; 
the  ohain  grates  are  about  the  same.  The  underfeed  types  are  readily 
reaching  800  per  cent,  and  over.  The  coet  per  rated  h.p.  is  therefore  no^ 
entirely  fair  as  the  sole  criterion. 

90.  Coat  figures  from  a very  large  stoker  installation  using  three  types 
arc  as  follows,  complete  with  blowers  and  stoker  drive  (1920). 


Rating 

Coat  per  h.p. 

Rating 

Cost  per  h.p. 

Step  grate 

C hain  grate  with  blast... 
Gravity  underfeed 

100% 

100% 

100% 

$7.00  to  $7.50 
$16.00 
$14.00 

200% 
266%  1 
325% 

$3. 50  to  $3  75 
$6.00 
$4.00 

The  weight  of  the  step-grate  stokers  is  about  500  to  550  lb.  per  rated  boiler 
h.p.;  ohain  grates,  1,300  to  1,400  lb. ; underfeed  types  (gravity),  550  to  6301b. 

CHIMNEYS 

91.  Chimney  draft  is  based  upon  the  difference  of  specific  gravity  of 
cold  air  and  heated  air.  The  column  of  warm  air  in  the  chimney  exerts 
a pressure  per  sq.  ft.  at  the  base  of  hy,  where  h is  the  height  in  feet  and  y is 
the  density  of  hot  gases  in  lb.  per  cu.  ft.  The  pressure  of  the  outside  air  for1 
the  same  height  is  hy *,  where  -vt  is  the  density  of  cold  air  in  lb.  per  cu.  ft 
The  motive  force  is  therefore  the  difference  of  these  two,  or  h(yt—yi),  in  lb. 
per  sq.  ft. 


Total  Output,  B.H 

Fio.  16a. — Draft  loss  in  flues  and  stacks. 

92.  Formula  for  chimney  draft.  For  ordinary  use, 

Di  - 0.255  PJt  (»> 

Where  H ■■  height  of  chimney  in  ft.,  D\  — intensity  of  draft,  inches  of  water,  T t 
- absolute  Fahr.  temp,  of  chimney  gases,  T*  — absolute  Fahr.  temp,  of  outside 
air,  and  Pt  — observed  barometric  pressure,  ins.  mercury. 
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93.  Draft  required.  The  required  draft  is  difficult  to  compute  accurately, 
ance  it  is  made  up  of  the  sum  of  draft  losses  for  accelerating  the  gases, 
friction  loss  through  boiler,  flues,  and  stack,  and  loss  of  head  at  each  change 
of  section,  turn,  and  air  leakage  into  the  system.  Fig.  16a  shows  the  draft 
loses  which  should  ordinarily  result  in  normal  design,  from  the  boiler, 
breeching  on,  and  also  indicates  the  flue  velocities  for  computing  areas.  The 
fUck  velocities  should  run  1400  to  1500  feet  per  min. 

94.  Boiler  draft  loss.  Fig.  166  shows  the  draft  required  from  furnace  to 
breeching,  for  stokers  using  forced  draft,  and  is  based  on  0.1  in.  draft  over 
the  fire;  the  blast  pressure  does  not  affect  the  problem,  in  this  case.  Fig. 
17  showB  the  draft  required  between  ash-pit  and  breeching,  for  hand-fires, 
iftd  stokers  using  natural  draft. 

The  draft  loss  through  economisers 
varies  from  0.25  in.  to  0.75  in. 


1.4 


99.  Total  draft.  The  total  draft 
till  be  the  sum  of  the  draft  required 
lor  Sues,  etc.,  from  Fig.  16a,  and  that 
required  for  the  boiler  at  maximum 
rate  of  driving,  from  Fig.  166,  or  Fig. 
17.  Formula  20  may  be  rewritten, 
(or  convenience  in  solving  for  H, 

a roi\  <21) 


1.2 


be 

.5  0.8 


0 


m 


0.6 


Di  will  be  the  total  draft  found 
ibove,  and  H the  corresponding 
height.  The  figures  thus  obtained 
nil  be  on  the  safe  side,  a very  de- 
niable condition  for  the  draft  sys- 
em.  A draft  system  made  too 
mall  is  an  exasperation  in  operating 
ad  an  expensive  thing  to  correct, 
specially  now  that  the  tendency  is 
iwaya  toward  higher  forcing. 


*0.4 

£ 

P 

0.2 


A:- For  12-hi^h  Cross-bafflt 
2 and  3-pa3s  B.&W.,Vertics 
B:-For  16-hifiJh  3-pass  Crosj 

V 

baffle,  12-high  4-pass,  and  j 
all  longitudinal  Baffles,  l 
such  as  Stirling,  Heine, /l] 

etc. 

/a 

-p.l  in.  over 
in  all  cases 

fire 

100 


200  300 

Per  Cent  Rating 


350 


Fig.  166. — Draft  loss  through  boilers. 


99.  Stack  capacity.  > It  will  be  noted  that  the  old  method  of  rating  in 
ip.  is  not  employed;  it  is  much  better  to  design  the  stack  on  a gas  basis.* 
for  most  purooses,  500  cu.  ft.  of  hot  gases  per  pound  of  coal  (50  per  cent, 
ttteas  air,  600  deg.  Fahr.^  is  a perfectly  safe  basis. 

Prom  the  toted  weight  of  coal  burned  per  hour,  the  total  gases  per  minute 
an  be  obtained ; dividing  by  the  velocities  given  in  Par.  93  and  Fig.  16a,  will 
live  the  stack  and  flue  areas  required. 

ft.  Chimneys  are  built  of  the  following  materials : 

(a)  red  brick,  fire-brick  lined;  (b)  radial  buff  brick,  fire-brick  lined;  (c) 
irinforced  concrete,  lined;  (d)  steel  plate,  lined;  (e)  steel  plate,  unlined. 
For  natural  draft,  the  radial  brick,  the  lined  steel  plate  and  the  concrete 
types  of  chimney  are  in  general  use. 

98.  Brick  chimneys.  The  red-brick  chimney  cannot  be  less  than  0.7 
ft  thick  st  the  thinnest  portion;  in  other  respects  it  is  designed  for  stability 
feninst  a wind  pressure  of  50  lb.  per  sq.  ft.  and  against  crushing.  The  walls, 
wwefore,  are  always  thicker  at  the  bottom,  and  the  stack  is  tapered.  This 
type  is  not  often  used  for  power  stations.  Radial-brick  chimneys  may  be 
998  ft.  thick  at  the  thinnest  part,  as  the  brick  is  specially  moulded;  the 
Boa-section  is  always  circular,  and  tapers  in  the  same  manner  as  red-bnek 
damneys.  Brick  chimneys  are  the  must  durable  of  all  the  types.  The 
fee-brick  portions  of  lining  need  be  carried  up  only  30  ft.  above  the  grates. 

•9.  Steal  chimney  have  the  advantages  of  lightness  and  strength,  but 
dice  they  are  better  conductors  of  heat,  must  be  lined  with  brick  for  heights 
trer  75  ft.  except  in  forced-draft  installations.  They  must  be  carefully 
Wpected  and  painted  from  time  to  time,  as  they  are  subject  to  deterioration 
V corrosion. 


A.  8.  M.  E.  Trane.  1915,  A.  L.  Menzin. 
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100.  Belnforced  concrete  is  much  stronger  than  brick  and  will  stand 
high  tensile  strains  like  the  steel  chimney.  The  stack  is  therefore  often  built 
straight  like  the  steel  chimney,  and  is  always  considerably  lighter  than  brick, 
as  it  may  safely  be  much  thinner.  It  is  usually  poured  in  5-ft.  or  6-ft.  sections, 
which  may  be  carried  up  a section  a day,  making  erection  rapid.  No  lining 
Is  required  other  than  tne  short  section  of  fire-brick  above  the  grates  (30  ft.). 
It  is  one  of  the  cheapest  and  most  durable  forms  if  well  designed  and  built, 
but  like  all  reinforced  concrete,  is  dependent  upon  care  ana  watchfulness 
during  construction. 


Fia.  17. — Draft  for  various  coals. 


101.  Foundations  lor  brick  chimneys  are  now  made  almost  exclusively 
of  concrete,  and  are  designed  on  the  basis  of  proper  bearing  values,  like  any 
other  foundation.  They  are  usually  spread  or  stepped  out  at  the  foot,  in 
order  to  provide  sufficient  resistance  to  overturning  from  wind  pressure  (Par. 
590). 

101.  Coat  of  Brick  Stacks  (1910) 


Approx,  boiler 
h.p. 

Height 

Diameter 

Diam.  square 
base  outside 

Price 

85 

80 

2 ft.  1 in. 

7 ft.  5 in. 

$1345.00 

135 

90 

2 6 

8 3 

1708.00 

200 

100 

2 11 

9 10  | 

2760.00 

300 

110 

! 3 7 

10  2 1 

336000 

450 

120 

4 3 

11  2 , 

4020.00 

Brick  stacks  may  be  figured  on  a basis  of  $24.00  per  thousand  for  laying 
with  masons  at  $1.00  per  hour. 

10$.  The  cost  of  concrete  stacks  is  abeut  5 to  10  per  oent.  less  than 
brick  (Par.  101). 
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104.  The  cost  of  Steel  Stocks  may  be  figured  on  a basis  of  $0,045  per  lb.  of 

iteel  erected. 

MKCHANIOAL  DRAFT 

10$  Limitations  of  natural  draft.  From  the  figures  in  Par.  91  to 
M it  is  evident  that  for  high  rates  of  combustion  the  stack  becomes  imprac- 
ticably high,  or  the  sensible  heat  loss  due  to  high  flue  temperature  becomes 
too  largefor  economy.  To  mitigate  this,  mechanical  or  artificial  draft  of 
tome  form  may  be  employed. 


Fio.  19. — Characteristics  of  24  by 
30  in.  forced-draft  blower. 

100.  The  theoretical  pressure  produced  by  a revolving  fan  wheel 
is  given  by  Murgue  as 


//  = 


U * 


(22) 


where  H — maximum  pressure  difference,  between  fan  suction  and  discharge, 

in  feet  of  air;  U — velocity 


of  fan  blade  tips,  feet  per 
•econd;  and  p — 32.2,  acceler- 
ation due  to  gravity.  Air 
pressure  in  inches  of  water 
column  is  generally  referred 
to  in  blast  and  draft. 

h - f/f  - (23) 

144p 

where  k =*  inches  of  water 
pressure;  S = weight  of  1 cu. 
ft.  air  at  70  deg.  lahr.  (usual 
room  temperature),  or 

0.075  lb. ; and  p » pressure  of 
1 in.  water  column  in  lb.  per 
sq.  in.,  or  0.0361  lb. 

u-lZr  (24) 

where  r — radius  to  tip  of  blade  in  inches  and  n 


Fio.  20. — Pressure  and  volume  of  forced-draft 
fans. 


r.p.m. 


Hence 


(25) 
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Fig.  18  gives  the  h.p.  required  at  any  pressure,  for  average  fans.  The 
characteristics  of  a forced  draft  fan  for  underfeed  stokers  are  given  in  Fig. 
19.  The  static  pressure  and  volume  of  any  sise  fan,  at  any  speed,  can  be 
found  approximately  from  Fig.  20,  which  assumes  similar  shape  of  vanes, 
and  static  efficiency  about  55%. 

107.  Forced  draft.  If  the  Tan  is  placed  so  as  to  blow  under  the  fire, 
the  pressure  is  greater  than  atmospheric;  this  system  is  termed  forced  draft. 

108.  Induced  draft.  If  the  fan  suction  is  connected  to  the  boiler  flue, 
and  delivers  to  the  stack,  the  pressure  in  the  furnace  and  ashpit  is  less 
than  atmospheric;  this  system  is  termed  induced  draft.  The  two  systems 
may  be  used  together,  one  fan  forcing  air  through  the  fire,  and  the  other 
drawing  from  the  flue,  maintaining  a more  or  less  balanced  pressure  over  the 
fire.  A forced  draft  fan  also  may  be  used,  in  connection  with  a chimney  to 
draw  off  the  gases. 

109.  Induced  draft  for  hand  fires  with  bituminous  coals  may  be 

ubstituted  for  natural  draft  since  the  required  maximum  is  not  usually  over 
2 in.  of  water. 

110.  Forced  draft  combined  with  either  natural  or  induced  draft  is 

always  used  with  the  underfeed  stokers  and  frequently  with  the  chain  grates. 
■ orced  draft  cannot  be  used  alone,  as  without  some  suction  at  the  breeching, 
there  would  be  pressure  above  atmosphere  in  the  fire-box,  causing  flame  to 
issue  from  all  openings. 

111.  Cost  data  on  blowers  and  fans  are  difficult  to  furnish;  about  the 
only  factor  remaining  nearly  constant  is  the  prioe  per  lb.  at  $0.30  to  $0.35. 

118.  The  comparative  advantages  of  mechanical  draft  are:  (a) 
greater  forcing  capacity  than  with  natural  draft,  since  it  is  easy  to  produce 
much  greater  differences  of  pressure  than  are  at  all  practicable  with  stacks; 
(b)  entire  flexibility  of  control:  (c)  better  combustion  conditions  with 
t alanced  draft  arrangement;  (d)  low  cost  of  apparatus. 

11$.  The  objections  to  mechanical  draft  are  increased  operating  cost 
due  to  energy  consumption  by  driving  apparatus,  and  increased  maintenance 
cost,  which  are  balanced  against  the  low  maintenance  of  stacks.  But  the 
energy  consumption  (of  steam,  for  turbine  drive,  sav)  is  not  a net  loss,  as  it 
inay  be  profitable  to  use  the  steam  exhaust  in  feed  heating,  and  the  stack 
requires  a certain  loss  of  fuel  due  to  flue  gas  temperature,  in  order  to  operate. 
This  temperature  can  be  lowered  when  using  induced  draft.  Forced-draft 
fans  have  low  maintenance  costa,  as  they  handle  cool  air;  induced-draft 
fans,  however,  are  likely  to  have  high  maintenance,  as  they  deteriorate  from 
handling  hot  flue  gases. 

PROPERTIES  OF  FUEL 

114.  Anthracite,  or  hard  coal,  contains  very  little  volatile  matter;  is 
mainly  fixed  carbon  and  ash;  is  difficult  to  ignite;  hard  and  bright  fracture, 
not  soiling  the  fingers  in  rubbing;  oldest  coal  formation,  being  next  to 
graphite. 

115.  Semi- anthracite  contains  a little  less  fixed  carbon,  more  volatile 
matter;  is  easier  to  ignite  and  softer.  Semi-bituminous  is  the  next  in 
order,  having  enough  volatile  matter  to  coke,  with  moderately  long  flame, 
and  soft  crumbly  fracture. 

11$.  Bituminous  coals  ore  rich  in  volatile  matter,  which  may  be  as  high 
as  40  per  cent.;  usually  fairly  low  in  ash — 5 to  9 per  cent.;  and  may  be 
divided  into  many  different  classes  with  regard  to  flame,  caking  and  coking 
qualities.  They  are  very  easy  to  ignite,  brittle  and  dull  fracture,  crumbly, 
and  soil  the  fingers  in  handling,  due  to  softness. 

117.  Coke  is  the  resulting  fixed  carbon  and  ash  which  remains  a porous 
mass  after  driving  off  the  volatile  matter  from  a bituminous  or  semi-bitumin- 
ous coal.  It  is  largely  a product  of  the  coal  gas  industry;  but  as  a power 
station  fuel,  its  price  is  practically  prohibitory.  Oven  coke,  which  is  very 
hard,  is  used  for  blast  furnace  and  crucible  furnace  work. 

118.  Lignite  is  a more  recent  formation  than  the  bituminous  ooals  and  is 
hardly  distinguishable  from  the  lower  grades  of  these;  it  is  non-fibrous,  and 
often  brownish  in  appearance,  whereas  the  coals  are  all  black;  absorbs 
oxygen  and  gives  off  CO*  at  ordinary  temperatures.  It  contains  quantities 
of  oxygen  and  the  volatile  matter  given  off  is  mainly  CO*,  which  distinguishes 
the  lignites  still  further  from  the  coals,  whose  volatiles  are  chiefly 
hydrocarbons. 
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Density  Ultimate  analysis  B.t.u.  per  pound 
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1S4.  Peat  is  the  most  recent  of  the  formations.  High-bog  peat  is  formed 
from  swamp  moss,  etc.;  low-bog  peat  is  formed  from  grasses  around  low 
bodies  of  water.  They  show  the  fibrous  structure  of  vegetable  origin,  and 
range  in  color  from  ochre  to  brown  and  black;  are  very  soft  in  texture,  with 
do  fracture;  carry  large  moisture,  oxygen  and  nitrogen  content;  the  volatile 
matter  is  poorly  combustible,  containing  largely  COt. 

11$.  Wood  is  still  higher  in  oxygen  and  nitrogen,  up  to  40  to  45  per  cent., 
with  carbon  from  45  to  40  per  cent.  Its  scarcity  and  cost  make  its  use  as 
a power  station  fuel  impossible  except  for  saw  mills  and  logging  camps 
where  the  unmarketable  waste  may  be  profitably  used. 

18$.  Briquettes*  are  small  artificial  lumps  of  solid  fuel  made  up  by 
pressing  peat,  bituminous  slack  or  anthracite  culm,  with  a suitable  tarry 
binder,  so  as  to  recombine  the  soft  peat  or  unmanageable  coal  dust  into  a 
convenient  lump  form.  Briquettes  behave  somewhat  like  lumps  of  soft 
so&J,  but  usually  are  very  troublesome  in  giving  smoke.  The  cost  of  bri- 
quetting presses,  and  the  need  of  suitable  inexpensive  binder,  have  pre- 
vented the  wide  use  of  briquettes  in  America.  With  peat  briquetting  is 
practically  a necessity. 

117.  Mineral  oils  have  their  source  in  crude  petroleum.  The  heavy 
oil  engines,  such  as  the  Diesel  and  the  Junkers  run  on  raw  petroleum;  many 
of  the  smaller  engines,  however,  are  designed  for  kerosene  and  gasolene. 

118.  Gas  for  power  production  may  be  natural  gas.f  producer  gas, 
eoke-oven  gas,  X or  blast-furnace  gas. § Illuminating  gas  is  too  expensive  to 
use  for  anything  but  very  small  isolated  plants.  See  Par.  Ml,  111  and  188. 

119.  The  main  feature  in  the  use  of  gas  is  the  engine  compression 
pressure  which  is  practicable;  blast-furnaoe  gas,  being  lean  ana  much 
muted  with  neutral  matter,  will  stand  very  nigh  compression;  producer 
pa.  natural  and  coke-oven  gas,  being  richer  (especially  in  hydrogen),  can- 
not be  compressed  as  much. 

ISO.  The  cost  of  anthracite  No.  1,  No.  8,  or  No.  8 buckwheat  is 

ibout  82.50  to  $0.00  per  ton  at  the  plant  in  quantity.  The  mine  cost  is 
not  over  $2.00  to  $3.00.  Bituminous  coal  costs  from  $5.50  to  $9.00  at 
the  plant.  The  cost  averages  $0.17  to  $0.19  per  million  B.t.u.  (1921). 

131.  Fuel  oil  costs  from  $0,025  to  $0.07  per  gal.  The  cost  averages 
ibout  $0.18  to  $0.20  per  million  B.t.u.,  in  the  oil-burning  districts.  While 
it*  cost  per  million  B.t.u.  is  about  the  same  as  coal,  or  somewhat  better, 
» the  districts  where  it  is  available,  it  has  a further  advantage  in  the  better 
bofler  efficiency  obtained,  and  in  the  elimination  of  some  of  the  power- 
ifc&tion  auxiliary  apparatus  (1920-21). 

138.  Natural  gas  costs  $00.13  to  $0.16  per  million  B.t.u.  All  of  these 
fifurea  apply  chiefly  to  large  consumers;  the  prices  will  go  up  considerably 
for  small  plants. 

WATER  SUPPLY  AND  PURIFICATION 

133.  Boiler  feed.  Boilers  must  be  fed  with  fresh  water  of  reasonable 
quality;  in  general,  if  a water  is  not  potable,  it  is  not  fit,  as  it  stands,  for 
boiler  feed.  Wells,  fresh-water  lakes,  rivers  and  ponds  are  the  prime 
sources. 

134.  Water  analysis  to  determine  the  value  of  a water  as  boiler  feed 
should  be  performed  by  a chemist;  but  the  ordinary  tests  for  hardness,  with 
standard  soap  solution,  hydrochloric  acid  and  methylorange,  may  readily 
be  carried  out  in  the  plant  in  conjunction  with  water-softening  apparatus. 

13$.  The  dangerous  impurities  are  sulphuric  acid  (or  other  acids  if 
fie  water  has  been  contaminated  by  factories),  grease  ana  oils  in  quantity, 


•Lucke,  C.  E. /‘Engineering  Thermodynamics.”  McGraw-Hill  Book  Co., 
he..  New  York,  1913;  Table  CIV. 

t Lucke,  C.  E.,  “Engineering  Thermodynamics.”  McGraw-Hill  Book  Co., 
lac  . New  York,  1913,  Table  OIX. 

1 Lucke,  C.  E.,  “Engineering  Thermodynamics.”  McGraw-Hill  Book  Co., 
be..  New  York,  1913,  Table  CX. 

I Lucke,  C.  E.,  “Engineering  Thermodynamics.”  McGraw-Hill  Book  Co., 
be..  New  York,  1913,  Table  CXIV. 
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and  the  natural  scale-forming  salts  such  as  magnesium,  iron  and  calcium 
oarbonatee  and  sulphates. 

ISA.  The  treatment  of  feed  water  has  been  outlined  in  Par.  49  to  91. 

137.  The  use  of  condensate  returned  from  surface  condensers  is 
usually  a valuable  way  of  eliminating  most  of  the  boiler  incrustation.  The 
only  drawback  lies  in  the  presence  of  oil  and  grease  in  the  condensate,  if 
the  condenser  serves  a reciprocating  engine.  Quantities  of  oil  in  excess 
of  0.4  to  0.5  g.  per  gal.  are  objectionable,  as  they  collect  whatever 
soft  scale  may  be  present  in  the  boiler  and  form  a brown  mass  which  bakes 
on  the  tubes  and  has  the  same  effect  as  hard  scale. 


199.  Oil  and  grease  extractors,  designed  on  the  same  general  lines 
steam  separators  are  employed  between 
the  engine  and  condenser,  in  order  to 
keep  down  the  amount  of  oil  passing  into 
the  condensate.  As  a matter  of  fact, 
the  baffles  placed  in  these  devices  are 
really  of  very  little  use;  it  is  the  reservoir 
effect  of  the  extractor  in  slowing  down 
the  current  of  steam  which  really  does 
the  work.  Where  turbines  are  the  prime 
movers,  no  grease  or  oil  separators  are 
required.  Fig.  20a  shows  a typical 
separator. 


In  Front  of 
^ Inlet  Pipe 

T-- 

U 

It 

COAL  AND  ASH  HANDLING 
199.  Goal  is  delivered  to  the  power 
plant  of  any  sime,  either  by  barge, 
schooner  or  railroad  ear.  Handling  coal 
by  truck  is  praoticmlly  too  expensive  for 
use  in  any  but  small  isolated  plants. 

140*  Unloading  may  be  done  by  a 
grab-bucket  digger,  or  if  delivered  by 
oar,  an  elevated  trestle  may  be  employed, 
dumping  from  the  car  bottoms.  For 
most  of  the  large  plants,  a coal  tower 
with  a 1-ton  or  1.5-ton  clam-shell  digger 
is  employed  to  unload  and  hoist  the  coal 
high  enough  to  pass  by  gravity  through 
crushers  and  weighing  scalca  and  finally 
to  conveyors  or  coal  oars.  In  smaller  plants,  a locomotive  crane,  or  mono- 
rail  telpher,  may  perform  the  same  work  and  also  serve  the  storage  yard. 
Towers  may  be  either  steam  or  electric  driven;  the  former  is  generally  the 
cheaper  and  more  rugged  construction. 

141.  Crushers  are  heavy  rolls  of  cast  iron,  studded  with  teeth,  geared 
together  in  such  fashion  as  to  crush  the  coal  to  small  sUe;  some  spring  or 
relief  device  must  be  fitted  to  allow  harder  materials  to  pass  through,  such 
as  link  chains,  sprags  and  occasionally  a car  coupler.  Crushers  are  not 
needed  for  anthracite. 


Drip 


Fiq.  20a. — Horizontal  steam 
separator. 


142.  Conveyors  are  of  five  principal  types;  scraper,  reciprocating,  belt, 
bucket  and  suction.  The  scraper  conveyor  consists  of  flights  or  paddlee 
rigidly  fastened  upon  a special  bar-link  chain,  and  dragged  along  in  a trough 
shaped  to  the  flights.  The  reciprocating  conveyor  is  very  similar,  but 
only  moves  a few  feet  forward  and  backward.  The  flights  are  so  hinged 
that  on  the  backward  stroke  they  lift  out  of  the  coal  and  trail  over  the  top, 
digging  in  again  when  the  chain  reverses. 

143.  Belt  conveyors  consist  of  wide  rubber  or  textile  belts  travelling 
continuously  over  idlers  spaced  from  2 ft.  to  4 ft.  apart,  and  with  the  outer 
pulleys  tilted  up  to  trough  the  belt.  The  belt  conveyor  is  not  suitable  for  hot 
ashes. 


144.  The  bucket  conveyor  has  separate  buckets  from  24  in.  to  48  in. 
square,  either  fixed  rigidly  to  long-pitch  side  links,  or  pivoted  in  the  center, 
so  as  to  remain  vertical.  In  the  latter  case,  all  of  the  conveyor  is  malleable 
iron  except  the  rails  and  framing.  It  is  exceptionally  suited  to  handling 
ashes. 
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145.  The  suction  conveyors  are  used  only  for  ashes;  coal  is  too  heavy 
and  packs  too  readily  to  be  handled  in  this  manner.  The  suction  is  usually 
provided  by  a high-speed  centrifugal  blower,  attached  to  the  outlet,  or  a 
steam  jet  eductor.  Tne  rest  of  the  equipment  consists  merely  of  6-in.  to 
12-in.  cast-iron  pipe  lines  with  swing-door  openings  at  which  the  ashes  are 
admitted.  The  drawback  to  this  system  is  the  deterioration  of  the  fan 
from  grit,  and  all  turns  and  elbows  from  abrasion.  If  the  ashes  are  too  wet, 
the  blocking  of  the  pipes  is  practically  certain  to  give  trouble. 

145.  Comparisons  of  conveyors.  The  belt  conveyor  is  very  satisfac- 
tory on  “carry”  of  coal,  but  not  so  good  on  “lift;”  the  bucket  conveyor 
is  probably  the  most  satisfactory  all-around  conveyor,  handling  coal  or 
hot  ashes  equally  well  in  lift  or  carry;  it  is,  however,  the  most  expensive. 
The  steam  jet  conveyor  has  been  successful  chiefly  in  small  or  moderate 
size  plants. 

147.  Another  method  of  conveying  is  by  cable  cars;  where  possible 
this  gives  the  cheapest  and  most  satisfactory  means  of  carry. 

148.  Storage  of  coal  outdoors  for  power-plant  purposes  requires  less 
eare  and  handling  than  for  coal  companies,  as  the  material  is  turned  over 
fast  enough  to  avoid  much  loss  by  weathering.  The  storage  yard  may  be 
served  by:  (a)  a locomotive  crane,  (6)  a gantry  crane,  (c)  a Dodge  girder 
unloader,  (d)  a telpher  grab  bucket  operating  on  an  overhead  structure, 
(<)  or  if  the  storage  is  in  a pit,  by  a conveyor  in  a tunnel.  Usually  the 
capacity  should  equal  at  least  two  weeks  supply,  or  better,  one  month. 
One  company  having  trouble  from  spontaneous  combustion  of  bituminous 
coal,  uses  a concrete  pit  flooded  with  water;  but  this  is  generally  unnecessary  , 
the  excessive  wetting  of  the  coal  being  a drawback. 

145.  Bunkers  placed  under  the  roof  of  the  boiler  house  are  almost  always 
provided,  to  feed  coal  by  gravity  to  the  fires.  Where  external  storage 
is  available,  two  to  four  days  supply  in  the  building  is  all  that  is  necessary 
hut  in  city  plants  where  external  storage  is  impossible,  ten  days  to  two  weeks 
supply  must  be  provided. 

150.  Bunker  construction.  Steel  framing  with  concrete  or  cinder- 

concrete  lining,  faced  with  granolithic  or  other  hard  finish,  is  the  best  con- 
struction for  large  work;  for  smaller  work,  the  suspended  type,  catenary 
shape,  of  plate  steel  with  concrete  lining,  or  simply  of  reinforced  concrete, 
has  been  much  used.  . 

151,  Hoppers.  Ash  hoppers  of  structural  material  with  brick  lining 
are  the  standard  practice,  but  reinforced  concrete  is  also  being  used  to  some 
extent.  The  coal  hoppers  should  always  be  of  sheet  steel,  A in.  being 
the  usual  thickness;  it  is  good  practice  to  reinforce  thehoppers  with  renewable 
wearing  plates  where  the  abrasion  is  severest. 

158.  Weighing  is  done  at  the  hoisting  tower  (just  after  crushing)  in 
hoppers  carried  in  knife-edge  supports  which  operate  standard  beam  scale* ; 
two  sets  are  required,  one  hopper  receiving  the  continuous  flow  of  coal  from 
the  crusher  while  the  other  is  being  weighed.  Reversing  gates  for  the  supply 
tod  trip  gates  for  the  weighing  hoppers  are  under  the  control  of  the  weigh - 
master. 

158.  Automatic  scales  of  the  hopper  type  are  in  use  for  anthracite, 
lad  are  fairly  accurate,  as  the  angle  of  repose  and  slip  of  anthracite  in  the 
•mail  rises  is  very  little  affected  by  moisture,  and  the  small  size  allow  s 
rtady  control  of  the  flow;  with  bituminous  coals  they  are  somewhat  Ipks 
Accurate  over  short  runs,  as  the  highly  variable  angle  of  repose  affects  the 
spillage  when  closing  the  feeder  gates,  making  the  “dribble  a variable 
quantity:  but  over  longer  periods,  say  a month,  the  error  averages  and  they 
work  very  well.  Conveyor  scales  of  several  makes  are  on  the  market,  but 
not  widely  used. 

154.  There  la  also  a coal  meter  for  use  in  pipe  downtakes,  acting  on 
the  principle  of  a propeller  driven  by  the  moving  coal,  which  is  very  simple 
and  quite  accurate  for  small  sizes  of  coal.  It  is  not  yet  fully  satisfactory 
for  lump  coal  and  run  of  mine. 

155.  Spouting  of  coal  in  closed  pipes  must  always  be  done  at  an  aMle 
of  45  deg.  or  steeper  to  be  satisfactory,  if  the  spout  is  a closed  pipe;  8-in. 
to  10-in.  pipes  may  be  used  with  anthracite;  but  nothing,  less  than  12  in. 
should  be  used  for  bituminous  crushed  coal.  In  designing  hoppers  ami 
spouts  it  should  be  remembered  that  the  intersection  of  two  sides  each  at 
45  deg.  from  the  horizontal,  is  much  lea?  than  45  deg.,  so  that  the  coal  wili- 
alwaya  hang  at  such  a junction. 
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186.  The  power  required  by  belt  conveyors  is  given  by  the  following 

formula: 

CTL  TH 

1,000  + 1,000  J 
where  C — power  constant,  T-load  in  tons  per  hour,  L = length  of  conveyor 
in  feet,  //®liftof  conveyor  in  feet,  and  B — width  in  inches. 

Values  of  C for  material  weighing  25  lb.  to  75  lb.  per  cu.  ft. 


Add  20  per  cent,  for  conveyors  under  50  ft.  long. 

Add  10  per  cent,  for  conveyors  between  50  and  100  ft  long. 

The  formula  does  not  include  friction  of  gear  drive.  Ada  about  10  per 
cent,  for  the  drive  and  10  per  cent,  for  each  180  deg.  turn  idler,  exclusive 
of  the  head  and  tail  pulleys.  Speeds  run  from  300  to  450  ft.  per  min. 

157.  The  power  required  by  flight  or  scraper  conveyors  is  as 
follows: 

h.p  -dlLzlEl 

1,000  ' 
where  A and  B are  constants  in  the  table  below,  W «=  weight  of  chain  and 
flights  in  both  runs,  L»  length  of  feet,  S — speed  in  feet  per  minute,  and 
7’  — load  in  tons  per  hour. 

V allies  of  A and  B 


Speeds  100  to  200  ft.  per  min. 

158.  Bucket  Elevators  and  Conveyors 


Add  5 per  cent,  for  each  turn. 
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119.  Ash  handling  is  very  frequently  done  by  trolley  locomotive  and 
ade  dump  cars,  in  large  plants;  these  allow  for  thorough  quenching  before 
delivering  to  conveyors  lor  elevation.  Of  the  conveyors,  the  malleable- 
bucket  type  lasts  the  best  in  ash  service.  A skip  hoist  may  be  substituted 
for  conveyors,  for  elevation;  and  where  it  can  be  used,  is  a most  satisfactory 
means  of  disposal.  Ash  bunkers  are  almost  always  provided  for  storage 
purposes,  as  m many  plants  the  ash  removal  from  the  individual  boiler  a sh 
toppers  is  done  on  night  shift,  when  cars  or  boats  are  not  readily  available. 
110.  Helical  or  screw  conveyors . The  power  required  is 


H.P. 


W'LC_ 

33,000 


(28) 


where  W — capacity  in  lb.  per  min.,  L — length  in  feet  and  C — 0.87  for 
coal,  1.00  for  ashes. 


111.  Typical  combinations  are:  low-hoist  grab-bucket  tower,  con- 
taining crusher  and  scales;  belt  conveyors,  horisontal,  to  power  station; 
V-bucket  or  pivoted-bucket  elevator,  belt  distribution  at  top  of  building  to 
bunkers.  Inclined  belts  may  be  used  for  “lift,”  but  are  not  too  satisfactory. 
Belts  are  very  good  on  “carry,”  however.  If  the  tower  is  close  to  the  build- 
ing, bucket  elevators  may  be  used  both  for  lift  and  carry.  A very  good 
arrangement  is:  high  towers,  performing  the  whole  lift  at  once,  delivery 
through  crusher  ana  scales  to  cable  car  for  distribution  over  bunkers.  For 
•msll  or  moderate  sine  plants  telpher  grab  buckets  offer  a satisfactory 
solution,  serving  storage  yard,  cars  or  boats,  and  bunkers  on  overhead  mono- 
rail  structure.  The  usual  system  for  ash  disposal  consists  of  collection  from 
uh  hoppers  by  industrial  railway  and  trolley  locomotive,  and  delivery  to 
skip  hoist  or  bucket  elevator  for  lifting  to  ash  storage  pockets,  for  which 
the  ashes  are  spouted  to  cars  or  barges.  The  vacuum  system  is  useful  for 
small  and  moderate  size  plants;  or  a single  hand  car  may  be  enough.  Belt 
conveyors  should  never  be  employed  for  ash  handling. 

191.  The  cost  of  conveyors  is  exceedingly  variable  and  is  dictated 
chiefly  by  structural  conditions.  It  is  almost  impossible,  therefore,  to  give 
unit  costs.  Belt  conveyors  of  the  lengths  usual  in  power  station  work  cost 
from  12.00  to  $3.00  per  inch  of  belt  width,  per  foot  of  conveyor;  bucket 
elevators  and  conveyors,  roughly  $0.40  to  $0.50  per  ton  capacity  per  hour, 
per  foot  of  conveyor. 


8 TEAM  ENGINES 


IIS.  Source  of  energy.  The  steam  engine  must  obtain  its  energy 
lrom  the  heat  drop  available  by  adiabatic  expansion  between  any  two  pres- 
sures. For  adiabatic  expansion,  there  must  be  no  heat  interchange  with 
the  surroundings  while  the  mass  of  steam  in  the  cylinder  undergoes  the 
expansion;  therefore  a non-conducting  cylinder  is  required.  This  is  com- 
mercially unattainable,  and  consequently  the  expansion  is  never  truly,  adia- 
batic. The  heat  drop  obtainable  is  always  less,  if  the  expansion  is  not 
•diabatic. 


144.  The  thermal  efficiency  of  a perfect  engine  working  on  the 
Rankine  cycle  (Par.  166)  is  given  a a 


Hi- Hi 
Hi- hi 


(29) 


where  Hi  — total  heat  of  steam  at  initial  condition  (pressure  and  quality  or 
superheat).  Hi- total  heat  of  steam  at  final  pressure  after  an  adiabatic 
expansion  (constant  entropy),  and  hi  — heat  of  the  liquid,  at  final  pressure. 
For  modern  steam  pressures,  superheats  and  vacua,  this  possible  efficiency 
does  not  exceed  40  per  cent,  for  turbines.  The  usual  steam  pressures  and 
vacuum  for  reciprocating  engines  would  not  give  a higher  efficiency  thau 
30  per  cent. 

1M.  The  efficiency  ratio  for  good  compound  engines  seldom  reaches  60 
per  cent.,  giving  an  actual  thermal  efficiency  of  18  per  cent.,  13  per  cent,  ari  l 
14  per  cent,  are  more  commonly  reached  in  large  sise  reciprocating  engines 

19$.  The  cycle  upon  which  these  comparisons  are  based 

presupposes  a non-conducting  cylinder,  no  leakage  and  no  clearance; 
admismon  at  constant  pressure,  instantaneous  cut-off;  expansion  adiabat- 
ically  to  the  beck  pressure;  exhaust  at  constant  pressure;  and  since  there 
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is  no  clearance,  no  compression  is  required.  In  the  real  engine,  conduction 
of  heat,  leakage,  wire-drawing,  friction,  incomplete  expansion,  and  clearance 
.nil  tend  to  reduce  the  efficiency  ratio  by  adding  losses. 

167.  A single-expansion  engine  is  one  in  which  the  complete  expan* 
sion  from  initial  to  back  pressure  takes  place  in  one  cylinder;  a compound 
engine  is  one  in  which  the  expansion  is  from  the  initial  pressure  to  an  inter* 

nodiate  pressure  in  one  cylinder,  and  from  this  intermediate  pressure  to  tbs 
back  pressure  in  a second  cylinder.  A triple  or  quadruple  expansion 
engine  performs  the  expansion  similarly  in  three  or  four  stages,  respectively. 
All  eogines  using  more  than  one  cylinder  to  complete  the  expansion  are 

mod  multiple  expansion,  in  general. 

168.  Cut-off  usually  takes  place  at  } to  1 stroke  in  simple  non- 
condensing  engines,  1 to  i in  condensing.  The  number  of  expansion^ 
i-i  the  ratio  of  final  cylinder  volume  to  volume  contained  at  cut-off;  (a& 
simple  non-condensing  engines  the  ratio  is  3 to  4;  simple  condensing,  5 u* 
8;  compound  and  triple,  etc.,  8 to  about  60.  For  power  station  purposes  16 
t<>  20  is  common,  wnth  compound  condensing  units. 

169.  Non-condeniing  engines  exhaust  freely  to  atmosphere,  or  to  a | 
system  in  which  the  pressure  is  atmospheric  or  a few  lb.  per  sq.  in.  above; 
condensing  engines  exhaust  to  a condenser  in  which  a partial  vacuum  is  | 
maintained,  below  atmospheric  pressure. 

170.  High-speed  engines  operate  at  350  to  250  rev.  per.  min.,  in  sixes 
from  5 h.p.  to  500  h.p.  Medium-speed  engines  operate  at  250  to  150  rev. 
per  min.  in  sises  from  250  h.p.  to  1,000  h.p.  Low  speed  engines  (generally 

Mias  types)  operate  from  100  to  70  rev.  per  rain.,  in  sises  from  400  h.p. 
to  8,000  h.p. 

171.  Single-acting  engines  take  steam  on  one  side  of  the  piston  onlv; 
they  may  be  simple,  compound  or  triple  expansion;  and  are  always  high- 
speed engines,  usually  witn  vertical  cylinders. 

171.  The  slide  valve  in  the  original  D-valve  form  is  unbalanced,  mov- 
ing on  flat  faces;  it  is  unsuitable  for  large  sizes  and  heavy  pressure.  Balanced 
forms  of  the  slide  valve,  such  as  the  Ball,  Skinner,  Mackintosh  A Seymour 
grid,  etc.,  overcome  some  of  these  objections.  The  piston  valve,  shaped 
like  a piston,  is  inherently  balanced;  it  can  be  made  tight,  but  requires 
large  clearance  percentage,  on  account  of  length  of  the  ports. 

173.  The  Corliss  valve  is  of  general  cylindrical  shape,  oscillating  over 
ports  parallel  to  the  axis  of  the  valve  and  crosswise  of  tne  cylinder;  it  can 
take  care  of  but  one  function,  therefore  four  are  required  per  cylinder,  two 
for  admission  and  twro  for  exhaust.  The  preceding  types,  except  the  grid, 
take  care  of  all  four  functions  with  one  valve.  The  Corliss  valve  is  always 
used  with  a trip  or  releasing  gear  to  vary  the  cut-off  without  changing  any 
other  event  in  the  steam  admission  or  exhaust.  In  all  fixed  valve  gears, 
it  is  usually  impossible  to  vary  the  cut-off  without  varying  other  functions 
at  the  same  time. 

174.  Poppet  valves  arc  those  in  familiar  use  on  automobile  engines; 
but  for  steam  use  are  generally  made  double-seated  so  as  to  be  balanced. 
They  have  met  with  great  success  in  Germany,  and  are  undoubtedly  the 
best  type  for  superheat.  They  may  be  vised  with  releasing  gears,  and  re- 
quire four  valves  per  cylinder,  as  with  the  Corliss  type. 

176.  Jackets  for  keeping  the  cylinder  hot  with  live  steam,  to  reduce 
condensation  in  the  cylinder,  have  been  used  with  some  success  for  pumping 
engines;  but  have  not  been  successful  in  many  other  applications. 

176.  Receivers  are  used  to  eliminate  variations  of  pressure  between  high- 
prrssure  and  low-pressure  cylinders  in  multiple-expansion  engines,  due  to 
intermittent  exhaust  and  admission:  they  must  be  of  large  capacity  to  bo 
effective.  Reheating  colls  are  sometimes  employed  to  dry  the  steam  pass- 
ing t hrough  these  receivers,  to  improve  conditions  in  the  succeeding  cylinders. 
They  are  of  practically  no  value  in  engines  for  power-station  service. 

177.  Governors  for  steam  engines  are  of  two  principal  types:  flyball 
shaft  governors.  The  flyball  type  consists  of  two  or  more  weights  or 

ball  supported  by  movable  arms,  the  whole  rotated  around  a shaft  so  that 
centrifugal  force  tends  to  throw  the  balls  outward:  this  tendency  is  resisted 
by  weights  or  springs,  and  the  relative  movement  of  the  arms  made  to  operate 
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the  engine  valve  gear.  In  the  shaft  governor  the  weights  are  arrange  1 
to  rotate  vertically  around  the  main  crank  shaft,  and  attached  direct  to  the 
eccentrics  without  the  intervention  of  other  mechanism.  It  cannot  bo 
used  with  slow-speed  engines,  nor  with  any  form  of  trip  or  releasing  gear. 
Inertia  effects  are  introduced  in  the  Rites  type  of  shaft  governor. 

178.  Either  centrifugal  or  inertia  types  of  governor  can  be  made 
Isochronous,  but  are  generally  only  approximately  so;  isochronism,  or  com- 
plete instability  of  the  governor  at  all  speeds  except  the  correct  speed,  is 
undesirable,  causing  hunting. 

179.  Engine  frames  are  usually  made  entirely  of  cast  iron,  for  stationary* 
work;  the  vertical  engines  are  of  the  A-frame  type  in  large  and  small  sin-s 
and  of.  the  enclosed  type,  with  automatic  oiling,  for  small  and  moderate  size, 
only.  Horizontal  engines  of  small  and  moderate  sizes,  may  be  enclosed, 
with  automatic  or  splash  oiling. 

180.  Oirdcr  frames.  The  large  horizontal  Corliss  type  engines  are 
made  with  girder  frames  connecting  the  cylinders  and  the  main  bearings,  for 
the  standard  type;  in  the  heavy-duty  type,  the  girders  are  completely 
surrounded  by  the  frame,  which  is  carried  down  to  the  sole  plate  all  the  way 
from  cylinder  to  main  bearing. 


181.  Mean  effective  pressure  is  the  average  pressure  which  if  exerted 
during  the  full  stroke  would  equal  the  work  done  by  the  varying  pressures 
really  existing  during  the  course  of  the  stroke.  The  mean  effective  pressure 
{m.e.p.)  is  obtained  from  the  indicator  card  as  follows; 


M.e.p.  in  lb.  per  sq.  in.  — 


card  area  in  sq.  in.  X scale  of _spring 
card  length  in  inches 


(30) 


The  shorter  the  cut-off,  the  lower  the  m.e.p.  for  any  given  steam  pressure 
and  back  pressure;  consequently  the  larger  the  cylinder  dimensions  become 
for  a given  horse-power,  other  things  being  constant. 


188.  Cylinders  are  usually  so  proportioned  as  to  divide  the  total  work 
equally  between  high- and  low-pressure  cylinders;  roughly,  for  compound 
engines,  the  cylinder  ratio  is  given  by 


**"(£>)*  an<1  Pl=(PlP,)i 


. , (3D 


where  Re  — cylinder  ratio,  or  ratio  of  low-pressure  displacement  to  high- 
pressure  displacement.  Pi — initial  pressure  in  lb.  per  so.  in.  absolute.  Pi 
receiver  pressure  in  lb.  per  sq.  in.  absolute,  and  Pa  — back  pressure  in  lb. 
per  sq.  in.  absolute. 

This  is  based  on  no  clearance,  no  compression,  equal  cut-off  in  both 
cylinders,  logarithmic  expansion,  and  receivers  of  infinite  capacity.  It  is 
varied  in  practice  by  the  clearance  of  both  cylinders;  by  finite  receivers  and 
by  the  effects  of  wire-drawing. 


188.  The  speeds  usually  employed  in  America  are  given  in  Par.  170* 
Snell  gives  a table  of  usual  English  practice,  which  is  slightly  higher  than 
American  usage.* 

For  sixes  above  1,750  k.w.,  the  speed  is  from  75  to  60  rev.  per  min.,  for 
Corliss  engines.  Piston  speeds  range  from  350  to  600  ft.  per  min.  in  th** 
high-speed  engines,  and  from  600  to  750  ft.  per  min.  in  the  low-speed,  long- 
•txoke  Corliss  types. 

184.  Indicated  hone-power  is  piven  by  the  indicator,  and  is  th* 
amount  of  power  actually  developed  m the  cylinder  by  the  steam.  Brake 
torse-power  is  the  actual  output  at  the  shaft. 


where 


I h.p. 


PLAN 

33,000 


P — mean  effective  pressure,  lb.  per  sq.  in.; 
L — length  of  stroke,  ft.; 

A — piston  area,  sq.  in.; 

N — number  of  strokes  per  min. 


(32) 


Snell,  "Power  House  Design,”  p.  146,  Table  XLVII. 
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188.  The  mechanical  efficiency  is  given  by  the  formula 


Em 


b.h.p. 

i.h.p. 


where  Em  — mechanical  efficiency,  b.h.p.  —brake  horse-power,  and 
indioated  horse-power. 


Friction  h.p.  —i.h.p.  —b.h.p. 
Lueke  givee  the  formula 

_ Kx-Kt 

(m.e.p.) 


(33) 

i.h.p.  » 

(34) 

(35) 


where  /Ci*»0.02  to  0.05,  average  0.04;  and  /Ct-  1.3  to  2.0,  average  1.6. 

186.  Mechanical  design  of  the  steam  engine  is  limited  by  first  coet,  effi- 
ciency and  reliability:  these  three  factors  exert  influences  in  varying  direc- 
tions. Low  cost  per  h.p.  capacity  indicates  high  rotative  speed  and  sim- 
plicity of  mechanism.  High  economy  indicates  lower  speeds,  complicated 
valve  gear,  multiple  cylinders,  reheaters  and  large  receivers.  Reliability 
dictates  heavily  built  parts,  elimination  of  small  parts,  and  especially  the 
elimination  of  small  bearings.  The  outcome  is  that  for  small  powers,  mod- 
erate speeds  and  low  steam  pressures,  the  simple  non-condensing  slide-valve 
engine,  throttle  governed,  is  used.  Under  steady  load  and  speed  it  has  fair 
economy,  and  is  very  reliable.  For  small  electric  isolated  plant  service,  the 
high-speed  automatic  engine,  with  shaft  governors  and  piston-valves  or 
balanced  slide  valves,  is  used.  For  higher  powers  the  low-speed  condensing 
engine,  either  simple  or  compound,  is  adopted.  The  higher  economy  de- 
manded justifies  the  increased  cost  due  to  low  speed  and  Corliss  valve  gears; 
reliability  is  also  provided,  since  the  complex  gear  is  now  large  enough  not  to 
be  fragile. 


18T.  Friction  loss,  which  causes  the  difference  between  brake  and  indi- 
cated power,  is  made  up  of  bearing  friction;  piston,  valve  and  rod  friction; 
and  windage.  The  principal  bearing  friction  occurs  in  the  main  bearings, 
crank  pins  and  crosshead  slippers,  the  remainder  occurs  in  the  valve  gear. 
Suitable  lubrication  greatly  reduces  this  kind  of  friction.  Piston,  valve 
and  rod  friction  occur  in  a steam  atmosphere  where  lubrication  is  at  best  un- 
certain. The  latter  depends  upon  the  type  of  valve,  whether  balanced  or 
not;  upon  the  kind  ana  number  of  piston  rings;  and  upon  the  condition  of 
the  roa  packing. 


188.  Lubrication  of  all  bearings  is  accomplished  with  engine  or  machine 
oil;  or  prepared  grease.  In  small  engine*,  sight-feed  oil  cups  are  commonly 
used;  for  large  units,  a central  gravity  oiling  system  piped  to  all  bearings  is 
considered  the  best  practioe.  In  the  latter  case,  the  oil  is  oaught  after  use 
and  returned  to  filters,  whenoe  it  is  again  pumped  to  the  elevated  supply 
tank.  In  this  way  copious  supplies  of  oil  may  be  given  without  great  expense 
and  the  friction  is  very  much  reduced.  Splash  oiling  in  dosed  orank-case 
engines  is  employed  for  high  speeds  and  small  or  moderate  sisee.  Grease 
can  only  be  fed  by  individual  compression  cups  at  each  bearing. 


188.  Cylinders  are  oiled  with  heavier  lubricants,  whose  lubricating 
qualities  in  the  steam  become  the  same  as  ordinary  engine  oil  at  room  tem- 
peratures. Cylinder  oil  is  fed  into  the  steam  pipe  just  above  the  throttle,  or 
into  the  steam  chest:  a hydrostatic  nght-feeid  lubricator,  or  a force  pump 
may  be  employed.  The  latter  is  considered  the  better  method.  # Graphite 
has  been  used  with  much  success  in  assisting  oylinder  lubrication;  the 
chief  difficulty  lies  in  getting  it  into  the  cylinder. 


180.  The  total  losses  occurring  in  a steam  engine  ean  be  classified 

as  follows:  oylinder  condensation;  leakage;  clearance;  incomplete  expan- 
sion; wire-drawing;  radiation;  mechanical  friction. 


191.  Oylinder  condensation  is  caused  by  the  conduction  of  beat  away 
from  the  steam  through  the  cylinder  walls;  the  cylinder  assumes  an  average 
temperature  about  half-way  between  steam  admission  and  exhaust  tempera- 
tures. Consequently  the  hot  in-coming  steam  gives  up  heat  to  the  cooler 
walls;  some  of  this  is  returned,  too  late  to  be  of  use,  during  the  exhaust 
stroke.  Moisture  in  the  entering  steam  makes  this  effect  worse;  but 
superheat  much  improves  it,  by  increasing  the  surface  resistance  to  heat 
transmission. 
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1M.  Leakage  occurs  past  all  sliding  joints — the  Joint  behaves  like  an 
elongated  capillary  orifice  for  steam  flow;  such  joints  occur  at  the  piston,  the 
put-on  rod,  the  valve  seat  and  the  valve  rod.  The  means  of  reducing  leakage 
ere  generally  snap  and  spring-rings  for  pistons  and  piston  valves,  pressure 
pistes  insuring  a close  fit  for  flat  balanced  valves,  and  sectional  metallic  or 
10ft  packing  compressed  by  a gland,  for  all  rods. 

195.  Clearance  is  any  space  left  between  the  valve  and  the  piston,  when 
the  latter  is  at  the  end  of  the  stroke.  It  varies  from  3 to  4 per  cent,  of  the 
displacement  in  well-designed  Corliss  engines;  from  8 to  14  per  cent,  on 
high-speed  and  medium-speed  engines;  from  15  to  30  per  cent,  in  badly 
designed  or  low-price  slide-valve  and  piston-valve  engines. 

194.  Zero  clearance  Is  not  possible  in  any  commercial  construction,  since 
piston  must  have  some  clearance  from  the  cylinder  head,  and  the  steam  and  the 
exhaust  passages  must  always  have  some  volume.  Clearance  necessitates 
compression,  in  order  to  bring;  the  volume  of  steam  trapped  in  the  clearance 
•pace  to  approximately  the  initial  pressure;  this  has  the  double  effect  of 
cushioning  the  engine  and  avoiding  loss  due  to  Ailing  the  clearance  space  with 
fresh  steam  at  each  stroke. 

199.  Incomplete  expansion  is  due  to  the  limitations  in  sise  of  oylinder- . 
*hich  commercially  cannot  be  made  large  enough  to  handle  the  high  vol- 
«mes  at  low  pressure. 

196.  Wire  drawing  is  the  term  applied  to  pressure  drop  between  steam 
chest  and  cylinder  due  to  insufficient  area  in  the  valves  and  ports,  or  slow 
opening  of  the  valve;  it  reduces  the  effective  pressure  and  therefore  causes  a 
lass. 

197.  Radiation  is  the  heat  loss  which  occurs  when  the  cylinder  tempera- 
tare  is  higher  than  that  of  the  surrounding  air.  Not  only  the  cylinder,  but 
olso  those  parts  of  the  engine  which  become  hot  by  conduction,  radiate  heat. 
The  cylinder  is  heavily  lagged  (or  even  jacketed  in  a few  cases)  to  reduce  the 
low.  This  loss  amounts  to  1 or  2 per  cent,  of  the  total  heat  of  steam  used  by 
the  engine. 

198.  Indicated  horse-power  is  obtained  from  the  indicator  card  (Par 
194)  and  was  the  basis  of  most  guarantees  up  to  a few  years  ago.  Brake 
home-power,  which  is  the  useful  power  delivered  at  the  shaft,  is  now  more 
common. 

199.  Non-condensing  single-cylinder  engines  are  usually  rated  at 

1 or  i cut-off  and  100  lb.  gage  steam  pressure;  compound  non-condensing 
engines  at  1 to  } cut-off  in  the  high-pressure  cylinder  and  150  lb.  gage  pr*s- 
«rt;  simple  condensing  engines  at  l or  £ cut-off  and  125  to  150  lb.  gage 
pressure.  The  guarantees  should  always  state  steam  pressures,  back  pres- 
ftres  and  actual  cut-off,  instead  of  the  above  figures. 

, too.  The  locomobile  type  of  engine  developed  abroad  and  lately 
introduced  in  this  country  is  a combination  consisting  of  a tandem  compound 
engine  mounted  directly  on  an  internally  fired  boiler.  The  high-pressuro 
cyfioder  is  in  the  smoke  flue,  and  the  low-pressure  cylinder  is  jacketed  by 
the  steam  dome.  A superheater  is  also  fitted  in  the  smoke  box.  The 
advantage  of  maximum  jacketing  effect,  high  Buperheat,  and  practically  no 
piping  losses,  make  the  fuel  economy  high.  This  type  of  unit  is  now  manu- 
factured in  this  country,  but  the  advantages  of  the  turbine,  coupled  with  the 
comparative  inflexibility  of  a single  boiler-engine  unit,  will  prevent  extensive 
««  of  the  locomobile  in  America. 

. 901.  Sxhaust  steam  heating  makes  use  of  the  heat  wasted  by  the  en- 
title; it  may  amount  to  80  or  90  per  cent,  of  the  heat  originally  in  the  steam 
Consequently,  the  power  is  obtained  at  very  low  cost  for  fuel,  since  most  of 
die  ord  inary  inherent  losses  are  recovered  as  heat  in  the  heating  system 
Hence  in  many  industrial  plants  serving  buildings  with  lighting  and  powi  r 
•enrice,  non-condensing  engines  are  used.  Generally  the  expense  of  a con- 
denser to  be  used  during  the  summer  months  will  not  be  justified,  as  the  small 
fain  in  economy  for  the  year  will  not  offset  the  fixed  charges  on  the  condenser 
equipment. 

101.  Average  steam-engine  performance  is  best  represented  by  a 
combination  of  the  efficiency  ratio  and  heat  drop  available  from  the  steam 
conditions  existing,  since  the  efficiency  ratio  is  the  least  affected  variable 
involved. 
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The  efficiency  ratio  is  defined  as  the  steam  consumption  of  the  Rankine 
cycle,  divided  by  the  actual  steam  consumption  (per  i.h.p.-hr.,  per  brake 
h.p.-hr.,  or  per  kw.h.,  as  the  case  may  be);  or,  the  ratio  of  the  actual  efficiency 
to  the  Rankine  efficiency.  The  Rankine  cyclo  efficiency  is  found  as  follows: 
on  the  Mollier  diagram,  Fig.  22,  select  the  point  corresponding  to  the  initial 
steam  condition,  and  read  off  total  heat.  Hi;  follow  down  the  vertical  line 
(constant  entropy),  to  the  back  pressure  in  the  case,  and  read  off  total  heat, 
Ht,  in  the  final  condition.  The  available  heat-drop  is  Hx-Hti 

Efficiency  of  Rankine  cycle, 


Steam-consumption  of  cycle,  Wr 


2545 

Hi  — lit 


per  i.h.p.-hr.,  or  brake  h.p.-hr. 


3413 

Hi- 


per  kw.h. 


2545 

Heat  drop  actually  obtained,  Ht  — — per  i.h.p.-hr.,  or  per  brake 


h.p.-hr. 


W 
3413 
W ’ 


per  kw.h. 


where  W is  the  actual  steam  consumption  for  the  above  units. 
Thermal  efficiency  of  the  actual  engine, 

p _ Ht 

E ~ Hi 


™ Ht  Wr  E 

Efficiency  ratio  **  or  JjT’  or£m 

Having  obtained  the  available  heat  drop,  select  the  efficiency  ratio  for  the 
size  and  type  of  engine,  and  multiply  the  two  to  get  //»,  then 


W 


2545 

Ih 

3413 

Ht~ 


per  i.h.p.-hr.,  or  per  brake  h.p.-hr. 
per  kw.h. 


(36) 

(37) 


SOS.  Water  rates  vary  greatly  with  steam  pressure,  superheat  or  mois- 
ture, and  back-pressure.  No  comparison  of  water  rate  alono  can  be  fair, 
unless  the  steam  conditions  are  known.  The  efficiency  ratio  is  the  best  means 
of  comparison  for  varying  steam  conditions.  For  small  non-condensing 
engines,  the  efficiency  ratio  varies  from  0.50  to  0.65;  condensing  lowers  the 
ratio  about  0.10  to  0.15.  The  reason  is  that  in  condensing  single  enginee. 
the  toe  of  the  diagram  is  cut  off  and  expansion  is  very  incomplete.  The 
same  is  true  of  compound  engines.  Another  reason  is  that  the  shorter  cut- 
off employed  with  condensing  engines  induce  a greater  amount  of  cylinder 
condensation.  Of  course,  the  greater  thermal  efficiency  of  the  cycle,  due 
to  dropping  the  backpressure,  more  than  offsets  this  reduction  in  efficiency 
of  utilization  of  the  cycle.  The  efficiency  ratio  is  a measure  of  efficiency  of 
utilization. 


204.  The  thermal  equivalent  of  a horse-power  hour  is  2545  B.t.u. 
Large  high-grade  engines  actually  develop  a horse-power  on  15,600  to  17,000 
B.t.u.;  small  engines,  25,000  to  34,000  B.t.u.  The  thermal  equivalent  of  a 
kw.h.  is  3415  b.t.u.  The  b.t.u.  per  kw.h.  willvary  from  13,500 in  a 30,000-kw. 
turbine  to  38,000  in  a small  steam-engine  driven  generator. 

205.  The  effect  of  raUing  the  back-pressure  upon  an  engine  can  readily 
be  seen  from  the  Mollier  diagram;  the  available  adiabatic  heat  drop  is  reduced 
and  consequently,  although  the  efficiency  ratio  may  not  change,  the  thermal 
efficiency  of  the  Rankine  cycle  is  reduced,  and  therefore  the  thermal  efficiency 
of  the  actual  engine.  In  other  words,  the  wrater  rat©  increases.  8inoe  the 
heat  drop  is  less,  there  will  be  somewhat  more  heat  per  lb.  in  the  exhaust. 


205.  Exhaust  steam  turbines  are  of  valuable  use  in  connection  with  non- 
condensing  engines  used  intermittently.  The  economy  of  such  engines  (aay. 
for  rolling  mill  service)  is  low,  and  large  quantities  of  steam  are  exhausted 
to  the  air  one  moment,  and  almost  none  the  next. 
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207.  Regenerators.  The  exhaust  of  several  such  engines  (Par.  206)  is 
piped  to  regenerators,  which  are  simply  heat  reservoirs  containing  a large 
body  of  hot  water  in  contact  with  the  exhaust  steam.  The  effect  of  the  regen* 
erator  is  to  absorb  heat,  when  delivered  in  excess,  by  condensation  of  steam; 
and  to  release  it  upon  shortage,  by  evaporation  of  some  of  the  water.  The 
slight  pressure  variations  between  full  delivery  and  shortage  are  sufficient  to 
accomplish  this. 

206.  A low-pressure  turbine  served  by  the  regenerator  will  operate  on 
about  double  the  water  rate  of  high-pressure  machine  of  the  same  size. 
The  resulting  overall  water  rate  for  the  output  of  both  engines  and  turbines 
may  be  from  20  to  50  per  cent,  less  than  with  the  original  engines  alone. 

200.  Low-pressure  turbines  may  sometimes  be  used  in  connection  with 
high-grade  engines  as  a convenient  means  of  increasing  capacity.  The  effi- 
ciency ratio  ox  non-condensing  engines  is  always  much  higher  than  that  of 
condensing  engines  of  the  same  sise  (Par.  2G2);  this  is  due  mainly  to  the 
low-pressure  cylinder,  which  has  a very  low'  efficiency.  The  low-pressure 
turbine  has  a better  efficiency  ratio  than  the  high-pressure  machine,  because 
the  friction  of  the  steam  is  always  less  at  the  lower  densities,  and  the  fric- 
tion is  again  reduced  by  the  removal  of  the  moisture  in  the  steam  before 
reaching  the  turbine. 

210.  The  largest  installation  of  low-pressure  turbines  is  at  the  Inter- 
borough  Rapid  Transit  Company’s  50th-Street  Station,  New  York.  Five 
Curtis  turbines  of  7,500  kw.  maximum  rating  are  individually  connected  to 
five  compound  Corliss  engines  of  7,500  kw.  maximum  rating.  The  steam 
pressure  is  190  lb.  gage;  vaouum,  28.5  in.;  moisture  in  steam,  1.5  per 
cent.  The  net  results  are:  increase  of  economical  capacity,  140  per  cent., 
increase  of  maximum  capacity,  100  per  cent,  reduction  of  water  rate,  25  per 
cent.  (Stott  and  Pigott;  A.  S.  M.E.  Trans.;  Mar.  1910.) 

211.  When  exhaust  turbines  are  applied  to  an  engine  of  poor  econ- 
omy, the  saving  is  even  greater.  However,  there  is  a limitation  to  the  use  of 
the  low-pressure  turbine,  in  that  the  engines  must  be  able  to  withstand  the 
extra  pressures  which  result  from  changing  to  non-condensing  service,  and 
must  bo  in  good  enough  condition  to  be  reliable.  It  is  very  bad  policy  to 
make  such  an  installation  in  connection  with  an  old  and  unreliable  engine. 

212.  Engine  specifications  should  cover  the  following  points;  (a) 
Number  and  location;  character  of  building,  (b)  Type,  service,  and  man- 
ner of  connection  to  load,  (c)  Principal  dimensions,  (d)  Steam  and  back 
pressures,  normal  and  overload  capacity,  (e)  Speed  regulation  under  all 
kinds  of  load  variation;  variation  of  angular  velocity,  (f)  Satisfactory 
operation,  noise,  vibration,  etc.  (g)  Tests  and  inspection,  (h)  Construc- 
tion details — cylinder,  piston-rods,  crosshead,  conneeting-rod,  pins  and  bear- 
ings, shaft  and  flywheel,  governor,  valves,  frame,  foundation,  lubricators, 
and  receivers,  piping,  engine-stop,  erection,  (i)  General:  arrangements  for 
delivery  into  plant. 

21S.  The  only  large-sixe  engines  in  use  in  electric  power  plants  are 

of  the  Corliss  type,  and  the  grid-valve  type.  The  moderate-size,  medium- 
speed  or  high-speea  engine  may  be  of  the  following  types:  Corliss,  automatic 
piston  valve,  or  Lentz  type  poppet  valve.  The  high-speed  small  engine  for 
exciter  service  or  small  cfirect-currert  generation  is  practically  always  a shaft- 
governor  automatic  slide-valve  or  piston-valve  engine,  generally  simple. 
No  new  power  plants  are  now  built  using  reciprocating  engines  in  large  sues: 
See  Par.  218. 

214.  The  medium-power  and  high-power  engines  are  practically 
always  compound.  Wherever  possible,  the  vertical  compound,  or  at  least 
the  angle  compound  (horizontal-vertical)  should  be  used  on  account  of  the 
saving  in  floor  space,  and  the  more  satisfactory  wear  of  the  parts.  The  hori- 
sontal  engine  is  used  only  where  the  headroom  is  restricted. 

215.  Automatic  stops  consist  of  some  form  of  flyball  governor,  belt  or 
chain  driven  from  the  engine  shaft:  th<‘  governor  is  so  set  as  to  release  a 
trigger  or  close  an  eleotric  circuit  when  the  predetermined  speed  is  exceeded. 
This  trigger,  or  a magnet  in  the  electric  circuit,  releases  a weight  arranged  to 
close  the  throttle.  The  usual  connection  consists  of  a steel  wire  rope  around 
a drum  on  the  throttle  valve  stem.  In  another  form  of  automatic  stop  the 
operation  of  the  magnet  or  trigger  releases  the  pressure  of  steam  on  a pilot 
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kipe  line;  this  in  turn  releasing  the  pressure  behind  a piston  in  the  specially 
Kill  nr  i throttle  valve,  which  then  closes.  Both  the  systems  are  arranged 

ir  additional  operation  by  hand. 

► lit.  The  operation  of  Iteam  engines,  after  correct  adjustment  of 
■oving  parts  has  been  made,  is  chiefly  a matter  of  lubrication.  In  starting, 

the  usual  procedure  is  to  "crack”  the  throttle  in  order  to  admit  a little  steam 
to  warm  up  the  engine  all  over  without  allowing  it  to  turn.  After  the  pre- 
iminarv  warm-up,  standing,  the  engine  is  allowed  to  turn  over  slowly  for  a 

few  minutes  to  warm  all 
pits  thoroughly ; it  is  then 
*ady  for  full  speed  and  load, 
five  minutes  may  be  long 
(bough  for  “warming  up,T 
to  engine  of  300  h.p.  or 
k»;  15  or  20  min.  are  re- 
Haired  for  large  machines, 
fast  before  starting,  a few 
tookes  of  the  hand  oil  pump 
(•easily  attached)  should  be 
tiven,  to  insure  thorough 
urimeation.  All  automatic 
(Sing  rigs  should  be  started 
fcfew  minutes  before  turning 
fver.  Drips  should  be  wide 
open  while  warming  up,  and 
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while  turning  slowly,  but  Fxo.  23. — Cost  of  large  reciprocating  engines. 

dosed  when  the  engine  is 


brought  up  to  speed.  Shut' 
ting  down  only  requires  the 
dosing  of  the  throttle,  shutting 
off  automatic  feeds,  and  the 
opening  of  drips.  All  bolts 
and  nuts  should  be  gone  over 
periodically,  say  once  a month . 
and  a thorough  overhauling 
liven  the  piston , cylinder,  bear- 
ings. etc.,  once  a year. 

SIT.  Engine  costs.  Figs. 
.23  and  24  give  the  usual  cost 
;d  large  and  small  engines 
. The  cost  per  lb.  of  engine  varies 
torn  10.10  to  $0.15. 

lift.  The  present  status 
d the  reciprocating  engine 
is  revealed  by  a progressive! 
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Fig.  24. — Cost  of  small  reciprocating  engines. 


dimini«hji^g  peroentage  of  the  total  h.p.  of  prime  movers  sold.  The  large  steam 
turbine  has  totally  displaced  it  in  central  stations ; and  recently  the  develop- 
ment of  fairly  economical  small  turbines  is  cutting  down  the  field  in  all  direc- 
tions. The  immense  advantages  of  the  turbine  are  great  enough  to  overcome 
1 dight  inferiority  in  water  rate  in  the  small  sizes.  Ultra-conservatism  and 
ifooranceof  the  real  cost  of  power,  of  which  coal  and  water  are  only  fractional 
parts,  account  for  the  purchase  of  reciprocating  engines  where  turbines  ought 
to  be  installed.  The  oil  engine  and  the  gas  engine,  for  small  and  moderate 
•bed  plants,  are  also  giving  the  steam  engine  competition,  in  localities  wneie 
the  cost  of  oil,  or  producer  gas,  will  permit. 


STEAM  TURBINES 

I - Tit.  The  thermodynamics  of  the  steam  turbine  is  a simpler  matter  in 
theory  than  the  steam  engine.  The  energy  of  the  adiabatic  expansion  in  the 
turbine  is  converted  into  kinetic  energy  by  producing  motion  of  the  steam 
particles,  which  issue  from  the  nozzles  as  jets. 

HO.  Resisted  end  free  expansion.  The  expansion  in  the  engine  is 
termed  “perfectly  resisted;’*  in  the  turbine  it  is  "free.”  Therefore  all  the 
*ork  is  done  upon  the  steam  itself  during  the  expansion,  producing  high 
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velocity  of  the  steam  partdoles;  these  particles  in  torn  impinge  upon  eunrsi 
vanes  or  buckets,  which  change  the  direction  of  flow  of  the  jets  in  sooh  a man 
ner  as  to  produce  a force  in  the  direction  of  rotation  of  the  wheel.  I 

SSI.  The  losses  are  wholly  different  from  thoee  in  the  engine;  there  is  M 
initial  condensation,  because  the  parts  assume  the  temperatures  of  the  mof< 
ing  steam,  instead  of  being  alternately  heated  and  cooled,  and  radiation  is  SI 
slight  as  to  be  negligible  (0.1  per  oent.  or  less).  " 

222.  Friction.  The  only  true  mechanical  friction  is  in  the  bearings  and 

ivornnr  non  Via  niam  *nrl  nail  all  v linear  9 R nor  Mnf  in  am  a 11  inrUnol 


flow  and  (d)  windage  of  the  discs  or  drums  revolving  in  steam.  There  if 
some  leakage,  but  generally  less  than  in  the  engine.  The  velocity  of  tbs 
exhaust  steam  is  also  a source  of  direct  loss. 


228.  The  flow  of  gas  or  vapor  through  a nosale  is  a phenomenon  divis- 
ible into  two  classes — (a)  above,  and  (b)  below,  the  critical  pressure.  When 
difference  of  pressure  is  maintained  across  an  orifioe.  steam  will  flow  with 
increasing  velocity  and  in  increasing  quantity  as  the  pressure  difference 
increases  up  to  that  point  at  which 

Yx  “ 0 . 68,  for  steam,  (38) 


where  Pi  "initial  pressure  in  lb.  per  sq.  in.  absolute  and  Pi  — back  pressure  in 
lb.  per  sq.  in.  absolute.  1 

224.  The  critical  pressure  is, 

Pt-0.58Pi.  (39) 

This  is  true  for  all  initial  pressures.  The  corresponding  velocity  varies 
from  1,300  to  1,500  ft.  per  sec.,  and  is  found  practically  to  ooincide  with  tbs 
velocity  of  sound  in  steam  at  the  pressure  Pi  — 0.58Pi. 

SSI.  Effect  of  reducing  back-pressure.  Up  to  this  point  (Par.  SSS) 
the  stream  issues  from  the  orifioe  in  parallel  lines:  but  if  the  value  of  Pi  is 
educed  below  0.58Pi,  no  further  increase  in  velocity  or  quantity  can  be 
obtained,  at  the  orifice,  but  there  is  further  acceleration  beyond  the  orifice, 
and  the  stream  flows  out  laterally  as  well  as  forward.  Heavy  sceoustie 
vibrations  occur,  and  the  efficiency  of  conversion  decreases.  To  correct 
this,  a conical  or  conoidal  section  is  added  to  the  orifice,  diverging  in  the  direc- 
tion of  flow,  and  the  further  pressure  drop  is  permitted  to  take  place  in  this 
flaring  or  trumpet-like  exit.  The  De  Laval  nossle  was  the  original  divergent 
type. 

126.  The  exit  area  should  be  that  suited  to  the  velocity  and  volume 
resulting  from  the  total  heat  drop  from  the  pressure  Pi  to  Pi;  but  the  throat 
always  remains  of  that  sise  required  for  a pressure  of  0.58Pi,  and  a velocity 
of  about  1,300  to  1,500  ft.  per  sec.  The  theoretical  velocities  are  not  realised, 
due  to  friction  of  the  steam  in  the  nossle. 

227.  The  velocity  efficiency  of  a convergent  nossle  (orifice*  with 
rounded  entrance)  varies  from  98  per  oent.  at  low  velocities  down  to  95  per 
cent,  at  1,300  to  1,400  ft.  per  sec.  The  velocity  efficiency  of  a divergent 
nossle,  for  expansion  beyond  the  critical  pressure,  ranges  from  94  per  oent. 
at  1,500  ft.  per  sec.  to  90  per  cent,  or  85  per  cent,  at  3,000  ft.  per  sec. 

228.  The  velocity  efficiency  of  the  buckets  varies  from  about  96  pet 
cent,  to  98  per  cent.,  for  the  low  velocities  used  in  reaction  turbines  (leas 
than  1,000  ft.  per  sec.),  to  84  per  cent,  or  86  per  cent,  in  impulse  turbines  st 
velocities  of  about  2,500  ft.  per  sec.  The  second  and  succeeding  rows  of 
buckets  or  guides  in  velocity-compounded  turbines  have  even  lower  effi- 
ciencies, reaching  84  per  cent,  at  about  1,500  ft.  per  sec. 

229.  The  velocity  obtainable  by  expansion  is  expressible  by 

V-223.7V^rT^F/t  (40) 

where  V "velocity  at  exit  of  nozzle  in  ft.  per  sec.,  Hi — total  heat  oontents  of 
nteam  at  initial  condition,  and  //i  — total  heat  contents  of  steam  at  final 
condition.  If  Hi  denotes  the  heat  contents  after  an  adiabatic  expansion,  it 
fallows  that  V is  the  theoretical  value;  but  Ht  is  always  higher  than  this, 
ecause  internal  friction  reduces  the  quantity  of  heat  removedfrom  tbs  steam 
by  the  work  done. 
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pM-  Pressure  drop.  In  the  impulse  turbine,  all  pressure  drop  occurs  in 
fchonary  nossles,  and  there  is  no  difference  of  pressure  across  the  moving 
Kdes.  In  the  reaction  type,  about  half  the  pressure  drop  takes  plaoe  in  the 
■tiooary  blades,  and  the  remainder  in  the  running  blades;  ana  the  latter, 
pefore,  act  also  as  nossles.  There  is  an  unbalanced  force  due  to  this  differ- 
jp  of  pressure  across  the  moving  blades  that  must  be  cared  for  by  balanc- 
jg  devices. 

JS1.  There  are  two  bade  types  of  turbines:  impulse  and  reaction, 
■ther  of  the  two  is  really  pure  impulse  or  pure  reaction,  but  the  work  done 
[impulse  predominates  in  the  impulse  type,  and  the  work  by  reaction  in  the 
fertion  type.  The  simple  impulse  wheel  is  only  employed  in  the  single-stage 
ILsvaf  type;  velocity  compounding  and  pressure  compounding  are 
Iployed  in  all  other  impulse  types.  Compounding  becomes  a necessity, 
t secure  reasonable  rotative  speeds. 


Sectioa  B Section  B Section  B Section  B 


Fia.  25. — Elemental  turbine  types.* 


W.  The  steam  velocity  in  a single  expansion  from  150  lb.  gage 

*•»  28-in.  vacuum  would  be  about  3,100  ft.  per  sec.  For  best  efficiency  the 
wde  Telocity  should  be  a little  less  than  hslf  the  steam  velocity,  or  in  this 
1,500  ft.  per  sec.,  which  results  in  centrifugal  stresses  in  the  disc  much  in 
QMS  of  suitable  stresses  for  commercial  materials.  If  the  wheel  is  run 
jwver,  the  exit  velocity  of  the  issuing  steam  is  increased,  reducing  the 
wdency. 

W.  In  velocity  compounding  the  exit  velocity  from  the  first  wheel  is 
reived  in  a series  of  guide  blades  and  redirected  to  a second  wheel,  so  that 
ewe  of  the  energy  is  removed,  without  unreasonable  wheel  velocities  (300  to 
to  ft  per  sec.). 

*34.  Pressure  compounding  is  the  division  of  the  pressure  drop  into 
*o  or  more  stages,  which  are  essentially  de  Laval  single-stage  nossles  and 
taels  in  series.  Fig.  26  shows  these  types  with  characteristic  figures. 

*38.  The  reaction  turbine  for  best  efficiency  runs  at  ^2  or  1.414  times 
be  peripheral  speed  of  the  impulse  turbine  for  the  same  pressure  drop.  It 
> never  built  single-stage,  but  always  pressure-stage  compound. 

314.  Principal  types.  The  de  Laval  is  the  original  single-stage  impulse 
H*;  the  velocity-compounded  type  (generally  also  combined  with  few-atagr 
reesure  compounding  as  well)  is  usually  known  as  the  Curtis;  the  pressure- 
tage  type  (pure),  as  the  Rateau;  and  tne  reaction  type,  as  the  Parsons. 


* From  “ The  Steam  Turbine  ” by  J.  A.  Moyer. 
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Sec.  10-237 


237.  The  blading  of  the  three 
Ratoau,  is  shown  in  Figs.  26,  27,  &n< 

238.  Hybrid  types  have  lately  proved  the  most  efficient,  or 
build.  In  moderate  sizes  the  Parsons  turbine  is  built  with  a Cui 
velocity  stage  for  the  high-pressure  stage;  the  advantage  is  a lar 


types,  Parsons,  Curtis  and 


Fig.  20. — Curtis-Parsons  double-flow  turbines. 


Fig.  27. — Curtis  turbine. 


ing  and  cheapening  the  construction,  and  eliminating  the  short  high-pressur* 
reaction  blading,  which  is  the  least  efficient. 

239.  The  Curtis-Rateau  type  consists  of  a 2- wheel  Curtis  element  for 

the  high-pressure  stage,  followed  by  6 to  12  Rateau  pressure  stages.  It  haa 
the  same  advantage  w'ith  regard  to  keeping  the  high-pressure  out  of  the 
casing. 
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Sec.  10-239 


Fiq.  28. — Rateau  turbine. 
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140.  Velocity  itiging  is  the  least  efficient  method  of  compounding,  but  is 
chiefly  used  for  small  turbines,  as  it  lowers  the  cost.  More  than  two  wheels 
per  stage  are  very  seldom  used  except  in  marine  turbines. 

141.  Vertical  and  horizontal  types.  There  is  very  little  difference  in 
principal  features  between  vertical  and  horisontal  turbines.  The  only  conn 
panies  that  have  built  large  vertical  machines  are  the  Allgemeine  Elek- 
tricitftts  Gesellschaft  and  the  General  Electric  Company.  Small  vertical 
t irbines,  in  small  sites,  are  sometimes  built  for  use  all  with  vertical  fans  and 
pumps,  using  a ball  step  bearing  for  support.  The  large  machines  are  all 
! rovided  with  oil  or  water  high-pressure  step  bearings,  requiring  from  050  to 
l ,000  lb.  per  sq.  in.  pressure,  and  special  pumps.  The  A.  E.  G.  Co.,  has  dis- 
continued building  this  type  for  several  years,  and  since  the  recent  increase 
in  rotative  speeds,  the  0-  E.  Co.  has  also  discontinued  it.  The  Parsons 
turbine  has  never  been  built  in  anything  but  the  horisontal  type. 

242.  Pressure  types.  High-pressure  turbines  are  those  which  operate 
on  full  boiler  pressure  and  exhaust  to  atmosphere  or  vacuum.  Lonr-pree- 
sure  turbines  are  those  operating  on  atmospheric  pressure,  or  a few  lb.  above 
it,  and  exhausting  into  a vacuum.  They  are  usually  connected  to  the 
exhaust  of  non-condensing  reciprocating  engines,  or  other  source  of  low-pres- 
sure steam  (except  direct  from  boilers).  Mixed-pressure  turbines  are 
those  designed  to  run  normally  on  low-pressure  steam,  but  equipped  with 
high-pressure  stages  which  may  receive  steam  from  the  boilers  direct,  if  the 
low-pressure  supply  fails  to  equal  the  demands  of  the  turbine  load.  This 
type  is  characterised  by  a low-pressure  end  designed  to  handle  a much  larger 
q uantity  of  steam  than  the  high-pressure  end. 

242.  Bleeder  turbines  are  those  in  which  provision  is  made  for  taking 
steam  from  a stage  of  the  machine  normally  at  atmospheric  pressure,  or  a 
few  lb.  above,  to  be  used  for  heating,  or  industrial  service.  The  remainder 
not  so  used  continues  through  the  low-pressure  section  to  the  condenser. 
This  type  is  characterised  by  a large  high-pressure  section,  as  compared  to  the 
low-pressure  end. 

244.  The  principal  features  of  turbine  design  relate  to  balanoe,  leak- 
age, and  resistance  to  high  oentrifugal  stresses.  Wheels  for  small  impulse 
turbines  are  normally  operated  at  peripheral  speeds  of  250  to  350  ft.  per  sec., 
and  400  to  550  ft.  per  sec.  for  large  machines,  using  ordinary  high-grade 
open-hearth  steels.  For  higher  speeds  up  to  725  ft.  per  see.  chrome-nickel 
f orged  steels  are  used.  Reaction  turbines  are  usually  designed  for  much 
lower  speeds,  150  to  350  ft.  per  sec.,  or  400  ft.  for  very  large  units,  and  are 
generally  of  drum  construction,  of  open-hearth  steel. 

145.  Speed  limitations  of  open-hearth  steel.  Theoretically,  a 
properly  designed  disc  can  be  run  at  from  125  to  160  per  oent.  of  the  safe 
s i iced  of  a drum  with  corresponding  blading.  In  practice,  however,  the 
difference  due  to  computable  tensile  stresses  from  blades  and  oentrifugal 
force'  is  less  important  than  the  unknown  harmonio  stresses  due  to  blade 
and  disc  vibration,  and  the  drum  type  is  better  than  the  disc  type  in  this 
respect. 

244.  Casings  for  superheated  steam  above  the  50-lb.  pressure  section 
of  the  turbine  are  made  of  cast  steel;  below  this,  of  cast  iron;  and  for  all 
pressures  in  saturated  steam,  of  cast  iron.  The  casings  of  most  horisontal 
turbines  are  split,  so  that  lifting  the  upper  half  exposes  the  whole  interior. 
With  one  more  lift,  the  whole  rotor  may  be  removed,  facilitating  repairs 
to  all  parts.  The  vertical  turbines  must  be  opened  in  several  sections  and 
taken  apart  wheel  by  wheel. 

247.  Glands  to  prevent  leakage  from  stage  to  stage,  or  from  the  in- 
terior of  the  turbine  to  the  outside  air,  are  nearly  always  some  form  of 
labyrinth,  with  no  actual  contacts,  or  at  most  very  light  contact  on  float- 
ing rings.  The  high  speeds  and  lack  of  lubrication  forbid  any  forms  of 
soft  packing  except  for  very  small  units.  The  function  of  the  labyrinth  is 
to  interpose  a large  number  of  constricted  passages  to  the  flow  of  steam. 
The  Parsons  turbine  uses  a water-sealed  gland  between  the  end  of  the  caring 
nnd  the  outer  air.  These  constrictions  usually  measure  from  0.003  in.  to 
0.035  in.,  depending  on  the  size  of  shaft  or  dummy  ring,  and  the  pressure 
difference.  The  clearance  is  selected  according  to  the  vibration  at  tne  point 

application  and  is  often  made  a funotion  of  the  diameter. 
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Fia.  29. — Four  types  of  blade  fastenings. 


149.  Pressure  sieges. 


In  high-pressure  Curtis  turbines,  the  usual  num- 
fiv«  tn  hpvpii.  with  two  velocity  stages  in  each 


ber  of  pressure  stages  is  five  to  seven,  with  two  velocity  stages  in  each 
pressure  stage.  In  Rateau  types,  there  are  about  thirteen  to  twenty-two 
pressure  stages,  with  one  wheel  in  each;  or  one  Curtis  stage  of  two  velocity 
•Uges  may  take  the  place  of  two  or  three  high-pressure  stages.  The  rarsona 
type  has  from  forty  to  seventy  pressure  stages. 

J50.  Turbine  rating.  Impulse  turbines  are  rated  on  a basis  of  cal- 
culated flow  through  the  nozzles  and  known  efficiencies  of  different  types  of 
wheels  Thus  a wheel  of  given  sire  may  be  of  widely  varying  horse- power 
under  different  areas  of  nozzles;  the  efficiencies  also  are  altered.  Reaction 
turbines  must  be  designed  for  the  load,  and  can  only  be  altered  in  best  load 
capacity  by  increasing  the  initial  pressure.  Overload  is  provided  for  in  the 
impulse  types  by  adding  extra  nozzles;  in  the  reaction  type  by  by-passing 
some  of  the  high-pressure  stages. 

191  Measurement  of  shaft  output.  The  output  of  the  turbine 
must  be  obtained  by  brake,  or  electrically;  no  indicated  horse-power  exists; 
ia  small  turbines,  throttle  governed,  the  steam-chest  pressure  bears  an  ac- 
curate relation  to  the  horse-power  delivered  at  any  speed,  and  if  the  turbine 
b calibrated.  it  may  be  used  as  an  indication  of  the  output  thereafter.  1 bis 
it  true  because  the  pressure  is  a measure  of  the  steam  flow,  and  the  steam 
Bow  ia  a measure  of  the  output,  for  any  given  turbine  efficiency. 

192  Lubrication  is  exceedingly  simple.  No  internal  oiling  whatever 
is  employed  ; gravity  or  force  feed  with  copious  supply  at  15  to  25  lb.  pressure 
b general  for  large  units.  The  speed  of  rotation  causes  a dragging  of  oil 
under  the  journal,  by  means  of  viscosity,  so  that  the  journal  never  rides  on 
m+tjd  Some  turbines  actually  rise  a few  thousandths  of  an  inch  alter 
coming  to  speed  due  to  increase  in  the  oil  film  under  the  journal,  ©mall 
turbines  are  ring-oiled  like  motors. 

IIS.  The  actual  Rankine-cycle  efficiency  ratios  obtained  in  small 
non-condensing  turbines  vary  from  45  per  cent,  to  50  per  cent.;  for  large 
units  from  55  to  65  per  cent,  for  the  great  majority,  up  to  80  per  cent,  as 
about  the  highest.  These  figures  assume  condensing  service  in  each  case 

This  table  gives  efficiency  ratios  and  B.t.u.  per  kw-hr.  The  latter  hgure 
is  obtained  from  the  water  rate  and  the  steam  conditions. 

B.t.u.  per  kw-hr.  - WX(Hx-qt)  (41) 


753 


Sec.  10-254 


POWER  PLANTS . 


Turbine  Performance:  Data  on  Commercial  Teete  of  Larce  Steam  Turbines.— (Continuid) 


POWER  PLANTE 


Sec.  10-264 


I,  Tran*.  A.  8.  M.  E.,  1912,  and  R.  J.  S.  Pigott. 
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When  Hi  - heat  contents  of  steam  supplied  to  turbine,  q—heat  of  the  Hquid 
in  condensate  and  W *»  water  rate  in  lb.  per  kw-hr. 

The  thermal  efficiency  is  the  product  of  the  efficiency  ratio  the  thermal 
efficiency  of  the  Rankine  cycle  (adiabatic  expansion}. 

MS.  Efficiency  ratios.  Figs.  30,  31,  and  32  give  characteristic  efficiency 
ratios  for  small  and  large  units.  It  is  found  that  the  WUlans  line  (total 


Fia.  36. 


steam  per  hour  vs.  output)  is  practically  straight  line  from  seroloed  to  foil 
(or  best)  load;  on  overload,  with  by-pass,  or  extra  nossles  open,  it  is  usually 
another  straight  line,  joining  the  first  at  best  load,  but  more  steeply  inclined. 
This  property  allows  fractional-load  water  rates  to  be  readily  interpolated 
from  one  or  two  load  tests  or  guarantees. 

The  full  load  water  rates  can  be  obtained  from  the  efficiency  ratio  values, 
in  the  way  given  in  Par.  SOS.  The  no-load  steam  consumption  will  be 
approximately  6 to  7 per  cent,  in  30,000  kw.  sixes,  8 to  10  per  cent,  for 
2,000  to  5,000  kw.  and  12  to  15  p ef  cent  for  sixes  under  500  h.p 


MS.  The  effect  of  variation  in  vacuum  on  a turbine  differs  somewhat 
with  the  type  of  machine,  but  can  be  obtained  with  reasonable  securest 
from  Fig.  33,  whioh  gives  average  figures  for  high-pressure  turbines;  Fig.  M 
applies  to  low-pressure  turbines.  A vacuum  of  28  in.  is  taken  as  the  stand* 
ara  for  high-pressure,  and  27.5  in.  for  low-pressure  units.  | 

257.  The  effect  of  superheat  in  improving  economy  is  usually  takiu 
at  the  rate  of  10  per  cent,  for  the  first  100  dep.  of  superheated  per  cent.  M 
the  next  100  dep.,  and  7 per  cent,  for  the  third  hundred.  Fips.  33  and  ■ 
show  the  corrections,  which  are  practioally  identical  for  all  types.  ' 
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Ilf.  The  efficiency  losses  may  be  subdivided  into  (a)  nozzle  friction, 
6 to 28 per  cent.;  (b)  blade  friction,  6 to  30  per  cent,  (c)  windage,  3 to  15 
percent.;  (d)  unused  exit  velocity,  3 to  5 per  cent.;  (e)  leakage  2 to  10 


Thousand  Kw.  Max.  Rating 


percent.;  (f)  mechanical  losses,  1 per  cent.  As  all  the  steam  losses  in  the 
Ufb-pressure  stages  reappear  in  the  steam  as  unused  heat,  the  available  heat 
drop  ia  increased  by  translation  of  the  expansion  lines  to  higher  entropies, 
u shown  by  the  Mollier  diagram,  * given  in  Fig.  22,  and  hence  the  whole 


60  100  150  200  250  300 

Superheat,0  F 

a 26*5  27.0  27.5  28.0  28.5  29.0 
TacDom,  Inches  H.G. 

100  120  140  160  180  200  220 

Press  are,  Lbs.  per  SqJtn.,  Aha. 


, 13  14  15  16  17  is  19 

Pressure,  Lbs.  per  8q  In.  ,*Abs.  _ 
26.0  26.5  27.0  27.5  28.0  i 29.0 
Vacuum,  Inches  H.G.  * 


Pio.  33.— Superheater  pressure  Fio.  34.— Pressure  and  vacuum 
lad  vacuum  corrections  for  high-  corrections  for  low-pressure  tur- 
peasure  turbines.  bines. 

turbine-diagram  efficiency  in  a multi-stage  turbine  is  always  from  2 to  6 
Per  cent  higher  than  that  of  the  individual  stages. 

119.  The  efficiency  of  the  turbine,  though  different  for  different 
•peeds  and  pressures,  does  not  change  appreciably  with  time  or  service. 

•Marks  k Davis  “Steam  Tables,”  Longmans,  Green  & Co.,  N.  Y.,  1912. 


A veto 


1800  R.P.M. 


tfhciency  Ratio  tonaensing  i 
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Includes  Gen.  Losses 
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The  shaft  horse-power  or  brake  horse-power  is  from  3 to  15  per  cent.  its* 
than  the  calculated  diagram  horse-power  (corresponding  to  i.h.p.  in  thw 
engine).  The  usual  friction  losses  are  generally  less  than  one-half  these  off 
steam  engines  of  the  same  rating.  Mechanical  friction  in  the  turbine  is 
confined  to  bearings  and  governor  drive;  it  is  usually  under  2 per  cent.,  an<i 
in  large  machines  is  less  than  1.0  per  cent.  Internal  or  steam  friction  ia 
caused  by  imperfect  shape  of  blades,  and  windage  of  the  discs  or  drums. 

260.  Pressure  correction,  for  variations  in  steam  pressure  from  guar- 
anteed or  desired  conditions,  is  given  in  Ffc.  33  and  34  for  high-pressure 
and  low-pressure  turbines.  The  correction  is  the  same  for  all  types. 

261.  Oovernors  for  turbine  speed  regulation  are  always  of  the  cen- 
trifugal type;  the  inertia  governor  cannot  be  employed,  because  there  can 
be  no  sudden  angular  accelerations.  The  centrifugal  governor  can  be  made 
nearly  isochronous;  generally,  however,  there  is  a slight  decrease  in  speed  aa 
load  increases. 

262.  Throttling  governors.  For  all  small  turbines  (impulse  type)  and 
some  large  makes,  the  plain  throttling  governor  is  employed,  simply  controll- 
ing the  admission  pressure  at  the  steam  chest  or  first  stage.  The  old  Parsons 
governor  for  reaction  turbines  admitted  steam  at  full  pressure,  in  short 

Suffs,  lengthening  the  period  the  va}ve  was  open  as  the  load  increased. 

I any  of  the  Curtis  types  are  governed  by  multiple-nossle  control,  opening 
and  closing  individual  nossles,  from  6 to  16  in  number,  and  thus  controlling 
the  quantity  of  steam  to  the  first  stage  only. 

263.  Parsons  governor.  In  the  Parsons  machine,  the  governor  not  only 
controls  the  primary  throttle,  but  also  a secondary  valve  admitting  live 
steam  in  one-sixth  to  one-fourth  the  total  number  of  stages,  further  down  the 
turbine.  This  virtually  cuts  out  of  service  the  by-paaaed  rows,  and  converts 
the  turbine  into  one  of  fewer  stages,  but  in  effect  having  larger  blade  dimen- 
sions, and  not  as  economical.  The  best  load  for  this  type  is  that  carried  jnst 
before  the  opening  of  the  secondary  valve. 

264.  Reduction  gears  have  recently  oome  into  greater  use,  than  was 
formerly  made  of  them.  The  de  Laval  turbine  has  used  them  suer  awfully 
for  20  years,  at  enormous  relative  speeds.  The  type  developed  by  the 
Westinghouse  Machine  Company  from  the  Melville-Macalpine  gear  has  a 
floating  hydraulic  frame  for  aligning  the  gears.  All  the  other  types,  including 
the  Falk,  Fawcus,  Parsons,  etc.,  use  solid  bearings  and  connections.  All  types 
employ  the  double  helical  gear.  By  this  means  the  turbine  speed  may  ba 
kept  high,  for  economy  both  in  cost  and  steam,  and  the  driven  apparatus 
may  be  operated  at  comparatively  low  speed.  Direct-current  generator* 


fans,  and  centrifugal  pumps  for  larqe  volume  and  low  speed,  may  thus  be 
successfully  combined  with  the  turbine  with  good  economy. 

265.  Turbine  specifications  should  cover  the  following  if 
Number  of  units  and  location;  character  of  building,  (b)  Service 
tachment  to  driven  apparatus  (direct,  flexible  coupling,  reduction  | 

(c)  Speed,  steam  and  back  pleasure  conditions,  (a)  Capacity, 
electric  system  data,  (e)  Regulation,  variation  of  speed  under  < 
load.  £f)  Noise,  vibration,  (g)  Tests  and  inspection,  (h)  M 
details  of  connection  to  driven  apparatus,  (i)  Type  and  steam  syst< 

L.  P.,  bleeder  mixed  pressure,  giving  quantities  for  L.  P.,  or  bleedii 
(j)  Materials — casing,  wheels,  nozzles,  blades,  shaft,  (k)  Pip 
nections.  (1)  Bearings,  (m)  Foundations,  (n)  Oiling,  (o)  Auxiliary  app» 
ratus— oil  pumps,  relays,  step-bearing  pumps  (for  vertical  turbines.)  (p 
Painting  and  lagging,  (q)  Gages  ana  miscellaneous  equipment. 

266.  Turbine  supports  should  always  be  carefully  designed  to  preveflj 

distortion  of  the  parts;  stiffness  of  the  supports  is  usually  very  desirabh 
but  great  mass  is  unnecessary;  many  reaction  turbines  of  large  sise  si 
running  on  foundations  entirely  of  steelwork,  which  is  low  in  mass  for  thl 
strength  and  stiffness.  1 

267.  The  auxiliaries  required  for  horizontal  turbines  com 
an  oil  pump  for  large  self-contained  units:  no  auxiliaries  are 
small  units. 

268.  The  auxiliaries  for  vertical  units  include  in  additioc 
pump,  step-bearing  pumps  for  oil  or  water,  capable  of  handlini 
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See.  10-26D 


of  500  to  1,000  lb.  per  sq.  in.  (varying  with  the  sise  of  the  main  unit).  These 
itep- bearing  pumps,  with  the  piping,  are  generally  in  duplicate.  I order 
to  steady  the  oil  supply,  a frictional  resistance  called  a baffler  is  employed 
between  pump  and  step  bearing;  and  to  remove  pulsations  of  pressure  and 
provide  a small  reservoir,  accumulators  of  the  elevator  type  are  also 
required. 


60  Cycles,  maximum  24  hr.  rating,  60  deg.  Cent,  rise;  power  factor,  80  per 
cent;  pressure  176  lb.;  superheat,  100  deg.  Fahr.;  vacuum,  28.6  in. 


SS9.  Tbs  cost  of  turbines  per  kw.,  including  generators,  vanes  from 
*55  for  small  sixes  down  to  $17  or  less  for  very  large  units,  at  normal 
rating;  or  at  maximum  rating,  $14.  Fig.  86  gives  the  cost  per  kw. 
(normal  rating)  of  large  units  including  generators;  Fig.  36  gives  the  eost 
per  kw.  of  small  turbines  with  and  without  generators  (1920). 
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270.  The  operation  of  the  steam  turbine  is  remarkable  for  its  umpEo- 
ity;  one  oiler  can  attend  to  two  or  three  units  (on  the  engine-room  floor) 
aggregating  as  much  as  50,000  or  80,000  kw.  But  with  engines,  only* 
3,00  ) or  4,000  kw.  can  be  cared  for  by  one  man;  and  in  many  cases  much 
less.  The  turbine  has  a maintenance  cost  but  one-fifth  as  great  as  that  of 
the  reciprocating  engine  approximately.  There  are  very  few  articulated 
parts  in  the  turbine;  its  continuous  operation  is  therefore  much  more  reliable 
and  i periods  of  two  to  four  weeks  continuous  operation  are  common.  Inspec- 
tions made  once  a year  frequently  show  no  repairs  or  adjustments  to  be 
necessary,  and  the  turbine  is  continued  in  service.  With  large  recipro- 
cating engines,  both  inspections  and  adjustments  are  sometimes  necessary 
every  24  nr. 

271.  The  general  method  of  starting  turbines  with  steam-eealed 

glands  is  to  establish  a vacuum  on  the  condenser  with  the  dry-vacuum 
pump,  start  the  circulating  water,  and  "crack”  the  throttle  in  order  to  send 
steam  through  the  turbine  for  warming,  without  turning  the  spindle.  After 
the  proper  time  allowance  (5  to  15  min.)  the  turbine  may  be  brought  to 
s i and  placed  under  load. 

272.  In  starting  a turbine  with  water-sealed  glands,  it  is  usual 
practice  to  start  the  turbine  non-condensing  until  up  to  sufficient  speed  to 
seal  the  glands,  then  establish  the  vacuum  on  the  condenser  and  apply  the 

load. 

273.  At  the  present  time  the  turbine  is  practically  supreme  in  large 
central  stations,  as  a heat-operated  prime  mover.  The  hydraulic  statical 
is  limited  to  certain  localities,  while  the  large  gas-engine  plant  is  so  unrehabki 
as  to  be  out  of  the  question.  For  small  and  moderate-eised  plants  the 
internal-combustion  engine  is  on  a competing  basis,  although  its  reliability 
has  never  equalled  that  of  the  turbine. 

274.  The  field  for  small  steam  turbines  is  readily  increasing,  parties 
larlj  since  oentrifugal  boiler-feed  pumps,  circulating-water  pumps,  fans; 
blowers,  etc.,  are  successfully  designed  for  turbine  speedst  with  good  effi* 
ciencies.  The  small  amount  of  attention  required  by  the  turbine,  its  reliability 
and  low  maintenance  are  generally  more  than  sufficient  to  overbalance  a 
slight;  inferiority  to  the  steam  engine  in  economy.  Since  the  item  of  fat! 
economy  is  only  one  of  the  factors  In  operating  cost,  this  result  is  natural 
and  the  use  of  the  turbine  is  bound  to  increase.  There  is  yet  much  to  im- 
prove  in  the  turbine,  whereas  the  reciprocating  engine  has  been  at  a virtual 
standstill  in  development  for  10  years  past. 

CONDINSINO  KQUIPMEICT 

278.  Thermodynamics  of  condensers.  The  heat  given  up  by  tirt 
condensing  steam  must  equal  the  heat  received  by  the  circulating  water; 
In  jet  or  barometric  condensers,  the  steam  and  water  mix;  no  amerend 
between  the  temperature  correspondingto  the  vacuum  and  the  tempera  tun 
of  the  discharge  water  need  exist.  The  surface  condenser  requires  sonM 
difference  of  temperature  between  the  steam  and  the  circulating  water  si 
all  times,  or  no  heat  flow  from  steam  to  water  can  take  place. 

276.  Removal  of  air.  The  air  present  in  the  condensate  is  chieflj 
drawn  in  by  leakage  at  the  joints.  This  air,  being  non-oondensible,  must  b 
removed  by  segregation  and  pumping. 

277.  The  volume  of  condensate  water  is  practically  negligible  com- 
pare 1 with  the  steam  volume  at  the  same  pressure.  The  work  in  ft-lb 
made  available  by  the  condenser  is  the  steam  volume  multiplied  by  th( 
pressure  difference  in  lb.  per  sq.  ft.  existing  between  the  atmosphere  and  th< 
interior  of  the  condenser;  the  work  required  to  produce  this  effect,  is  merely 
the  produot  of  the  number  of  cu.  ft.  of  condensate  and  the  same  preesurt 
differ  s nee.  At  28  in.  vacuum  the  ratio  of  these  two  is  21,000  to  1.  To  th« 
condensate  pump  work  must  be  added  the  work  of  the  circulating- 
water  pump  (chiefly  a friction  loos)  and  the  work  of  the  dx^y-vacuuifl 
pump  which  removes  the  air. 

278.  The  principal  condenser  types  are:  (a)  jet;  (b)  barometric;  (e] 
eductor  or  siphon;  (a)  rotary  jet;  and  (e)  surfaoe.  These  are  described  Is 
Par.  272  to  Ul. 
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IT9.  The  Jet  oondtnur  eomifti  of  a cast-iron  shell  into  which  the 
exhaust  pipe  is  led.  having  the  circulating  water  sprayed  through  the  cham- 
ber in  jets.  The  steam  condenses  and  mingles  with  the  jets,  and  is  pumped 
out  of  the  bottom  of  the  shell.  The  barometric  condenser  is  a jet  con- 
denser set  higher  than  34  ft.  above  the  level  of  the  discharge  well  or  tunnel; 
the  water  therefore  runs  awajr  by  gravity,  but  must  be  pumped  in,  due  to 
a slight  friction  loss  and  velocity  head,  the  vacuum  assisting  the  circulating 
pump. 

MO.  In  the  eductor  or  siphon  type,  the  injection  water  is  pumped  in 
under  25  to  30  lb.  pressure,  and  requires  sufficient  velocity  to  carry  out  not 
only  its  own  mass  but  the  condensed  steam  and  entrained  air  as  well,  by 
kinetic  energy.  No  vacuum  pumps  are  required. 


Ml.  The  rotary  jet  types — originally  developed  by  Le  Blanc — consist 
of  a centrifugal  impeller  throwing  segments  of  water  into  a noasle,  in  such 
fashion  as  to  form  water  pistons,  which  trap  and  condense  the  steam,  and 
push  before  them  the  air.  This  type  is  also  used  as  a dry-vacuum  pump. 
AH  the  above  types  (Par.  179  to  981)  are  derivatives  of  the  true  jet  condenser. 

MS.  The  surface  condenser  oonsists  of  a cast-iron  shell  with  two  heads 
or  water  boxes  into  one  of  which  the  circulating  water  passes.  These  two 
boxes  are  connected  by  a large  number  of  small  brass  tubes,  which  allow  the 
erculating  water  to  traverse  the  main  shell  without  contact  with  the  steam ; 
the  latter  is  fed  into  the  shell  around  the  tubes.  The  circulating  water  passes 
te  the  aeeond  box,  which  may  lead  to  the  discharge  or  redirect  the  water 
buck  to  another  section  of  the  first  box  by  way  of  another  nest  of  tubes, 
u the  first  type  is  used  it  is  called  single  puss;  if  the  second,  two  pan ; 
«d  so  on,  with  three  or  four  passes  in  some  few  cases.  The  cold  water 
puaag  through  the  tubes  condenses  the  steam  by  conduction,  and  the  con- 
densate trickles  down  to  the  bottom  of  the  shell,  there  to  be  pumped  out. 
The  air,  which  is  always  heavier  than  steam  at  the  same  temperature,  also 
collects  at  the  bottom  and  must  be  pumped  out,  preferably  by  another  pump. 

MS.  Atmospheric  condensers  consist  of  a form  of  surface  condenser  in 
which  the  cooling  medium  is  a mixture  of  air  blast  and  water  spray.  The  air 
ttkee  up  some  oi  the  spray,  becoming  cooled  thereby,  and  acts  as  a cooling 
medium  for  the  steam.  High  vacuum  is  not  to  be  obtained  with  this  typ<>. 
The  chief  feature  is  economy  of  circulating  water,  which  may  be  in  the  ratio 
of  1 lb.  of  water  per  lb.  of  steam,  or  slightly  less,  since  the  whole  latent  heat 
of  evaporation  (of  the  water  spray)  as  well  as  the  heat  of  the  liquid  is  avail- 
able for  cooling. 


M4.  Quantity  of  circulating  water  required.  In  the  Jet  or  ordinary 
fcdtoe  types,  the  circulating  water  must  be  at  least  25  to  30  times  the 
•eight  of  the  steam  condensed.  In  the  jet  condenser,  the  condensate  mixes 
*iw  the  circulating  water,  and,  if  the  latter  is  dirty,  is  necessarily  lost.  The 
•rfsce  condenser  Keeps  the  condensate  separate  from  the  circulating  water, 
• that  it  is  available  for  re-use  in  the  boilers,  a pure  distilled  water  (Par. 
1*T  and  188). 

Ml.  Ths  proportions  of  jet  condensers  are  relatively  unimportant,  the 
**j«n  merely  providing  for  adequate  mixture  of  water  and  steam.  The 
tbdl  therefore  need  only  be  large  enough  to  take  the  exhaust  and  water 
connections.  The  volume  of  a jet  condenser  varies  from  0.5  to  2.5  times  the 
volume  of  the  low-pressure  cylinder  volume  of  a reciprocating  engine;  in 
»e  eductor  types,  the  volume  is  somewhat  less. 

Ml.  Surface  condensers  are  limited  in  capacity  by  the  rate  of  heat 
■Wtsfsr.  For  average  practice,  300  to  350  B.t.u.  per  sq.  ft.  per  degree  mean 
temperature  difference  per  hour  can  be  allowed.  It  follows  from  this  ne- 
suaption  that 

AmW  x(“wsr  (42> 

shoe  A* area  in  sq.  ft.  of  tube  surface,  W — lb.  of  steam  per  hour  from 
uhaust,  total  heat  per  lb.  of  exhaust,  as  *■  heat  of  the  liquid  per  lb. 
Ut  condensate  temperature),  H\  — qi  1,000  to  1,050  for  most  case*, 
y ■ transmission  coefficient  — 300  to  850  B.t.u.  per  hour,  per  sq.  ft.,  per 
Mires  mean  temp,  difference  (Fig.  37),  and  tm  * mean  temperature  differ  - 
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between  steam  and  circulating  water.  The  arithmetic  formula  for 
r 1 J _ IT> (Tl  -f"Tl)  ... 


where  Tt  ■=  steam  temperature  at 
the  vacuum,  T i — injection  tem- 
perature and  Tt  <■*  discharge  tem- 
perature. The  logarithmic  form- 
ula for  tm  is: 

Tt-Ti 

/T.-Ti\  (44) 

1o8'(tc-t.) 

For  the  majority  of  cases,  Eq.  43  il 
sufficient. 

187.  The  quantity  of  circu- 
lating water  required  for  Jet 
condenser  is  given  by 
H,-r,+32 

W T,-Ti  ' 

where  Wg  ••  lb.  of  circulating  water 
per  lb.  of  steam,  Ux  « heat  con- 
tents per  lb.  of  steam,  Tt  ■»  die- 
charge  temperature,  and  Ti  - in- 
jection temperature.  The  qual- 
ity required  in  gal.  per  min.,  tak- 
ing H - Tt  + 32  as  1050  B.tu.,a 


Vtlycltj  o t Water,  la  FU  per  8«c. 

37. — Values  of  the  coefficient  of 
heat  transmission. 


o 2dTP*^ 

S'a  Tx-Ti 

where  W,  ■»  lb.  of  steam  per  hour,  and  St  “ circulating  water  in  gal.  p« 

min. 

288.  Examples  of  Modern  Condenser  Proportions 


Name  of  station 

Sise  of  turbo- 
generators on 
max.  24-hr. 
rating 

Sq.  ft., 
total 

■ 

Sq.  ft., 
per  kw. 

Commonwealth  Edison  Co. 
Northwest  Station 

20,000  kw. 

32,000 

1.60 

Quarry  St 

14,000  * 

25,000 

1.79 

Fisk  St 

12,000 

25.000 

2.08 

Interborough  R.  T.  Co. 

59th  St.  Power  Station,  N.  Y., 
(Engine  and  low-pressure  turbine.) 

15,000 

25.000 

60.000 

1.67 

74th  St.  Station 

30,000 

1.67 

Metropolitan  St.  Ry.,  Kansas  Cy. . 
Marion  Station,  P.S.E.  Co.,  N.  J..  . 

10,000 

22,000 

2.20 

18,000 

25,000 

1.39 

United  El.  Lt.  «fc  Power  Co.,  N.  Y.. 

15,000 

25,000 

| 1.67 

889.  The  quantity  of  circulating  water  required  for  surface  eon- 
densers  is 

w’  - "'-f  -Vr  (47) 

where  Tt  — condensate  temperature,  and  the  other  symbols  have  the  saint 
significance  as  before.  For  jet  condensers  Tt  becomes  Tt;  for  surface  coo* 
densers  Tt  is  at  least  5 deg.  Fahr.  higher  than  Tt,  and  generally  lOor  15  deg* 
higher. 

190.  Use  of  dirty  condensing  water.  For  jet  condensers,  very  dirty 
circulating  water  may  be  used,  except  that  if  sewage  or  other  gaa-pcodeciaf 
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matter  is  contained,  the  work  of  the  dry  air  pump  will  be  greatly  increased. 
Dirty  water  in  surface  condensers  causes  slime  deposits  on  the  tubes,  if 
containing  grease  and  sewage;  or  it  incrusts  the  tubes  with  scale,  if  very 
hard.  In  either  case,  periodic  cleaning  is  necessary,  as  both  deposits  lower 
the  efficiency  of  heat  transmission. 

291.  Screens  are  usually  made  of  iron  mesh  or  bars,  with'  openings  the 
lame  sixe  as  condenser  tubes  or  i in.  smaller;  these  screens  are  set  in  frames, 
and  operate  in  slides  for  cleaning  purposes.  Small  metal  screens  enclosed  in 
cast-iron  boxes  in  the  suction  pipe  are  employed  for  small  sixes  and  are  then 
usually  called  “ fish- traps."  A later  development  is  the  use  of  moving  self- 
eleaning  screens,  either  arranged  drum  fashion  like  a stone  screen,  or  like 
a chain  grate  set  on  edge.  The  velocity  through  screens  should  not 
•xceed  4 to  5 ft.  per  sec. 

292.  Pumps.  Circulating-water  pumps  in  modern  plants  are  always 
centrifugal  or  propeller  types,  especially  since  the  advance  of  the  small 
•team  turbine.  Wet  vacuum  pumps  handle  both  condensate  and  non- 
condensible gases.  They  are  not  used  to  any  extent  at  present,  Hry 
vacuum  pumps  handle  non-condensible  gases  only.  Condensate  or  hot- 
well  pumps  handle  the  condensate  only.  The  separate  pumps  are  much 
Store  efficient  than  the  combined  wet-vacuum  pump.  The  hot  well-pump 
[fa  usually  a one -stage  or  two-stage  centrifugal.  The  dry-vacuum  pump  may 
fit  a reciprocating  compressor  specially  designed  for  tightness  and  small 
detrance,  or  a hydraulic  device  using  a form  of  centrifugal  pump  and  water 
jeu  to  entrain  the  air,  such  as  the  Le  Blanc  pump. 

293.  Power  required  for  auxiliaries.  The  circulating  pump,  if  a 
rtriprocating  dry-vacuum  pump  is  used,  requires  85  per  cent,  to  90  per  cent. 
ti  the  total  h p.  for  condenser  auxiliaries;  the  condensate  and  dry-vacuum 
pumps,  5 to  7 per  cent.  each.  The  total  h.p.  at  27  in.  to  28  in.  vacuum  is 
ibout  2 to  2i  per  cent,  of  the  main  unit,  for  reciprocating  mam  engine;  6 to 
IS  per  cent,  at  28  to  29  in.  vacuum  for  turbine  plants. 

294.  The  steam  demand  of  all  condenser  auxiliaries,  using  engine- 
dnven  circulator,  is  3 to  5 per  cent,  of  the  total;  for  direct  turbine-driven 
emulator,  5 to  9 per  cent. ; for  latest  type  geared  turbine-dnven  circulator. 
4 to  6 per  cent.  The  water  rate  of  turbines  used  for  hot-well  pumps  is  50  to 
#0  lb  per  b.h.p.-hr.;  for  low-speed  direct-connected  turbines  for  circu- 
Utors,  35  to  45  lb. ; for  geared  high-speed  turbines,  29  to  35  lb. 

296.  Recent  High  Vacuum  Results  with  Large  Surface  Condensers 


Sur-  Water 

| Plant  face,  per  lb., 

sq.  ft.  hr. 

1 * 

Hot 

well 

temp., 

deg 

fahr. 

Circ. 

In 

deg. 

fahr. 

water  J 

Out  i 
deg.  1 
fahr. 

Vacuum  | 
30-in. 
Bar. 

Ratio 

lwft- 

Interborough 

59th  St 25,000  237,480 

25,000  182,508 
25,000  164,945 

71.2 

53.2 
85.5 

37.7 

33.3 

72.5 

57.3 

47.0 

86.0 

28.50 

29.15 

28.55 

1.67 

1.67 

1.67 

Marion,  P.  S.  1 

F.  Co 20,000  128,000 

78 

60.0  | 

73.5  1 

29.1 

2.00 

United  El.  Lt. 

! k Power 25,000  

71 

58 

68 

29.0 

1.07 

I Boston  Ele-  1 

rated 28,000  182.000 

28,000  120,000 

74.5 

73.0 

64.0 

64.5 

74.0 

71.5 

1 29.07 

I 29.06 

, 2.00 
j 2.00 

i Illinois  Steel.  . 125,000  196,000 
25,000  210,04)0 
j25.000  91,000 

90.6 

90.3 

83.3 

73.4 

73.4 

73.6 

86.1 

80.9 

80.0 

i 28.25 

1 28.3 

28.8 

l 
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Fio.  38. — Vacuums  and  circulating-water  temperatures. 

197.  The  obtainable  vacuum  (Fig.  38)  depends  chiefly  upon  the  ten* 
perature  of  condensing  water.  The  actual  results  obtained  may  be  lees  thsf 
this  due  to  air  leakage  or  dirty  tubes. 


396.  Hydraulic  dry-vacuum  pumps  take  from  6 to  12  times  as  much 

power  as  the  reciprocating  types;  but  this  is  relatively  unimportant  if  the 
exhaust  steam  is  usable  in  the  feed-water  heaters. 
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Hi  Coding  towers  are  employed  where  condensing  water  cannot  be 

obtained  in  sufficient  quantity  for  oomplete  rejection  of  discharge.  The 
circulxiing  water  in  broken  up  into  spray  or  thin  sheets  and  falls  through  a 
current  of  air.  The  air  in  becoming  warmer,  takes  up  heat  from  the  water; 
evaporation  also  takes  place  and  tends  to  saturate  the  air.  This  evapora- 
tion is  from  0.80  to  0.95  lb.  per  lb.  of  steam  exhaust  to  the  condensers,  ex- 
ehisive  of  the  spray  loss  in  water  actually  carried  away  mechanically  in  the 
sir  current.  The  distance  between  spray  outlets  and  tank  under  the  tower 
is  usually  about  25  ft.  so  that  this  head,  plus  friction  in  additional  piping, 
must  be  added  to  the  total  pump  head.  The  towers  are  50  ft.  to  80  ft.  hig  h 
for  natural  draft;  but  maybe  snorter  if  a forced  draft  fan  is  used,  provide 
the  rain  from  the  tower  is  not  objectionable.  The  ground  area  required  is 
1 sq.  ft.  per  20  lb.  steam  condensed  per  hr.  approximately.  The  circulating 
water  required  is  60  gal.  per  sq.  ft.  of  ground  area,  cooled  from  25  deg.  to 
75  deg.,  which  is  average  performance.  The  heat  transmission  to  air  per 
•q.  ft.  of  cooling  surface  in  the  lattice  work  or  screens  runs  from  350  to  850 
B.t.u.  per  hr.  The  circulating  water  required  is  25  to  30  lb.  per  sq.  ft.  per 
hr.  The  work  of  the  circulating  water  pump  is  practically  double  that  of  the 
ordhianr  installation  without  towers,  or  6 to  8 per  cent,  of  the  h.p.  of  the  main 
unit.  If  forced  draft  is  used,  the  fan  requires  0.3  per  cent,  to  0.5  per  cent, 
of  the  h.p.  of  the  main  unit. 

HI.  The  operation  of  condensing  equipment  becomes  very  simple 
sith  turbine-driven  auxiliaries,  as  these  require  almost  no  attention.  l>e- 
poding  on  the  water,  condenser  tubes  should  be  cleaned  from  once  a week 
to  once  a month;  brushing  the  tubes  may  be  necessary.  All  joints  should 
bo  very  carefully  made  and  maintained  tight;  shellacing  or  painting  is  of 
pest  assistance  in  this  respect.  The  ferrules  of  the  tube  ends  need  taking 
op  from  time  to  time,  as  the  packing  shrinks,  or  as  the  vibration  loosens 
tbs  ferrules. 

Hi.  Starting.  The  circulator  should  always  be  started  first,  so  as  to 
beep  the  tubes  cool  at  all  times  when  steam  may  come  in  oontact  with 
them;  as  soon  as  the  circulator  is  running,  the  mam  unit  may  be  started, 
sod  the  hot-well  pump.  Whenever  the  vacuum  is  desired,  the  vacuum 
breaker  valve  may  be  closed  and  the  dry-vacuum  pump  started. 

HI.  Shutting  down:  shut  off  the  main  unit,  break  the  vacuum  with 
the  breaker- valve,  shut  down  the  dry  air-pump,  then  the  hot-well  pump, 
sod  lastly,  the  circulating  water  pump. 

MS.  The  piping  should  be  so  arranged  that  air  can  be  removed  from 
the  highest  point  of  the  circulating  water  system;  otherwise,  air  might 
•Cumulate  and  prevent  water  from  entering  part  of  the  tubes,  besides 
■taking  the  siphon.  The  discharge  pipe  should  be  submerged  in  the 
•charge  tunnel  or  well,  so  as  to  have  an  inverted  siphon,  not  to  exceed  25 
A head;  this  reduces  the  circulating  pump  head  to  friction  and  velocity 
only. 

MS.  The  cost  of  condensing  equipment  complete,  including  pumps, 
barometric  type  is  from  $0.35  to  $0.o5  per  lb.,  average  $0.45;  oost  per  kw. 
of  main  unit,  $1.95  to  $4.00,  average  $2.30  for  moderate  and  large  sise  unit  s. 
For  very  small  units  the  coet  may  go  up  to  $8.00  or  $10.00  per  kw.  Jot 
condensers  cost  from  $2.70  to  $4.00  per  kw.,  average  $3.45,  for  moderate 
aad  large  sixes;  $6.00  to  $9.00  for  small  units.  The  figures  assume  26  in. 
»27  in.  vacuum  and  are  based  ou  normal  kw.  rating.  Surface  condensers, 
ft  in.  to  29  in.  vacuum,  coet  per  kw.  of  main  unit  from  $4.80  to  $8.90  average 
to-50;  this  is  based  on  maximum  rating  of  units  and  applies  to  large  six* 
Small  surface  condensers  cost  from  $7.50  to  $20.00  per  kw.  Cooling  towers, 
& 50  to  $12.00,  average  $9.00  per  kw.  rating  of  units  attachod  (1920). 

TOD- WATER  HEATERS 

104.  The  heat  transfer  in  dosed  feed-water  heaters  is  exactly  the 
*me  as  in  surface  condensers;  that  in  open  heaters,  the  same  as  in  Jet 
condensers,  as  covered  in  Par.  18$  tol$9.  The  feed-water  heater  is  merely 
a condenser  operated  at  atmospheric  pressure,  with  boiler  feed- water  for 
condensing  water. 

M§.  The  open  heater  is  much  like  a jet  condenser  in  general  arrange- 
ment, but  is  usually  a rectangular  box,  or  cylindrical  tank  large  enough  to 
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provide  a little  storage  capacity  for  feed  water, 
usually  draw  direct  from  the  heater. 

306.  The  closed  heater  is  usually  built  much  like  a surface  condense] 
and  is  then  known  as  the  straight-tube  type.  In  some  makes  the  tubes 
are  corrugated,  in  others  coiled,  or  with  a single  U-bend;  or  an  expansion 
joint  is  placed  in  the  shell;  in  these  cases  the  tubes  are  expanded  fast  in  thfl 
tube  sheets.  In  a few  types,  a floating  head  is  used  with  straight  tubes. 

307.  The  water  velocities  employed  in  closed  feed-water  beaten 
are  usually  slower  than  for  surface  condenser  practice,  so  that  the  value  m 
the  transmission  coefficient  is  reduced.  An  average  figure  is  300  B.i.a 
per  deg.  mean  temp,  difference  per  sq.  ft.  per  hr. 

308.  The  mean  temperature  difference  given  by  the  arithmetic  formnU 
is  close  enough. 

, ,1 


the  boiler  feed  pumps 


where  f.  — temperature  of  exhaust  steam  at  exhaust  pressure  (usually  2U 
to  214  deg.),  fi  — temperature  of  heater  discharge  water,  and  fi  — temperatun 
of  heater  inlet  water. 

309.  Temperature  rise.  If  a given  quantity  of  exhaust  steam  is  avail 
able,  the  resulting  temperature  rise  in  a closed  heater  may  be  found  m 
follows: 

«» 

where  W — feed  water  in  lb.  per  hr.,  ip, — exhaust  steam  in  lb.  per  hr. 
//,  = total  heat  of  exhaust  steam  per  lb.  (usually  1,150  B.t.u.),  qi  — heat  of  thi 
liquid  (condensed  steam),  at  the  temperature  leaving  the  heater  (ti).  usual!] 
212  deg.,  h - temperature  of  feed  water  at  heater  inlet,  and  ft  — temperatun 
of  feed  water  at  heater  discharge.  For  all  ordinary  cases.  //,  — $» -9 70 
ft  cannot  be  higher  than  208  deg.  fahr.,  if  exhaust  steam  at  212  deg.  isea 

{tloyed.  If  the  value  of  ft,  as  found  above,  exceeds  this,  it  indicates  that  then 
s excess  exhaust  steam.  Eo.  50  can  be  transposed  to  solve  for  it,,  if  tk 
amount  of  exhaust  steam  to  heat  the  feed  water  to  208  deg.  is  desired. 
310.  Temperatures  Obtainable  in  Open  Feed  Water  Heater 
(Temperature  of  steam,  212  degrees  F.) 

Initial  Temperature  of  Feed  Water,  Degrees  F. 


311.  The  surface  required  in  closed  heaters  is  given  by 

, W(f.-h) 


where  17  — 300  and  A — area  of  tube  surface  in  sq.  ft.;  the  other 
as  given  in  Par.  309. 

313.  Heaters  are  rated  in  h.p.  One  h.p.  equals  30  lb.  of  ei 

per  hr.  This  unit  ought  to  bo  abandoned  and  million  B.t.u.  tran 
used  instead. 


mbols  ar< 


All  of  the  steam  not  condensed. 
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SIS.  The  Tolume  required  in  open  heaters  is  given  by 
„ HP 


vhcre  V = volume  in  cu.  ft.,  a «=  2.15  for  muddy  water,  a — 6 for  slightly  muddy 
water,  and  a — 8 for  clean  water. 

914.  Operation.  The  operation  of  closed  heaters  is  somewhat  more 
naive  than  open  heaters;  the  tube  packings  require  attention  and  the 
i must  be  cleaned  of  scale,  if  this  forms.  In  heaters  with  corrugated 
or  bent  tubes,  cleaning  is  practically  impossible.  The  advantage  of  the  closed 
fester  Is  the  elimination  of  oil  from  the  feed  water,  but  with  the  use  of  tur- 
riven  auxiliaries,  thi9  advantage  disappears,  as  there  is  no  oil  in  the 
ust  steam.  In  open  heaters,  the  ca9t-iron  trays  over  whioh  the  feed 
r spills,  are  readily  removable  for  cleaning.  If  an  open  heater  is  used 
W oily  exhaust,  some  means  of  oil  elimination  must  be  used,  sometimes 
supplemented  by  a filter  in  the  body  of  the  heater. 
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o 200  400  600  800  1000  1200  1100  1600  1800 

Rated  Heater  Horse  power 

Fiq.  39. — Coat  of  feed-water  heaters. 

111.  Connection  to  feed  pump.  Closed  heaters  may  be  either  the 
on  or  the  discharge  side  of  the  feed  pump;  open  heaters,  only  on  the 
on  side.  Either  type  when  on  the  suction  Bide  of  the  pump,  must 

fcbove  it. 

916.  The  coat  of  heaters  is  given  in  Fig.  39. 

ECONOMIZERS 

117.  The  laws  of  heat  transfer  for  economizers  are  the  same  as  for 
"ace  condensers  and  closed  water  heaters.  But  the  substitution  of  a gas 
the  stearn  increases  the  resistance  enormously,  and  the  value  of  the 

i Vans  mission  coefficient  is  much  lower  and  is  very  uncertain  in  value. 

118.  Type®.  There  are  two  types:  the  staggered  tube  and  the  non- 
daggered  tube.  In  both  types  the  tubes  are  arranged  in  vertical  rows 
hutched  to  headers  at  top  and  bottom  of  each  row,  perpendicular  to  the 
■tt  flow.  The  staggered  arrangement  serves  to  break  up  the  gas  stream 

tally  4 1 in.  diameter 


fea  flow.  The  staggered  arrangement  serves  to  break  up  the  gas  stream 
oughly . The  tubes  are  always  of  cast  iron  and  are  usually  4 1 in.  diameter 

10  ft.  long. 

119.  The  surface  required  is  based  on  empirical  values,  because  the 
[temperature  and  quantity  of  flue  gases  per  lb.  of  coal,  waterflow  and  con- 
ation of  surfaces,  introduce  so  many  independent  variables  that  the  rational 
lormul®  used  for  condensers  and  heaters  are  useless.  The  surface  installed 
Varies  from  1.50  to  3.00  sq.  ft.  per  rated  boiler  h.p.  connected. 
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320.  The  temperature  rise  is  given  by 

v V(Ti’-tj) 

A " 5w+GCy  (53 

+ 2 OC 

where  X — rise  in  temperature  of  feed  (deg.  Fahr.),  T\  — temperature  flue  g*M 
entering  economiser,  fa  ™ temperature  feed  water  entering  economise! 
to  — lb.  of  feed  water  per  boiler  n.p.  per  hr.,  G — lb.  flue  gas  per  lb.  of  combui 
tible  (average,  20),  C — lb.  of  coal  per  boiler  h.p.  per  hr.,  and  y — sq.  ft.  of  ecom 
miser  surface  per  boiler  h.p.  A rough  method,  if  the  temperature  drop  o 
flue  gases  is  known,  is  to  take  0.5  deg.  rise  in  feed  water  for  every  deg.  draj 
in  flue  gases. 

321.  The  feed  water  enters  the  bottom  headers  by  a connecting  mat 

and  is  collected  from  the  top  headers  by  another  main,  placed  at  the  op 
posite  end  of  the  headers,  bo  that  the  tubes  form  equal  parallel  paths. 

322.  The  draft  loss  through  economisers  varies  with  the  velocity  of  tb 
gases,  as  in  the  boiler.  At  normal  full  load  on  the  connected  boilers  tb 
loss  is  from  0.25  in.  to  0.40  in.  (of  water),  increasing  to  0.6  in.  or  0.7  in.  s 


Any  other  number  of  sections  in  multiples  of  4,  from  8 to  80,  can  be  ea 
ployed,  giving  proportionate  dimensions. 

320.  Accumulation  of  soot  occurs  upon  the  tubes,  and  the  “sweating' 
which  takes  place  at  low  feed  temperatures  tends  to  catch  and  hold  the  soc 
firmly.  Continuous  scraping  of  the  tubes  is  employed  to  overcome  thi 
difficulty.  The  cast-iron  scrapers  are  driven  slowly  up  and  down  th 

« . , V.....  I a i i.  _ a_  onn o i 1 1 v — _a _ 


tubes  in  pairs,  requiring  about  1 h.p.  to  every  300  or  350  boiler  h.p.  connect* 
to  the  economiser.  There  is  a f * 
any  solid  obstruction  stops 
nor  interfere  with  the  others. 

326.  The  operation  of  economisers  requires  attendance  for  the  scrapem 


friction  rig  on  each  scraper  drive  so  that  i 
e scraper,  it  will  neither  break  the  scrape 


cleaning  the  inside  of  the  tubes,  and  cleaning  soot  and  fine  oinder  from  th 
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i of  the  economiser  chamber.  The  first  item  is  small,  as  the  drive  is 
fly  by  motor  and  the  mechanism  is  very  slow  moving;  the  second 
ids  on  the  feed  water  and  should  occur  with  less  frequency  than  in  the 
1;  the  last  depends  on  the  rate  of  driving  and  the  coal,  varying  from 
> a month  to  once  in  four  months. 


|jfT.  The  coat  of  economisers  averages  about  $15.00  per  tube,  installed. 
Be  tubes  are  usually  4 1 in.  by  10  ft. ; cast  iron  is  employed  throughout,  since 
■ the  low  rate  of  heat  interchange,  any  other  material  would  be  too  ex- 
■naive.  From  the  point  of  view  of  increased  economy  and  the  cost  of 
muring  it,  the  economiser  is  the  least  desirable  of  all  auxiliaries.  In  many 
Bees  it  cannot  be  made  to  pay;  this  is  generally  true  if  it  saves  less  than 
■per  cent.  If  it  saves  over  10  per  cent.,  there  is  reason  to  oondude  that  the 
pit  of  the  plant  is  being  very  Sadly  operated. 


PUMPS 


Iflt.  The  work  done  by  a pump  is  given  by 

W m wh  (53) 

where  W - ft.-lb.  of  work  per  min.  performed  in  lifting  the  water,  to* lb. 
d water  pumped  per  min.  and  A — sum  of  suction  lift,  discharge  head  and 
telodty  head  gained  in  the  pump  inlet  and  outlet,  in  ft.  The  water  h.p. 
h equal  to  wh  divided  by  33,000.  The  water  pressure,  or  suotion,  in  lb. 

Csq.  in.  divided  by  0.434  equals  the  head  in  ft.  at  the  discharge,  or 
suction,  respectively,  for  water  at  62  deg.  fahr.  The  velocity  head  is 


(54) 


where  •— velocity  of  water  in  ft.  per  sec.  and  2g  — 64.35.  For  most  cases, 
the  velocity  head  in  suction  and  discharge  pipes  may  be  disregarded,  as  it 
i»  not  over  8 ft.  per  sec. 
ttl.  The  duty  is  expressed 


_ . /ft.-lb.  of  work  done  on  water  \ , ___ 
Duty  “ ( weight  of  "dry  .i..m )1>0°° 

Duty  - («*"»>•  °<  work  don.  on  weterv  ^ 

' \ Total  B.t.u.  used  / 


(55) 

(56) 


The  latter  definition  of  duty  is  more  satisfactory  than  the  first;  duty 
•brays  includes  the  efficiency  of  the  steam  end,  as  well  as  the  water  end. 

M0.  Pumps  are  broadly  classed  in  four  types— reciprocating,  cen- 
Wugal  and  turbine,  rotary,  and  jet  pumps.  The  reciprocating  type  oan 
m subdivided  into  direct-acting,  flywheel  and  power  pumps.  The  direct - 
uttng  type  has  steam  and  water  cylinders  on  a common  piston  rod,  and  no 
sywheel;  the  valve  mechanism  for  the  steam  cylinder  is  actuated  direct 
bom  the  rod  by  tappets.  This  type  may  be  single-cylinder,  or  duplex, 
ssd  the  steam  cylinders  may  be  simple,  compound  or  triple  expansion. 
The  duplex  simple  pump  is  the  most  rugged  and  reliable  of  all.  Out- 
ride-packed  plungers  are  the  most  desirable,  as  the  packing  on  the  plunger 
is  adjustable  while  running  and  the  amount  of  leakage  can  be  seen.  Fly- 
wheel pumps  are  similar  to  the  direct-acting  type,  except  that  a flywheel 
wsdded  and  the  steam  valve  is  gear  driven  from  the  shaft  as  in  a steam  engine. 
Tamping  engines  are  a development  of  this  type.  Power  pumps  are  fitted 
with  one  or  more  cylinders,  driven  from  a crank  shaft  ana  belted  or  geared 
to  the  aouree  of  power.  When  three  cylinders  with  cianks  at  120  deg.  are 
■nd,  the  pump  is  known  as  a triplex;  this  type  is  very  frequently  gear-driven 
worn  a motor  or  an  internal  oombustion  engine. 

Ml.  Centrifugal  pumps  are  thoee  in  which  pressure  and  flow  is  pro- 
wed  by  a rotating  impeller,  which  gives  the  water  entering  it  an  increase 
® velocity;  this  velocity  is  converted  into  pressure  by  a suitable  whirlpool 
dumber  or  diffuser.  The  obtainable  heaa  is  proportional  to  the  square  of 
the  peripheral  velocity  of  the  impeller;  this  velocity  is  subject  to  practical 
imitations,  so  that  150  to  200  ft.  head  is  about  the  upper  limit  desirable  in 
* angle  impeller.  For  higher  heads,  such  as  boiler  feeding,  the  pumps  are 
made  two,  three  or  more  stages,  consisting  merely  of  single  impellers  con- 
tacted in  series  in  a single  easing. 
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commonest  types  are  the  bi-lobular  type,  and  the  gear  pump.  Xeithtt 
has  very  good  efficiency. 

333.  Screw  or  propeller  pumps,  while  not  strictly  centrifugal,  creak 

pressure  in  the  same  manner,  and  are  usually  considered  in  the  same  class. 

334.  Jet  pumps  are  covered  in  Par.  345  to  353. 

335.  The  characteristic  curve  of  a centrifugal  pump  is  necessary 

for  determining  its  behavior.  The  capacity  of  a reciprocating  or  a rotary 
pump  varies  directly  with  the  speed  and  is  substantially  independent  d 
the  pressure.  The  usual  graphs  are  between  capacity  and  efficiency,  and 
capacity  and  head.  Fi$.  40  gives  results  for  a 6-in.  single-stage  pump. 
Pumps  for  similar  service,  but  different  sizes,  will  have  about  the 
characteristics,  the  efficiency  increasing  slightly  with  the  size. 


R.P.M.  - ~ E.P.M.  2 

Fio.  40. — Characteristics  of  a 6-in.  single-stage  centrifugal  pump. 

336.  Boiler  feed  pumps  are  usually  the  duplex  outside-packed  plui 

type,  or  the  three-stage  or  four-stage  centrifugal.  Occasional  instaJIat 
of  motor-driven  triplex  pumps  are  made,  but  are  undesirable.  The  prinr 
feature  required  is  reliability,  which  at  once  gives  the  steam-driven  appan 
the  precedence  The  duplex  direct-acting  type  was,  until  recently,  aln 
exclusively  used,  but  is  now  being  replaced  by  the  turbine-driven  cen 
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(rater  h.p. /indicated  h.p.)  varies  from  0.50  in  small  pumps  to  0.85.  The 
water  rates  are  very  high,  both  on  account  of  the  low  speed  and  the  absence 

If  expansion. 

S39.  performance  test  of  boiler  feed  pump.  The  following  test  of 
iconomy  of  Marsh  pumps  was  made  at  Armour  Institute  of  Technology; 
bk  12X7i  X 12  in.;  steam  actuated  valve  gear;  initial  pressure  100  lb.  gage; 

E Ik . O lk  M.0O 
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The  direct-acting  simplex  or  duplex  steam  pom 
almost  no  attention  except  occasional  packing  of  glands  and  lubr 
When  controlled  by  a pressure  governor,  the  delivery  is  suite 
It  will  run  on  water  as  well  as  steam,  and  little  care  need  t 
_i_  _ geared  triplex  type  requires  moi 

- . -j  be  lubricated; 

suitable  speed  control,  or  it  canal 


844.  Operation. 

requires 
eating.  

to  the  demand.  1 

taken  to  supply  it  with  dry  steam.  The  geared  triplex  t] 
careful  attention  on  account  of  the  additional  parts  to 

motor-driven,  it  must  be  provided  with  a 1 w. .. 

be  used  on  variable  load.  Piston  and  rotary  pumps  must  always  be  provide 
with  relief  valves  in  the  discharge,  as  they  are  positive  in  action  and  wi 
produce  excessive  pressures  if  the  discharge  is  restricted. 

Centrifugal  pumps  cannot  discharge  under  a higher  head  than  that  com 
b pond  inf?  to  the  speed,  therefore  no  relief  is  needed;  the  reason  for  using  prei 
sure  governors  with  turbine-driven  centrifugal  boiler  feed  pumps  is  to  redoc 
the  speed  in  proportion  to  the  delivery  in  order  to  keep  up  the  efficienci 
Centrifugal  pumps  are  generally  ring  oiled  and  therefore  require  very  littl 
attention.  The  packing  of  the  glands  where  the  shaft  leaves  the  pump  caafai 
is  usually  water-sealed;  for  this  purpose  a clean  cool  water  should  be  pal 
yided.  All  centrifugal  pumps  must  be  primed  before  they  will  operate,  an 
if  no  vacuum  apparatus  is  provided,  a foot-valve  on  the  suction  pipe  must  b 
used  to  prevent  the  water  draining  out  of  the  pump  on  shutting  down.  < 
discharge  valve  must  be  provided,  to  be  closed  when  priming,  until  tb 
pump  develops  pressure. 

JET  PUMPS 

845.  Jet  pumps  operate  by  means  of  the  kinetic  energy  of  a rapid] 
moving  stream  of  fluid.  In  those  operated  by  steam,  a jet  olthe  high-pra 
sure  steam  issues  into  a chamber  at  approximately  atmospheric  pressure! 
a little  below,  and  there  strikes  the  supply  of  water  to  be  pumped.  11 


The  weight  ranges  from  3 to  108  lb.;  No.  2 weighs  10  lb.  and  N< 
weighs  20  lb. 

348.  Ejectors  are  either  single-tube  jet  pumps,  or  direct-pressure  pul 
in  which  steam,  or  air,  is  admitted  directly  into  a chamber  filled  by  grai 
with  the  liquid  to  be  pumped.  The  pressure  closes  the  inlet  check  valve  i 
forces  the  water  or  other  liquid  out;  when  the  chamber  is  emptied,  a fl 
therein  drops  and  relieves  the  pressure,  allowing  the  chamber  to  fill  agi 
As  the  liauid  reaches  the  top,  the  float  rises  and  readmits  pressure.  ' 
Shone  and  Albany  traps  arc  examples. 
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Sec.  10-349 


Mi.  Inspirators  an  injectors  of  the  double-tube  type  (Par.  $4$). 

Mi.  Siphons,  so  called,  are  single-tube  jet  pumpe  used  for  lifting  only, 
r,  steam,  or  high-pressure  water  may  be  the  motive  force.  They  are  not 
id  for  forcing  against  more  than  a lew  feet  head. 

•1.  Pulsometer*  comprise  another  form  of  direct-pressure  pump  like 
t ejector,  and  operate  in  muoh  the  same  manner.  The  operating  steam  is 
denied  by  the  cold-water  chamber  and,  in  collapsing  to  water,  draws 
chamber  full  of  water  and  operates  a ball  valve  to  admit  steam  again, 
ere  are  always  two  chambers,  one  filling  and  one  discharging,  operated  by 
single  ball  valve.  The  pulsometer,  therefore,  can  lift  water  by  suction, 
sreas  the  pressure-type  ejector  must  be  primed  by  gravity, 
it.  Efficiency.  If  the  mechanical  efficiency  alone  is  considered,  all 
pumps  are  very  inefficient,  being  more  wasteful  of  steam  than  the  direct- 
ing steam  pump.  But  thermally  considered,  the  steam  injector  is  nearly 
per  oent.  efficient,  since  the  heat  of  the  exhaust  steam  is  returned  in  the 
1 water.  The  siphon  and  the  pulsometer  are  convenient  for  temporary 
and  for  drainage  of  pita  under  conditions  adverse  to  the  use  of  machinery. 
II.  The  cost  of  these  classes  varies  so  widely  that  representative  figures 
hardly  be  given,  $3.00  to  $8.00  per  100  g.p.m.  capacity  covers  most  oases. 


(a)  tightness  against  leakage; 

‘ able  provision  for 


PIPING 

M.  The  requirements  of  piping  are:  . 

reasonably  small  pressure  loss  through  friction;  (c)  suitab  _ 

a®§  of  length  through  ohange  of  temperature  of  the  fluid  contained: 
reasonably  small  loss  of  heat  by  radiation  if  the  fluid  is  hot,  and  intended 
e kept  so.  Most  of  these  requirements  increase  the  first  cost;  a balance 
it  therefore  be  found  beyond  which  it  does  not  pay  to  carry  refinements. 
M.  The  flow  of  Steam  is  expressed  by  Unwin  as 

(57) 


(58) 


/ W* L ( 1+  “p  )\ 
P-0.0001306^ 

steam  flowing  per  min.,  L — pipe  length  in  ft., 


re  IF —lb.  steam  flowing  per  min.,  L — pipe  length  in  ft.;  d — inside 
Jeter  of  pipe  in  in.,  y — mean  density  of  steam  at  pressures  m the  pipe 
P ■ pressure  drop  in.  lb.  per  sq.  in.  Babcock's  formula  differs  only  in 
constant  (87.0).  Carpenter's  is  the  same  as  Unwin's. 

».  Steam  flow  chart,  based  on  Unwin's  formula.  This  chart 
. 41a)  .gives  accurate  results  of  the  formula,  and  was  prepared  by  Prof. 
L Durand.  An  example  will  illustrate  its  use:  100  lb.  steam  pressure, 
ft.  of  pipe  line,  4 lb.  total  pressure-drop.  The  drop  per  hundred  feet 
5 lb.  Starting  at  100  lb.  mark,  drop  down  vertically  to  diagonal  line 
led  4 in.,  traverse  horisontally  to  left  to  the  diagonal  marked  0.5  and 
off  weight  of  flow  per  minute  vertically,  73  lb.  in  this  case.  It  will  be 
d that  the  range  of  pipe  sixes  is  not  consecutive  on  the  chart;  this  is 
use  the  chart  repeats,"  and  the  lines  for  each  of  the  four  scales  lie 
the  same  area. 

ff.  The  flow  of  water  in  long  pipes  is  given  by  Church  as 

C-3.15  (49) 

re  Q*cu  ft.  per  sec.,  d»  diameter  pipe  in  ft.,  h — head  of  water  in  ft., 
(efficient  of  friction  and  l ■>  length  of  pipe  in  ft. 
x pipe  under  600  diameters  In  length, 


)-6.3Vr 


d'h 


(l+0.5)d+4/f 

4.  The  loss  of  head  due  to  friction  is  given  by  Weisbach  i 


(80) 

(81) 
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where  //  — friction  head  in  ft.,  V — velocity  of  water  in  ft.  per 
d1  - diameter  of  pipe  in  in. 

odij  jo  ozig 
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369.  Equivalent  length  of  valves  and  elbows.  The  above  formula.  I 

steam  aii!l  water  U'ar.  *67  and  *58)  apply  to  straight  pipes.  Valvmsl 
elbows  may  be  figured  as  equivalent  to  length*  of  straight  pej 

for  steam, 

L =.  — *'  — for  each  90  deg.  ell 


(*  + ") 
9.5d 


’ edT 

for  each  globe  and  angle  nlva 
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rbere  L - equivalent  length  of  straight  pipe  in  ft.,  and  d — diam.  of  pipe 
bin  Gate  valves  are  not  considered.  For  water, 

»-<)  <«> 
vhsreC-  coefficient,  0.182  for  45  deg.  eUs,  0.98  for  90  deg.  ells,  0.182  for  gate 
rslvea.  1.91  for  globe  valves,  and  2.94  for  angle  globe  valves. 

SCO.  The  principal  piping  systems  are:  high-pressure  steam;  exhaust 
v low-pressure  steam;  hot,  cola  and  circulating  water  piping;  and  oil  piping. 

Ml.  High-pressure  steam  piping  is  made  chiefly  of  steel  pipe  with  cast- 
iron  fittings,  u saturated  steam  is  used;  if  superheat  is  employed,  cast-steel 
tttings  and  valves  must  be  used,  as  cast-iron  will  not  stand  the  temperature. 
Por  any  pressure  up  to  125  lb.  per  sq.  in.  standard  fittings  are  used  ; above 
125  lb.  extra  heavy  fittings.  Screwed  fittings  should  not  be  used  above 
tin.  pipe  sines;  all  larger  material  should  be  flanged. 

MS.  On  exhaust  lines,  standard  weight  pipe  and  fittings  are  usually 
snployed;  for  very  large  sizes,  however,  special  light-weight  fittings  may  be 
eed  to  save  weight  and  first  cost.  Screwed  pipe  may  be  used  up  to  8-in. 
pipe  sizes,  but  flanged  fittings  are  preferable  for  everything  over  4 in.  Spiral 
fated  galvanised  pipe  may  be  used  in  place  of  standard  pipe,  as  it  |s  very 
■uch  lighter  and  perfectly  suitable  for  moderate  pressures.  It  cannot  be 
md  on  vacuum  work. 

MS.  Hot  and  cold  water  mains  are  made  up  the  same  as  live  steam 
net.  except  that  in  some  cases  cast-iron  pipe  as  well  as  fittings  are  employed 
throughout  on  high-pressure  hot-water  service,  to  minimise  corrosion  effects. 
No  cast-steel  fittings  are  necessary.  For  circulating  water  lines,  galvanised 
■pend  riveted  pipe  is  useful  for  fresh  water,  but  cast-iron  pipe  is  generally 
ntd  throughout  for  salt  water  and  is  preferable  even  for  fresh  water. 

M4.  Oil  systems  were  j^nerally  installed  in  brass  pipe  fcnd  fittings  on 
flic  supply  to  engines;  but  it  has  been  found  that  steel  pipe,  if  well  cleaned, 
>*  perfectly  satisfactory  for  the  service.  There  is  little  excuse  for  the  use 
* bnas  piping  except  for  appearanoe,  on  gage  fittings,  or  for  some  special 
*rrice  where  corrosion  would  be  fatal. 


Ml.  There  are  four  principal  systems  of  piping  arrangements: 

■dividual  supply;  ring;  header;  and  unit  (Fig.  42).  The  individual 
Apply  is  really  not  a system,  but  the  lack  of  it,  and  should  not  be  employed. 
Ml.  The  rlnp  system  is  a development  of  the  duplicate  header;  all 
hpply  lines  tap  in  on  one  aide  of  the  ring,  all  demand  lines  on  the  other;  by 
Nms  of  sectionalising  valves  in  the  main,  any  section  may  be  isolated  with- 
■t  interfering  with  the  rest  of  the  plant. 

Wl-  In  the  header  system,  all  supply  and  demand  lines  tap  to  one 
■S'  main;  so  that  if  any  section  is  cut  out,  it  must  interfere  to  some  extent 
the  operation  of  the  plant.  This  feature  may  not  be  serious;  but  for 
Aft  power  stations  it  is  undesirable. 


•Ally  a header  of  diminished  capacity  between  the  units.  Fig.  42  gives 
• typical  example. 

M9.  Expansion  in  steel  and  cast-iron  pipe  may  be  taken  as  0.9  in.  per 
■®deg.  temperature  difference  from  atmosphere,  per  100  ft.  of  pipe  under 
jArzge  conditions.  Expansion  joints  should  be  provided  every  50  ft.  of 
Pj^bt  steam  main;  every  75  or  100  ft.  will  do  for  water  or  exhaust  steam. 
P Sec.  4,  for  coefficients  of  expansion  of  piping  materials. 

Ths  slip  expansion  joint  is  useful  for  water  service  and  exhaust 
P*®  at  atmospheric  pressure,  it  should  never  be  used  for  high-pressure 
F*®  or  vacuum;  its  capacity  can  be  anything  up  to  9 in.  or  10  in.  of  move- 

*IT1.  The  copper  bellows  joint  is  very  successful  for  low-pressure  steam 
■d  vacuum  work,  particularly  the  type  having  only  one  corrugation.  Its 
K*cUy  however  is  never  over  0.5  to  1 in.  of  expansion,  and  preferably  not 
per  0.25  in.  This  type  of  joint  is  sometimes  made  up  of  boiler  plate  for 
Mo-pressure  steam  service. 
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S72.  The  pipe  bend  is  the  simplest  and  safest  joint  for  high-pressure 
steam  and  is  usually  made  of  as  large  radius  as  can  conveniently  be  made* 
talcing  care  of  from  1.5  to  2 in.  of  expansion  per  bend.  » 

S78.  Avoidance  of  strains  in  fittings.  Piping  should  always  be  laid 
out  so  that  expansion  will  not  bring  strains  upon  cast-iron  fittings,  but  upon 
the  expansion  joints,  or  at  least  upon  the  more  flexible  steel  pipe. 


Fig.  42. — Piping  systems. 

374.  Condensation  in  steam  pipes  is  due  to  radiation;  it  occurs  only  i 
saturated  steam  mains,  when  running.  All  low  points  in  the  piping  syst « 
and  all  dead  ends  or  pockets  where  water  can  collect,  must  be  drained.  Ti 
usual  method  for  high-pressure  steam  is  to  connect  a steam  trap  at  ea< 
point  to  be  drained  and  can  be  returned  direct  to  the  boilers,  or  to  the  fe< 
tanks.  Low-pressure  steam  mains  are  usually  drained  by  gravity  throuj 
an  inverted  siphon  leg,  to  act  as  a steam  seal. 

375.  Steam  traps  are  of  four  principal  types:  bucket,  float,  tilting  as 
expansion.  The  bucket  and  tilting  traps  are  probably  the  most  reliabl 

376.  Separators  are  employed  to  remove  moisture  from  the  steam  befo 
it  is  supplied  to  an  engine,  in  every  instance  short  and  sudden  turns  a 
employed  to  throw  out  the  moisture  by  centrifugal  force,  and  a large  chamb 
is  tnen  provided  to  reduce  the  velocity  of  the  steam  and  act  as  a reservoir  1 
collect  and  retain  the  water.  (See  Fig.  20a.) 

377.  Controlling  valves  are  of  three  types:  gate,  globe  and  angle.  Tl 
globe  valve  is  always  used  for  stop  or  throttle  work.  The  angle  valve 
really  a globe  valve  with  the  outlet  turned  through  90  deg.  and  is  used  as 
globe  valve,  usually  for  the  stop  valve  on  boilers.  For  all  other  steam  wol 
the  gate  valve  should  bo  used  on  account  of  offering  practically  no  obstru 
tion  to  steam  flow.  All  exhaust  valves  should  be  of  the  gate  type.  Fi 
water  service,  gate  valves  should  be  used  w’herever  possible.  Check  vain 
may  be  horizontal,  vertical,  and  swing.  The  horizontal  and  vertical  ch«i 
valves  ordinarily  are  built  much  like  a globe  valve,  but  the  valve  disc  has  1 
stem  and  wheel  for  closing  it. 
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m.  Belief  end  back-pressure  valves  are  developed  from  the  check 
live,  with  a spring  or  lever  and  weight  loading  device,  so  that  a definite 
seteure  under  the  valve  disc  will  lift  the  valve  and  let  off  pressure.  Relief 
lives  are  used  on  the  discharge  of  reciprocating  pumps  to  prevent  excessive 
ttnures;  also  on  cylinders  and  receivers  of  steam  engines.  Back  pressure 
sd  atmospheric  relief  valves  are  used  on  exhaust  steam  systems  and  coo- 
tasers  respectively.  All  of  these  types  are  emergency  valves,  to  prevent 
image  under  unusual  conditions. 

IT9.  Reducing  valves  are  usually  double-seated,  or  balanced,  valves, 
ith  a pressure  diaphragm  substituted  for  the  spring  of  the  relief  valves, 
lia  diaphragm  is  connected  to  the  discharge  side  of  the  valve,  and  operates 
lelose  the  valve  only  when  the  pressure  on  the  discharge  side  rises  above  the 
redetermined  amount.  They  are  used  to  feed  high-pressure  steam  into 
W-pressure  systems 


MO.  The  three  principal  types  of  pipe  joint  used  are;  screwed,  flanged, 
fed  bell  and  spigot.  The  screwed  joint  is  used  for  all  pressures  and  sor- 
ter up  to  3-in.  diameter  of  pipe,  and  up  to  12  in.  for  low-pressure  service, 
dbove  3 in.  in  high-pressure  service  and  12-in  low-pressure  service  the 
fenced  joint  in  one  of  its  forms  is  used. 

Ml.  The  principal  methods  of  attaching  flanges  to  steel  pipe  are: 
laved  flanges,  peened  flanges  and,  lately,  machine  expanded  flangee,  welded 
tag*  and  lap  flanges.  Of  these,  screwed  flanges  are  in  common  use  for 
M-pressure  work,  and  high-pressure  work  up  to  100  lb.  in  sise  up  to  24  in. 
a.,  or  up  to  150  lb.  in  sizes  not  larger  than  6-in.  or  8-in.  diameter.  It  is  a 
pap  *na  satisfactory  joint  when  well  made. 

Ml  A much  batter  Joint  for  high  pressures  is  the  lap  joint,  in 
Aich  the  pipe  is  lapped  over  on  tne  flange  and  then  faced  off.  The 
Mdsd  joint  is  also  satisfactory  but  more  expensive.  The  new  machine- 
Mended  joint,  in  which  the  pipe  is  rolled  into  a recess  in  the  flange, 
lomiaea  well  and  is  cheap  to  make:  it  has  been  used  for  years  in  marine  work. 
MS.  Gaskets  for  low-pressure  work  may  be  of  rubber  compounds  or 
ibestoft.  For  high-pressure  steam,  asbestos,  and  the  metallic  gaskets,  such 
I corrugated  copper,  are  better. 

IS4.  Bursting  pressure  of  standard  mild  steel  pipe.  Tests  mads  at 
• Armour  Institute  of  Technology  on  5-ft.  random  specimens  capped  at 
Mb  ends  gave  average  results  as  follows:  1-in.,  7,730  lb.  per  sq.  in. ; 2-in., 
ji89  lb.;  4-in.,  1.750  lb.;  5-in.,  2,550  lb.;  6-in.,  3,200  lb.;  10-in.,  1,8001b.; 
ml,  2.500  lb.  On  the  4-in.,  5-in.,  6-in.,  10-in.  and  12-in.  sises  failure 
birred  at  the  threaded  end. 

IMS.  Pipe  covering  is  practically  always  justified  for  high-pressure  steam, 
IH  for  exhaust  alao,  if  used  for  heating  feed  water.  Hot  feed-water  pipes 
Mid  also  be  covered.  The  standard  coverings  are  principally  magnesia, 
Matos  and  the  foeail  meal  compounds.  Moulded  sectional  covering  can  be 
Mined  for  pipes  up  to  12-in.  diameter  in  single  (1-in.)  and  double  (2-in.  to 
jix)  thickness.  All  exhaust  lines  should  be  covered  with  single  thickness; 
® (team  lines,  with  double  thickness.  Usually  the  covering  is  bought 
Body  canvassed.  For  larger  sise  pipe  than  12  m.,  sectional  blocks,  about 
X 3 in.  X 18  in.  are  used,  and  wired  on;  then  the  joints  are  pasted 
ph  asbestos  cement  and  the  whole  is  canvassed  and  painted.  Moulded 
toning  can  be  bought  in  shapes  to  fit  standard  fittings,  such  as  tees  and  ells, 
Ml  is  frequently  made  up  from  blocking  and  asbestos  cement. 

Ml.  Ths  radiation  losses  from  uncovered  pipe  are  given  by 

Q-A(Ti-Tt)U  (65) 

A-kj.  ft.  of  radiating  surface,  T\  - temperature  of  Bteam  within  the 
Ti  — temperature  of  air  outside,  and  U — transmission  coefficient  — 
B.t.u.  per  sq.  ft.  per  hr.  per  degree  of  temperature  difference. 

1-in.  magnesia,  85  per  cent.,  U — 0 . 4 — 0 . 5 (66) 

5-in.  magnesia,  85  per  cent.,  £7-0.25  — 0.3  (67) 

[In  s modern  plant,  with  properly  covered  piping  the  actual  radiation  loss 
pn  pipe  alone  should  not  exceed  1 per  cent,  of  the  total  ~ 
ft  through  at  full  load. 


i total  heat  of  steam  pase- 
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387.  Tests  of  Relative  Efficiencies  of  8 team -pipe  Coverings 


Kind  of  covering 

Size  of 
pipe, 
inches 

Thickness 
of  cover- 
ing, in. 

B.t.u.per 
sq.  ft. 
per  deg. 
diff.  of 
temp. 

Per  cent, 
heat  lost 

Authority 

Bare  pipe 

2.7 

100 

Hair  felt 

2 

0.96 

0.387 

14.3 

Jacobus 

Itemant  

2 

0.88 

0 434 

16.1 

Jacobus 

Solid  cork 

2 

1.20 

0.427 

15  8 

Stott 

Magnesia 

2 

1.16 

0.439 

16  3 

Stott 

Magnesia 

4 

1.12 

0.465 

17.2 

N ortoa 

Asbestos  sponge  felted. . 

10 

1.63 

0.280 

10.4  | 

Barrus 

Asbestos  sponge  felted.  . 

2 

1.21 

0.490 

18.1 

Barrus 

Manville  sectional 

4 

1.25 

0.453 

16.8 

Norton 

Manville  sectional 

2 

1.31 

0.572 

21.2 

1 Paulding 

Asbestos  air  cell 

4 

1 .12 

0.525 

19  4 1 

I Norton 

Asbestos  air  cell 

2 

0.90 

0.716 

26  5 

1 Jacobus! 
Brill  J 

Asbestos  fire  felt 

8 

1 30 

0.502 

18.6 

Asbestos  fire  felt 

2 

1.00 

0.721 

26.7 

Paulding 

(Abstracted  from  “Book  of  Standards,”  National  Tube  Co..  Pittsburs 
Pa.) 

388.  Exhaust  heads  comprise  a form  of  separator  in  which  the  entrap 
moisture  in  atmospheric  exhaust  is  removed  so  that  the  issuing  steam  may 
be  a nuisance  to  the  neighborhood,  or  an  injury  to  the  roof.  They  oftfA 
on  the  same  centrifugal  principle  as  separators. 

389.  Blow-off  valves  and  piping,  being  subject  to  rapid  variation  fra 
low  to  high  temperature,  must  be  carefully  designed  for  expansion.  As 
scale  and  rust  flakes  must  be  passed,  the  turns  should  be  easy,  nnd  ail 
nections  between  individual  boilers  and  mains  should  be  by  45-deg.  1st 
instead  of  tees. 

390.  The  Installation  of  piping  should  be  done  with  great  care  to 

vide  good  alignment.  Pipe  joints  can  be  made  when  piping  is  considers 
out  ot  line,  as  the  lines  are  more  or  less  flexible,  but  satisfactory  joints  | 
service  cannot  be  expected.  For  high-pressure  work,  it  is  unsafe  to  all 
the  pipe  in  order  to  joint  it.  It  is  therefore  good  practice  to  arrange  con 
tions  for  flexibility,  in  case  of  variation  from  drawing  dimensions:  or  beS 
to  leave  certain  pieces  of  pipe  called  fillers,  to  be  cut  to  field  dimen  * 
This  entails  a slight  delay  in  erection  but  is  safe  and  eminently  satiafat 
All  steam  piping,  and  most  water  and  oil  piping,  should  be  carefully  cleu 
of  internal  scale  (by  brushing  or  hammering),  as  this  may  dislodge  duL- 
operation  and  cause  trouble  in  the  cylinders  of  engines  or  other  apptffl 
Steam  and  water  piping  should  be  tested  at  the  working  pressure  before  l* 
put  in  service. 

391.  Hangers.  Careful  provision  for  hangers  at  suitable  points  mu 

made  in  order  to  support  the  pipe  properly.  The  interval  between  1 
should  not  exceed  12  ft.  except  for  small  pipe,  which  may  be  supp 
centers  as  much  as  18  ft.  apart. 

392.  Costs.  Valves  cost,  in  cast-iron  body,  approximately  $0.20  to  1 
per  lb;  straight  cast-iron  pipe,  12-ft.  lengths,  $34.00  to  $50.00  per  1 
straight  pipe,  shorter  than  12-ft.  lengths,  $52.00  to  $60.00  per  ton;  stanC 
fittings,  $60.00  to  $75.00;  special  fittings,  $73.00  to  $113.00  per 
Wrought-iron  and  steel  pipe,  1-in.  to  6-in.  sixes,  costs  from  3.4  to- 
cents  per  lb.;  7-in.  and  8-in.  4.3  to  5 cents;  10-in.  to  12-in.,  5 to  6 etj 
per  lb.  All  the  recent  evidence  seems  to  show  that  wrought-iron  pi 
is  no  better  than  steel  for  practically  all  purposes;  and  as  the  steel  pips 
lower  in  price  and  more  reaaily  available,  it  is  satisfactory  to  use  it  (1014) 

PLANT  ENSEMBLE 

393.  The  best  combination  of  plant  equipment  is  seldom  if  ever  e 

in  which  each  piece  of  apparatus  is  chosen  by  reason  of  its  best  water  rate. 
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Sec.  10-394 


highest  efficiency.  The  characteristic  under  variable  load  and  the  heat 
{elation  to  the  rest  of  the  plant  are  most  important. 

894.  The  question  of  first  cost  versus  economy  is  discussed  under 
sower-plant  economics  (Par.  884  to  931).  The  following  paragraphs  cover 
the  best  capacity  and  grouping  of  units  for  the  best  overall  economy,  with 
given  efficiencies  in  the  individual  apparatus. 

895.  The  heat  analysis  in  B.t.u.  is  valuable  for  the  purpose  of  proving 
■be  expected  economies  of  any  given  combination  of  apparatus.  Starting 
with  the  coal  supplied,  the  boiler-room  distribution  of  all  the  heat  contents 
II  followed  through,  including  the  B.t.u.  delivered  to  steam,  flues,  unburned 
combustible,  radiation,  leakage,  stoker,  fan,  and  boiler  feed-pump  drives, 
gfther  auxiliaries  and  miscellaneous  steam  such  as  boiler  blow-down,  free  drip, 
posting  tubes,  etc.  In  the  engine  room,  the  B.t.u.  supplied  in  the  steam  is 
separated  into  pipe  and  engine  radiation,  exhaust  drips,  condenser  auxilia- 
pea,  oil  pumps,  exciters,  friction,  electrical  losses  and  energy  delivered  to  bus 
bars.  Heat  returned  by  feed- water  beaters  and  economisers  is  credited. 

396.  The  average  conditions  in  large  stations  (100,000  kw.  and 
■tore)  with  steam  driven  auxiliaries,  will  give  the  heat  distribution  stated 
Mow.  For  a 12.000  kw.  station,  the  useful  heat  in  the  coal  appearing  in 
jfeet  output,  is  approximately  12.5  per  cent.,  with  a coal  factor  of  about  2.10 
fes.  The  coal  factor  of  the  station  using  30,000  kw.  units  would  be  about 
pOIbe. 


in  ashes 


Incomplete  combustion*. ..... 

Ifiadiition  and  leakage,  boiler., 
■eturned  by  feed- water  heater 

■etumed  by  economixer 

Pipe  radiation  and  leakage. . 

Condenser  auxiliaries 

Boiler-room  auxiliaries 


i!  losses,  gen.  etc. 

ervice 

1 to  condenser, 
put,  switchboard. 


[t?7.  In  choosing  the  number  and  capacity  of  prime  movers,  the 

[Willans  line  of  total  steam  consumption  with  load  is  plotted.  The  arrange- 
JKst  which  gives  the  least  area  under  the  curve  is  the  most  economical.  Fig. 
■ •hows  this  curve  for  42-in.  X 86-in.  X 60-in.  double  compound  Corliss 
Ppnea,  7,500  kw.  maximum  continuous  rating  on  190  lb.  dry  steam,  28  in. 
■iemim.  If  the  auxiliaries  were  not  considered,  the  Willans  line  for  engines 
Pine  would  show  the  proper  points  for  cutting  engines  .in  and  out.  It  is 
fend  however,  that  the  moa  economical  method  is  to  carry  up  the  load  on 
B toils  until  the  Willans  line  for  n units  intersects  the  Willans  line  for  n + 1 
Pits;  and  viee  Term.  The  maximum  capacity  of  individual  machines  may 
■■it  the  rut  ting-in  point  somewhat  when  only  one  or  two  engines  are  run- 
Bag.  but  as  the  number  in  service  increases,  tne  loads  on  each  engine  before 
Ml  after  cutting  in  another  unit  become  nearer  alike. 

I*  898.  Kfiect  of  auxiliaries  on  Willans  line.  The  condensers  and  other 
puiliaries  using  steam  necessitate  the  addition  of  their  demand  to  the  main- 

Et  demand,  and  the  resulting  Willans  lines  will  give  the  steam  demand  of 
engine  room  for  any  load.  This  supposes  the  units  to  be  all  alike  and 
fcually  loaded  w'hen  on  the  line;  however,  for  units  of  unequal  capacities, 
Various  loadings  should  be  tried  and  plotted  in  order  to  determine  the  most 
•conomical  operating  conditions  (Fig.  43). 


Average  boiler  efficiency,  including  banking,  71.5  per  cent. 
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Fiq.  43. — Willans  line  for  7500-kw.  engines. 


399.  The  boiler  generation  curve  is  determined  by  the  efficiency  of  t| 

boiler  and  stoker  and  by  the  steam  required  for  forced  draft,  stoker  driv 
boiler  feed  pumps,  etc.  The  economical  cutting  in  and  out  points  can  1 
developed  in  the  same  manner  as  for  the  engine  room,  noting  always  that  it 
the  overall  efficiency  which  is  important,  not  that  of  the  boiler  alone. 

400.  Feed- water  heaters  recover  from  5 to  12  per  cent,  of  the  heat  of  t! 
steam,  the  source  being  chiefly  the  exhaust  from  auxiliaries  operated  nol 
condensing.  The  feed-water  heater  always  pays  for  itself. 

401.  Economizers  recover  from  3 to  10  per  cent,  of  the  total  heat;  b< 
the  recent  increase  of  boiler  efficiency  (reducing  the  stack  temperatures 
the  reversion  to  all-steam  auxiliaries,  and  the  need  for  more  draft  at  high 
capacities,  is  rapidly  limiting  the  field  of  the  economiser;  it  does  not  alwaJ 
economise.  On  the  other  hand,  high  rate  of  driving  the  boiler  normal] 
encourages  the  use  of  the  economiser. 

402.  Possible  reductions  in  the  heat  losses.  The  heat  losses  are  gin 
in  Par.  396.  It  is  clear  that;  (a)  the  ash  loss  cannot  be  much  reduce* 
(b)  the  stack  loss  is  probably  susceptible  of  considerable  improvement 
especially  by  way  of  improving  combustion,  which  affects  stack 
indirectly;  (c)  the  incomplete  combustion  would  be  decreased  with  (b! 
(d)  the  condenser  loss  is  the  only  other  very  considerable  item,  and  this  cal 
not,  by  nature  of  the  cycle,  be  appreciably  altered. 

403.  The  steam  consumption  per  kw-hr.  of  the  plant  will  depend  upo 
the  water  rate  of  the  main  unit,  the  steam  required  by  auxiliaries  and  the  Ion 
factor.  The  no-load  steam  losses  include;  banked  boilers;  pipe  radiation  an 
leakage;  boiler  blow-down;  boiler  dusting;  operation  of  condenser  auxiliary 
on  emergency  units  and  boiler  auxiliaries,  and  supplying  feed  water  for  thci 
losses.  If  the  load  factor  is  low,  these  bear  a larger  proportion  to  the  tota 
In  a high-grade  plant  with  a yearly  load  factor  of  30  to  40  per  cent  , the  ■‘tatio 
water  rate  is  25  to  35  per  cent,  higher  than  the  best  w’ater  rate  of  the  mat 
unit.  For  ordinary  stations  of  moderate  size  on  less  than  25  to  40  per  ceni 
load  factor,  the  station  water  rate  is  80  to  100  per  cent,  higher  than  that  c 
the  main  unit  alone.  The  steam  required  for  condenser  auxiliaries  is  fro* 
2 to  3 1 per  cent,  of  the  main-unit  consumption,  for  engine  units,  up  to  2 
in.  vacuum;  for  turbine  plants,  4.5  to  10  per  cent  for  28  in.  to  28.5  in.  vacuum 
The  boiler  feed-pump  steam  varies  from  1 to  1}  per  cent,  for  direct  recipro 
eating  pumps,  and  0.6  to  1.3  percent,  for  high-grade  pumping  engines,  o 
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turbine  drivHl  Cjurtrihml  types*  The  steam  for  (oMd-drtft  fens  on  under- 
feed  stokers  varies  from  1 to  2 per  oent.  of  mein-unit  steem;  ooakoAveyini 
systems  require  1.7  to  3 per  oent.,  or  the  equivalent  in  electrical  energy. 
The  total  vanes  therefore  from  8 to  18  per  cent. 

4M.  The  power  taken  by  the  auxiliaries  of  a 5,000-kw.  turbine 
tested  by  the  Edison  Illuminating  Co.  of  Boston  was  as  follows: 


Kw.  on  turbine 

2,713.0 

3,410.0 

4,758.0 

Vacuum,  in 

28  4 

28.7 

28.6 

Barometer,  in 

20.53 

20.06 

29.96 

I.h.p.  of  boiler-feed  pump 

13.0 

23.7 

27.2 

I.h.p.  of  circulating  pump 

60.1 

69.1 

69.1 

I.h.p.  of  dry^'racmim  pump 

24.3 

23.2 

23.8 

I-b.p.  of  step-bearing  pump 

6.4 

5.8 

5.6 

Total  power  for  auxiliaries 

122.3 

131.0 

135.7 

Per  cent,  power  of  auxiliaries 

3.4 

2.9 

2.1 

Per  oent.  water  used  by  auxiliaries. . . 

8.4 

7.4 

5.7 

Electric  h.p.  of  wet- vacuum  pump . . . 

8.6 

9.2 

9.8 

406.  Humbor  of  main  units.  In  modern  central-station  practice, 
the  reciprocating  engine  is  practically  defunct.  For  24-hr.  service,  not  less 
than  three  turbine  units  should  be  employed  and  preferably  six  to  eight  for 
Urge  stations.  The  units  should  always  be  of  similar  sice.  The  analysis 
liven  in  Par.  997  to  9ft  will  prove  that  there  is  very  seldom  any  economy  id 
selecting  odd-sice  units  for  a plant,  and  there  is  always  increased  risk  of  shut- 
down and  increased  cost,  due  to  lack  of  interchangeability  of  units  and  spars 
parts. 

4M.  Steam  versus  electric  drive  for  auxiliaries.  The  heat  analysis 
•hoes  that  the  steam  auxiliary  is  generally  more  economical  than  the  motor- 
srivsn  type,  when  the  amount  of  steam  required  for  auxiliaries  does  not 
meed  the  demand  for  heat  in  the  feed  water.  Turbine-driven  auxiliaries 
are  practically  universal  except  for  the  dry- vacuum  pumps,  which  are  often 
reciprocating,  and  small  oil  pumps,  which  are  more  satisfactory  if  duplex 
met  acting.  Turbine-driven  blast  fans  are  becoming  very  widely  used. 
Turbine-driven  centrifugal  boiler  feed  pumps  are  very  satisfactory  in  units 
larger  than  300  gal.  per  min. ; in  smaller  units,  the  impeller  passages  are  small 
and  likely  to  give  trouble  from  scaling  and  clogging. 

407.  General  plant  layout.  The  moet  generally  satisfactory  scheme  is 
to  lay  out  the  plant  on  the  unit  system,  with  a complete  set  of  boilers  and 
auxiliaries  for  each  turbine.  The  advantages  become  more  and  more  marked, 
the  larger  the  plant. 

408.  Plant  looatfon.  The  plant  should  be  located  at  the  edge  of  a suffi- 
cient body  of  water  to  supply  abundant  condensing  water;  where  this  cannot 
be  done,  wells  may  possibly  supply  the  required  amount,  or,  failing  this,  cool- 
ing towers  will  be  necessary.  The  next  most  important  consideration  is 
«al  supply;  location  on  a river  or  at  tide-water  may  automatically  take  care 
nfeoal  supply  by  barge,  but  otherwise  a rail  connection  will  be  needed.  The 
third  item  is  suitable  ground  for  the  foundations  of  the  building  and  ma- 
chinery. Chosoe  of  site  where  roek  bottom  is  available  near  the  surface  is 
most  desirable,  but  hazdpan  is  practically  as  satisfactory;  On  marsh  land 
tear  riven  enr  tide-water,  piling  or  fill  will  be  necessary.  Too  great  pains 
to  provide  solid  and  permanent  foundations  cannot  be  taken. 

4M.  Load  factor  plays  a large  part  in  selection  of  a plant;  for  low  load 
rotors,  the  tied  chargee  are  high,  and  the  operating  charges  relatively  small, 
it  is  therefore  necessary  to  cut  down  the  first  cost,  which  is  done  by  omitting 
refinements  for  efficiency  and  allowing  the  thermal  economy  to  gp  down. 
For  high  load  factor,  the  fixed  charges  are  less  important  and  operating  charges 
bteome  the  controlling  factor;  therefore  profitable  investment  in  devices 
"*hi|h  thermal  economy  may  be  made.  For  low  load  factors,  machines 
high  overload  capacities  are  desirable,  at  the  sacrifice  of  economy.  It 
Jw  be  desirable  to  overs toker  the  boilers  a little,  to  this  end,  as  well  as  to 
tM"u>  the  turbines  for  high  overloads. 

416.  Reserve  capacity  of  one  main  unit  at  peak  load  should  be  main- 
taxed  in  plants  of  any  number  of  units  up  to  eight;  above  this,  two  reserve 
outs.  This  applies  to  plants  with  duplicate  equipment.  For  plants  with 
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Cost*  in  1913 


| Preparing  Site:  Clearing  structures  from  site. 


fencing,  sidewalks,  etc. ’ 

Foundations:  Foundations  for  building,  stacks  and  m&< 
ctunery,  excavation,  piling,  waterproofing,  etc. 
Building:  Frame,  walls,  floors,  roofs,  windows,  doors,  coa] 
bunker  etc.,  exclusive  of  foundations,  heating,  plumb- 
ing and  lighting.  K 

Boiler-room  Equipments:  Boilers,  stokers,  flues,  stacks 
feed  pumps,  feed-water  heater,  economixers,  mechanical 
draft,  piping  and  covering,  except  condenser  water 
piping. 

Turbine  Room  Equipment:  Steam  turbines  and  gener- 
ators, condensers,  condenser  auxiliaries,  condenser 
water  piping,  oiling  system,  etc. 

Electrical  Switching  Equipment:  Exciters,  masonry 
switch  structure,  switchboards,  switches,  instruments 
etc.,  all  wiring  except  for  lighting. 

Service  Equipment:  Cranes,  fighting,  heating,  plumbing, 
pre  protection,  compressed  air.  furniture,  permanent 
tools,  coal-  and  ash-handling  machinery,  etc. 

Starting  Up:  Labor,  fuel  and  supplies  for  getting  plant 
ready  to  carry  useful  ' — 1 
General  Charges:  Engi 
clerical  worlc,  constri 
| men,  cleaning  up,  etc. 

Total  cost  of  plant, 

Construction. 


except  land  and  interest 


SB  W ,p}lalJ111|T  18  increased  by  umform  equipment,  and  by  proper  re 

The  turbine  plant  is  superior  to  the  engine  plant  in  this  respect, 
with  the  same  number  and  capacity  of  units.  It  is  not  good  pracrireto 
operate  a unit  regulnrly  at  overloads,  although  the  machine  mav  always 
UL  be  overloaded  for  short  periods  before  cutting  in  or  after  cutring 

e'cono  Jchal  aDaIy818  ^ ^ 397  l°  3"  ^ **  ^ &£* 

BIB  •fiab°.rur<!<1iUirement8;  ,With  th<*  n9e  of  vpry  large  sise  turbine* 

and  boilers,  the  labor  required  has  been  enormously  reduced  With  units 

ziv?yi^)?nk':^prating  labor  *1***  ^rirun.bout^; 

? Sm1?  100°.  \ 1500  ^ capacity:  boiler  room  operation,  one  man  pet 
kw^nni ma,ntenance  lftbor,  one  man  per  2,000  kw  capacity.  For  30  000 
nor  !!  or  larger,  operating  labor  in  tbe  engine  room,  6,000  to  7,500  kw 

to  15.000  kw  C^™man  ab°r  '•00°~S'000  kw  P°r  maintenance.  10,000 

U - pUn^a^OoTolroOO  iw.r £int  ““  400  to  750  kw.;  for  the  ta*. 

40  kw  wx 
F total  n latoj 

•U.  2,200  oos.s 782  ^..Conole 


1 iollars  p*>r  kw.  | 

High 

Low 

a[  SO. 25 

, 2.50 

SI. 00 

- 6.00 

1.00 

6.00 

1.00 

1 12.00 

4 00 

24.00 

12.00 

22.00 

12  00 

' 5.00 

2.09 

5.00  1 

2 50 

1 . 00  [ 

0 50 

6.00  i 

3.00 

*83.75 

S3S.00 
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414.  Operating  and  maintenance  costs,  for  1915,  taken  from  the 
iport  of  the  Committee  on  Power  Generation,  A.E.R.A.,  1916,  are  as  follows, 
s a yearly  basis. 


TESTING 

41S.  Boiler-testing  requires  the  following  essential  data:  (a)  Weight 
water  fed  per  hr.;  (b)  weight  of  coal  fed  per  hr.;  (c)  quality  of  steam; 
pressure  and  superheat;  (e)  feed- water  temperature;  (f)  proximate 
lysis  of  coal  including  moisture  and  B.t.u.  per  lb.  Additional  desirable 
i includes:  (g)  Flue  temperature,  including  furnace  and  pass  tempera- 
i;  (h)  flue  gas  analysis,  and  analyses  of  gas  at  various  points  in  boiler; 
,veight  of  refuse;  (k)  proximate  analysis  of  refuse,  moisture  and  B.t.u. 
m.;  (I)  siftings,  if  stoker  fired;  (m)  soot  and  dust  passing  through  boiler; 
kearn  flow*  by  meters.  Boiler  testing  is  always  interwoven  with  stoker 
fog,  the  fire  and  the  heating  surface  are  tested  together.  The  duration 
Wit  should  never  be  less  than  24  hr.,  for  the  most  accurate  results, 
ill.  Summary  of  overall  results. 

Total  Quantities 

L 1.  Date  of  trial. 

2.  Duration  of  trial hr. 

3.  Weight  of  coal  as  fired lb. 

4.  Percentage  of  moisture  in  coal per  cent. 

5.  Total  weight  of  dry  coal  consumed lb. 

6.  Total  ash  and  refuse lb. 

7.  Percentage  of  ash  and  refuse  in  dry  coal.  . . . per  cent. 

8.  Total  weight  of  water  fed  to  the  boiler lb. 

9.  Water  actually  evaporated,  corrected  for  lb. 
moisture  or  superheat  in  steam. 

10.  Equivalent  water  evaporated  into  dry  steam  lb. 
from  and  at  212°. 

For  further  details,  see  the  standard  code  of  the  A.  S.  M.  E. 

417.  Especial  care  should  be  taken  to  isolate  the  boiler  tested  so 

Mieskage  can  be  eliminated  or  measured.  No  single  valve  may  be  con- 
Lul  absolutely  tight.  Where  lines  cannot  be  completely  disconnected, 
hre  should  be  two  closed  valves  with  a half-inch  open  bleeder  between  them 
vindicate  leakage.  Variations  of  water  level  must  be  corrected  for. 


• put,  million  kw.-hr 

130.08 

111.08 

172.90 

91  40 

Bbc  hr.  peak 

42,000 

33,240 

46,100 

23,900 

Load  factor,  1 hr.  peak 

0.35 

0.38 

0.428 

0.437 

■parity,  2 hr.  peak 

45,000 

37,000 

65,700 

44.700 

Plant  load  factor 

0.33 

0.34 

0.30 

0.234 

Ult.  coal  per  kw.-hr 

1.75 

1.97 

2.48 

2.78 

14,450 

14,250 

13,400 

13,000 

g*ta  per  kw'.-hr.  mills: 

■.  Buildings 

0.0130 

0.0096 

0.05 

0.0039 

. Maintenance 

0. 1237 

0 . 2598 

0.65 

0.2167 

Labor,  op 

0 . 2780 

0.2594 

1.02 

0 4469 

, Fuel 

2.6710 

3 . 0030 

3.71 

2 . 07.50 

Water  

0.0243 

0.03 

0.00001 

. Lubricants 

0.0055 

0 . 0220 

0.06 

0.0226 

i Miscellaneous  supplies 

1 0.0425 

0 . 0279 

0 24 

| 

0.0980 

otal 

1 3.1580 

3.5812 

5.78 

2 . 8632 

r cent,  of  total: 

. Buildings 

0.41 

0.26 

1.00 

0.13 

, Maintenance  

3 93 

7.24 

11.30 

7.57 

, Labor 

8.79 

7.24 

17.60 

15.62 

. Fuel 

84.57 

83.86 

64 . 30 

72.47 

. Water 

0.78 

• 

0 62 

. Lubricants 

0 18 

0.62 

1.10 

6!  79 

w Miscellaneous 

1 . 34 

0.78 

4.07 

3.42 

D*t  of  coal,  per  million  B.t.u 

0. 1045 

0. 1071 

0 1116 

0.0574 

in.  per  net  kw.-hr 

25,300 

28,100 

33,232 

36,200 
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418.  Por  weighing  feed  water,  tanka  on  platform  scales  are  beat:  but 

lacking  these,  a calibrated  recording  Venturi  meter  is  satisfactory  and  seen-! 
rate  within  1 per  cent,  on  reasonably  steady  flow. 

419.  For  full  details  as  to  methods  of  firing,  calorimetry,  etc  , »ee 

standard  rules  of  the  A.  8.  M.  E. 

420.  Heat  Balance,  or  Distribution  of  the  Heating  Value  of  the 

Combustible 


The  heat  value  of  1 lb.  of  combustible 


1.  Heat  absorbed  by  the  boiler  » evaporation  from  and  at 
212°  per  lb.  of  combustible  X 970.4. 

2.  Loss  due  to  moisture  in  coal  =»  per  cent,  of  moisture  re- 
f erred  to  combustible -M00X ((212  —t)  +970.4  + 0.6 
(T  — 212))  (t  — temperature  of  air  in  the  boiler-room, 
T = thut  of  the  flue  gases). 

3.  Loss  due  to  moisture  formed  by  the  burning  of  hydro- 
gen = per  cent,  of  hydrogen  to  combustible  + 100  X 9 X 
[(212-0+970.4+0.6  (T-212)]. 

4. *  Loss  due  to  heat  carried  away  in  the  dry  chimney 

gases = weight  of  gas  per  pound  of  combustible  X 0.24  X 

(T-0 

5+  Loss  due  to  incomplete  combustion  of  carbon  *- 
CO  v per  cenU  C in  combustible  v 1rt 

co*+cox  Too  x 10,15a 

6.  Loss  due  to  unconsumcd  hydrogen  and  hydro-carbons, 
to  heating  the  moisture  in  the  air,  to  radiation,  and  un- 
accounted for.  (Some  of  these  losses  may  be  separately 
itemized  if  data  are  obtained  from  which  they  may  be 
calculated  ) 

Totals .’.  <*;  l5 


421.  Quality  of  steam.  The  percentage  of  moisture  in  the  steaw 

should  be  determined  by  the  use  of  either  a throttling  or  a separating  steaA 
calorimeter.  The  sampling  nozzle  should  be  placed  in  the  vertical  stead 
pipe  rising  from  the  boiler.  It  should  be  made  of  0.5-in.  pipe,  and  should  bq 
extended  across  the  diameter  of  the  steam  pipe  to  within  half  an  inch  of  tfcfl 
opposite  side,  being  closed  at  the  end  and  perforated  with  not  les*  thaj 
twenty  0.125-in.  holes  equally  distributed  along  and  around  its  cylindrical, 
surface,  but  none  of  these  holes  should  be  nearer  than  0.5  in.  to  the  inod 
side  of  the  steam  pipe.  The  calorimeter  and  the  pipe  leading  to  it  should  br 
well  covered  with  felting. 

422.  Superheating  should  be  determined  by  means  of  a thermoraeUf, 

placed  in  a mercury-well  inserted  in  the  steam  pipe.  The  degree  of  super* 


• The  weight  of  gas  per  lb.  of  carbon  burned  may  be  calculated  from  ft! 
gas  analyses,  os  follows: 

t CO2  and  CO  are  respectively  the  percentages  by  volume  of  carbos 
acid  and  carbonic  oxide  in  the  flue  gases.  The  quantity  10,150  «*  number 
heat  units  generated  by  burning  to  carbonic  acia  1 lb.  of  carbon  contain 
in  carbonic  oxide. 

Dry  gas  per  lb.  carbon 

in  which  COt,  CO,  O and  N are  th.,  r 

gases.  As  the  sampling  and  analyses  of  the  gases  in  the  present  state  of  the 
art  are  liable  to  considerable  errors,  the  result  of  this  calculation  is  usually 
only  an  approximate  one.  The  heat  balance  itself  is  also  only  approximate 
for  this  reason,  as  well  as  for  the  fact  that  it  is  not  possible  to  determine  aert* 
rafcdy  the  percentage  of  unburned  hydrogen  or  hydrocarbons  in  the  flue  gasafc 
The  weight  of  dry  gas  per  lb.  of  combustible  is  found  by  multiplying 
the  dry  gas  per  lb.  of  combustible  by  the  percentage  of  carbon  in  the  com- 
bustible, and  dividing  by  100. 
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ting  ahould  be  taken  as  the  difference  between  the  reading  of  the  ther- 
neter  for  superheated  steam  and  the  reading  of  the  same  thermometer 
saturated  steam  at  the  same  pressure,  as  determined  by  a special  ex* 
ment,  and  not  by  reference  to  steam  tables. 

tl.  Sampling  the  coal  and  determining  its  moisture.  As  each 

rov-load  or  fresh  portion  of  coal  is  taken  from  the  ooal-pile  a represents- 
shore  ful  is  selected  from  it  and  placed  in  a barrel  or  box  in  a cool  place 
kept  until  the  end  of  the  trial.  The  samples  are  then  mixed  and  broken 
* pieces  not  exceeding  1 in.  in  diameter,  and  reduced  by  the  process  of 
ated  a oxtering  and  crushing  until  a fine  sample  weighing  about  5 lb. 
>tained  and  the  aise  of  the  larger  pieces  is  such  that  they  will  pass  through 
ere  with  0.25-in.  meshes.  From  this  sample  two  1-qt.,  air-tight 
s preserving  jars,  or  other  air-tight  vessels  which  will  prevent  the  escape 
aowture  from  the  sample,  are  to  be  promptly  filled,  and  these  samples 
to  be  kept  for  subsequent  determinations  of  moisture  and  of  heating 
k and  for  chemical  analyses.  For  further  details,  esc  tbs  standard  code 
be  A-  S.  M.  E. 

14.  Calorific  tests  and  analysis  of  coal.  The  quality  of  the  coal 
old  be  determined  either  by  heat  test  or  by  analysis,  or  by  both.  Ths 
onsl  method  of  determining  the  total  heat  of  combustion  is  to  burn  ths 
pie  of  coal  in  an  atmosphere  of  oxygen  gas,  the  coal  to  be  sampled  as 
eted  in  Article  XV  of  the  code.  The  chemical  analysis  of  the  coal 
old  be  made  only  by  an  expert  ohemist.  The  total  heat  of  combustion 
puted  from  the  results  of  the  ultimate  analysis  may  be  obtained  by  the 
of  Dulong’s  formula  (with  constants  modified  by  recent  determinations), 

0 

14,600C+62,000(H ) +4,0008,  <«8) 

8 

rhieb  C,  H,  O,  and  S refer  to  the  proportions  of  carbon,  hydrogen,  oxygen 
I sulphur,  respectively,  as  determined  by  the  ultimate  analysis.  It  is 
irable  that  a proximate  analysis  should  be  made,  thereby  determining 
relative  proportions  of  volatile  matter  and  fixed  carbon.  These  pro- 
ions  furnish  an  indication  of  the  leading  characteristics  of  the  fuel,  and 
r to  fix  the  class  to  which  it  belongs.  As  an  additional  indication  of  the 
recteristics  of  the  feel  the  specific  gravity  should  be  determined. 

If.  Treatment  of  ashes  and  refuse.  The  ashes  and  refuse  are  to  be 
{bed  in  a dry  state.  If  it  is  found  desirable  to  show  the  principal  char- 
ristics  of  the  ash.  a sample  should  be  subjected  to  a proximate  analysis 
the  actual  amount  of  incombustible  material  determined.  For  elaborate 
is  a complete  analysis  of  the  ash  and  refuse  should  be  made. 

M.  A throttling  or  a Thomas  electric  calorimeter  should  be  used 
re  possible.  in  preference  to  separating  or  other  types.  Thermometers 
more  satisfactory  as  indicators  of  saturated  steam  pressure  than  spring 
ss. 

17.  Engine  testing  requires  essentially:  (a)  Weight  of  steam  used; 
kw.  output  of  generator,  or  brake  h.p.;  (c)  l.h.p.,  from  indicator  cards; 
rev.  per  min.;  (e)  steam  pressure,  receiver  pressure  and  back  pressure 
recuum;  (f)  quality  of  steam.  Desirable  additional  data  include:  (g) 
iver  and  exhaust  temperatures;  (h)  weight  of  condensation  from  receiver 
bewhere;  (j)  reheater  steam,  if  used. 

18.  The  steam  consumption  is  best  obtained  by  weighing  the  discharge 
a a surface  condenser;  but  if  jet  condensers  are  used  or  the  engine  is  non* 
densing,  the  feed  water  must  be  measured  as  it  enters  the  boilers,  the  boiler 
uqce  determined,  and  the  boilers  isolated  from  all  other  steam  piping  and 
aratus.  If  the  condensate  is  weighed,  the  condenser1  leakage  must  be 
.vtained.  The  test  shouldcontinue  not  less  than  1 to  3 hr.,  with  surface 
densers  and  8 hr.  when  using  the  feed** water  method. 

it.  Turbine  testing  involves  the  following  essential  data:  (a)  Steam 
|ht  per  hr.;  (b)  initial  and  exhaust  pressures;  (c)  superheat,  or  wetness 
steam;  (d)  rev.  per  min.;  (e}  b.h.p.  or  kw.  output  of  generators; 
steam  chest  pressure.  There  is  a general  similarity  to  engine  testing, 
only  real  difference  lying  in  the  absence  of  indicator  cards.  In  measuring 
condensate, provision  must  be  made  for  measuring  also  the  gland- water, 
team  for  sealing  purposes,  which  is  not  strictly  chargeable  to  the  turbine, 
e ail  the  water,  or  ail  the  heat  is  recovered. 
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450.  For  full  data  on  turbine  testing  see  the  standard  roles  of  th 

A.  S.  M.  £. 

4tl.  Condenser  testing . The  condenser  is  the  chief  auxiliary  reqmria 
test:  generally  it  is  convenient  to  combine  the  condenser  test  with  the  engit 
or  turbine  test  on  the  attached  prime  mover.  The  essential  readings  an 
(a)  vacuum  at  exhaust  entry  referred  to  standard  barometer;  (b)  condense) 
weight  per  hr.;  (c)  circulating  water  temperatures  at  inlet  and  discharge 

(d)  not  well  temperature.  Additional  desirable  data  include:  (s)  vac uui 
at  hot  well;  (f)  vacuum  at  dry  vacuum  pump;  (g)  temperatures,  top  and  bo< 
tom  of  condenser;  (h)  temperature  of  ary  air  at  pump;  (j)  Pitot  or  Ventn 
meter  readings  on  circulating  water;  (k)  temperature  of  circulating  wati 
at  beginning  and  end  of  each  pass;  (1)  volume  of  dry  air  removed  per  nil 
A separate  test  for  leakage  should  be  made  before  the  operating  test,  and  teal 
for  salt  may  be  made  on  the  condensate  during  the  operation,  if  salt  water  i 
employed  as  cooling  water. 

451.  Tests  of  boiler  feed  pumps  and  circulating  water  or  hot-we 
pumps,  of  the  centrifugal  type,  require  the  following  readings,  for  turbiw 
driven  units:  (a)  weight  of  steam  used  per  hr.;  (b)  steam  and  ezhau 
pressures;  (c)  quality  of  Bteam,  or  superheat;  (d)  suction  and  discharge  head 

(e)  weight  of  water  pumped — by  scales,  tank  or  Pitot  or  Venturi  tube  re* 
ings,  which  are  close  enough  for  this  work  (weirs  may  be  used  for  laq 
pumps) ; (f)  rev.  per  min. 

483.  In  testing  direct-acting  steam  pumps,  indicator  cards  shod 
also  be  taken. 

484.  For  tests  of  electric  driven  pumps,  readings  (a),  (b),  and  (i 
in  Par.  481  would  be  replaced  by  kilowatt  readings  on  the  motor. 

488.  Tests  on  turbine-driven  fans  for  forced  or  induced  draft  reqdri 
(a)  Steam  used  per  hr.;  (b)  steam  pressure  and  back  pressure;  (c)  quaiit 
of  steam  or  superheat;  (d)  Pitot  static  and  dynamic  readings  on  auiUh 
fan  outlet;  (e)  rev.  per  min.  For  motor  drive,  kilowatt  readings  will  replsc 
(a),  (b)  and  (c). 

484  Complete  plants  have  what  amounts  to  a continuous  test  i 

their  regular  records,  if  proper  y kept.  Coal  is  bought  and  paid  for  b 
weight  and  by  analysis;  and  recording  wattmeters  give  the  output.  F< 
yearly  figures  the  plant  storage  usually  is  not  an  important  factor,  as  * 
amount  is  small  compared  to  the  total  consumption;  but  for  monthly  figure 
a survey  of  the  coal  stored  is  necessary.  This  is  usually  made  by  takin 
readings  at  predetermined  points  over  the  bunkers  or  storage  Bpace  and  ci| 
dilating  the  volume  of  coal,  allowing  generally  50  lb.  per  cu.  ft.  for  bitumino* 
coal  ana  54  lb.  per  cu.  ft.  for  No.  1,  No.  2 or  No.  3 buckwheat  anthradta 

487.  The  apparatus  required  for  weighing  water  is  preferably  mad 
up  of  one  or  more  sets  of  tanks  on  platform  scales;  the  accuracy  may  be  keg 
to  0.25  per  cent,  quite  readily,  where  less  accuracy  is  required,  0.5  to  1] 
per  cent.,  measurement  by  volume  in  a tank,  or  by  Venturi  meter,  or  Y-notc 
weir,  is  suitable. 

488.  For  measuring  the  steam  used,  the  best  method  is  by  surf* 
condensers  (which  may  be  made  substantially  tight),  using  scale  tanks  U 
weighing  the  condensate. 

489.  For  measuring  temperature  up  to  900  deg.  Fahr..  raereur 
thermometers  of  12  in.  length  are  most  convenient;  they  should  be  ussd  i 
iron  or  brass  wells,  with  a little  mercury  in  the  bottom  of  the  cup,  and  th 
remainder  filled  with  oil.  For  temperatures  above  500  deg.  Fahr..  nitrogen 
filled  mercury  thermometers  must  be  employed.  Care  should  be  taken  * 
ascertain  the  immersion  for  which  the  thermometer  is  calibrated.  Rcsia 
ance  thermometers  are  now  available,  but  are  in  general  very  much  mo* 
expensive;  their  use  is  a convenience  where  there  are  several  inaccesaW 
readings  to  be  taken,  as  all  the  resistance  bulbs  may  be  read  from  one  fM 
vanometer  and  bridge.  For  higher  temperatures  than  900  deg.  Fahr.,  reswl 
anoe  thermometers  or  thermocouples  should  be  used.  For  high  furnac 
temperatures,  radiation  or  optical  pyrometers  are  best.  (Sec.  3.) 

440.  For  pressure  measurements,  the  spring  gage  is  convenient  bn 
usually  inaccurate;  for  pressures  up  to  15  lb.,  mercury  columiu  are  far  bettrl 
For  steam  pressure,  the  thermometer  is  a valuable  and  accurate  means  o 
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ng  results.  If  the  steam  is  superheated,  a thermometer  in  a pressure 
tiber  separated  from  the  steam  main  by  a condensing  coil,  and  suitably 
icd,  will  give  correct  readings  of  pressure.  If  pages  are  used,  they 
Id  be  carefully  checked  at  the  operating  pressure,  m position  if  possible, 
ist  a standard  gage  tester. 

1.  Frequency  of  observations.  Observations  of  temperatures, 
lures  and  speeds  should  occur  once  every  10  or  15  min.  Water  and  coal 
binge  should  be  made  as  often  as  needed  by  the  capacity  of  the  con- 
r»  on  the  scales.  Wattmeter  readings  and  coal  and  water  readings 
Id  be  balanced  every  hour,  as  a precautionary  measure  in  checking  tne 
linens  and  reliability  of  the  test.  Calorimeter  readings  on  boilers  and 
nes  at  steady  load  only  need  be  taken  at  half-hourly  or  hourly  intervals, 
ey  vary  but  little.  Barometer  readings  taken  three  times  during  a test 
afficient.  For  short  tests,  such  as  occur  in  motor-driven  pumps  and  fans 
Pitot  tube  or  Venturi  tube  readings,  instantaneous  values  taken  once 
Qute  for  10  min.  gives  good  enough  results  as  a rule.  Pitot  readings 
ir  should  be  taken  at  numerous  points  in  the  pipe  (see  Treat,  Tran*. 
M.  E.(  1912,  and  Rowse,  Tran*.  A.  S.  M.  E.,  1913. 

I.  Duration  of  tests.  Engine  or  turbine  tests  by  the  feed-water 
od  should  not  be  less  than  8 hr.,  as  the  error  introduced  by  variations  of 
in  the  boilers  is  too  great  on  shorter  tests;  when  weighing  the  condensate, 
3 hr.  will  be  sufficient,  depending  on  reservoir  capacity  in  the  system, 
re  flow  meters  can  be  employed  with  sufficient  accuracy,  instantaneous 
of  a few  minutes  duration  may  be  run.  The  time  taken  for  a boiler 
start  to  stop,  should  never  be  less  than  10  hr.,  12  are  better  and  18  to  24 
ire  much  more  consistent  results.  This  length  of  time  is  needed  on 
ini  of  the  variable  error  introduced  by  the  unknown  amount  of  coal 
m fire  at  start  and  finish. 

I.  FrscUion  of  tssts.  Boiler  tests  of  10  hr.  duration  are  seldom  closer 
3 per  cent,  either  side  of  the  average;  12-hr.  tests,  2.5  per  cent.;  24  hr. 

’ oral.  Engine  tests  of  8 hr.  duration,  will  have  a probable  error  of  2 
eat.,  either  way;  turbine  tests  of  3 hr.,  2 per  cent.  It  is  therefore  need- 

0 compute  results  closer  than  of  1 per  cent. 

GAS  POWER  PLANTS 
BT  REGINALD  J.  8.  PIOOTT 
PRODUCERS 

1.  Destructive  distillation  can  occur  only  with  fuels  containing 
ils  matter;  therefore  anthracite  and  coke  producers  cannot  be  said  to 
ite  by  destructive  distillation.  Oas  may  be  produced  from  hard  coal 
Bows:  with  air  only,  2C4-Ot  — 2CO;  with  steam  only,  HcO-f-C«CO 
; with  both  steam  and  air,  3C-f 0*+HiO-3CO  + H*.  The  first 
as  is  not  often  used;  the  second  is  used  to  make  water  gas,  but  since 
» not  produce  heat,  it  is  used  intermittently  with  the  process  C + Oi  — 
or  simple  combustion  of  the  fuel  in  the  producer  to  generate  the  necessary 
This  is  called  "blasting  up.”  The  third  process  is  the  one  used  in 
ng  producer  gas  from  anthracite  or  coke. 

I.  With  bituminous  coals,  the  volatile  matter  is  given  off  as  tar  and 
ocarbon  gases  of  the  methane  series,  chiefly.  These  are  again  broken 
f the  heat  in  the  produoer  to  methane,  carbon  monoxide  and  hydrogen. 
Idition,  the  formation  of  CO  and  H from  the  coke  remaining,  goes  on 
•sntially  as  in  the  anthracite* producer.  In  the  down-draft  types  of 
ocers,  the  tar  passes  through  the  fuel  bed  and  is  broken  down  to  com- 
ble  gases  and  lampblack,  some  of  which  are  burned  in  the  passage. 

B.  Suction  producers  obtain  a flow  of  air,  steam  and  gas  by  means  of 
ght  difference  of  pressure  due  to  the  pump  action  of  the  fohr-cycle 
ogine  on  the  charging  stroke,  or  by  an- exhauster. 

T.  Pressure  producers  obtain  a flow  of  gas,  etc.,  by  means  of  a 
wre  fan  or  blower  for  the  air,  or  a boiler  for  the  steam.  A pressure 
ucer  is  independent  of  the  engine,  and  does  not  affect  the  capacity  of 
stter. 

8.  Up-draft  producers  are  arranged  with  the  steam  and  air  admitted 
.e  bottom  and  gas  removed  from  the  top;  tar  passes  off  with  the  gas  and 

1 be  removed  by  scrubbers  and  purifiers. 


787 


e 


POWER  PLANTS 


Sec.  10-449 


449.  Gasification  of  Anthracite  Coal  (R.  D.  Wood  Co.) 


Products 


Process 

Lb. 

Cu.  ft. 

Anal,  by 
Vol. 

186.66 

2,529.24 

33.4 

5 lb  C burned  to  CO? 

18.33 

157.64 

2.0 

5 lb  vol  HC  (distilled) 

5.00 

116.60 

1.6 

120  lb.  Oxygen  are  required,  of  which 

30  lb.  from  HjO  liberate  H. 

90  lb.  from  air  as  associated  with  N. 
L — 

1 3.75 

301.05 

712.50 

4,064.17 

9.4 

53.6 

| 514.79 

7,580.15 

| 100.0 

Energy  in  the  above  gas  obtained  from  100  lb.  anthracite:  85  per  cent. 
\C.\  5 per  cent.  V.M.;  10  per  cent.  ash. 


186.66  lb.  CO. 
5.00  lb.  CH* 
3.751b.  H.  .. 


807.304  B.t.u, 

117.500  B.t.u. 

235.500  B.t.u. 


Total  energy  in  gas  per  lb 

Total  energy  in  gas  per  cu.  ft. 
Efficiency  of  conversion. 


1,157,304  B.t.u. 

2,248  B.t.u. 

152.7  B.t.u. 

86  per  cent. 

450.  Down-draft  producers  are  ar- 
ranged with  air  and  stearn  supply  at  the 
top,  and  gas  removal  under  the  firebrick 
grate  at  the  bottom.  The  double-rone 
producer  has  down  draft  in  the  upper 
sone  and  up  draft  in  the  lower. 

451.  Suction  producers  have  the  ad- 
vantage of  not  allowing  gas  to  escape 
into  the  operating  room  from  the  producer, 
as  the  carbon  monoxide  is  intensely  poison- 
ous; and  poke  openings,  etc.,  can  be  con- 
veniently operated.  For  small  sixes,  no 
exhaust  fan  is  used,  the  necessary  draft 
being  provided  by  the  engine  suction.  Most 
of  the  down-draft  producers  are  suction 
types  with  exhaust  fans.  In  this  class 
belong  the  Loomis- Pettibone,  De  La- 
vergne,  Kdrting,  United  Gas  Machinery 
Co.,  Westinghouse  double-ione,  Otto,  and 
Mond  (small  sise). 

452.  Pressure  producers  require  forced 
draft  supplied  Dy  a fan  or  a steam  jet 
blower,  the  steam  thus  admitted  being  used 
in  the  gasification.  The  tar  formed  is  car- 
ried over  with  the  gas  and  requires  more 
extensive  cleaning,  but  access  to  the  grates 
ia  better  than  with  the  down-draft  and  suc- 
tion types  and  mechanical  stoking  or  poking 
may  be  employed  either  by  mechanical 
water-cooled  pokers,  or  by  rotating  the  ash 
table  and  in  some  cases  the  producer  shell. 
Examples  of  this  type  are  the  Mond  large 
sise,  Taylor,  and  Chapman. 

453.  The  capacity  of  a producer  is 
based  on  0.065  to  0.075  sq.  ft.  of  cross-sec- 
tional area  per  brake  h.p.  of  engine  and 
about  0.105  to  0.118  cu.  ft.  of  volume  per 
h.p.  (Snell). 

454.  The  continuous  rate  of  gasifi- 
cation with  high-grade  coal  will  not  exceed  23  lb.  of  coal  per  hr.  per  sq. 


Fio.  45. — Taylor  or  Mond 
up-draft  producer. 
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415.  Gasification  of  Bit.  Coal.  Low  Volatile 


Energy  in  116.66  lb.  CO 

Energy  in  32  . (X)  lb.  Vol  HC 
Energy  in  2.50  lb.  H 

1 299  554 

Energy  in  coal 1,437.500 

Per  cent,  of  energy  delivered  in  gas 90.0 

Heat-units  in  1 lb.  of  gaa 3,484 

Heat-units  in  1 cu.  ft.  of  gns 229.2 

Prox.  Anal.:  55  per  cent.  F.C.;  32  per  cent.  V.M;  12  per  cent.  ash. 

457.  Space  required  for  Single-unit  Gas  Power  Plants  (Approxlmst4 


504,554  heaWunits. 

640.000  heat-unite. 

155.000  heat-unite. 


depends  of  course  on  number  and  size  of  unite  for  the  total 


given. 


■PRreseiA 
Even,  .navrsgiv 


Pressure  plants  exclusive  of  holder. 


Products 

Process 

Lb. 

O 

c 

Per  cent, 
by  VoL 

65  lb.  C burned  to  CO 

5 lb.  C burned  to  COi 

20  lb.  vol.  HC  (distilled) 

25  lb.  O,  from  water  liberate  H.  . . 

75  lb.  atmos.  O mixed  with  N 

151.6 

18.3 

20.0 

3.1 

251.2 

2,054 

157 

466 

588 

3,391 

30.8 

2.3 

7.0 

9 0 
, 50.9 

444.2 

6,656 

100.0 

Products 

Process 

Lb. 

Cu.  Ft. 

Per  cent, 
by  VoL 

50  lb.  C burned  to  CO 

116.66 

1,580.7 

27.8 

5 lb.  C burned  to  COi 

18.33 

157.6 

2.7 

32  lb.  vol.  HC  (distilled) 

80  lb.  O are  required,  of  which  20  lb. 

32.00 

746.2 

13.2 

derived  from  HjO,  liberate  H . . . . 
60  lb.  O,  derived  from  air,  are  asso- 

2.5 

475.0 

8.3 

ciated  with  N I 

200.70 

2,709.4 

47.8 

370.19 

5,668.9 

99.8 

Suction 

Pressure  * 

Gas  holder* 

H.p. 

Length 

Width 

mnni 

Width 

Head1 

Cubic  Tank  di 

feet 

feet 

room  f 

feet  Ieet 

feet 

feet 

feet  a meter 

25-50 

13-14 

9-11 

13-151 

1 1,000|  15  ft. 

50-75 

14-15 

10-12 

14-17  

2,000|  17  ft. 

75-100 

15-19 

11-14 

15-20  

2,500  19  ft.  6 in. 

150 

20-21 

13-15 

19-201 

j 

3,000  21  ft.  6 in 

200  | 

22-23 

15-16 

22-23  32 

‘ ' ie" 

22-25 

4,000  21  ft.  6 in- 

300  | 

2.5-26 

16-17 

23-25  34 

18 

23-25! 

5,000  24  ft 

400  | 

500  1 

36 

20 

22 

23-26 

23-26 

6.000  30  ft.  6 in. 
IO.OOOi  35  ft. 

1,000 
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23-26 

15,000  43  ft 
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Sec.  10-458 


468.  The  efficiency  of  large  producers  will  vary  from  70  per  cent,  to 
80  per  cent,  if  the  gases  are  used  cold,  and  80  to  90  per  cent.,  if  used  hot 
(for  furnace  work).  The  losses  include:  (a)  Sensible  heat  in  gases;  (b) 
producer  radiation  and  conduction;  (c)  combustible  in  ash.  The  carbon 
in  the  ash  of  a properly  operated  large  producer  will  be  from  4 per  cent, 
to  12  per  cent,  for  about  0.5  to  1.5  per  cent,  total  heat  loss,  with  a coal  hav- 
ing 10  per  cent,  to  12  per  cent.  ash.  For  small  producers,  suction  type,  the 
carbon  in  the  ash  may  be  as  much  as  60  per  cent,  of  the  total  refuse,  and  the 
efficiency  of  the  whole  producer  from  44  to  75  percent.  The  sensible  heat 
in  the  gases  varies  from  4 to  19  per  cent.,  usually  about  15  per  cent,  average. 

458.  Heat  balance.  The  following  data  on  the  test  of  a Loomis- 
Pettibone  producer  were  taken  from  the  N.  E.  L.  A.  report  on  gas  engines, 


1908. 

Total  heat  in  fuel 100  per  cent. 

Petal  heat  in  gas  at  60  deg.  fahr 84.7  per  cent. 

Total  heat  removed  by  scrubber 8.16  per  cent. 

Total  heat  removed  by  water  cooled  valves 1.56  per  cent. 

Total  heat  lost  by  radiation,  etc 5.58  per  cent. 


100.00 


460.  Tests  on  a 60-h.p.  Otto  Suction  Producer 


No.  of  test 

21 

16 

17 

27 

25 

Duration,  hr 

12 

12 

12 

12 

12 

Kind  of  fuel . . . ..... 

Lehigh  chestnut 

Scranton  pea 

1 

Fixed  carbon 

80.11 

73.59 

77  39 

75.54 

78.45 

Volatile  matter 

4.27 

8.47 

6.70 

6 34 

5.99 

Moisture 

1 95 

3 98 

1.11 

2.90 

2.75 

Ash 

13.67 

13.96 

14.81 

15.22 

12.81 

Sulphur 

1.08 

1.41 

0.63 

1.71 

1.10 

B.t.u.  per  lb.,  dry  coal  

12,750 

12,780 

12,680 

12,540 

13,040 

&.t.u.  per  lb.,  combustible.  . . . 

15,570 

15,550 

15,700 

15,700 

15,700 

Dry  coal  fired  per  hr.  (lb.) . . . 

12.78 

49 . 40 

82.90 

24  75 

64.70 

Water  to  producer  per  hr.  <lb.) 

22.2 

30 . 40 

42  05 

16.30 

28.50 

)ry  air  per  hr.  to  producer  (lb.) 

58.8 

202.5 

386.0 

87.5 

259 . 2 

!alorific  value  gas.  b.t.u./cu.  ft. 

104.8 

111.8 

103.4 

120.0 

137.3 

Wt.  dry  gas  per  hr.  (lb.)..  .... 

GO . 0 

248.6 

456.0 

105.0 

326 . 0 

Cm  analysis,  COj  (per  cent.) . . 

9.17 

6.46 

6.94 

5.90 

4 20 

16  06 

27.77 

21.33 

21  70 

27.01 

0.53 

0.49 

0.37 

0.40 

0.23 

9 55 

9.53 

7.06 

10.70 

10.40 

2.10 

1.74 

1.90 

1.60 

1.77 

• Nt 

62  65 

59.01 

62 . 50 

59  70 

56.40 

Cold  gas  efficiency  (per  cent.)  . 

54.3 

65.8 

64.6 

56.4 

76.2 

461.  Tests  of  Westinghouse  Double-zone  Producer 


Fuel 

Pocahontas 

Texas  lignite 

IDuration 

Total  coal  fired 

Heat  value  per  lb • 1 

(Heat  value  per  cu.  ft.  (total).. . . 
'IHeat  value  per  cu.  ft.  (effective). 

Efficiency  (total) 

[Efficiency  (effective) 

96  hrs. 
14,452  lb. 
13,983  B.t.u. 
126  9 B.t.u 
117.8  B.t.u  ! 
80%  | 
74.5% 

46.5  hrs. 
12,693  lb. 
8,007  B.t.u. 
128.3  B.t.u. 
117.1  B.t.u. 
77  3 % 
70.5% 

Sec.  10-462 
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G&b  Analysis 


1 


Carbon  dioxide 

icczrr. ::.... 

7 9% 

TTT% 

Oxygen 

(O) 

0.5 

0 9 

Carbon  monoxide 

(CO) 

18.1 

13.3 

Marsh  gas 

(CH.) 

2.6 

3.6 

Hydrogen 

(H) 

12.6 

14  7 - 

Nitrogen 

(N) 

58.3 

! 1 

55.1 

In  the  above  table  all  values  are  computed  on  the  assumption  that  the 
gas  is  at  a temperature  of  62  deg.  Fahr.,  and  that  the  absolute  pressure  u 
30  in.  of  mercury. 

462.  Tests  of  Wood  Pressure  Producer 

(Gas  plant  test— 24  days  continuous  running) 

I *COAL  per  cent.  GAS:  Average  per  cent] 


Moisture 14.68 

Volatile  combustible 30.98 

Fixed  carbon 42.93 

Ash 11.41 


Carbon  dioxide COi-  9.2 

Oxygen Oi-  0.0 

Ethylene  C*H«-  0 4 

Carbon  Monoxide CO -20.9 

Hydrogen  Hj-15.6 

Methane CH«-  19 

Nitrogen  Ni-52.0 


100.00  Methane CH«-  1 9 

Sulphur 1.33  Nitrogen  Ni-52  0 

Calorific  power  12,343  B.t.u.  per  lb.  of  dry  coal. 

Average  heat  value  of  gas  for  24  days  ■»  156.  1 B.t.u.  per  cu.  ft. 

On  the  average  of  the  Government  tests  generally  Prof.  Fernald  gives  tb# 
following: 

463.  Tests  by  Geological  Survey 


Bituminous 


Load  90 — 100  Per  cent. 
30  to  50  hr. 


As 

fired 

Dry 

As 

fired 

Dry 

12,280 

13,150 

8,350 

| 11,290 

60.5  1 

64.7 

35.8 

45.7 

152.1  1 

158.4 

1.68, 
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Sec.  10-469 


Pnmn  produein,  mp  to  800  h.p.t  total  cost  — 1800 +80 X (h.p.)  (70) 

Pressure  producers,  above  300  h.p.  Total  coot  — 4,000  + 28  X (h.p.)  (71) 

Repairs  and  maintenance  vary  from  80.35  to  $0‘55  per  h.p.  per  year. 
Guarantees  on  maintenance  are  usually  2 to  3 per  cent,  of  first  oost  a year. 

SUPERHEATERS  AND  C01TD1H8EE8 

48f.  The  laws  of  heat  transfer  for  superheaters  have  been  covered  in 
Par.  15  to  ft,  and  for  economisers  in  Par.  880.  for  vaporisers  in  Par. 

S,  8 and  4. 

470.  Superheaters  are  attached  to  the  vaporisers  of  some  types  of 
producer,  to  superheat  the  steam  fed  to  the  fuel  bed.  They  are  usually  of 
the  protected  type,  heated  by  the  hot  gas  leaving  the  producer,  and  deliver- 
ing superheated  steam  for  use  in  the  fuel  bed.  Some  additional  economy 
ia  gained  by  their  use. 

471.  Wash  boxes  are  water  seals  and  serve  the  purpose  of  a check  valve 
to  prevent  blowing  back  of  gas.  They  are  made  of  csst  iron  generally,  with 
across  section  equal  to  about  26  times  the  delivery  pipe.  The  submersion 
4 the  entering  pipe  is  about  3 in. 

478.  Economisers  are  employed  for  preheating  the  air  fed  to  the  pro- 
ducer and  operate  on  the  sensible  heat  of  the  gas  leaving  the  producer. 

478.  Vaporisers  or  boilers  are  attached  to  nearly  all  producers,  and 
ierve  to  yield  the  necessary  steam  for  gasification,  abstracting  sensible  heat 
from  the  hot  gas.  They  are  usually  built  much  like  a vertical  fire-tube 
boiler,  or  of  cast-iron  cooling  chambers  forming  the  top  or  side,  of  the 
producer. 

474.  Condensers  are  employed  to  remove  the  tar,  and  consist  usually 
of  chambers  with  iron  baffles  upon  which  the  viscous  tar  impinges  and 
collects;  suitable  drainage  allows  the  tar  to  be  recovered  and  removed.  The 
general  design  is  similar  to  an  oil  separator.  Some  are  made  with  helical 
pumges  to  secure  centrifugal  action.  There  are  also  one  or  two  designs  of 
mechanical  tar  extractors  built  like  centrifugal  fans,  to  throw  out  the 
tar  by  centrifugal  force.  They  are  generally  made  entirely  of  cast-iron. 

478.  Operation.  The  operation  of  superheaters  requires  practically 
no  labor;  vaporisers  in  this  respect  are  the  same  as  boilers;  tar  separator: 
require  periodic  cleaning  and  continuous  drainage.  The  tar  is  inclined  to 
. accumulate  and  thicken  with  the  dust  in  the  gas.  The  standby  period  for 
lignite  or  bituminous  producers  » from  6 to  10  hr.  a week  for  cleaning 
purposes  and  repairs,  on  the  average.  Anthracite  producers  may  be  run 
uO  to  90  days  continuously.  (Latta,  1910.) 

478.  The  cost  of  these  auxiliaries  is  included  in  the  cost  of  the  producer . 
liven  in  Par.  458,  since  they  are  essential  to  operation. 


SCRUBBERS  AMD  PURIFIERS 


417.  The  impurities  found  in  producer  gas  ore  dust;  tar  and  ammonia 
Dost  is  blown  over  from  the  fuel  bed,  being  usually  the  ash  from  the  fines  in 
the  coal.  In  some  cases,  lampblack  is  also  carried  over  in  the  down-draft  and 
double-sone  types.  Tar  is  the  result  of  martial  decomposition  and  is  a com 
buetible  material.  Ammonia  is  produced  by  the  union  of  H dissociated  in 
the  producer  with  N in  the  air  supplied. 

478.  Two  methods  of  Cleaning  are  generally  used:  (a)  wet  scrubbing, 
with  stationary  towers  and  water  spray  in  some  form,  or  mechanical  scrubber 
more  or  less  like  fans  with  water  injection;  (b)  dry  scrubbing,  with  purifiers 
or  filters  made  with  excelsior  or  shavings,  which  require  periodic  remove 
sad  cleaning. 

470.  Wet  scrubbers  consist  of  steel  towers  filled  with  coke,  wire  netting 
or  wood  latticing,  somewhat  after  the  fashion  of  a cooling  tower.  Water  is 
sprayed  down  from  the  top,  and  divides  into  fine  streams  or  spray,  washing 
out  solid  impurities  and  tar,  dissolving  out  ammonia  and  sulphur  gase* 
The  amount  required  varies  from  1.5  gal.  to  2.5  gal.  per  b.h.p.  per  hr. 


455.  The  mechanical  washers  are  chiefly  heavy-built  fans  with  water 
•pray  devices,  or  Theisen  washers.  The  simple  fan  washer  consists  of  cen- 
trifugal fans  of  heavy  construction,  usually  with  cast-iron  casing,  with  a water 
•pray  device  at  the  inlet  to  produce  a spray  curtain  or  fog  through  which  the 

£»  psies.  The  efficiency  averages  about  12  to  1,  gas  containing  1.75  to 
55  gr.  per  eu.  ft.  being  cleanea  to  0.15  to  0.22  gr.  per  cu.  ft.  The  h.p 
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fuel  in  certain  oil  engines;  it  usually  contains  considerable  moisture — up  to 
20  per  cent.,  on  account  of  the  water  employed  in  washing  the  condenser 
trays. 

483.  Purifiers  or  dry  scrubbers  consist  of  a steel  tank  or  tower,  filled 

with  shavings,  excelsior,  coke,  or  Laming  composition.  Laming  composition 
is  a mixture  of  bog  iron  ore  and  shavings.  It  is  used  in  6-in.  to  8-in.  layers, 
on  gratings,  and  absorbs  cyanides  and  sulphur  compounds.  The  Laming  mix- 
ture is  removed  and  exposed  to  the  air  from  time,  to  time,  which  regenerates 
the  materials  for  use  again.  Shavings  and  other  mechanical  dry  purifying 
material  must  be  removed  and  replaced  by  fresh  material  as  often  as  they 
become  clogged.  Wet  scrubbers  are  automatically  cleaned  by  the  water 
used  to  precipitate  dust.  The  8mith  tar  extractor  consists  of  a diaphragm 
of  glass  wool,  which  causes  the  separation  of  tar  without  the  use  of  water 
except  for  cooling. 

484.  Cost  of  the  apparatus  is  included  in  the  cost  of  producers.  Par.  ifil 

HOLDERS 

485.  Gas  storage  is  required  to  provide  reserve  capacity  for  sudden  in- 
crease of  demand,  and  to  absorb  excess  generation  when  sudden  decrease  of 
load  occurs. 

486.  The  holder  is  of  the  regular  collapsing  gasometer  type,  in  no  way 
different  from  the  ordinary  illuminating-  as  tank.  In  some  cases  the  water 
seal  in  the  base  is  used  as  an  additional  w ash-box  for  incoming  producer  ga*. 

487.  The  capacity  required  varies  from  40  to  25  cu.  ft.  up  to  100  b p.* 
20  to  1 5 cu.  ft.  up  to  1 ,000  n.p.  The  larger  the  number  of  units  the  less  storage 
usually  required,  as  manipulation  is  more  flexible. 

488.  The  operation  of  gas  holders  requires  only  occasional  painting  to 

protect  the  tank,  yearly  cleaning  of  sediment  from  the  water  reservoir,  and 
suitable  steam-supply  to  the  lift  seals  to  prevent  freezing  in  winter. 

489.  The  cost  of  gas-holders  varies  from  $1.40  to  $0.75  per  cu.  ft. 

including  foundations  (1920). 

PROPERTIES  OF  GAS 

490.  Calorific  Value  of  elementary  gases.  (From  Gas  Engine  Design 

— Lucke.) 


00538 

07498 

04308 

07631 


B.t.u.  per  cu.  ft. 

High 

Low 

331.0 
329 . 58 
1,037.22 
1,619.45 

278.7 

329.58 

932.38 

1,513.55 

B.t 

u. 

per  lb. 

High 

Low 

61,524 

0 

51,804 

0 

4,395 

6 

4,395 

6 

24,021 

0 

21.592 

8 

21,222 

0 

19,834 
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it.  hodsMT  fti  has  a specific  gravity,  referred  to  air,  of  0.97,  average 
die  heat,  0.25.  It  varies  in  composition,  not  only  with  the  type  of  pro- 
m,  but  from  variations  in  operation  of  the  same  produoer.  The  hydrogen 
tent,  being  usually  high,  limits  the  compression,  usually  from  100  to  160 
per  sq.  in.,  with  18  to  5 per  cent,  of  hydrogen,  average  pressure  135  lb. 
refill  jacketing  of  valves  and  pistons  for  large  engines  raises  the  obtainable 
ipreadon. 

M.  Mfcftural  gaa  is  the  richest  of  the  power  gases,  and  is  obtainable 
sfly  through  the  soft  coal  and  oil  regions.  Ohio,  Indiana,  Illinois,  Pennsyl- 
tia  and  Virginia  are  most  favored  in  this  way.  The  allowable  compression 
ies  from  75  to  130  lb.  The  specific  gravity  referred  to  air  is  approxi- 
tdy  0.40  to  0.50;  density,  0.043  to  0.049  lb.  per  ou.  ft. 

IS.  Illuminating  gases,  either  coal  or  water  gas,  are  usually  too  ex- 
aive  for  use  in  any  but  the  smallest  engines,  up  to  say  75  h.p.  The  allow- 
* compression  is  60  to  100  lb.  average  80;  specific  gravity  approximately 
) to  0.43  for  coal  gas,  0.57  for  water  gas. 

M.  Blast-furnace  gas  is  the  leanest  of  the  gases  and  will  stand  compres* 
i from  120  to  190  lb.,  averaging  155  lb. ; this  is  on  aocount  of  the  dilution 
b N,  andJow  hydrogen.  It  is  used  only  in  large  gas  engines  at  steel  mills. 
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N.  Gas-engine  cycles.  The  thermodynamics  of  the  gas  engine  is 
ipficated  by  the  fact  that  not  only  the  change  of  state  by  expansion  and 
tpreaaion  occurs  in  the  cylinder,  but  also  the  combustion.  The  order  of 
ate  in  the  usual  Otto  or  four-stroke  cycle  is  as  follows:  aspiration  of  a 
tp  into  the  cylinder  (suction  stroke) ; compression,  approximately  adia- 
kon  the  instroke;  ignition  and  explosive  combustion  at  constant  volume, 
Aeths  piston  is  on  or  near  the  dead  centre;  and  approximately  adiabatie 
*ui<m  on  the  second  outstroke;  partial  expulsion  of  the  burnt  gases  at 
■tint  volume  when  on  the  outer  dead  center,  further  expulsion  on  the 
oad  instroke,  at  atmospheric  pressure.  The  two-stroke  cycle  eliminates 
auction  and  exhaust  strokes,  by  admitting  the  incoming  charge  under  a 
pounds  pressure  while  the  piston  is  on  or  near  the  outer  centre,  after  the 
exhaust  to  atmospheric  pressure  and  constant  volume  has  just  taken 
This  incoming  charge  sweeps  before  it,  by  displacement,  moot  of  the 
Mining  burnt  gases. 

H.  The  standard  reference  diagram  put  forward  by  Lucke  is  useful 
evestignting  the  performance  or  design.  This  diagram  is  an  assumed 
k&tor  cardbased  on  the  assumption  that  the  mixture  in  the  cylinder  will 
tve  the  same  as  pure  air.  The  general  relations  are  as  given  below, 
k.  Compression  pressure* 

and  (72> 

m pa « 14.7  lb.  per  sq.  in.,  suction  pressure;  p»  « final  compression 
■sire;  *•»»  total  cylinder  volume  in  cu.  ft. « displacement  plus  clearance* 
•compression  volume,  or  clearance,  in  cu.  ft.;  — absolute  initial 
ftperature  (deg.  Fahr.  + 461) ; and  tb  — absolute  compression  temperature. 
N.  The  pressure  rise  on  explosion  depends  on  the  amount  of  heat 
f «l  ft.  of  mixture. 

“d‘-“+£  (73) 

ere  p,  — explosion  pressure;  Q — B.t.u.  per  lb.  of  mixture;  (7*  - specific 
K at  constant  volume;  — absolute  explosion  temperature;  and  the  other 
e^ote  are  as  above  (Par.  497). 


2.2  Q ....  . . 

pa— pa  — - (in  lb.  per  sq.  in.) 

(£)071’* 

IN.  B.t.u.  por  ou.  ft. 

H 

s.  a + o'  + 1 


(74) 

(75) 


795 
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■rbere  H m B.t.u.  per  ou.  ft.  of  mixture,  hot;  a'  — cu.  ft.  of  air  requital 
burn  1 eu.  ft.  gee;  end  n — ou.  ft.  of  neutral  added.  The  actual  prams 
ratio  p«/p»  obtained  ia  from  40  per  cent,  to  65  per  oent.  of  the  air  card  rath 

•00.  Expansion  is  taken  according  to  the  law 

/ 1.41  in 

w-p.(-)  <7 

which  ia  the  same  as  for  compression. 

•01.  Efficiency. 

JS.1  a 

tb  \pbS 

where  B — thermal  efficiency  of  the  cycle;  other  symbols  are  as  »b<n 
The  thermal  efficiency  of  the  ideal  cycle  is  only  dependent  upon  the  rat 
of  compression  to  suction  pressure. 

80S.  Four-cycle  engines  are  built  in  all  si  sea;  the  terms  single  and  doul 
acting  have  the  same  application  as  for  steam  engines.  The  majority 
engines  of  small  and  moderate  sise  are  single  acting.  Large  engines  a 
generally  made  double  acting,  to  economise  space,  as  the  ga a engine  is  em 
more  bulky  per  h.p.  than  the  steam  engine. 

•OS.  Two-cycle  engines  are  also  used  in  all  sisee,  but  are  found  to  t 
neatest  extent  in  large  units,  double  acting.  For  small  unite  they  are  net 
puilt  double  acting,  as  separate  pumps  are  then  required  to  give  the  prtM 
(or  charging  at  the  end  of  each  stroke.  In  the  small  single-acting  types,  i 
mixture  is  compressed  between  the  piston  and  the  crank  case. 

•04.  Cylinder  jackets  are  essential  to  practically  all  gas  engines,  T 
enormous  heat  developed  during  explosion  would  soon  destroy  the  cyliid 
and  piston  if  they  were  not  protected  by  cooling.  In  most  esses  this  is  ds 
by  water  jacketing;  in  a few  small  engines,  air  cooling  is  employ* 
Pistons  smaller  than  15  in.  in  diameter  are  not  separately  oooled  by  vm 
jacketing;  but  above  this  sise,  the  area  of  piston  head  is  too  large  Is 
properly  cooled  by  conduction  to  the  jacketed  cylinder  walls*  and  the  dr  I 
the  crank  case;  therefore  water  cooling  becomes  necessary. 


The  quantity  of  jacket  water  should  be  about  6.5  gal. 
hr.  at  50  deg.  Fahr.,  7.75  gal.  per  b.h.p.-hr.  at  60  deg.  Fahr;,  9 
deg.  Fahr.,  and  12  gal.  per  b.h.p.-hr.  at  80 


Kr  b.h.p.-hr.  at  70. deg.  _ . 

hr.,  for  large  units.  Most  of  this  may  be  recovered  ana  re- used  if  cool 
If  a cooling  tower  is  used,  for  reoooting  the- Jacket  water,  about  8 per  os 
is  lost  by  evaporation.  t The  heat  loss  to  the  jacket  is  from  25  to  50  per  esa 
generally  the  largest  with  small  engines. 

•06.  Mean  affective  pressure  is  oomputed  from  the  indicator  card  in  I 
same  manner  as  for  a steam  engine.  The  m.e.p.  of  the  reference  diagms| 
given  by 

“ « 


where  the  symbols  have  the  same  meaning  as  in  Par.  497  to  800. 

For  constants  to  be  used  with  these  equations  see  Par.  807. 

•07.  Constants  used  In  Calculation  of  M.E.P.  (Par.  806) 


Compression 

Value  of  factor  1 

C-5.4IX  1 

‘-(ID0-29 

1 Compression 

Value  of  fai  ■ : 
C-5.41X 

‘-<£)°| 

Atmos- 

pheres 

Lb.  per 
sq.  in. 

Atmos-  1 T,b  per 

pheros  sq.  in. 

3 

44.1 

1.474 

8 1 117.6 

2 446 

4 

58.8 

1.787 

9 132.3 

2.554 

5 

73.5 

2.014 

10  147.0 

2 630 

6 

88.2 

2.187 

11  | 161.7 

i a.fiin 

• 7 

102.9 

2.327 

12  176.4 

2.778  I 

796 
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•08.  Observed  mean  effective  pressures  obtained  by  test  are  given 
by  Lucke: 


i 

Compres- 

Fuel  “on'  lb 

per  sq.  in. 

abs. 

M.e.p. 
actual 
lb.  per 
sq.  in. 

Fuel 

Compres- 
sion, lb. 
per  sq.  in. 

abs. 

M.e.p. 
actual 
lb.  per 
sq.  in. 

City  g&s 45 

45 

Producer  gas.  . 

103 

63 

60 

80 

108 

88 

66 

95 

125 

51 

91 

90 

141 

83 

70 

60 

170 

73 

95 

100 

hiiur&l  gas  . . . 127 

68 

95 

90 

130 

82 

90 

62 

135 

90 

115 

103 

f 

Blast-furnace 

| 

gas 

60 

■ 

140 

47 

155 

81 

[H».  The  ignition  of  gas  engines  is  practically  entirely  electric.  The 
bp-spark  or  high-tension  spark  system  is  not  used  for  power-station 
bnes.  Make-aud-break  systems  are  used,  because  more  reliable  and  effec- 
m.  The  principal  troubles  are  insulation  breakdowns,  worn  and  dirty 
MteU  or  snort-circuiting  by  jacket  leaks. 

•10.  The  timing  of  ignition  affects  the  work  done  by  a given  charge 
led  the  economy.  Ignition  should  take  place  so  as  to  give  a nearly  vertical 
■ioeion  line.  The  spark  should  be  advanced,  theoretically,  as  the  rate  of 
fopegation  is  decreased  by  weakening  the  mixture  or  the  compression,  but  in 
ptttice  the  spark  is  usually  fixed  to  give  the  best  results  at  the  average  load 
edition,  and  is  not  varied. 

•11.  The  speed  of  gas  engines  is  about  the  same  as  for  steam  engines 
Hhe  same  class.  See  Par.  170.  In  small  engines  the  speed  may  be  10  to 

per  cent,  higher. 

•12.  Indicated  horse-power  is  obtained  in  the  same  manner  as  for  steam 
Httes,  except  that  care  must  be  used  in  planimetering  the  card  to  go  around 
Hhlfative  work  areas  in  the  right  direction.  For  throttle  governed  engines, 

■ Dumber  N in  formula  34a,  is  the  same  as  rev.  per  min.  for  2-cycle 
Hhes  and  rev.  per  min. /2  for  4-cycle  engines;  with  engines  governed  by 

■ hit-and-miss  method,  the  number  of  explosions  must  be  counted  to  get 
pfli  it  has  no  fixed  relation  to  rev.  per  nun. 

1*13.  The  friction  is  usually  higher  in  the  gas  engine  than  in  the  steam 
Hae;  the  mechanical  efficiency  at  full-load  is  seldom  over  85  per  cent., 
■a  for  large  engiues.  Lucke  gives. 


r 

Mech.  Efficiency 

f 

4-cycle 

2-cycle 

Urge  engines,  500  h.p.  and  over 

0.81  to  0.86 

0.63  to  0 70 

ledium,  25  to  500  h.p 

0.79  to  0.81 

0.64  to  0 . 66 

pall,  4 to  25  h.p 

0 . 74  to  0 . 80 

0 . 63  to  0 . 70 

•14.  Lubrication  is  entirely  by  machine  oil,  as  the  cylinder  walls  are 
hter  cooled.  Lubrication  in  general  is  handled  exactly  as  with  the  steam 
^fine.  About  1 gal.  of  oil  is  required  per  4,000  b.h.p.-hr. 

•li.  The  rated  capacity  of  a gas  engine  is  preferably  based  on  cu.  ft.  of 
binder  displacement.  The  displacement  per  h.p.  per  lb.  of  mean  effective 
hsssun*  is  229 . 1 7 cu.  ft.  per  min.  For  a given  b.h.p.  required,  the 
Mechanical  efficiency  is  assumed  and  the  i.h.p.  found;  and  with  a suitable 
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m.c.p.  for  the  fuel  employed  (Par.  §06i,  the  required  displacement  per  h. 
divided  into  required  i.h.p.  gives  total  cylinder  displacement  per  minut 
Internal  combustion  engines  are  usually  rated  at  15  per  cent,  to  20  per  cen 
below  the  capacity  of  the  cylinder  as  given  above.  Torrance  and  Ulbrid 
(Power,  1912)  give  the  following  formula  for  builders’  rating  in  Americ 

d’fn 


Producer  gas,  b.h.p. 


Illuminating  gas,  b.h.p.  — — 2.0  (8 

Natural  gas,  b.h.p.  = ad0~~5,0  ® 

Blast-furnace  gas,  b.h.p.  — — 5.0  (8 

where  d — diameter  of  cylinder,  inches;  / = stroke  in  inches;  and  n-n 
per.  min. 

616.  The  fuel  consumption  of  gas  engines  on  producers  ranges  In 
0.99  to  3 lb.  per  b.h.p. -hr.  From  75  to  90  cu.  ft.  of  gas  p 
b.h.p. -hr.  are  required,  of  approximately  150  B.t.u.  per  cu.  ft. 

617.  Test  of  300-h.p.  Ulmer  2-stroke  cycle  double  acting  horizon! 
engine.  (Power,  May,  1913.)  Duration  of  test,  33.5  hr.;  coal.  We 
moreland  bituminous,  14,100  B.t.u.  as  fired;  average  b.h.p.,  284;  averi 
B.t.u.  per  cu.  ft.  of  gas,  144;  Producer  efficiency.  67  per  cent.;  B.t.u.  | 
h.p.-hr.,  10,300;  total  coal  per  b.h.p.-hr.  1.14. 

618.  Fuel  consumption,  Ulbricht  and  Torrance  (Power,  1912'  p 
average  fuel  consumption  ns  below:  (B.t.u.  and  cu.  ft.  per  h.p.-hr.) 


Over  100  b.tp 


Water  gas 

Carburctted  gas 

Coal  gns 

Producer  gas: 
anthracite.  . . 
bituminous.  . . 

coke 

lignite 


peat | 

wood 

Blast-furnace  gas 
Coke-oven  gas.  . 
Natural  gas  avg..| 


ith  blast-furnace  gas  engines  (Freyn,  19131.  van 
-erage  18,400;  thermal  efficiency  13.0  to  21.0  p 


The  B.t.u.  per  kw.-hr. 
from  16,200  to  26,000, 
cent.,  average  18.5. 

620.  Test  of  a 500-h.p.  engine  of  the  Borsig-OechelhAuscr  2 -eye 
type,  on  coke-oven  gas  (Jungc,  in  Power)  gave  results  as  follows: 


Digitized  by 


Load 

B.h.p. 

B.t.u.  per  h.p.  hr. 

Per  cent,  efficiency 

165 

13,000 

18.5 

! 

210 

11,700 

23.0 

full  | 

310 

11,100 

22.5 
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I.h.p. 

■ 

B.t.u.  per 
b.h.p. 

t 

Per  cent,  of 
i.h.p.  to 

pumps 

I.h.p. 

B.t.u.  per 
b.h.p. 

Per  cent,  of 
Lh.o.  to 

psunpe 

61* 

627 

574 

8,06* 

8,650 

8,650 

10.8 

11.1 

11.4 

488 

474 

9,642 

9,761 

14.2 

15.5 

Ml.  Test  of  a 600-h.p.  engine,  Kdrting  2-cycle  type,  gave  these  re- 
mits: b.h.p.  *16;  pump  work,  11.2  per  cent,  of  total;  mechanical  efficiency, 
0.78;  lb.  of  cool  per  b h.p-hr.,  0.787. 

M2.  Thermal  efficiency  of  gas  engines  is  given  in  Par.  *18  and  fit  in 
connection  with  some  of  the  tables.  Further  data  is  given  as  follows  by 
Diederichs: 


Engine 

Fuel 

B.h.p. 

Thermal 

efficiency 

Authority 

uSjjnM 

8 

750 

450 

29 

29.4 

22.4 

24.6 

23.0 

23.2 

Meyer 

Meyer 

Linde 

Joss© 

Schroter 

122.  The  overload  capacity  (Par.  818)  is  generally  10  to  20  per  cent, 
more  than  the  rated  capacity.  The  maximum  capacity  is  limited  by  the 
dimensions  of  the  cylinder  ana  not  by  a variable  cut-off.  Maximum  economy 
oeenrs  at  or  near,  maximum  capacity. 

824.  Governing  is  acoogtptished  by  hit-or-miss,  throttling  or  quality 
methods.  Hit-or-miss  governing  is  arranged  with  a movable  pick-blade 
operating  the  gas  inlet  valve;  it  is  now  used  only  for  low-grade  agricultural 
engines.  Throttle  governing  is  employed  on  a great  many  engines  of 
Khali  and  medium  size,  and  consists  simply  of  restricting  both  the  gas  and 
the  air  intakes,  so  that  the  suction  stroke  pressure  is  lowered,  a smaller  charge 
* taken  in,  and  compression  is  reduced.  Quality  or  cut-off  governing 
consists  of  throttling  the  gas  supply  only,  as  the  load  drops.  In  this  way  no 
nduetion  of  suction  pressure  occurs,  but  a reduction  of  gas  in  the  charge 
oety.  The  compression  pressure  is  unaltered.  This  method  is  the  best  of 
the  time,  being  more  efficient  at  light  load  than  throttling,  and  allowing 
belter  regulation  than  hit-or-miss. 

828.  Operation  of  a gat  engine  requires  the  same  care  as  a steam  engine, 
and  a higher  maintenance.  Power-station  gas  engines  are  started  by  com- 
pressed air  in  most  cases,  although  motor  starters  have  been  employed. 
Special  valve  gear  is  thrown  into  service,  and  the  engine  runs  for  a revolution 
or  two  as  an  air  engine.  Before  starting,  (a)  the  load  must  be  off,  (b) 
Jtmtion  system  inspected  and  made  ready  in  the  retarded  position,  (c) 
rebriesrting  cil  feeds  turned  on,  (d)  fuel  shut-off  valve  opened  and  (e)  cooling 
enter  turned  on.  Failme  to  start  may  be  due  to  (a)  faulty  ignition,  (b) 
vsry  abnormal  mixture,  either  too  rich  or  too  lean,  (e)  broken  valve  rods  or 
(d)  dosed  fuel  eomeotioms.  Ignition  should  be  adjusted  to  give  a fairly 
■harp  nse  at  the  average  load  conditions,  and  the  mixture  should  be  a little 
leaner  than  theoretical  proportions — say  15  to  20  per  cent.  Shutting 
down  m best  accomplished  by,  (a)  cutting  off  fuel  supply,  (b)  cutting  out 
ignition,  if  on  battery,  and  pfaeing  set  in  “retarded”  position,  (c)  oil  feed 
•topped,  (d)  cooling  water  shut  off  and  jackets  drained. 

•9*.  The  COCt  of  ggg  engine*  is  given  by  the  following  formula  (1920) : 

Total  eoet  - 1,100  + 70.0  (b.h.p  ),  for  20  h.p.  to  200  h.p.  (84) 

Total  coat  of  engines  300  h.p.  up  - 2,000  + 66.00  (b.h.p.)  (85) 

79* 
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527.  The  maintenance  and  repair  costs  are  approximately  42  per  cent, 
to  55  per  cent,  of  the  net  operating  cost.  For  oil  and  supplies  the  cost  ia 
about  double  that  of  a steam  plant.  ■ 

628.  Weight.  The  net  weight  of  large  tandem  double  acting  types 
averages  680  to  740  lb.  per  kw.  Moderate  sises  of  single-cylinder, 
single  acting  engines  weigh  from  200  to  300  lb.  per  b.h.p.,  the  unit 
weight  going  up  with  the  bdi.p. 

PIPING 

52$.  General  requirements.  As  all  pressures  are  light,  standard 

f>ipe  and  fittings  may  be  used  throughout.  Expansion  must  be  provided 
or  in  the  same  manner  as  steam  piping  (Par.  360  to  372). 

530.  Gas  piping  from  producer  to  scrubbers  and  purifiers  should  bt 
cast  iron  with  standard  flanged  joints,  asbestos  or  metallic  packing.  Is 
most  cases  it  is  advisable  to  line  the  piping  between  scrubber  and  producer 
with  fire-brick.  Explosion  doors  should  be  installed  at  intervals,  and  if  the 
gas  is  dusty,  ells  should  be  replaced  by  tees  where  possible,  to  provide  for 
raking  and  cleaning. 

531.  Water  piping  for  supply  to  jackets,  vaporisers  and  purifyiof 
apparatus  may  De  of  ordinary  galvanised  standard  pipe.  The  discharge 
from  scrubbers  and  purifiers  is  preferably  of  cast  iron,  on  account  of  corro- 
sive action. 

532.  Exhaust  piping  can  be  built  of  wrought-iron  standard  pipe,  or 
cast-iron  standard  pipe;  light  riveted  pipe  is  not  advisable  as  it  may  eel* 
1 apse  on  the  return  wave  of  a muffler  or  exhaust  pipe  explosion.  Mufflers  for 
small  engines  are  usually  cast-iron  pots;  for  large  plants,  concrete  tunodi, 
w'ith  water  in  the  bottom  to  cool  and  silence  the  exhaust,  are  frequently 
used. 

633.  The  cost  of  piping  varies  from  36.00  to  $12.00  per  kw.  of  maximum 
rating  of  the  plant,  being  much  the  same  as  for  steam  plants  (1920). 

PLANT  ECONOMY  AND  DESIGN 

634.  The  auxiliaries  to  be  considered  in  the  engine  room  are:  compressor! 
for  starting;  exciter  units  and  cooling  water  pumps;  station  lighting.  In 
the  producer  roOtn  the  auxiliaries  are:  the  blowers  or  exhausters,  as  the  east 
may  be;  power  for  rotating  ash  table,  producer  body,  or  mechanical  pokert 
if  t hese  are  used;  coal  and  ash  handling  apparatus;  mechanical  washers  and 
tar  extractors;  scrubber  and  washer  water-supply  pumps. 

535.  The  heat  losses  in  a producer  plant  will  be  indicated  by  tb« 
following  analysis.  (Snell,  “Power  House  Design.”)  Loss  in  producer  awl 
auxiliaries,  20  per  cent.:  loss  in  jacket  water,  19  per  cent.;  lose  in  exhaud 
gases,  30  per  cent.,  loss  in  engine  friction,  6.5  per  cent.,  loss  in  generator  O.f 
per  cent.,  total  losses,  76  per  cent.,  converted  to  electrical  energy,  24 
per  cent. 

536,  The  Willans  line  for  the  several  main  units  Bhould  be  plotted 
with  kw.  output  and  cu.  ft.  of  gas  as  ordinates.  On  this  curve  should  b< 
superposed  tne  gas  used  by  auxiliaries,  or  if  these  are  electric  driven,  theii 
requirements  should  be  subtracted  from  the  gross  output  of  the  generston 
before  plotting  the  Willans  line.  By  taking  the  gas  required  at  any  loe* 
from  this  curve,  and  plotting  for  the  load  curve  of  the  plant,  the  gas  denuu* 
of  the  engine  room  is  obtained.  Similarly,  an  input-output  ourve  for  th 
producer  oan  be  drawn,  between  coal  fired  and  gas  generated;  on  this  it 
superposed  the  gas  or  power  demands  of  producer  room  auxiliaries  and  Um 
standby  coal.  In  conjunction  with  the  engine-room  gas  demand  curve 
this  jives  the  coal  demand  for  the  station  under  load. 

637.  Power  for  auxiliaries.  The  power  required  for  the  blower  or  ex 
nauster  will  be  from  1 to  2.5  per  oent.  of  the  total  horse-power  of  the  producer 
The  horse-power  requirements  of  washers  are  given  in  Par.  480.  The  cos 
and  ash  handling  system  will  not  usually  require  more  than  0.2  to  0.4  p« 
cent  of  the  total  horse-power;  compressor  equipment,  not  over  0.1  p« 
cent.  The  total  power  requirements  of  the  auxiliaries  will  be  about  5 pc 
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cent.  The  standby  losses  of  a producer  banked  14  hr.  in  24  are  about 
1.5  to  2.0  per  cent,  of  the  total. 

158.  Water  consumption  per  h.p.,  for  the  plant  will  run  from  5 to 
8 lb.  per  kw-hr.,  at  the  switchboard  for  non-recovery  plants,  and  40  lb. 
per  kw-hr.  for  recovery  plants,  using  cooling  towers  in  both  cases. 

839.  Vertical  vs.  horizontal  engines.  Design  practice  in  plants  up 
to  2,000  b.h.p.  will  allow  vertical  engines;  these  usually  are  not  built 
over  750  to  1,000  h.p.  per  unit.  Above  this  size  only  horizontal  engines 

are  used. 

140.  Ammonia  recovery.  It  is  not  worth  while  to  attempt  the  recovery 
of  ammonia  from  bituminous  plants  of  less  than  2,000  b.h.p.,  and 
then  only  when  the  load  factor  is  above  25  per  cent.  Each  ton  of  coal 
produces  approximately  100  lb.  of  sulphate  of  ammonia;  the  sulphuric  acid 
required  is  about  1 to  1 in  weight  ratio  to  the  sulphate  of  ammonia.  In 
title*,  the  recovery  plant  is  practically  out  of  the  question  on  account 
of  space  requirements.  Extra  labor,  the  acid  tower,  extra  repairs  and  the 
eost  of  bagging  the  sulphate  must  be  taken  into  account. 

841.  The  floor  space  required  is  from  5 to  8 sq.  ft.  per  kw.,  or  3 to  4 
! tinea  the  floor  space  for  a turbine  plant.  The  producer  room  requires  from 

[15  to  4 sq.  ft.  per  kw. 

849.  The  load  factor  should  be  high  for  a successful  gas  plant.  The 
fia  engine  is  not  well  suited  for  heavily  swinging  loads  partly  on  account 
of  its  lack  of  much  overload  capacity. 

W 

143.  The  subdivision  of  generating  units  should  be  the  same  as  for 
ztttsm  plant — six  to  eight  units  if  possible.  For  small  units,  up  to  400 
hk.p.  one  reserve  unit  in  5 or  6 is  sufficient;  but  for  large  units  (which  have 
sever  been  brilliantly  successful),  one  in  four  i9  necessary  for  continuity < of 
operation.  The  reliability  of  the  gas  engine  is  still  open  to  much  question 
ia  very  large  units,  but  the  units  of  moderate  and  small  size  are  as  reliable 
M steam  engines,  if  given  the  same  grade  of  attention. 

844.  Labor  required  is  usually  one  man  per  engine  above  750  h.p. 
sod  one  man  to  four  or  five  producers  of  good  size  and  equipped  with  me- 
chanical apparatus  for  feed  and  stoking.  About  one  man  for  1,000  to 
1,200  h.p.  of  engine,  and  one  man  per  2,000  to  2,500  h.p.  of  producer, 

• wpresent  the  average. 

848.  Total  plant  cost.  The  following  data  gives  (1920)  producer  plant 

Hosts:  For  plants  up  to  4,000  kw., 

Total  cost  - 3.000  + 259.5  (kw.)  (86) 

1 For  plants  larger  than  4,000  kw., 

Total  cost  - 12,000  + 250  X (kw.K  (87) 

I The  distribution  of  cost  is  given  below  for  three  cases,  and  is  not  much 

Mflected  by  size  of  plant. 


Item 

A 

13 

c 

16.50 

11.4 

14.95 

4.70 

Producers  and  equipment 

21.00 

« 13.9 

30.85* 

Piping 

3.25 

5.2 

Gas  engines 

43.0 

40.2 

35.50 

Generators 

11.0 

12.6 

11.20 

Switchboard . . . < . «... 

2.75 

9.7 

2.8 

Service  auxiliaries 

2.50 

7 0 

Total  cost,  per  cent 

100 

100 

| 100 

"Includes  piping  and  service  auxiliaries. 
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64*.  The  essential  mesurements  for  determining  producer  effi- 
ciency and  capacity  ere: — (a)  weight  of  coal  per  hr.;  (b)  proximate 
analysis,  B.t.u.  per  Id.  and  moisture  in  coal;  (e)  ou.  ft.  of  gas  made;  (d) 
temperature  of  gas,  humidity;  (e)  calorific  value  and  analysis.  Additional 
data  required  for  full  information  include;  (f)  weight  of  dry  ash  per  Jir.; 
(g)  proximate  analysis  and  B.t.u.;  (h)  wt.  of  steam  per  hr.;  (j)  wt.  of  vapor- 
izer and  scrubber  water  per  hr.,  and  temperatures;  (k)  h.p.  required  for 
blowers  or  exhausters  and  tar  extractors  or  washers;  (1)  grains  of  dust  per 
cu.  ft.  in  gas. 

For  most  purposes,  only  the  efficiency  of  the  producer  itself  is  denied. 
For  full  details  of  tests,  see  Qas  Power  Committee  reports,  A.  S.  M.  E. 

547.  The  testing  of  ggs  engines  is  very  similar  to  that  of  steam  engines. 
The  essential  data  are:  (a)  im.p.;  (b)  b.h.p.  or  kw.  output  and  generator 
efficiency;  (c)  r.p.m.;  (a)  explosions  per  min.,  if  hit-or-miss  governed; 
(e)  cu.  ft.  of  gas  per  min.;  (0  calorific  power  of  gas  per  cu.  ft.  Desirable 
additional  data  include:  (g)  jacket  water  per  hr.;  (h)  inlet  and  outlet  jaeket 
water  temperatures;  (i)  gas,  air  and  exhaust  temperatures;  (k)  amount  of 
lubricant.  All  physioal  dimensions  of  the  engine  should  of  course  be  taken. 

548.  Ths  essential  dots  for  s plant  test  consist  of  kw.-hr.  output  at 
switchboard  and  coal  used  in  producers;  or  cu.  ft.  of  gas  and  calorific  power, 
if  coke  oven,  blast-furnace,  natural,  or  illuminating  gas  is  used. 

549.  For  gas  measurement  the  gas  meter  is  chiefly  need;  the  method 
of  measuring  the  fall  of  a gas  holder  lor  volume  should  never  be  employed 
as  the  change  of  temperature  ordinarily  possible,  entirely  vitiates  the 
accuracy.  The  Venturi  meter  furnishes  an  accurate  and  inexpensive  measur- 
ing device  if  properly  handled  and  kept  clean  in  the  throat. 

550.  Indicated  h.p.  is  obtained  by  the  usual  indicator,  but  equipped 
with  0.5  in.  area  piston  for  this  work. 

561.  The  ealorifio  value  of  gas  can  be  obtained  by  the  Junkers  or  other 
make  of  gas  calorimeter,  drains  of  dust  per  cu.  ft.  are  obtained  d; 
h special  niter  apparatus  and  test  gas  meter;  the  dust  of  a measured  quanta; 
of  gas  is  collected  and  weighed.  Other  measurements  are  similar  to 
those  for  steam  engines  (Par.  4tT). 

558.  Ths  duration  of  test  should  be  shout  the  same  as  for  engine  and 
boiler  tests  generally.  For  Venturi  readings,  a record  is  best,  or  very  fre- 
quent readings,  say  once  a minute.  The  producer  test  should  preferably 
not  be  less  than  24  hr.  exoept  with  small  producers  intended  for  intermittent 
use;  the  longer  the  test  the  better. 

558.  Tor  full  calculation  of  results  the  heat  balance  is  required.  Ths 
Power  Test  Codes,  A.  S.  M.  E.,  furnish  full  data  for  the  elaborate  tests. 
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oil  ENonncs 

654.  Ths  thermodynamics  of  the  explosion  cycle  (Otto)  type  of 
oil  engine  are  exactly  the  same  as  for  gas  engines  (Par.  495  to  8081.  The 
constant- pressure  cycle  (Brayton  cycle),  of  which  the  Diesel  is  the  prin- 
cipal example,  has  slightly  different  events.  For  the  four-cycle  type, 
the  aspiration  and  compression  strokes  are  the  same,  but  are  made  upon  air 
only  at  the  end  of  compression,  the  oil  fuel  is  injected,  and  burned,  in  such 
a way  as  to  maintain  a practically  constant  pressure  during  the  early  part 
of  the  working  stroke.  Expansion  and  exhaust  then  follow  as  in  the  gas 
engine. 

555.  Thermodynamic  equations.  For  the  air  card,  or  ideal  cycle, 
/”>.  and  v*  are  obtained  as  for  the  Otto  cycle.  Par  497  to  501.,  when  burn- 
ing fuel  at  constant  pressure: 

P'-P*  (87)  W"(P#»4)I<I  C9D 
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f.-n- 

*-*« 


(88)  U-ta— 

Pa 

(89)  Qt-C.Oi-ta) 
(80) 


(92) 

(93) 

(94) 


*here  Pa.  P«>.  p*.  p*  “inspiration,  compression,  combustion  and  release 
■erasure*,  respectively,  in  lb.  per  sq.  ft.;  va,  Vb,  ve,  vj “ vohimes  in  cu.  ft.  at 
beginning  of  compression,  enci  of  compression,  end  of  combustion  or  begin- 
ning of  expansion,  respectively;  t„,  <»,  te,  td  -absolute  temperatures,  at  the 
tame  points  in  deg.  Fahr.;  Qi-heat  added  per  lb.  of  gases,  in  B.t.u.;  Qj  = 
keat  abstracted  per  lb.  of  gases  in  exhaust,  in  B.t.u.;  thermal  efficiency; 
£»«specific  heat  at  constant  pressure. 

556.  The  thermal  efficiency  would  be  the  same  as  for  the  Otto  cycle, 
B complete  expansion  occurred  for  the  same  compression  pressures.  But  as 
mansion  is  always  incomplete,  the  efficiency  is  less;  this  is  more  than 
roet  by  the  much  higher  compression  possible  with  the  Diesel  cycle. 

557.  Types.  The  types  are  the  same  as  for  gas  engines;  see  Par.  502  and  503. 

558.  Mean  effective  pressure  of  the  Diesel  type  is  given  by 


IQi-C*I.(F>«-1)1 

144  x*pl  — — #Tl] 

(85) 

L Pb  J 

-1+  c£r 

(88) 

J “Joule's  equivalent,  777.5;  C*  and  Cp=»  specific  heat  at  constant 
volume  and  constant  pressure,  respectively;  t„,  va,  pa,  Pb  are  the  same  as 

U Par  554. 

Lucks  gives  the  following  usual  m.e.p.  for  Otto  types. 


Kerosene 

Gasolene 

Absolute  compres- 
r non  pressure 

Observed  m.e.p. 

Absolute  compres- 
sion pressure 

Observod  m.e.p 

46 

40 

66 

106 

63 

69 

70 

75 

65 

68 

75 

100 

68 

40 

86 

70 

70 

72 

86 

72 

50 

35 

95 

60 

55 

85 

119.  Speed  and  power.  The  speed  is  the  same  as  for  gas  engines  of 
P*  same  power  (Par.  511).  For  indicated  and  b.h.p.  see  Par.  512. 

160.  Kerosene  engines  of  the  Miets  and  Weiss  and  Hornsby-Akroyd 

pc*  ere  built  in  sixes  up  to  250  h.p.  and  operate  in  the  same  general  manner 

■ gas  engines,  the  fuel  being  pumped  in  and  vaporized  in  a hot  tube,  hot 
pft,  or  vaporizing  chamber.  The  hot  tube  and  the  hot  bulb  are  kept  warm 
being  left  unjacketed,  and  by  the  combustion  of  a portion  of  the  charge  in 
hot  bulb  chamber.  Compression  forces  up  the  temperature  of  the  charge 
Pvugh  for  ignition  to  take  place.  Kerosene  engines  are  the  least  efficient 
p the  oil  engines. 

161.  Gasolene  engines  are  practically  unused  for  power-station  purposes, 

I account  of  expensive  fuel,  and  low  relative  economy,  except  for  if  to  5 

V.  house  or  farm  lighting  sets. 

562.  The  crude  oil  engine  is  arranged  like  the  kerosene  engine,  except 
iat  more  careful  arrangements  must  be  made  for  preheating  the  oil  for 
itporization.  and  in  most  cases,  the  air  also.  Exhaust  gas  jackets  are 
peer  ally  used  for  the  purpose  of  providing  the  necessary  heat. 
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063.  The  Diesel  engine  is  now  the  most  important  of  the  oil  engine 

on  account  of  its  remarkable  efficiencies.  It  is  built  in  both  two-cycle  axu 
four-cycle  typos,  and  practically  always  vertical,  single  acting.  It  require 
separate  compressed-air  starting  sets,  at  about  1,000  lb.  per  sq.  in.  pressure 
In  the  two-cycle  type,  separate  air  pumps  (cylinders  driven  from  the  cross 
head)  are  employed,  as  well  as  the  fuel  pump,  which  is  always  necessary. 

564.  Weights.  The  Diesel  and  the  Junkers  engines  are  the  heaviest  o 
prime  movers,  running  from  400  to  600  lb.  per  b.h.p.  The  enormou 
weight  is  due  chiefly  to  the  heavy  pressures,  500  lb.  per  sq.  in.  being  a 
ordinary  compression,  with  safe  design  allowance  up  to  1,000  lb.  per  sq.  it 
to  safeguard  against  breakage  due  to  preignition. 

565.  The  capacity  of  oil  engines  is  based  on  cu.  ft.  of  cylinder  dia 
plaoement,  as  for  gas  engines  (Par.  515). 

566.  Builders’  rating.  Ulbricht  and  Ton-ance  (Pouter,  1912)  giv 
average  practice  in  builders’  rating  (for  oils  and  distillates),  as 

bhp-  -n %~0-75  <" 

where  rf=» cylinder  diameter,  in  in;  1 = stroke  in  in.  n«»r.p.m.  The  ratio 
is  about  10  to  20  per  cent,  less  than  the  ultimate  capacity. 

567.  The  fuel  consumption  is  poorest  for  the  gasolene  and  keroaos 
engines,  running  from  13,000  to  15,600  B.t.u.  per  b.h.p.-hr.;  9,400  1 
10,000  B.t.u.  per  b.h.p.  hr.,  for  American  Diesel  engines.  The  Gerraa 
Diesel  and  Junkers  engines  run  as  low  as  7,100  to  8,500  B.t.u.  per  b.h.p 
hr.  All  figures  are  for  full  load.  These  figures  correspond  to  0.65  to  0.1 
lb.  of  gasolene  or  keroseno  per  b.h.p.-hr.;  0.48  to  0.52  lb.  of  oil  for  Amer 
can  Diesels;  0.37  td  0.44  for  German  Diesel  and  Junkers  Engines.  Fu» 
consumption  decreases  with  si*e. 

568.  Test  of  Falk  kerosene  oil  engine  (H.  D.  Wile,  Elec.  World,  1913) 


Cooling  water,  lb.  per  hr 

Inlet  temperature,  deg.  Fahr. .. 
Outlet  temperature,  deg.  Fahr. 

Rev.  per  min 

B.h.p ‘ 

Indicated  h.p 

Mechanical  efficiency,  per  cent. 
Kerosene,  lb.  per  b.h.p.-hr.  . . . 
Thermal  efficiency..  


Angle  ignition,  deg. 


Rev.  per  min 

B.  h.p. 

Indicated  h.p 

Mechanical  efficiency 


Kerosene,  lb.  per  b.h.p.-hr. 


Thermal  efficiency 


Mixed  water-kerosene,  per  cent 

Rev.  per  min 

B.h.p 

1 Indicated  h.p 

Mechanical  efficiency 

Kerosene,  lb.  per  b.h.p.-hr 

Thermal  efficiency . 


Indicated  h.p 

Rev.  per  min 

Mechanical  efficiency 

Cooling  water,  lb.  per  hr. . . . 
Kerosene,  lb.  per  b.h.p.-hr..  . 

Thermal  efficiency 

Maximum  pressure,  lb.  per  sq. 


4.2 

5.5 

6.4 

7.5 

457 

457 

66 

74 

236 

290 

: 1.55 

1.26 

7.3 

10.1 

1 68 

1 

94 
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570,  Tbf  iffleienfif  of 
gasolene  engines  at  full  load 
varies  from  18  per  cent,  at  10 
b.h.p.  per  cylinder,  to  20  per 
cent,  at  22  to  32  b.h.p.  per 
cylinder;  kerosene  engines,  l 
to  2 per  cent,  less ; American 
Diesel  engines,  from  26  per 
cent,  at  60  b.h.p.  per  cylinder 
end,  to  27  per  cent,  at  100 
b.h.p.  and  over,  per  cylinder 
end;  German  Diesels,  from 
33  per  cent,  at  60  b.h.p.  per 
cylinder  end,  to , 36,  per  cent . 
at  |00  h.p.  All  figures  are  at 
full- load. 

571.  The  overload  capac- 
ity of  oil  engines  is  not  more 
than  10  to  20  per  cent,  above 
the  rated  capacity. 

571.  Governing  in  on 

engines  is  chiefly  by  throttling 
the  oil  supply  to  the  cylindei 
The  Mietz  and  Weiss  kerosene 
engine  governs  by  the  hit-or- 
miss  principle  on  the  oil  pump. 

57S.  Ignition  in  some  of 
the  kerosene  engines,  and  all 
of  the  gasolene  engines,  is  by 
electric  spark,  usually  make 
and-break.  Some  of  the  kero- 
sene engines  operate  with  hot 
bulb.  The  Diesel  types  and 
most  of  the  heavy  oil  types 
ignite  by  means  of  the  heat 
due  to  high  compression. 

574.  The  operation  of-th< 
kerosene  and  other  low-corn 
pression  oil  engines  is  practi- 
cally the  same  as  for  as  en- 
gines. The  hot-tube  systems 
require  occasional  removal  for 
cleaning  of  carbon  deposit,  and 
clearing  the  oil  holes.  Th< 
Diesel  engine,  however,  re- 
quires the  nighest  class  of  op 
crating  labor,  on  account  of 
the  high  pressures  employed, 
and  the  lubrication  difficulties 
These  objections  are  reflected 
in  the  lower  # efficiency  of 
American  • engines  compared 
with  English  or  German  typest 
because  the  compression  pres- 
sures have  been  reduced  to 
relieve  pressure  and  lubrica- 
tion troubles,  and  thus  obviate 
the  use  of  such  highly  skilled 
labor. 

575.  The  cost  of  internal 
combustion  engines  is  given 
as  foltows: 
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Outlet 
Rise.  . 


Gasolene,  up  to  75  h.p.,  throttle  governed. 

Total  cost -253.0  + 59.2  (b.h.p.)  (dollars)  (W 

Oil  engines,  up  to  400  h.p., 

Total  cost — 356  + 85  X (b.h.p.)  (dollars)  (100 

Diesel  engines,  from  100  to  1,000  h.p.,  approximately  (price  varies  vei; 
widely), 

Total  cost — 58.0  (b.h.p.) +2,000  (dollars)  (101 

Stott,  Pigott,  and  Gorsuch,  A.I.E.E.  Proceedings,  June,  1914,  give  95.0 
per  4c  w.  for  all  sizes  of  Diesel  engines  complete  with  generators.  This  is  do 
to  the  fact  that  weight  per  kw.  increases  with  size.  The  price  in  June,  192C 
was  $150.00  per  kw. 

576.  Test  of  a low-compression  heavy  oil  engine.  (A.  A.  Potter 

and  W.  W.  Carlson,  Elec.  World , 1913) 


Cylinder  diameter,  in 16 

Length  of  stroke,  in 1 

Kind  of  fuel Solar  oil 

Specific  gravity  at  60  deg.  Fahr 0 81 

Deg.  Beaumd 42.0 

Lb.  per  gal 6.79 

Heat  units  per  lb.,  high 17,240 

Heat  unit  per  lb.,  low 16,322 


Heat  units  per  gal 117,100 


Number  of  test 


Data  and  results 


Duration  of  heat,  hours. 
Barometer,  in 


Speed  of  engine,  rev.  per  min. 
Mean  effective  pressure 


Indicated  h.p 

B.h.n:  Average 

Mechanical  efficiency,  per  cent. . . 

Fuel  used,  total  lb 

Fuel  used  per  i.h.p.  per  hour,  lb.. 
Fuel  used  per  b.h.p.  per  hour,  lb  . . 
Heating  value  of  fuel  consumed: 
Per  b.h.p.  per  hour,  b.t.u 


Temperature  of  cooling  water,  deg.  Fahr. 
Inlet 


Cooling  water  used  per  hour: 

Total,  lb 

Per  b.h.p.,  lb 

Thermal  efficiency,  per  cent. . 


1 

2 

3 

3 

l 

20.95 

26  94 

183.5 

201  2 

202 

75.9 

37.  1 

27 

85  6 

45.5 

34 

73  5 

39 . 70 

20 

85  8 

87.4 

59 

222.75 

50  1 

42 

0 868 

1 10 

1 

1.010 

1.26 

2 

,400 

21,750 

36,200 

82.25 

79.0 

84 

164  0 

133  0 

125 

81.75 

54.0 

41 

,775 

2,868 

2,712 

24.2 

72.2  | 

134 

14.62 

11.7  1 

7 

-H 

Heat  distribution  per  lb.  of 

fuel  B.t.u. 


Converted  into  i.h.p 2,935  17.0  2,315  13.4  2,036  11 

Converted  into  b.h.p 2,520  14.26  2,020jll.7  1,210  7 

Friction  and  losses 415  2.40  295)  1.7  826  4 

Losses  in  jacket  water 1,955  11.32  3,090  17.9  2,635  15 

Losses  in  exhaust,  radiation,  etc..  12,350  71.68  11,835  68.9  12,569  73 


577.  The  cost  of  piping  for  oil  plants,  per  installed  kw.,  ranges 

$1.20  to  $3.85  (1920).  * 


y Google 


POWER  PLANTS 


Sec.  10-578 


PLANT  DESIGN 

)?8.  QffieraL  What  has  been  given  in  Par.  394  to  414  can  be  applied 

• principle  to  the  oil  plant.  But  inasmuch  as  the  only  auxiliaries  are  the 

• 'era,  jacket  pumps  and  air  compressors  for  starting,  the  problem  is  much 
Rapier,  and  the  economy  of  the  plant  is  much  more  nearly  that  of  the  main 

But 

57J.  Plant  coats.  The  oil  storage  tanks  require  approximately  0.06 

• 0.08  gal.  capacity  per  kw.  AH  other  auxiliaries,  including  crane,  oil 

air  compressor  and  compressed  air  tanks,  cost  from  $4.00  to  $10.00 
w kw.  of  rated  capacity,  installed.  The  total  costs  will  range  as  follows, 

hr  kw.; 


engine  and  generator. . 

Qg • 


High 

Low 

$180.00 

$160.00 

40 . 00 

1 6 . 00 

15.00 

5.00 

10.00 

4.00 

3.80 

1 20 

248.80 

1 86  20 

Ifer*  are  no  plants  in  this  country  much  larger  than  1,500  kw.  in  total 

Macity 

TESTING 


•M  The  testing  of  oil  engines  is  exactly  similar  to  the  testing  of  gas 
, except  that  weight  of  oil  per  hr.  is  substituted  for  cu.  ft.  of  gas  per, 
All  other  data  and  instruments  required  are  the  same. 


POWER  PLANT  BUILDINGS  AND  FOUNDATIONS 

BT  REGINALD  J.  8.  PIGOTT 

Ml.  The  building  housing  any  kind  of  power  plant  should  be  entirely 
hwoof.  In  many  cases,  no  fire  insurance  is  carried,  and  therefore  all  wood 
K other  unnecessary  combustible  should  be  kept  out  of  the  structure. 

Ml.  The  approved  constructions  are:  (a)  Steel  structure,  brick  walls, 
• slate  or  tile  roof.  For  smalllow-grade  plants  corrugated  iron  may 
•employed  to  a very  limited  extent,  (b)  Steel  framework  , walls  and  roof 
(c)  Reinforced  concrete  throughout.  Type  (c)  is  exploited 
m the  hydroelectric  plants;  type  (a)  is  the  most  widely  employed, 
werets  foundations,  for  all  work,  are  practically  universal. 

M3.  The  general  arrangement  of  engine  rooms  in  the  older  plants  and 
most  modern,  is  parallel  to  the  boiler  room.  About  8 years  ago  the 
increase  in  capacity  of  the  turbine  without  much  increase  in  sise  made 
uw  of  cross  firing  aisles  necessary,  to  get  in  enough  boilers.  But  the 
eed  stoker  has  so  increased  the  forcing  capacity  o?  the  boiler  that  this 
>aow  unnecessary. 

1*4.  In  gas-producer  plants,  the  producer  room  is  generally  arranged 
I to  the  engine  room,  although  it  may  be  entirely  separate  and  some 
away,  as  in  some  recovery  plants. 

Mft  The  coal  bunkers  in  larger  power  plants  are  of  steel  framing 
-vucrete  arch  lining.  For  moderate  size  plauts,  and  for  outdoor  bunkers 
• prodocer  plants,  the  suspended  type,  catenarv-curve  bunker  is  widely 
liso  steel  with  concrete  lining.  Hoppers  and  chutes  for  coal,  are  made 
steel  or  cast  iron;  ash  hoppers,  of  plate  steel  lined  with  red  brick, 
enforced  concrete. 


Remarks 


Digitized  by 


$$$.  Brickwork  for  pow«r-»ta$lon  buildings  varies  about  as  gta 

below.  May,  1920.  J 

Heavy  baaetiient  work,  labor  cost,  only,  $15.00  to  $20.00  per  M. 

18  in.  walls  17.00  to  21 .50  per  M. 

13  in.  walls  20.00  to  23.50  per  M. 

18  in.  wall,  faced  on  one  side  with  pressed  brick  25.00  to  30.00 
18  in.  wall,  faced  on  both  sides  with  pressed  brick  35.00  to  41.00 
13  in.  wall,  faced  on  one  side  with  pressed  brick  30  00  to  36.50 

This  is  for  straight  wall  work.  For  work  much  cut  up  by  windows  si 
corners,  these  prices  must  be  increased.  Common  red  brick  costa  aboi 
$21.00  per  M delivered  in  or  near  cities. 

587.  Concrete.  The  following  approximate  cost  for  concrete  applied 
1920. 


591.  For  making  concrete  in  any  quantity,  machine  mixing  alwi 

pays,  both  in  first  cost  and  in  reliable  quality.  Form  work  is  usual 
of  1.25-in.  tongued  and  grooved,  short-leaf  yellow  pine  lumber  dre***d  o 
side,  with  2 in.  x 4 in.  rough  spruce  or  yellow'  pine  studs  and  bracing  ( 
the  greater  part;  4 in.  x 4 in.  studs,  and  larger,  are  used  only  vbt 

necessary.  .. 


Set.  10-586 


POWER  PLANTS 


588.  Structural  steel  for  building  purposes  costs  from  $105  HOI 

$270  per  ton,  erected.  For  any  amount  over  200  tons,  it  should  8 
ordinarily  exceed  $125.00  per  ton.  May,  1920. 


589.  Building  foundations  are  made  almost  exclusively  of  masa  cc 

creto  (Par.  587). 


590.  The  bearing  power  of  soils  for  computing  the  proper  spread 

footings  is  given  below’. 


Tons  per 
sq.  ft. 


Boil 


Good  solid  natural  earth 

Pure  clay,  15  ft.  with  no  admix- 
ture of  foreign  Bubstanccs  except 
gravel. 

Dry  sand,  15  ft.  thick,  no  admix- 
ture of  foreign  substances. 

Clay  and  sand  mixed 

Hard  rock  ou  native  bed 


Chicago  Building  Ordinand 


1.5 
2 50 


Chicago  Building  Ordinance 

Richey 

Richey 

Uiohey 

Richey 

Richey 

Richey 

Richey 


Ledge  rock , 3G.0 


Hard-pan. 
Gravel.  . . . 
Clean  sand 
Dry  clay  . 
Wet  clay 


Mass  foundations 

Conduits  and  sewers 

Tunnels,  subways 

Reinforced  retaining  walls 

Reservoirs,  filters 

Tanks,  standpipes 

Buildings,  total  structures 

Walls  in  building  construction 

Encasing  structural  steel  in  concrete. 


Per  cubic  yi 


Range 


$7.20  to  10. 10 

9 . 00  to  28 . 80 
10.80  to  75.00 

21.50  to  27.00  . 

10.80  to  41.00 

7.20  to  36.00  I 

14.50  to  47 . 00  i 

21.00  to  45.00  i 

25.00  to  37.00  I 
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Sec.  10-592 


Ml  Loads  on  foundation 

(Chicago  Building  Ordinances) 


Foundation 

Tons  per  1 
sq.  ft. 

Foundation 

Tons  per 
sq.  ft. 

terete 

4.0 

Iron  rails  in  concrete.  . . 

6.0 

edition  piers,  dimension 

5.0 

Steel  rails  in  conorete. . . 

8.0 

ne. 

:k  piers  in  cement 

9-12.5 

Piles 

12.0 

I.  Machinery  foundations  are  generally  of  mass  concrete,  as  for 
lings.  But  lately  the  demands  for  oondehser  and  auxiliary  space 
t steam  turbines  have  forced  the  use  of  structural  steel  foundations. 
« is  no  objection  objection  to  this,  provided  the  turbine  is  properly 
iced  and  the  maximum  permissible  deflection  of  about  0.02  in.  is  not 
ded.  Foundations  should  extend  up  to  1 in.  or  \ in.  below  the  bottom 
)f  the  machine  base  to  be  set;  and  when  the  latter  is  lined  up,  the  whole 
Id  be  grouted  with  cement  grout,  mixed  1:2,  of  cement  and  sand, 
udatton  bolts  are  now  seldom  set  from  templates,  but  are  accurately 
ed  in  the  forma  by  drawing  dimensions.  Each  bolt  is  mounted  in  a 
sleeve  large  enough  to  allow  a play  of  at  least  one  diameter  for  taking 
of  inaccuracies  in  the  casting  and  in  the  setting.  With  some  turbines, 
olts  whatever  are  needed. 

I.  Drainage  should  if  possible  be  arranged  for  by  placing  the  whole 
on  above  sewer  or  tide-water  level,  so  that  gravity  now  from  sumps  and 
i is  possible.  Where  this  cannot  be  done,  suitable  reservoir  sumps 
t be  provided,  emptied  by  ejectors  or  pumps,  float  controlled.  Gal- 
led iron  or  cast-iron  roof  leaders  may  be  employed,  with  cast-iron  soil 
in  the  ground,  or  glased  clay  tile  pipe. 

I.  Lighting  and  TentUation.  The  use  of  all-glass  monitors  is  the 
desirable  way  of  lighting  and  ventilating  plants.  The  rolled  steel 
an  windows  and  monitors  now  produced  have  rendered  easy  the  problem 
reproof,  permanent  window  and  ventilator  fixtures.  The  operating 
*a  should  be  arranged  for  quick  opening  and  closure,  to  provide  for 
a protection.  The  continuous  sash'  for  monitor  use  is  the  latest  device 
is  line.  Care  should  be  taken  to  make  windows  rain-  and  snowproof, 
to  allow  opening  for  ventilation  without  letting  in  rain  during  ordinary 
18. 

I.  Lighting  by  daylight  is  accomplished  by  the  monitors  above 
ioned  and  by  high  aide  windows  in  some  cases.  The  night  illumination 
st  cases  is  by  incandescent  lamp.  The  arc  and  Nernst  lamps  are  gener- 
t&derdrable ; the  mercury  vapor  lamp  is  very  successful  where  used,  and 
> least  injurious  to  eyesight,  but  there  is  much  general  objection  to  the 
of  the  light.  The  usual  demand  for  illumination  in  a power  station 
*ke  from  0.2  to  0.5  per  cent,  of  the  output. 

f.  Fire  risks  in  well  constructed  plants  are  exceedingly  low;  in  many 

• largest  plants,  no  insurance  against  fire  is  carried.  The  use  of  wood 
or  other  inflammable  structures,  makes  insurance  imperative. 

I.  The  coat  of  buildingi  for  various  types  of  power  plant  is  given  in 
411,  §49  and  9Tf  per  kw.  of  capacity.  The  cost  per  cu.  ft.  of  contents 

• variable,  and  runs  from  90.40  to  90.05.  May,  1920. 

HYDRAULIC  POWER  PLANTS 

BT  AHTHTJB  T.  8AJTORD 

“Wag  Hydraulic  Engineer,  Member , American  Society  of  Civil  Engineer s, 
Member , American  Society  of  Mechanical  Engineer « 

HYDRAULICS 

Pressure  and  depth.  Water  is  but  slightly  oompressible,  therefore 
pressure,  pt  is  for  all  pipctical  purposes  directly  proportional  to  the 
a,  H,  and  oan  be  represented  by  a diagram  as  shown  in  Figs.  46  to  49. 


Sec.  10-600 


POWER  PLANTS 


The  total  pressure  on  any  submerged  surface  is  equal  to  the  &i 

of  the  pressure  diagram  (abc,  Fig.  46;  decb,  Figs.  47  and  48)  and  the  centre 
pressure  passes  through  its  centre  of  gravity,  G,  perpendicular  to  the  su 
merged  surface.  The  moment  of  the  pressure  about  e is  (Fig.  49), 

M - Py  (ft-lb.)  (1C 

The  pressure  in  lb.  per  sq.  in.  at  any  point  is 

p«  0.433  X Depth  (1C 

The  pressure  is  always  normal  to  the  submerged  surface.  The  total  pr 
sure  exerted  on  a submerged  body  is 

P-  62.4//  A (lb.)  (1C 

wherein  H is  the  depth  of  water  in  feet  over  the  geometrical  centre  of  1 
body  and  A is  the  area  of  the  surface  in  sq.  ft. 


OmUob:  it  a omxd,  «x<l  ta«r»  m iwnw 
under  It,  there  raej  be  upTerdpreVES 


98  the  entire  bottom 


600.  Possible  upward  pressure  under  dams.  If  the  structure  id 


dam  and  there  is  leakage  under  it  there  may  be  upward  pressure  over  I 
entire  bottom.  If  there  is  no  leakage  then  there  will  be  no  upward  pressd 
The  truth  in  any  given  case  probably  lies  between  these  two  extremes  t| 
the  foundations  and  underlying  material  must  be  carefully  studied  to  ml 
a proper  design. 


601.  The  dynamic  properties  of  water  in  motion  are  theoretical 
the  same  as  those  of  falling  bodies  i.e.i 

V - V2gh  - 8.02  VH  (ft.  per  sec.)  (Hi 

where  o = 32.16. 

Actually  this  formula  is  rarely  exact  and  expressions  based  upon  it  mi 
be  modified  by  empirical  coefficients. 

602.  The  quantity  of  water  passing  a given  point  In  a unit  of  tit 

is  equal  to  the  product  of  the  net  cross-sectional  area  taken  perpeadicuisr 


This  may  be  expressed  by  the  equation 
Q = AV 


If  A is  the  area  in  square  feet,  V the  velocity  in  feet  per  second,  th«n 


is  the  quantity  in  cu.  ft.  per  sec.,  or,  in  its  briefer  form,  second-feet.  T1 
in  the  United  States  is  now  the  common  expression  in  water-po^er  pr&ru 
for  flow  of  streams,  capacity  of  canals  and  raceways  and  discharge  of 


for  flow  of  streams,  capacity  of  canals  and  raceways  and  discharge 
wheels. 


603.  At  every  section  of  a continuous  and  steady  stream  the  um 
energy  is  constant;  whatever  head  is  lost  as  pressure  is  gained  as  velocil 
This  is  known  as  Bernoulli's  theorem,  and  in  terms  of  head  can  be  express 
as  follows:  Total  head velocity  head  -+-  pressure  head  + head  due  to  e 
ration  — constant;  or  in  every  stream  section, 


HT-h.+hr+K .-  | + *. 


where  y is  the  constant  to  reduce  lb.  per  sauaro  inch  to  head  in  feet,  or  0.43 
In  order  to  make  this  equation  of  practical  application,  a term  representil 
the  head  lost  in  overcoming  friction,  h\,  must  be  added  on  the  right-hand  w 
of  the  equation.  This  formula,  properly  modified  to  include  the  effect 


le 
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Sec.  10-604 


stional  rmrintannnn,  is  the  basis  of  all  empirical  formulas  for  the  flow  of 
ter. 

104.  Fewer  and  energy.  The  potential  energy  of  water  held  in  reserve 
its  weight  multiplied  by  the  net  available  distance  through  which  it  can 
1 in  the  performance  of  work.  As  power  expresses  the  rate  of  doing  the  work, 
s convenient  to  deal  with  the  flow  of  water  in  cu.  ft.  per  sec.  falling  through 
riven  vertical  distance  in  feet.  Power  = 62. 4Qf/  ft-lb.  per  sec.,  where 
lithe  flow  in  cu.  ft.  per  sec.,  and  H the  ' ertical  distance  or 
d 62.4  is  the  weight  in  pounds  of  1 cu.  ft.  of  water. 


‘head”  in  feet 


62.4  Q// 


on 

8.8 


(108) 


Hus  is  the  maximum  horse-power  that  might  be  obtained  from  Q cubic 
t of  water  per  second  falling  a distance  //  feet,  assuming  an  efficiency  of 
tnsformation  of  energy  of  100  per  cent.  This  expression  multiplied  by 
‘known  efficiency  of  a water  wheel  will  give  the  power  at  the  water-wheel 
ift.  Ordinarily  QH/U  or  QH/ 12  will  give  approximately  the  net  water 
rse-power,  corresponding  respectively  to  efficiencies  of  80  per  cent,  and  73.3 
r cent. 

FLOW  FORMULAS 

MW  Orifices  employed  as  meters,  are  limited  in  use;  experimentally 

?y  have  given  very  consistent  results,  but  in  practice  these  results  often 
mot  be  reproduced  with  sufficient  accuracy  for  precise  work.  Orifices  of 
advely  small  aises,  of  regular  shape*  (usually  round  or  rectangular),  with 
vfully  made  edges,  and  used  with 
1 contraction  of  the  jet,  have  been 
refully  experimented  upon  and  may 
used  with  confidence  provided  there 
practically  no  velocity  of  approach 
« than  0.6  ft.  per  sec.). 

MW.  The  flow  of  water  through  an 
ifles  (Fig.  60)  in  a vertical  wall  ex- 
ased  in  cubic  ft.  per  sec.  is 

*CAV 


■CAV%.n.  per  mo.) 


(109) 


ere  A is  the  area  of  the  opening  in 
isre  feet,  h the  head  in  feet  measured 
m the  surface  of  the  water  to  the  cen- 
of  the  opening,  and  C is  the  coeffi- 
t»t  of  discharge  which  depends  on 
* form  of  the  onfice.  For  sharp-edged 
Sees,  4 sq.  ft.  or  lees  in  area,  with  full 
fraction  of  the  issuing  stream  (Fig. 
t.  discharging  under  heads  from  about 
to  20  times  the  depth  of  the  orifice 
radically  no  velocity  of  approach),  a 
lue  of  C may  be  taken  as  0.6.  If  the 
fice  is  large  and  the  head  acting  « 
all,  the  exact  or  integral  form  of  the 
nation*  must  be  used  when  C is  taken 


Fia.  50. — Circular  orifice  with 


06.  ‘ForUgh  head,  and  relatively  "harp  edge,  giving  full  contrao- 

all  orifices  this  is  not  necessary.  If  tlon 
5 contraction  is  even  partly  suppressed 

! results  are  unreliable;  if  wholly  suppressed  the  onfice  becomes  a short 
tw  or  nossle  and  the  coefficient  vanes  greatly,  depending  on  the  shape 
d proportions;  but  always  more  than  0.6  (see  Par.  636). 

•or.  In  treating  head  gates  and  sluice  gates  as  orifices,  the  forms  of 
MB-section,  the  channel  of  approach  and  that  leading  away  from  the 
flee,  and  the  velocity  of  approach  an*  all  very  important;  these  factors 
Jdify  any  computed  discharge  based  upon  the  opening  and  observed  tieaq. 

•Water  Supply  and  Irrigation  Paper  No.  200. 
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The  coefficient  of  discharge  for  gates  on  the  basis  of  their  cross-sectional  ar« 
and  the  head  measured  above  and  below  them  may  vary  all  the  way  from  tha 
of  a standard  sharp-edged  orifice  (0.6)  to  over  1.0  if  there  is  much  velocity  o 
approach.  For  these  reasons,  if  head  gates  or  sluice  gates  are  to  be  used  a 
measuring  devices  they  should  be  given  their  own  rating  by  some  independen 
method  of  measurement. 

608.  Weisbach’s  Coefficients 

C in  Q (109A 


wherein  C is  a coefficient  which  depends  on  the  form  and  head  h acting  oi 
orifice,  O w given  in  cubic  feet  per  sec.  when  h and  d are  measured  in  feet 
h is  head  in  feet  above  centre  of  orifice;  and  d is  diameter  of  orifice  in  feet. 


• For  the  most  extended  compilation  and  examination  of  existing  weir 
data  Water  Supply  and  Irrigation  Paper  No.  200  (Weir  Experiments,  Coeffi- 
cients, etc.,  by  R.  E.  Horton)  should  be  consulted. 

t Hughes  and  Safford,  “Hydraulics;”  New  York,  MacMillan  Co  1911* 
page  196.  * 
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Sec.  10-611 


t)  If  powible,  measure  the  ac- 
Telocity  in  the  channel  of  ap- 
h by  a current  meter  or  some 
direct  method;  and 
(i)  Compute  the  discharge  by 
je  formula  selected.  Three  of 
lese  operations  require  especial  con- 
idrrauoo,  vis. : construction  and 
Ktting.  the  measurement  of  the 
Ittd.  and  the  selection  of  the  for* 
pttla." 


Fig.  52. — Weir  with  end  con- 
tractions suppressed. 
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til.  ••Construction  and  set- 
ling  of  weirs.*  In  order  to  elimi- 
nate as  far  as  possible  factors  for 
rhich  precise  allowance  cannot  be 
lade.  the  construction  and  setting 
■Hi meet  the  following  conditions: 
(a)  A sharp-crested  weir  with 
to  crest  contraction  should 

{{>)  The  crest  should  bo  level,  and 
ts  ends  vertical. 


* Hughes  and  Safford,  “Hydrau- 

ics;°  New  York,  MacMillan  Co., 
1911. 
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(c)  The  end  contractions  should  be  complete,  or,  if  suppressed,  entire!: 
suppressed. 

(a)  The  upstream  face  should  be  vertical;  the  downstream  face  so  design* 
that  the  nappe  has  free  overfall. 

(e)  Free  access  for  air  under  the  nappe  should  be  made  certain. 

{/)  The  weir  should  be  set  at  right  angles  to  the  direction  of  flow. 

&)  The  channel  of  approach  should  be  straight  for  at  least  25  ft.  sbotf 
the  weir,  of  practically  uniform  cross-section  and  of  slight  slope  (preferabl 
none). 

(h)  Screens  of  coarse  wire  or  baffles  of  wood  should  be  set  in  the  channe! 
if  necessary,  to  equalise  the  velocities  in  different  parts  of  the  channel,  bn 
not  nearer  the  crest  than  25  ft. 

(t)  The  channel  of  approach  should  have  a large  cross-sectional  ares  ii 
order  to  keep  the  velocity  of  approach  low.” 

A weir  with  complete  end  contractions  is  shown  in  Fig.  51;  suppressed  en 
contractions  are  shown  in  Fig.  52. 


61S.  Francis  formulas.  The  best  known  formulas  are  those  of  James  B 
Francis  and  M.  Basin.  The  Francis  formulas  are  strictly  applicable  only  t 
vertical,  sharp-crested  weirs  with  free  overfall  and  either  with  no  end  ooc 
tractions  (“suppressed  weir”),  or  with  complete  end  contractions  and:  (l 
when  the  length  of  the  weir  is  at  least  5 ft. ; (6)  when  the  head  ( H ) i*  nc 
greater  than  one-third  the  length  (L) ; (e)  when  the  head  is  not  less  than  0. 
ft.  nor  more  than  2 ft.;  (d)  when  the  velocity  of  approach  is  1 ft.  pe 
second  or  less;  (e)  when  the  height  of  the  weir  crest  above  the  bottom  of  th 
channel  of  approach  is  at  least  three  times  the  head.  For  tabulation  < 
standard  formulas  see  Par.  611. 


614.  Smith's  formulas.  For  short  weirs  (shorter  than  5 ft.)  th 
experiments  and  studies  made  by  Hamilton  Smith,  Jr.,  afford  the  be4 
guide  (See  Smith’s  weir  coefficients,  Par.  610). 

616.  Basin's  formula.  The  best  weir  experiments  abroad  are  those  fl 
M.  Basin  whose  general  formula  is  Q~mLhy/2gh  for  suppressed  weirs  onlj 
At  about  1.0  ft.  depth  on  the  crest,  with  no  velocity  of  approach,  th 
results  from  his  standard  8.56-ft.  (2-meter)  weir  are  practically  those  c 
James  B.  Francis'  standard  10-ft.  weir  (See  Par.  611). 

616.  Fteley  and  Stearns'  formula.  For  heads  from  0.07  to  0.5  ft.  th 
Fteley  and  Stearns  formula*  Q — 3.3lL>/H*+0.0Q7L  is  recommended. 

617.  Weir  discharge  tables.  The  following  table  of  discharges  for  veil 
without  end  contractions,  and  velocity  head  is  given  for  heads  from  0.00  t 
2.98  ft.  and  includes  figures  from  the  Fteley  and  Stearns  formula  up  to  0.| 
ft.  and  the  Francis  formula  from  0.5  ft.  to  2.98  ft.  The  quantity  o 
water  is  given  in  cu.  ft.  per  sec.,  per  foot  of  weir,  with  complete  eon 
traction  on  the  crest,  and  no  end  contractions.  Q — 3.31Lv^f/*-f- 0.0071  fa 
depths  up  to  0.5  ft.  and  Q 3.33 Ly/~H*  for  depths  above_0.5  ft. ; the  vela 
city  due  to  the  head  is  computed  by  formula,  Vel. « \/ 2 gh. 


•Fteley  and  Stearns,  in  "Sudbury  River  Experiments'*  (page  84)  «UtJ 
that  this  formula  is  based  upon  experiments  in  which  the  depths  on  th 
weir  ranged  from  0.07  to  1.63  ft.  Tran «.  Amer.  Soc.  Civil  Eng.,  VoL  XIL 
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H 

(ft.) 

Quan. 

(me- 

lt) 

Velo. 

(ft.  per 
sec.) 

H 

(ft.) 

Ouan. 

(sec- 

ft.) 

Velo. 

(ft.  per 
sec.) 

H 

(ft.) 

Quan. 

(sec- 

ft.) 

Velo. 

(ft.  per 
sec.) 

0 00 

02 

.02 

1.13 

0.50 

.52 

1.18 

.25 

5.67 

5.78 

1.00 

.02 

3.33 

.43 

8.02 

8.10 

.04 

.03 

1.60 

.54 

.32 

5.89  ( 

.04 

.53 

8.18 

.06 

.06 

1.96 

.56 

.39 

6.00 

.06 

.63 

8.26 

.08 

.08 

2.27 

.58 

.47 

6.11 

.08 

.74 

8.33 

0 10 

0.11 

2.54 

0.60 

1.55 

6.21 

1.10 

3.84 

8.41 

.12 

.14 

2.78 

.62 

.63 

6.32 

.12 

.95 

8.49 

.14 

.18 

3.00 

.64 

.70 

6.42 

.14 

4.05 

8.56 

.16 

.22 

3.21 

.66 

.79 

6.52 

.16 

.16 

8.64 

.18 

.26 

3.40 

.68 

.87 

6.61 

. 18 

.27 

8.71 

0.20 

0.30 

3.59 

0.70 

1.95 

6.71  | 

1.20 

4.38 

8.79 

.22 

.35 

3.76 

.72 

2 . 03 

6 81 

.22 

.49 

8.86 

' .24  1 

.40 

3.93 

74 

. 12 

6.90 

.24 

.60 

8.93 

.26 

.45 

4.09 

.76 

.21 

6.99 

.26 

.71 

9.00 

> .28 

.50 

4.24 

.78 

.29 

7.08 

.28 

.82 

9.07 

0.30 

0.55 

4.39 

0.80 

2.38 

7.17 

1.30 

4.94 

9.14 

1 .32 

.61 

4.54 

.82 

.47 

7.26 

.32 

5.05 

9.21 

.34 

.66 

4.68 

.84 

.56 

7.35 

.34 

.16 

9.28 

.36 

.72 

4.81 

.86 

.66 

7.44 

.36 

.28 

9.35 

, .38 

.78 

4.94 

.88 

.75 

7.52 

.38 

.40 

9.42 

0.40 

0.84 

5.07 

0.90 

2.84 

7.61 

1.40 

5.52 

9.49 

.42 

.91 

5.20 

.92 

.94 

7.69 

.42 

.63 

9.56 

.44 

.97 

5.32 

.94 

3.03 

7.78 

.44 

.75 

9.62 

. .46 

1.04 

.11 

5.44 

.96 

.13 

7.86 

.46 

.87 

9.69 

.48 

5.56 

.98 

.23 

7.94 

.48 

6.00 

9.76 

r- 

1.50 

1 6.12 

9.82 

2.00 

9.42 

11.34 

2.50 

13.16 

12  68 

.52 

.24 

9.89 

.02 

.56 

11.40 

.52 

.32 

12.73 

.54 

.36 

9.95  1 

.04 

.70 

11.46 

.54 

.48 

12.78 

.56 

.49 

10.02 

.06 

.85 

11.51 

.56 

.64 

12.83 

.58 

1 *61 

10.08 

.08 

.99 

11.57 

.58 

,80 

12.88 

1 60 

1 6.74 

10.14 

2.10 

10.13 

11.62 

2.60 

13.96 

12.93 

.62 

! .87 

10.21 

.12 

.28 

11.68 

.62 

14.12 

12.98 

.64 

.99 

10  27 

.14 

.42 

11.73 

.64 

.28 

13.03 

.66 

7.12 

10.33 

.16 

.57 

11.79 

.66 

.45 

13.08 

.68 

.25 

10.40 

.18 

.72 

11.84 

.68 

.61 

13.13 

1.70 

1 

1 7.38 

10.46 

2.20 

10.87 

11.90 

2.70 

14.77 

13.18 

.72 

.51 

10  52 

.22 

11.01 

11.95 

.72 

.94 

13.23 

74 

.64 

10.58 

.24 

.16 

12.00 

.74 

15.10 

13.28 

.76 

.77 

10.64 

.26 

.31 

12.06 

.76 

.27 

13.32 

.78 

.91 

10.70 

.28 

.46 

12.11 

.78 

| .43 

13.37 

1.80 

1 8.04 

10.76 

2.30 

11.61 

12.16 

1 2.80 

15.60 

13.42 

.82 

.18 

10.82 

.32 

.77 

12.22 

1 .82 

.77 

13.47 

.84 

.31 

10.88 

.34 

.92 

12.27 

I .84 

.94 

13  52 

.86 

, .45 

10.94 

.36 

12.07 

12  32 

1 .86 

16.11 

13.56 

.88 

.58 

11.00 

.38 

.23 

12.37 

.88 

.27 

13.61 

1.90 

8.72 

11.05 

2.40 

12.38 

12.42 

2.90 

16.44 

13.66 

.92 

.86 

11.11 

.42 

.54 

12.48 

.92 

.62 

13.70 

.94 

9.00 

11.17 

.44 

.69 

1 12.53 

I .94 

.79 

13.75 

.96 

.14 

, 11.23 

.46 

.85 

| 12.58 

1 .96 

.96 

13.80 

.98 

.28 

11.29 

.48 

13.00 

12.68 

i .98 

17.13 

13.84 

118.  Examples  of  weir  calculations.  A weir  5 ft.  long  is  set  in  a 

•hannel  10  ft.  wide  and  the  crest  is  4.36  ft.  high.  If  the  observed  head  is 
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0.64  ft.,  compute  the  discharge  (a)  by  the  Francis,  (6)  by  the  Fteley  and 
Stearns,  (c)  by  the  Smith  formula. 

(a)  Francis  formula:  Q- 3.33  (5-0.1  X 2X0.64)  ^^54! -3.33  X 4. 872X 
0.512  — 8.31  cu.  ft.  per  sec.;  not  corrected  for  velocity  of  approach  F^ 

Area  of  channel  of  approach  A — (4.36  + 0.64'*  10—50  sq.  ft.  Velocity 
of  approach  = Q/A  = 8.31/50  — 0.1662  ft.  per  sec.  Velocity  head  A,— 

(0. 1 662)  V64. 32 -0.0004;  V7/»  = \/(0.64  +0.0004)*  -\/o.0004»-  0.5 125  - 
0.000008-0.5124;  Q = 3.33X4.872X0.5124 -8.313  cu.  ft.  per  sec. 

(5)  Fteley  and  Stearns  formula:  Q — 3.31  (5  — 0.1X2X0.64)  \Zb-64*-*- 
0.007  X 5 - 3.31X4.872  X 0.512  + 0.007  X 5 = 8.29  cu.  ft.  per  sec.;  A.  (as 
above)  = 0.0004 ; H -0.64  + 2.05  X 0.0004  - 0.6408;  0.513;  Q-3.31X 

4.872X0.513+0.007X5  = 8.31  cu.  ft.  per  sec. 

(c)  Hamilton  Smith  formula:  Q -0.607X1  X5  X 8.02X  v/o.64*  — 8.308 
cu.  ft.  per  sec.;  A,  (as  above)  - 0.004 ; H = 0.64  + 1.4 X 0.0004 -0.6406; 
y/TTl  = 0.5127 ; Q -0.607 X 1 X5X 8.02X0.5127-8.320  cu.  ft.  per  sec. 

In  the  foregoing  solutions  it  is  seen  that  the  effect  of  velocity  of  approach 
is  negligible,  as  is  usually  the  case  when  the  velocity  is  less  than  half  a foot! 
per  second. 

619.  Further  examples  of  weir  calculations.  Given  a suppressed 

weir  7 ft.  long,  with  crest  4.5  ft.  above  the  bottom  of  the  channel;  the 
observed  head  is  1.36  ft.  Compute  the  discharge  by  the  Francis.  Fteley 
and  Stearns,  and  Bazin  formulas:  (a)  not  correcting  for  the  velocity  of  ap- 
proach; (6)  correcting  for  the  velocity  of  approach. 

(a)  Francis  formula:  Q = 3.33 X7XV1.361" 36.97  cu.  ft.  per  sea. 
Fteley  and  Stearns  formula:  Q = 3.31  X7X%/l  36*  + 0.007X 7 — 36.80  cu. 
ft.  per  sec. 

(0)  Francis  formula:  A = 7 X 5.86  — 41.02  sq.  ft.;  V — Q/A  - 

36.97/41.02-0,90  ft.  per  sec ; A,  - (0.90) */64.32  - 0.0126  ft.;  %/«•- 
V(1  36  + 0.0126)>-\/0.0126>=  1.610;  Q = 3.33  X7X  1.61  -37.50  cu.  ft. 

per  sec. 

Fteley  and  Stearns  formula:  V =36.70/41.02  — 0.894;  A.  — (0.894) */64. 32 1 
-0.0124;  //  = 1.36  + 1.50X0.0124 -1.379;  Vlf»=1.620;  Q -3.31  X7X  1.630 
+ 0.007X7  — 37.58  cu.  ft.  per  sec. 

Bazin  formula:  Bazin’s  coefficient  (Par.  621)^  includes  effect  of  velocity 
of  approach;  Q = 0.4266 X7X  1.36  \/64.32X  1.36  = 37.97  cu.  ft.  per  sec. 

620.  Smith’s  weir  coefficients.  C,  — coefficient  for  weirs  with  the  con- 
traction suppressed  at  both  ends  and  complete  crest  contraction. 


Length  of  weir  in  feet 


Effective 


feet, 

H 

L — 0.66 

2 

3 

4 

5 

0. 1 

0.675 

0.659 

0.15 

0.662 

0.652 

0.649 

0.647 

0.645 

0.2 

0 . 656 

0.645 

0.642 

0.641 

0.638 

0.25 

0.653 

0.641 

0.638 

0.636 

0.634 

0.3 

0.651 

0.639 

0 036 

0 . 633 

0.631 

0.4 

0 . 650 

0 . 636 

0 . 633 

0 . 630 

0.628 

0.5 

0.650 

0 . 637 

0.033 

0.630 

0.627 

0.6 

0.651 

0 . 638 

0.634 

0.630 

0.627 

0.7 

0 653 

0 . 640 

0.635 

0.631 

0.628 

0.8 

0.050 

0 . 643 

0.637 

0.633 

0.629 

0.9 

0 . 645 

0.639 

0.635 

0.631 

1.0 

0.648 

0.641 

0.637 

0.633 

l.l 

0.644 

0.639 

0.  635 

1.2 

0.646 

0.641 

0.636 

1.3 

0.648 

0 643 

0.638 

1.4 



0.644 

0.640 

1.5 

0.646 

0 641 

1.6 

1.7 

Ml 

0.647 

0 642 

■oposed  and  used,  the  most 


C»- coefficient  for  weirs  with  complete  contraction  at  two  ends  and  com- 
plete crest  contraction. 


\5iies^ corre^onding  to  heads  ( h ) and  heights  of  weir  (p)  in  feet  for 
in  Baxin’s  formula. 


■ mlj\/  2.  ah* 


POWER  PLANTS 


Sec.  10-621 


Length  of  weir  in  feet 


Effective 
head  in 
feet, 

H 


O.M 


0.652 
0.638 
0.630 
0.624 
0.619 
0.613 
0.608 
0.605 
0.603 
0.600 
0.598 
0.595 
0.593 
0.591 
9.589 
0.587 
0.585 
' 0.582 


0.653 

0.640 

0.631 

0.626 

0.621 

0.615 

0.611 

0.608 

0.606 

0.604 


0.653 
0.639 
0.631 
0.625 
0.621 
0.614 
0.610 
0.607 
0.604 
0 . 602 


0.646 

0.634 

0.626 

0.621 

0.616 

0.609 

0.605 


0.639 
I 0.625 
1 0.618 
0.612 
I 0.608 

I 0.601 
I 0.596 


0.650 

0.637 

0.629 

0.623 

0.618 

0.612 

0.607 

0.604 

0.601 

0.598 


0.632 
0.619 
0.611 
0.605 
0.601 
0 . 595 
0.590 
0.587 
0.585 


0.593  | 0.601 
0.590  0.598 
0.595 


0.593 
0.591 
0.589 
0 . 586 
0.584 
0.582 
0 . 580 


0.590 

0.587 

0.585 

0.582 

0.580 


0 . 596  0 . 599 
0 . 594  0 . 597 
0 . 592  0 . 596 


0.594 

0.592 

0.591 


0.590 

0.589 

0.587 


• Water  Supply  and  Irrigation  Paper  No.  200  U.  S.  Geol.  Survey  ; Waeh- 


P“  P‘ 
3 I 4 


443  0. 443 
434  0.434 
.4300. 430 
.427  0.427 
. 425|0 .424 
.423  0.423 
.423  0.422 
.42210.422 
.422  0.421 
.422  0.421 
.422  0.421 
422l0.421 
.422  0.421 
. 422i0 . 421 
.422  0.421 
422  0.421 
.422  0.421 
.423,0.421 
.423  0.421 
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when  the  batter  of  the  tides  it  1 in  4 this  aim  it  accomplished.  Theformnli 
for  any  trapesoidal  weir  takes  the  usual  form 

Q-CLVh*  (cu.  ft.  per  see.)  (110! 


V •*Cy/RS  (ft.  per  seo.)  (11J 

where  C — coefficient  increasing  with  the  mean  hydraulic  radius,  and  for  net 
clean  channels  usually  increasing  with  the  mean  velocity  of  now.  and  <h 
creasing  with  the  roughness  of  the  channel;  R — mean  hydraulic  radius,  an 
S — sine  of  the  slope  of  the  hydraulic  grade  line.  The  common  text-boo 
formula  which,  as  nearly  as  may  be  determined,  was  proposed  by  Weisbach, 


. * Weisbach 's  "Mechanics”  (Coze’s  translation),  page  866.  This  formull 
is  not  uncommonly  designated  as  Weisbach’s,  Darcy's,  Weston's,  or  Chesy’l 
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i which  is  used  only  for  pipes  under  pressure,  is  as  follows  (for  steady 
form  flow  under  pressure  in  circular  pipes) : 

*“'(§£)  (^)  (113) 

ere  h/  — the  head  lost  in  friction,  /—the  friction  factor  or  coefficient  of 
lion,  decreasing  with  an  increase  in  the  diameter  of  the  pipe  and  commonly 
h an  increase  of  velocity  of  flow;  and  increasing  with  the  age  and  roughness 
the  surface  in  contact  with  the  water  (Par.  eS6).  L — the  length  (in  ft.) 
he  pipe  measured  on  its  axis;  D — the  internal  diameter  (in  ft.)  of  the  pipe; 
• the  mean  velocity  of  flow  in  ft.  per  sec.;  p — the  acceleration  due  to 
vity,  taken  here  as  32.16.  The  above  equations  are  merely  different 
ressions  for  the  sarhe  formula.  Either  may  be  used  to  suit  convenience. 
’sluesx>f  C suggested  for  use  in  Eq.  112  are  as  follows:  New  cast-iron  pipe 
l carefully  without  abrupt  changes  in  grade  or  alignment:  sises  6 in.  to 
in.,  velocities  3 to  8 ft.  per  sec.,  C — 102  to  108;  sixes  12  in.  to  20  in.,  veto- 
es 1 to  5 ft.  per  sec.,  C- 105  to  115;  sixes  20  in.  to  60  in.,  velocities  1 to  6 
per  sec.,  C — 120  to  150.  Riveted  steel  pipe  (new):  sixes  16  in,  to  102  in., 
xdties  2 to  6 ft.  per  sec.,  C—  100  to,  115.  Tunnel  or  aqueduct  with 
wth  cement  or  hard  brick  lining  of  relatively  small  cross-sectional  areas 
to  50  sq.  ft.):  velocities  1 to  5 ft.  per  sec.,  <7— 115  to  140.  Small 
al,  cross-sectional  area  about  100  sq.  ft.  in  loose  gravel  or  rock:  velocities 
t>  5 ft.  per  sec.,  C — 60  to  85.  Large  canal,  wide  and  shallow,  smooth 
tom  ana  sides:  velocities  2 to  5 ft.  per  sec.,  C — 50  to  70.  Large  canal, 
b sad  deep,  fairly  smooth  bottom  and  sides:  velocities  2.5  to  3.5  ft.  per 
.,  C-75  to  90.  Large  river,  tortuous  channel:  C — 40  to  80.  Large  river, 
j bends:  C — 70  to  100.  Where  the  carrying  capacity  of  any  pipe  or  chan* 
is  very  important  about  30  per  cent,  depreciation  should  be  figured  in 
rsnoe. 

M.  Friction  factors  (/in  Eq.  113,  Par.  MI)  for  pipes  may  be  computed 
Weston’s  formula  * This  formula  which  must  only  be  applied  to  pipes 
ring  interior  sides  similar  to  lead  and  brass  pipes,  from  one-half  inch  to 
ee  sad  one-half  inches  in  diameter  is  as  follows: 

, , 0.0315— 0.06 d 

/— 0.0126+ (114) 

V » 


which  d — internal  diameter  of  the  pipe  in  feet;  and  v — the  velocity  in 
t per  second. 

•or  pipes  with  interior  sides  similar  to  new  cast-iron  pipes  the  following 
nulas  are  used: 

0.0040723 + ^00(W20816 

(US) 


0.0016965  •, 

.017379+ 5 +- 


).000020816v 

d=  ) l f 

9 ' d 2g 


(110) 


• first  formula  (E9.  115)  is  for  velocities  of  flow  less  than  0.33  ft.  per 
. the  second  for  higher  velocities. 

07.  The  Kutter  formula  though  intended  and  largely  used  for  pipes  as 
11  ss  for  open  channels,  is  not  recommended  for  general  use  in  either  case. 


V — 


41w+hm+^o2si 


1 + 


(4i.ee+2£g5!)-4 


s JVb 


xVrs 


(117) 


estimate  directly  a value  of  C (Par.  6flf)  is  simpler,  and  probably  quite  as 
urate  as  to  estimate  a value  of  n.  The  value  of  n depends  on  the  value 
S.  Considering  that  in  picking  out  the  value  of  n a variation  of  0.001  for 
all  vslues  of  n and  R may  change  the  value  of  C as  much  as  17  per  cent.. 


' “Tables  showing  Loss  of  Head  due  to  Friction  of  Water  in  Pipes”  by 
mund  B.  Weston,  C.  E.f  D.  Van  Nostrand  Co.,  3rd  Edition.  1903. 
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and  for  moderate  values  aa  much  ae  5 to  8 per  oent.,  it  should  be  obvious  that 
hair-splitting  calculations  with  the  Kutter  formula  are  a needle*  waste 
of  time,  producing  merely  numerical  accuracy  instead  of  a high  degree  oi 
precision.  Though  it  seems  evident  that  we  shall  never  have  one  formula  tc 
lit  accurately  allkinds  of  channels,  it  appears  probable  that  we  may  have  i 
small  group  of  formulas  each  of  which  will  fit  some  particular  class  of  channels 
Values  of  n to  be  used  in  the  Kutter  formula  for  calculating  values  of  C U 
be  used  in  the  Chesy  formula  are  as  follows: 

n —0.01:  should  never  be  used  except  for  temporary  work  and  then  onlj 
for  perfectly  smooth,  clean  iron  pipes  under  8 in.  diameter  and  for  hiah  re 
loci  ties,  or  for  temporary  and  new  planed  wooden  stave  pipes,  at  high  vdocitj 

10  in.  and  under  in  diameter. 

n— 0.011:  for  above  pipes,  and  low  velocity. 

n — 0.012:  for  above  pipes  3 ft.  or  more  in  diameter  and  high  velocities 
old  iron  pipes  8 in.  diameter  or  under,  low  velocities;  old  city  water  maim 
above  8 in.  diameter.  Also  for  concrete  tunnels  having  R — 2.5;  wood  flumes 
open,  planed  plank,  long  bends. 

»—  0.013:  for  above  pipes  36  in.  to  120  in.  diameter,  old  pipes  and  los 
velocities;  l-to-2  cement* lined  pipes;  new  penstocks  lined  with  unplaned  lum- 
ber and  running  full  at  all  times;  large  concrete-lined  tunnels  of  area  100  tc 
200  sq.  ft. 

n — 0.0138:  Ashlar  masonry  and  well  laid  brickwork  penstocks  over  3 
ft.  in  diameter;  cast-iron  concrete  or  steel-riveted  pipes  8 in.  to  20  in 

11  iameter,  long  in  use,  short  joints  and  under  pressure  of  /5  to  150  lb.  per  sq . in 

n — 0.015:  rough  concrete  pipes  where  the  interior  cannot  be  smoothed  at 
kept  clean,  moderate  velocities  and  diameters  above  3 ft.;  penstocks  of  poorij 
I da  rough  brickwork;  concrete-lined,  open  canals,  low  velocities. 

n — 0.017:  canals  with  gravel  bottom  and  sides  well  rammed,  stones  twins 
0.3  to  0.7  in.  diameter;  tunnels  through  hard  rock,  well  trimmed  and  roughl] 
toed;  very  large  open  concrete-linea  canals. 

n — 0.02:  rough  rubble  masonry;  canals  through  rock,  or  with  bottom 
nod  sides  paved  with  cobble  stones;  canals  in  earth  with  bottoms  and  aide 
well  trimmed;  small  rough  lumber  penstocks  with  battens  and  poor  alignment 
n —0.0225:  canals  in  earth  in  good  condition,  but  long  in  use,  having  roos 
growing  freely. 

n — 0.025:  canals  in  clay,  long  in  use;  small  rivers,  deep  and  narrow  and  witl 
no  sharp  bends,  smooth  sand  bottoms  and  smooth  uniform  banks. 

n — 0.0275:  canals  and  rivers  as  for  n — 0.025,  but  having  an  occasions 
bend  and  snag  also  the  same,  but  with  gravel  bottoms;  earth  canals  as  Id 
by  dredging. 

n — 0.03:  rivers  having  loose  boulder  beds,  irregular  banks,  sharp  bendi 
shallow,  normal  flow. 

n — 0.035:  rivers  with  rough,  irregular  beds  having  shallows  and  pooh 
• nags,  bends,  gravel  bottoms,  average  flood  stages. 

n — 0.05:  large  shallow  rivers,  having  sharp  bends,  low  heavily  wood* 
hanks,  snags,  shallows,  pools,  rough  bo* tom  and  moderate  flood  conditions 
n — 0.055:  large  torrential  streams  during  high  floods,  with  the  bank 
heavily- wooded  and  inundated;  mountain  streams  with  many  falls,  larg 
oulderst  rapids,  etc. 

•18.  Beardsley's  formula  for  C.  Assuming  values  for  n,  S and  R,  C ms; 
be  calculated  from  the  formula  as  given  by  R.  C.  Beardsley. 


(23+U 


or  in  its  original  form 


C- 


^0.5521  + £2 


0 . 00155\ 

S ) 

0.00155] 

1 * \ 

s ' 

\Vr) 

(41.06+1 


/ f 0.002811  n \ 


(118 


(119 


•19.  Basin's  formula  for  C. 1 Bazin  proposed  a formula  for  eomputini 
the  value  of  C to  be  used  in  the  Chesy  formula  which  differs  from  the  Kutte 
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formal*  in  eliminating  8 and  making  the  rarlation  in  C depend  only  upon 
variations  in  the  mean  hydraulic  radius  and  the  coefficient  of  roughness. 
It  is  as  good  as  any  general  formula  and  has  the  advantage  of  simplicity. 
His  formula  is 


Values  of  y 

y -0.109:  very  smooth  surfaces;  neat  cement;  planed  wood. 

7-0.290:  smooth  surfaces;  planks,  bricks,  ashlar. 

7-0.833:  rough  surfaces;  rubble  masonry. 

7-154  : canals  with  mixed  linings;  very  regular  earth  or  paved  with 


stones. 


7-2.35  : earth  canals  in  ordinary  conditions. 

7-3.17  : earth  canals  in  bad  condition. 

Basin’s  formula  represents  the  results  of  a very  careful  study  of  existing 
data  and  is  extremely  valuable  in  designing  relatively  small  channels  ana 
those  with  very  smooth  linings;  it  also  meets  the  conditions  of  design  for  all 
open  channels  as  well  as^  if  not  better  than  any  general  formula  available. 
It  has  the  additional  ment  of  simplicity. 

ISO.  Friction  lota  in  iron  pipes  increases  with  age.  Under  ordinary 
•auditions  of  service  at  the  end  of  30  years  we  may  expect  to  find  the  losses 
k east-iron  pipes  due  to  friction  about  doubled.  This  is  satisfactory  for 
nugh  approximations  and  the  lose  for  intermediate  years  may  be  taken  as 
proportional  to  the  age. 

•SI.  Loss  of  head  at  entrance.  The  flow  formulas  which  have  been 
(Par.  605  to  **».)  take  into  account  only  the  head  necessary  to  over- 
tone friction.  There  is  in  addition  to  this  a further  loss  of  head  in  creating 


T 


Fia.  54a. 


Fia.  546. 


Fia.  54c. 


foe  velocity  of  flow  and  in  overcoming  the  resistance  of  entrance  into  the 
pipe.  The  velocity  head  is  equal  to  Vi/2g.  The  head  lost  at  entrance 
nries  with  the  form  of  entrance  and  is  expressed  as  a constant  times  the 
Tdodty  head  t»Vt/2g.  Values  of  £ are  given  below. 


(0.11  to  0.02)  2o 


•It.  Hosalea,  properly  designed,  furnish  one  of  the  simplest  and  most 
accurate  methods  of  measuring  small  quantities  of  water.  Coefficients  of 
discharge  for  various  forms  of  nossles  from  about  { in.  to  5 in.  have  been 
determined  with  great  accuracy  by  John  R.  Freeman.*  Nossles  are  espe- 
rially  useful  in  measuring  the  discharge  through  pipes,  fire  hose,  and  in  testing 
foe  performance  of  pumps  and  impulse  water  wheels.  With  nossles  to 
viiich  Freeman’s  coefficients  are  applicable,  discharge  measurements  can 
be  made  with  an  error  not  exceeding  2 per  cent. 

•SI.  Lots  of  head  due  to  bends,  elbows,  valves,  etc.  Experimental 
data  are  either  meager  or  lacking  from  which  to  compute  the  loss  of  head 
due  to  bends,  elbows,  valves,  etc.  Their  effect  only  becomes  important  with 
high  velocities  and  may  be  considered  as  corresponding  to  so  many  additional 


* Trans.  Am.  Soo.  C.  E.,  Vol.  XXI,  pp.  303-462. 
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feet  of  straight  pipe.  In  long  uniform  pipe  lines  laid  with  easy  curves  the 
friction  loss  predominates  and  the  minor  losses  may  be  neglected.  The 
following  table  gives  approximate  values  determined  by  experiments  made 
by  the  Inspection  Department  of  the  Associated  Factory  Mutual  Fire  Insur- 
ance Companies,  and  may  be  used  when  no  exact  information  is  available: 


Name  of  fitting 

Number  of  feet  of  clean,  straight 
pipe  of  same  size  which  would 
cause  the  same  loss  as  the  fitting. 
(Loss  in  straight  smooth  pipe  as 
given  by  Weston). 

2.5-in.  to  8-in.  long-turn  ells 

4 

2.5-in.  to  8-in.  short-turn  ells 

9 

3-in.  to  8-in.  long-turn  tees 

9 

3-in.  to  8-in.  short-turn  tees 

17 

l/8th  bend 

5 

634.  Freeman’s  formula  for  nozzles  is  given  as  follows: 


(7  = 29.83  Cd* 


a/.-Ks) 


(gal.  per  min.) 


where  G — discharge  in  gallons  per  minute,  C = coefficient  of  discharge,  d 
diameter  in  inches  of  the  nozzle  orifice,  D = diameter  in  inches  of  the  piezo- 
eter  ring  at  the  base  of  the  nozzle,  and  Pe  = piezometer  reading  in  poun 


Fig.  55. — Section  of  nozzle  and  piezometer  ring. 

per  square  inch  at  the  centre  of  the  nozzle  orifice.  For  water-power  practice 
in  engineering  units  the  same  formula  becomes: 

I *« 

0 = 6.3  CdiyJl_ct^d_y  (sec-ft.)  (122) 

where  Q = discharge  in  cubic  feet  pejr  second,  C = coefficient  of  discharge, 
d»diametcr  in  feet  of  the  nozzle  orifice,  Z)  = diameter  i n feet  of  the  piezom- 
eter ring  at  the  base  of  the  nozzle,  and  he  = piezometer  reading  in  feet  of 
water  above  the  center  of  the  nozzle  orifice. 


Fia.  57. — Section  of  Venturi  meter. 

The  symbol*  will  be  understood  by  reference  to  Fig.  57.  For  meters  with 
i given  ratio  of  throat  and  inlet  diameters  the  formula  may  be  simplified. 
Let  the  ratio  R “ Dm/ Di  and  let 


(124) 
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Then  Q-CKD*V H (cu.  ft.  per  sec.)  (115) 

Values  of  R - 3.0  2.5  2.0 

Values  of  K —6.338  6.381  6.505 


The  value  of  C varies  wth  the  velocity  at  the  throat,  the  ratio  R and  Um 
actual  dimension*  of  the  BMtlC,  As  the  Venturi  meters*  are  ordinarily  eon* 
structed  the  coefficient  C is  between  0.97 
and  1.03.  These  meters  may  be  rated 
backward  and  a coefficient  of  correction 
found  to  apply  to  the  manometer  reading 
(Fig.  58).  The  total  loss  of  head  through 
the  meter  tube  is  relatively  unimportant 
compared  with  other  types  of  commercial 
meters  and  is  so  small  that  the  insertion 


oh*. 

■dinf 


of  the  meter  in  the  mains  of  a water  supply 
is  rarely  objectionable,  and  the  use  of  this 
appliance  is  growing  con- 
stantly. It  may  be  used 
particularly  well  in  high- 
pressure  power  plants 
where  a continuous 


with  t ■ . . register,  cob1 
icnti 

have  been  m • wit! 
an  error  not  exc  *dia| 
3 per  cent. 

Fia.  58. — Venturi  meter  with  manometer. 


637.  The  Pitometerf  (Figs.  59  and  60),  by  means  of  the  differential  gait 
registers  the  difference  in  pressure  on  the  tw'o  orifices,  one  pointed  directq 
against  the  current,  the  other  in  the  exart 
ly  opposite  direction.  This  difference  il 

Erossure  is  not  a measure  of  the  velocity 
cad  directly,  but  is  greater  than  tb 
velocity  head.  For  these  instruments  tb 
coefficient  (K)  of  correction  has  been  fount 
to  be  nearly  a constant,  and  equal  to  0.84 
The  formula  for  velocity  therefore  become 

V-K[2oW-\)d\*  (ft.  per  sec.)  (126 
where  s' “specific  gravity  of  the  heavic 
liquid,  d*the  deflection  (Fig.  61)  in  feet 
1 the  velocity  in  feet  per  second,  and  I 
. t he  Pitometer  coefficient.  The  liquid  us« 
in  the  differential  gage  is  usually  carboi 
t<  t rachloride  and,  gasoline,  colored  red 
The  specific  gravity  as  put  up  for  use  i 
usually  either  1.25  or  1.50  (for  very  sc 
curate  work  the  specific  gravity  should  b 
determined  for  the  temperature  at  whicl 
it  is  used).  The  formula  (Eq.  126)  thei 
reduces  to: 


Flu.  59. — Principle  of  pitometer. 


For  *'  = 1.25;  V -0.84  ■ 

V 4 

-0.84  V2od  - 


*3.368d 


(ft.  per  sec.)  (12 


For  «'=  1.50;  V 


V2~ 


5.671  d (ft.  per  sec.)  (128 


* Made  by  the  Builders  Iron  Foundry,  Providence,  R.  I.,  in  stands? 
sizes  for  pipe  lines  from  2 to  60  in.  in  diameter,  and  much  larger  sizes  are  u 
use;  they  may  be  furnished  with  either  direct  reading  or  recording  apparatus 
t Developed  by  John  A.  Cole  and  Edward  8.  Cole  and  owned  by  th 

Pitometer  Co.,  N.  Y. 
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To  determine  the  discharge  the  croee  section  of  the  pipe  must  be  divided 
into  one  or  more  known  areas  (Fig.  01),  the  velocity  for  each  found  and  henoe 
the  mean  velocity  for  the  entire  cross-section;  the  discharge  being  simply 
the  product  of  the  area  and  the  mean  velocity.  For  pipes  the  following 
table  (Par.  000)  is  useful  and  the  example  (Par.  041)  illustrates  how  the  dis- 
charge is  calculated.  The  Pi  to  me  ter  is  set  so  that  the  velocity  is  determined 
for  the  points  as  shown  in  Fig.  01.  The  pipe  coefficient  (see  example)  being 
first  determined,  it  is  subsequently  necessary  only  to  get  a reading  for  thh 
centre  of  the  pipe  and  apply  the  coefficient  to  the  centre  velocity  to  obtain 
the  mean  velocity  and  henoe  the  discharge  by  the  formula: 

Q—KCVeA  (cu.  ft.  per  sec.)  (129) 


000.  The  principal  uss  of  the  pitomstcr  is  for  measuring  the  flow  in 
water  mains  where  it  has  proved  its  great  value  in  detecting  leaks  and  waste, 
and  in  measuring  the  slip  of  pumping  engines.  It  can  be  installed  and 
operated  for  relatively  small  expense,  without  interfering  with  the  flow. 
For  large  penstocks  and  in  silt-bearing  water  it  is  not  recommended. 
When  used  m old  pipes,  allowance  must  be  made  for  incrustations  reducing 
the  cross-sectional  area  and  a traverse  of  several  points  through  more  than 
one  -diameter  is  preferable  to  the  single  observation  and  the  use  of  the  pipe 
coefficient. 
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639.  Traverse  table  for  pitometer  gaginga,  showing  inner  diameter 

of  each  ring  for  ordinary  sites  of  mains  in  inches;  and  giving  the  area  of  each 
ring  and  centre  circle  in  square  feet. 


Diameter 
of  pipe 
(in.) 

Area  of 
pipe 
(sq.  ft.) 

Ring* 

Ring 

B 

Ring 

C 

Ring  ^ Centre 

D | circle  E 

48 

12.566 

Diam. 

Area 

44 

2.007 

36 

3.490 

28 

2.793 

16  ] 
2.880  1 

16 

1.396 

42 

36 

9.621 

Diam. 

Area 

38 

1.745 

32 

2.291 

24 

2 443 

14 

2.073  1 

14 

1.069 

7.069 

Diam. 

Area 

34 

0.764 

28 

2.029 

20 

2.094 

10 

1.637 

10 

0 545 

30 

4.909 

Diam. 

Area 

28 

0.633 

24 

1.134 

18 

1 . 375 

12 

0.982 

12 

0.785 

24 

3.142 

Diam. 

Area 

22 

0.502 

18 

0.873 

14 

0.698 

8 

0.720 

8 

0 349 

20 

2.182 

Diam. 

Area 

18 

0.415 

14 

0.698 

10 

0.524 

6 

0.349 

6 

0.196 

18 

1.767 

Diam. 

Area 

17 

0.191 

15 

0.349 

11 

0.567 

7 

0.393 

7 

0.267 

16 

1.396 

Diam. 
j Area 

15 

0.169 

1 13 

! 0.305 

10 

0.377 

6 

0.349 

6 

0 196 

14 

1.069 

Diam. 

Area 

13 

0.147 

11 

0.262 

9 

0.218 

6 

0.246 

I 6 

0.196 

12 

0.785 

Diam. 

Area 

11 

0.125 

9 

0.218 

7 

0.175 

5 

0.131 

5 

, 0.136 

10 

0.545 

Diam. 

Area 

9 

0.103 

8 

0.093 

6 

0 153 

4 

0.109 

4 

0 087 

8 

0.349 

Diam. 

Area 

7 

0.082 

6 

0.071 

5 

0.060 

3- 

0.087 

3 

0.049 

6 

0.196 

Diam. 

Area 

5* 

0.031 

U 

0.055 

3* 

0.043 

2 

0.045 

s 

0.022 

4 

0.0873 

Diam. 

Area 

3* 

0.0205 

2* 

0.0327 

n 

0.0218 

1* 

| 0.0123 

Note. — Diameter  given  in  inches;  area  in  sq.  ft. 


640.  Piezometers.  "Mills’  experiments  upon  piezometers.  Hiram  F. 

Mills*  published  in  1878  the  results  of  some  six  thousand  observations  made 
with  extraordinary  accuracy  to  determine  the  proper  form  of  piexometflfl 
orifice.  With  twenty-two  openings  varied  in  shape  and  direction  and  a range 
of  velocities  from  0.6  to  8.9  ft.  per  sec.,  he  found  that  with  an  orifice 
whose  edges  are  in  the  plane  of  the  side  of  the  channel  and  passage  normal 
thereto,  the  piezometer  column  will  stand  neither  above  nor  below  the 
surface  of  the  stream,  but  will  indicate  the  true  height  of  the  water  surfac* 
in  an  open  ohannel  or  the  pressure  in  a closed  channel;  but  if  the  passage 
inclines  either  upstream  or  downstream,  or  the  edges  of  the  orifice  project 


* Chief  Engr.  Essex  Co.,  Lawrence,  Mass.  Trans.  Am.  Academy  of 

Science,  1878. 
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^01x1  the  plane  of  the  side,  the  true  height  of  the  surface  or  the  true  pressure 
not  be  indicated . * * * 

Ml.  Example  of  use  of  pitometer.  The  following  diagram  (Fig.  61) 
ud  computations  illustrate  the  usual  method  of  computing  discharge. 

V Deflection  Curre  Tube  Deflections  in  Inches  Sp.  Or.  1.25 


Twi'MH**JMr  Bottom  0 

Velocity  Curre 

Moan  Velocity 

Cross-section  of  Pipe 
Fio.  61. — Velocity  curve  as 


Velocity  hi  Feet  per  Second 


Longitudinal  Section  on  M-M. 
determined  by  pitometer  readings. 


and  velocity  curves  from  24-in.  supply  main 


Discharge  of  pipe  ^ o-fUf  =1.97  ft.  per  sec.,  mean  velocity. 

Area  of  pip©  3.142 

Mean  velocity  _ V L97  = 0 879  = pipo  coefficient. 

Centre  velocity  V e 2 24 

tij  Floats.  Under  favorable  circumstances  one  of  the  simplest  methods 

f measuring  the  flow  of  water  is  by  means  of  velocity  determinations  with 
L*.  different  kinds  of  floats  are  surface,  subsurface,  or  combinations 

HE.  two  and  rod  floats.  Surface  floats,  even  on  a perfectly  quiet  day, 
bsonlv  the  surface  velocity  and  with  any  wind  blowing  the  velocity  can- 
*be°mea*ured  with  accuracy  Subsurface  floats  are  but  slightly  heavier 
Bkvaterand  are  easily  caught  by  eddies  and  cross  currents  which  move 
Em  about  in  an  undeterminable  path  and  make  the  results  unreliable. 
Ivin  floats  have  been  used,  but  their  place  is  better  filled  by  rod  floats. 

Rod  floats  are  cylinders  usually  made  of  metal  tubing  loaded  with 
the  bottom  so  that  they  will  float  vertically  with  about  6 in. 
K?mrmil  above  the  surface  of  the  water.  They  are  best  adapted  for  use 
Bnower  canals  with  straight.  Bmooth  sides  and  level  bottom  so  that  rods 
tv°vw>  used  reaching  nearly  to  the  bottom  without  danger  of  bumping. 
Eder  such  conditions  rod  floats  have  been  used  continuously  on  a large 
Bsfor  a great  many  years.  The  method  of  measurement  is  direct.  The 

•Hughes  & Safford,  “Hydraulics;”  New  York,  MacMillan  Co.,  1911, 
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Ring 

Ring  areas 
(sq.  ft.) 

Ring  velocity 
(ft.  per  sec.) 

Ring  volumes 
of  flow  (cu.  ft. 
per  sec.) 
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0.502 

1.57 

0.788 

0.873 

1.87 

1 . 632 

0.698 

2.05 

1.431 

0.720 
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1 . 570 

0.349 

2.24 
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following  paragraphs  are  quoted  from  Hughes  and  Saffordrs  Hydraufr 
(MacMillan  Company): 

‘Procedure  in  measuring  velocity.  A straight  stretch  of  stream  shoal 
be  selected  as  a place  for  gaging,  and  two  cross-sections  selected  to  mai 
the  beginning  ana  the  end  of  the  area.  The  float  should  be  placed  quiet! 
in  the  stream  at  such  a distance  upstream  from  the  upper  of  the  two  eras 
Factions,  that  it  will  be  running  with  the  current  before  the  first  marker 
notched.  The  time  of  passage  between  these  two  sections,  of  which  tl 
distance  apart  is  known,  should  be  noted  with  a stop  watch;  or  the  podtic 
of  each  float  at  successive  intervals  of  time  be  located  by  engineers’  tr&nd 
or  sextants  by  intersection,  and  the  points  plotted  on  a scale  drawing,  froi 
w rich  the  distance  traveled  in  the  observed  interval  of  time  can  be  compute 
The  distance  in  feet  divided  by  the  time  of  each  run  in  seconds  will  give  tl 
velocity  of  the  float  in  ft.  per  sec.* 

•44.  “Application  of  rod  float  measurements  (Hughes  and  Salford 
The  sphere  of  usefulness  of  rod-float  measurements  is  somewhat  limited,  aa 
the  expense  of  making  them  is  relatively  great.  Their  regular  use  in  U 
future  will  probably  be  limited  to  straight,  deep  canals  or  flumes  where  a hia 
degree  of  accuracy  is  required,  where  a sufficient  force  of  men  is  regular 
employed  for  this  and  other  purposes,  and  where  it  is  very  necessary  to  g* 
all  the  water  used  for  power  and  other  purposes,  without  interfering  with  4 
• ' i oration  of  the  mills.  Ordinarily,  the  difficulty  of  getting  good  resull 
f rum  the  sum  of  individual  measurements,  or  readings  of  water  wheels, 
due  to  the  fact  that  the  total  discharge,  which  is  simply  the  sum  of  theii 
dividual  water  wheels,  often  does  not  include  the  leakage  or  the  water  ud 
for  manufacturing  purposes  other  than  power;  but  the  flume  measurexnea 
of  the  total  quantity  passing  to  each  mill  will  cover  everything.  There  is  ve 
h t tie  opportunity  to  make  such  measurements  in  rivers  or  canals  which  dod 
have  a regular  cross-section;  and  for  such  conditions  there  is  no  question  tn 
measurements  by  current  meter  (Par.  662  to  666)  will  take  the  place  of  tha 
formerly  made  by  rod  floats.  The  most  notable  published  gagings  by  rd 
floats  are  those  by  Humphreys  and  Abbott  of  the  Mississippi  River,  tha 
<1  scribed  by  James  B.  Francis  in  the  Lowell  Hydraulic  Experiments,  Dsn 
d Basin’s  gagings,  and  the  gagings  of  certain  rivers  in  India.** 

645.  “Limit!  of  accuracy  in  use  of  rod  floats  (Hughes  and  Safford 
With  a straight,  smooth  flume  of  great  depth,  and  velocities  ranging  fro 
2 to  5 ft.  per  sec.,  quantities  of  water  from  a few  hundred  to  4,000  cu.  ftp 
soc.  have  Been  repeatedly  measured  with  a probable  error  of  1 to  2 per  eel 
This  form  of  measurement,  which  in  its  successive  steps  gives  the  product 
the  cross-scction  and  the  velocity  of  the  water  as  indicated  by  the  rod  flosf 
is  a perfectly  natural  one;  and  its  simplicity  appeals  to  the  non-technic 
man.  ’ Rod  floats  cannot  be  run  with  the  lower  end  closer  than  2 or  more  i 
from  the  bottom.  Some  correction  must  be  made  to  account  for  this  alo« 
layer  of  water  which  does  not  act  on  the  float.  The  following  formula  w 
derived  by  J.  B.  Francis  by  comparing  rod  float  measurements  with  a wej 

C-  1-0.116  (V~D- O.l)  (131 

where  a coefficient  of  correction  which  multiplied  by  the  observed  veto 
it  y will  give  the  corrected  velocity,  and  D = difference  between  depth  of  «al 
in  flume  and  length  of  immersed  part  of  tube,  divided  by  depth  of  water. 


Values  of  the  Coefficient  C 


D 

0 

I 

2 

3 4 

5 j 6 ; 7 j 8 j 9 

0.0 

0.1 

0.2 

0.3 

0.975 

0.950 

0.948 

1.000 

10.973 

0.958 

! 

0.995 

10.971 

0.957 

0.992|0.988 
10.970  0.968 
0.956j0.955 

0.986 

0.967 

0.954 

0.983  0.981  0.979lo  97 
0.965  0 964  0.9620  % 
0.952  0.951  0. 9500.  W 

1 ! ... 

1 J 

L-  -J j ■ - 

Direct  interpolation  may  be  made  for  intermediate  values. 


STREAM  HOW 

•46.  Flow.  Water  power  is  derived  from  the  pressure  or  force  exerU 
by  water  in  falling  through  a given  head.  Its  amount  is.  determined  t 
the  equation 

H.P.-IQXHXE1+8.8  (130 
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where  H J\  is  the  horae  power,  Q is  the  flow  of  water  in  cubic  feet  per  second, 
3 is  the  head  in  feet,  and  E is  the  efficiency  of  the  water-wheel. 

M7.  Bun-off  is  the  result  of  rain  falling  on  the  contributing  drainage  area 
and  represents  that  proportion  of  the  rainfall  that  does  not  pass  off  as 
evaporation  or  through  underground  channels,  the  requirements  for  vege- 
tation, etc.,  being  included  in  the  broader  definition  of  evaporation. 

MS.  Baltifall  records  have  been  obtained  by  the  U.  S.  Weather  Bureau  at 
stations  geographically  widely  distributed  for  a long  period  of  time.  The 
results  are  published  monthly  and  annually  in  the  reports  of  the  Bureau. 

Ml.  The  local  variation  in  the  annual  rainfall  in  the  United  States 
is  all  the  way  from  nothing  in  some  years  in  the  desert  regions,  to  an  occasional 
maximum  of  more  than  100  in.  in  the  mountains  of  the  extreme  northwest. 
In  general  mountain  ranges  receive  a greater  amount  of  preoipitation  than 
the  surrounding  valleys  and  yield  a greater  proportionate  run-off. 

MO.  B*1"1*11  map.  Fig.  62  shows  a map  of  the  United  States  giving 
the  distribution  of  rainfall. 

Ml.  The  percentage  of  run-off.  by  which  is  meant  the  ratio  of  the  run- 
off to  the  rainfall  on  the  drainage  basin,  varies  greatly  and  in  general  in- 
creases with  the  precipitation.  For  this  reason  it  is  dangerous  to  figure 
on  any  fixed  percentage  of  run-off.  Sec  Par.  CM. 

MS.  The  monthly  run-off  depends  on  the  precipitation,  climate,  storage, 
character  of  the  drainage  basin,  etc.,  and  varies  within  wide  limits.  In 
New  England  the  month  of  maximum  run-off  usually  shows  a flow  from  three 
to  four  times  that  of  the  mean  for  the  year,  while  the  minimum  month 
frequently  drops  to  one-tenth  or  lees  of  the  mean,  and  thiB  is  notwithstanding 
x comparatively  uniform  distribution  of  rainfall  throughout  the  year. 

MS.  The  daily  run-off  shows  still  wider  variation  than  the  monthly, 
although  the  monthly  figures  are  frequently  used  in  preliminary  estimates. 
This  use  of  the  monthly  flows  averages  days  of  high  and  low  Aowb  thus  giving  a 
moderate  mean.  An  actual  power  output  cannot  be  obtained  eaual  to 
estimates  based  on  monthly  flows  Unless  very  large  pondage  is  available. 

M4.  By  Pondage  is  meant  the  storage  created  at  a power  development 
and  used  for  taking  care  of  the  variations  in  the  draft.  *'  ‘It  is  the  retention 
for  one  or  more  days  of  the  flow  of  a stream  during  hours  of  light  load,  for 
use  during  hours  of  heavy  load/*  This  is  of  the  greatest  importance  for 
developments  with  a varying  or  non-continuous  load.  For  example,  a mill  on 
a 48-hour  week  basis  operates  only  28.6  per  cent,  of  the  time,  and  hence  can 
we  only  that  proportion  of  the  flow,  assuming  an  unregulated  flow  and  no 
pondage;  while  sufficient  pondage  to  equalise  the  flow  during  the  week  would 
lficremse  the  low  water  output  nearly  four-fold.  Every  reservoir  and  mill 
pood  on  any  stream  must  be  operated  subject  to  the  legal  rights  of  others 
on  the  stream.  The  study  of  pondage  and  its  proper  handling  is  complicated 
in  the  general  case,  bnt  as  a rule  comparatively  simple  of  solution  for  any 
actual  power  plant.  The  reason  is  that  it  is  involved  with  the  load  curve, 
the  natural  and  legal  restrictions  of  the  flowage  permissible,  and  flow  detained, 
and  the  variation  in  head  economically  advisable.  Granting  the  possibility 
and  rights  of  pondage,  the  problem  reduces  to  a consideration  of  fitting  the 
uae  of  water  to  the  demands  for  power  made  on  the  station.  If  the  station 
carries  a typical  combined  power  and  lighting  load,  pondage  is  essential 
to  satisfactory  operation  since  the  great  demand  for  power  is  during  the 
day-time  and  the  early  evening  hours.  If  the  head  may  be  drawn  down 
during  the  day  so  that  the  pond  will  be  just  filled  up  by  the  night  flow,  the 
most  that  is  possible  is  being  obtained  from  the  nver.  In  some  cases  of 
low-head  and  medium-head  developments  the  advisable  reduction  in  head  is 
the  controlling  or  limiting  factor.  As  the  head  falls  the  power  and  efficiency 

the  water  wheels  fall  if  the  speed  is  kept  up,  as  it  must  be  in  hydro- 
electric stations.  Foresight  and  study  of  the  probable  range  of  head 
r&riation  make  it  possible  to  have  wheels  designed  with  characteristic  curves 
specially  suited  to  the  case  and  a greater  variation  of  head  may  be  permitted. 


•Progress  report  of  Committee  on  Run-off  of  Boston  Society  of  Civil 
Engineers,  November,  1918. 
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Morage  reservoirs  can  fce  operated  in  two  different  ways: 

(<*)■  'To  produce  a maximum  amount  of  primary  power,  i.e.,  power  av&ilafa 
at  all  times.  If  operated  in  this  way,  reservoirs  must  be  kept  filled  a lar| 
part  of  the  time  in  order  to  have  the  water  available  for  use  during  exceptio 
ally  dry  periods. 

p>)  To  use  the  stored  water  each  year,  or  oftener  if  possible.  In  ti 
case  the  reservoirs  may  be  empty  if  a dry  period  is  prolonged  cxreptionall 
A compromise  between  the  two  methods  is  usually  best. 

In  any  particular  case  the  yie|d  of  a reservoir  may  be  predicted  from  a >tu< 
of  the  run-off  of  the  contributing  area,  the  precipitation  on  and  the  evap 
ration  from  the  water  surface.  Trial  drafts  from  the  storage  are  assumed  ai 
the  effect  traced  through  a number  of  years.  In  this  way  very  safe  estimal 
can  be  made  of  the  storage  yield. 

657.  Example  of  a large  storage  basin.  The  following  figures  showl 

way  of  illustration  the  condition  of  Lake  Winnipiseogee  (Par.  666)  on  May 
Aug.  1,  Nov.  1,  and  Feb.  1,  using  1911  arid  1912  figures  of  run-off  and  precij 
tation,  and  average  figures  of  evaporation.  The  yield  of  the  contributil 
area  is  expressed  in  inches  of  depth  on  the  lake  area,  rainfall  and  evapor^tij 
are  given  directly  in  inches  and  the  draft,  600  cu.  ft.  per  sec.  throughout  tl 
year,  is  also  reduced  to  in.  of  depth  on  the  lake  area  lor  each  month. 


Eleva- 
tion 
of  the 
lake* 


Date 

Yield  of 
the  con- 
tributing 
area  ex- 
pressed 
in  in. 
of  depth 
on  the 
lake  area 
for  the 
month 

Rain- 
fall in 
in. 

during 

the 

month 

Evap- 

ora- 

tion 

in 

in. 

during 

the 

month 

Draft  600 
cu.  ft. 
per  sec. 
expressed 
in  in. 
of  depth 
on  the 
lake  area 
for  the 
month 

Net 
gain  or 
loss  in 
in. 

of  depth 
on  tne 
lake  area 
for  the 
month 

April  1,  1911 
During  April 

May  1,  1911 

+ 38.35 

+ 1.38 

-Iff 

-9.56 

+ 28.57 

July  1,  1911 

During  July 
August  1,  1911 

+ 1.83 

+4. 36 

-4.32 

-9.88 

- 8.01 

October  1,  1911 
During  October 
November  1,  191 1 

,+  9.44 

r ' 

+ 4.61 

-2.20 

-0.88 

+ 1.87 

January  1,  1912 
During  January 
February  1,  1912  | 

4+1.51 

+ 3.12 

-0.70 

-9.88 

+ 4.05 

660.  Measurement  of  stream  flow.  The  method  adopted  will  depei 

largely  on  the  sise  of  the  stream,  its  cross-section  and  the  variation  betw6l 
minimum  and  maximum  flow.  A weir  can  be  successfully  used  in  a sail 

stream  discharging  a few  cu.  ft.  per  sec.  and  is  largely  employed 
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irrigation  ditches.  For  rivers  from  medium  to  large  size  the  most  adaptable 
Stthod  is  to  employ  a current  meter  and  by  making  measurements  at  several 
Cges  of  flow  establish  a rating  curve  by  means  of  which  it  is  only  necessary 
tk  read  a gage,  compare  the  reading  with  the  rating  curve  and  find  the 
fccharge  corresponding  to  the  given  stage.  The  same  rating  curve  cannot 
Ciued  for  both  winter  and  summer  conditions. 

S61.  Typical  bydrographa  showing  the  monthly  average  stream  flow  in 
isc-ft  per  square  mile  of  drainage  area  are  shown  in  Figs.  63  and  66,  for 
C Kansas  (Kan.)  and  Columbia  (Ore.)  rivers  respectively.  Figs.  64  and  67 
fcow  the  accompanying  monthly  rainfall  in  typical  years.  Figs.  65  and  68 
Sow  the  accompanying  monthly  evaporation.  These  stream-flow  records 
* hydrographs  naturally  exhibit  different  characteristics  according  to  the 
beal  climatic  and  other  conditions,  as  noted  by  comparing  Fig.  63  with  Fig. 
H,and  Fig.  64  with  Fig.  67.  Furthermore,  the  hydrographs  of  the  same  river 
fuy  materially  as  a rule  from  year  to  year,  between  rather  wide  limits;  Figs. 
1 and  66  besides  showing  the  stream  flow  for  typical  years,  also  show  the 
fcxiraum  l w'et  year)  and  minimum  (dry  year)  flow  observed  during  a senes 
Bears  It  is  also  instructive  to  compare  the  records  of  rainfall  w'lth  those 
■stream  flow  • compare  Figs.  63  and  64,  and  Figs.  66  and  67.  Similar  records 
tad  charts  should  be  obtained  for  any  particular  river  or  stream,  if  possible. 
■ connection  with  consideration  of  its  water-power  possibilities. 


[Kxtromc  Flows, c.f.p.a./aq.mi, 


Wettest 


Mouth 


Recorded 


Month 


Jaxx.  Feb.  .Mar.  Apr,  May  June  July  Aug.  Sept.  Oct.  Nov.  bee. 


»,G  £3 Hydrograph  of  Kansas  River  from  records  at  Lawrence,  Kansas. 

K2  Current  meter*  may  be  roughly  divided  into  two  classes,  those  in 
birh*  the  wheel  revolves  about  a vertical  axis  and  those  in  which  the  axis 

Tta*Pr  ^ce-G u rl ey  meter  (Fig.  69)  belongs  to  the  first  clnss  and  is  the  type 
looted  by  the  government  in  its  stream  gaging  work.  It  is  fitted  with  a 
like  to  keep  it  headed  into  the  current  and  with  an  electric  sounder  to  enable 
■ operator  to  record  the  revolutions  without  taking  the  meter  from  the 
This  meter  can  be  slung  from  a cable  and  operated  from  the  Bhore  or 
om  a bridge  or  from  a car  suspended  from  a cable.  In  shallow  water  the 
*ter  is  attached  to  a rod  and  operated  directly  by  hand.  The  disadvantage 
berent  in  this  meter  is  that  it  alw-ays  records,  the  maximum  velocity, 
hither  that  velocity  is  in  a forward  direction  or  is  merely  caused  by  cross 
Brents  and  eddies;  all  alike  are  recorded  as  forward.  Consequently  this 
eter  has  a tendency  to  give  results  which  are  too  high. 

The  Haskell  meter  (Fig.  70)  is  of  the  screw-propeller  type  and  operated 
i the  aame  manner  a9  the  Priee-Gurley  meter.  It  is  subject  to  the  same 
itieism  in  that  it  records  the  maximum  velocity  at  the  point  of  immersion 
igardless  of  its  direction. 
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The  Fteley-Stearns  meter  (Pi*.  71)  wee  designed  for  use  in  the  8odbv 
Aqueduct  of  the  Boston  Water  Works  end  is  especially  adapted  for  use  i 
flumes  or  any  channels  where  it  is  desired  to  pet  the  velocity  dose  to  tl 
-ides  and  bottom.  It  is  ordinarily  fitted  for  use  on  a rod  and  is  eqoippc 
with  recording  dials  thrown  in  and  out  of  mesh  by  a cord.  The  meter  ea 


•68.  Water  wheels  as  current  meters.  Water  wheels  if  rated  to  dete 
mine  their  discharge  with  given  head,  gate  opening,  and  speed,  are  in  comnu 
use  as  water  meters  in  power  plants.  If  occasionally  cheeked  by  rod  flo. 
or  current  meter  measurements  they  are  quite  accurate  enough  to  base  tl 
use  or  sale  of  water  on  the  quantities  so  determined.  The  Holyoke  te 
1 Par.  T06)  of  a wheel  gives  the  necessary  information  from  which  a dischan 
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■tint  curve  may  be  constructed,  bat  it  it  more  aatisfaetory  if  in  addition  to 
oil,  careful  measurement!  are  made  with  the  wheels  in  plaoe. 

Hi.  Methods  of  ashif  current  meters  are  as  follows: 

(a)  finale  noint  at  0.6  denth. 

ft)  Two  points  at  0.2  and  0.8  the  depth. 

(cj  Multiple  point. 


The  single  point  method  at  0.6  depth  (a)  is  supposed  to  give  the  average 
relodty  of  the  vertical  section  in  which  it  is  held.  Exoept  in  special  cases 
asch  ss  natural  streams  uncontrolled  by  local  conditions  this  can  rarely  be 
(died  upon. 


'/////////A 
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Jan.  Teh  Mar.  Apr.  May  June  Joljr  Aug.  Sept.  Oct.  Nov.  Deo. 

Fio.  65. — Monthly  evaporation  of  Topeka,  Kan.,  July,  1887- June,  1888, 
computed  under  the  direction  of  T.  Russell,  U.  8.  Mo.  Weather  Review, 
Sept.,  1888. 

The  average  of  the  two  velocities  at  0.2  and  0.8  depth  (6)  is  supposed  to 
dve  the  mean  velocity  of  the  vertical  section  in  which  it  is  held.  The  same 
comment  applies. 

These  two  methods  have  been  advocated  by  the  government  service  for 
Quick  measurements  but  are  not  recommended  for  accurate  work,  without 
tetual  determinations  of  velocity  distribution  in  the  stream  oross-section. 

By  dividing  the  cross  section  into  several  imaginary  vertical  strips  of  width 
fopending  on  the  total  width  of  the  stream  and  the  uniformity  of  flow,  and 
measuring  the  velocity  at  several  points  in  each  vertical  strip  the  true  mean 
velocity  can  be  closely  approximated.  This  method  (e)  is  recommended 
or  use  in  power  canals  where  the  flow  is  fairly  steady  so  that  during  the  ti* 
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>.  66. — Hydrograph  of  Columbia  River  from  records  of  The  Dallee, 
Oregon. 
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Fiq.  67. — Monthly  rainfall  at  Spokane.  Wash. 
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ttowmod  in  milking  the  measurement  there  is  no  materiel  change.  It  is 
specially  useful  in  showing  the  distribution  of  the  velocity  over  the  croee- 
nction. 

Vertical  integrating  measurements  (d)  (1)  are  made  by  slowly  lowering  the 
n*ter  from  top  to  bottom  and  raising  it  again  along  the  same  vertical  path, 
la  this  way  the  average  velocity  for  the  strips  In  order  is  obtained  mechanio- 


Fiq.  68. — Monthly  evaporation  at  Spokane,  Wash.,  July,  1887- June,  1888, 
computed  und^r  the  direction  of  T.  Russell,  U.  S.  Mo.  Weather  Review. 
8ept-  1888. 


•fly.  In  diagonal  integration  (d)  (2)  the  meter  is  moved  slowly  across  the 
•beam  at  the  same  time  it  is  being  lowered  and  raised.  By  this  method  the 
eean  velocity  for  the  entire  cross-section  of  the  stream  is  obtained  in  one  con- 
tinuous operation. 

fit.  Choice  of  method.  The  width  of  the  channel,  the  conditions  of 
flow  and  the  degree  or  accuracy  desired  are  important  considerations  in 
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selecting  the  method  to  be  used.  By  dividing  the  stream  cross  action  t 
verticals  into  areas  of  equal  width,  through  the  centre  line  of  which  the  roeti 
is  lowered  and  raised  with  uniform  spoedt  the  mean  velocity  in  ft.  per  ee 

Telephone  Sounder 


Battery  with  Electric  \ 
Carrying  Case  Connections! 


Fio.  69. — Price-Gurley  electric 
current  meter. 


Fio.  70. — Haskell  current 


for  each  section  is  obtained  in  one  operation.  This  method  is  on  the  w 
be  preferred  for  determinations  of  discharge.  The  multiple-point  me 
of  great  value  in  determining  the  distribution  of  velocity  in  any  rmns  nrirthi 
which  is  often  necessary  for  at  least  Ten* 

one  gaging;  but  for  determination  of  Pipe  ^ Hundred*  s * | 

discharge  this  method  is  tedious  and  OonnectionV^  \ f' 

if  the  stream  is  subject  to  fluctuation  JT\  ^ 

in  stage  it  is  too  slow  pull-Cordxi| 

If  the  channel  is  not  too  wide  or  „ VI  1 / PL  I 

deep  the  diagonal  integration  which  Connection  J M I 

covers  the  whole  stream  in  one  opera-  t j\J 

tion  is  a very  satisfactory  form  of  1 f 

measurement  because  it  permits  a 
great  many  measurements  under  differ- 

ent  conditions  and  avoids  many  dis-  =>  j 

turbing  conditions.  Its  use  is  limited  /J 

by  the  endurance  of  the  operator.  [ J]j  // 

The  double-point  and  single-point  S|li&  j ! II 

methods  are  only  rough  upproxima-  KTy 1 11  J'i  I r 

tions,  but  serve  a useful  purpose  in  galls  1 

securing  information  of  stream  flow  at  Pv  a 

666.  Effect  of  ics.  Ice  cover  on  a iff  ]p  / 

stream  or  canal  decreases  the  cross-  Ml 

section,  and  increases  the  wetted  per-  j 

imeter  or  rubbing  surface.  Both  of  ° cr^ 

these  result  in  additional  loss  of  head,  Fio.  71. — Improved  Fteley-$%ear| 

the  first  through  increasing  the  veloc-  current  meter. 

ity,  the  second  through  increasing  the 

frictional  resistance  to  flow.  In  power  canals  the  formation  of  an  ioe  cov 
of  sufficient  thickness  to  last  through  the  cold  season  is  a protection 
troubles  from  anchor  ice  and  frazil  ice.  Neither  tnehor  loe  nor  firasQ  i( 
will  form  under  an  already  existing  ice  cover;  the  latter  is  therefore 
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i canals  should  be  designed  with  this  In  mind,  and  the  velocities  should  be 
>t  down  (2  to  3 ft.  per  sec.)  by  making  the  cross-section  ample  for  ex- 
me  conditions.  Anchor  ice  is  ice  which  forms  on  the  bottom  of  the  stream 
canal  and  may  seriouslv  obstruct  the  flow.  Frasil  or  needle  ice  forms,  as 
• name  implies,  in  small  needles  where  the  current  is  too  rapid  for  the 
nation  of  surface  ice.  It  may  either  attach  itself  to  the  bottom  or  to 
sbor  ice  already  formed  or  it  may  be  carried  against  and  effectually  clog 
1 racks  of  a power  house. 

DAMS  AND  HXAD WORKS 

ST.  Dams,  regardless  of  the  material  composing  them,  may  be  roughly 
nified  into  two  main  divisions:  (a)  Impounding  dams  for  holding  water 
rk,  as  in  a reservoir,  but  which  are  not  designed  to  have  any  water  pass  over 
m;  (6)  spillway  dams. 

48.  Impounding  dams  (Fig.  72)  are  almost  invariably  of  the  gravity 
e depending  on  tneir  own  weight  to  resist  the  forces  of  the  water  except 
the  rare  cases  where 
ved  dams  have  been  built 
•ending  wholly  or  in  part 
arch  action.  The  present 
ctice  is  tending  toward 
vy  earth  dams. 

48.  Spillway  dams  (Fig. 

may  be  further  subdi- 
ed into  gravity  types  and 
se  depending,  through 
ir  design,  on  the  hydro- 
tie  pressure  of  the  im- 
tnded  water  to  hold  them 
inst  the  river  bed.  and 
b dams.  The  arch  oam  is 
7 economical  of  material 
requires  that  the  abut- 
iti  be  founded  in  strong 
d material  capable  of 
iag  up  the  thrust. 

It.  Coffer  dams  aceord- 
to  their  height,  the  nature 
the  bottom  and  the  ex- 
ure  of  the  location  to 
rent  or  wave  action  are 
■trusted  in  a great  number 
mys.  Some  of  the  more 
irnon  methods  are  men- 
*d.  Interlocking  sheet 
i piling,  and  single  or 
hie  rows  of  wooden  sheet 
ag  with  a puddled  filling 
ween  the  two  rows,  are 
n*  frequently  used.  For 
cofferdams  the  A-frame 
wed  with  gravel:  or  bags 
' filled  with  sand  piled  in 
kful  rows  have  been  successfully  employed.  The  design  of  cofferdams  is 
ed  on  the  same  principles  of  hydrostatics  governing  the  design  of  any 
er  dam. 

ft.  Design  of  dami.  The  conditions  which  should  be  safely  met  by  all 
a are  stated  briefly  as  follows:  (a)  the  dam  must  not  slide;  (ft)  the  dam 
•t  not  overturn;  (c)  the  dam  must  not  crush.  The  external  forces  acting 
the  water  pressure,  the  weight  of  the  material  composing  the  dam,  the 
■tion  of  the  foundation,  ice  pressure  near  the  top,  and  wind  and  wave 
sure.  The  pressure  usually  figured  is  that  of  the  greatest  known  freshet, 
the  toe  of  the  deepest  section,  without  backwater.  The  cross-sec- 
i of  the  dam  is  determined  by  trial.  A tentative  section  is  assumed  and 
■ all  the  forces  are  computed.  If  the  dam  as  first  designed  cannot 
afy  all  the  conditions  of  safety  oris  unduly  heavy  it  is  modified  accordingly. 


8p(llway  Dam 
Fio.  72. — Reservoir  dam. 
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i the  case  of  the  high  dams  of  the  gravity  type  (Fig.  72)  it  is  customs^ 
Bsume  the  dam  divided  by  horiaontal  joints,  the  depth  of  each  sectioj 


In 

to  assume  t , _ 

chosen  according  to  judgment  In  each  case,  and  to  treat  tfie  sections  arbitral 
ily  so  selected  progressively  beginning  at  the  top,  testing  each  for  alidini 
overturning,  and  crushing.  In  this  way  a resultant  line  of  pressure  may  h 
t raced.  In  the  design  of  masonry  dams  it  is  customary  so  to  proportioi 
the  section  that  the  resultant  pressure  at  all  horiaontal  joints  shall  fall  withii 
the  middle  third  whether  the  reservoir  be  full  or  empty.  Thj 
gives  a factor  of  safety  of  two  against  overturning,  and  thei 
will  be  no  danger  from  tensile  stresses  on  the  face  of  the  dart 
There  is  rarely  any  trouble  experienced,  when  proper  coo 
atruction  methods  are  used,  from  sliding  within  tne  bod 
„ of  the  dam  itself.  The  joint  between  the  dam  and  it 
foundation  is  the  critical  point  at  which  to  guar 
v against  sliding.  It  is  in  this  connection  that  th 

amount  of  upward  pressure  becomes  of  riti 
importance.  On  ledge  foundations,  steps  c 
k trenches  should  be  cut  to  ensure  a sumcico 
bond.  On  poorer  foundations  the  dam  mul 
; be  made  massive  enough  to  safeguard  agaim 
sliding  by  keeping  the  angle  between  it 
resultant  pressure  on  the  base  and  a vert 

— wt — S.  cal  line,  less  than  the  angl 

\\  VSi  vb  of  Bliding  of  the  foundatio 

— ^ ' ^ material.  There  is  no  dangi 

from  crushing  in  dams  othe 
wise  stable,  except  in  vw 
high  dams  which  are  i 
treated  here. 

Dams  which  depend 
the  hydrostatic  pressure 
the  water  to  hold  them 
place  (Fig.  74)  may  be  mad 
much  lighter  than  the  wfi 
masonry  dams.  The  princ 
pal  calculations  for  strengt 
involve  the  deck  treated  as 
reinforced  slab  and  of  ti 
buttresses  as  walls  subject* 
to  simple  compression.  Fi 
74  illustrates  the  action 
the  resultant  pressure, 
a floor  is  used  weep  holes  i 
<7q  o -n_„  provided  to  allow  any  s « 

Fig.  73.  Spillway  dam.  age  to  escape  unobstructed 

For  a more  thorough  and  comprehensive  treatment  of  dams  referent 
should  be  made  to  chapter  XXIX.  “Principles  of  Construction  of  Danu 
in  “Water  Power  Engineering,”  D.  W.  Mead  (McGraw-Hill  Book  Ce 
and  to  “The  Design  and  Construction  of  Dams,"  Edward  Wegmann  (Wife 
& Son). 
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672.  Upward  pressure  on  the  base  of  a gravity-type  dam  (Fig.  73 
should  receive  most  careful  study.  The  limiting  conditions  are,  on  the  od 
side,  a tight  imprevious  bottom  with  the  dam  so  set  and  keyed  into  it  ths 
no  leakage  can  occur  under  the  dam.  This  in  effect  assumes  an  unbrokefl 
w ; iter-tight  wall  extending  from  below  the  bed  of  the  river  up  to  the  crest  4 
the  dam.  The  other  extreme  would  be  a dam  founded  on  loose  gravel  4 
porous  rock  which  freely  admitted  the  water  under  the  entire  base  of  tl| 
dam,  but  at  the  downstream  toe  a cut-off  wall  would  prevent  the  water  fr©| 
escaping. 

In  the  first  ease  the  assumption  is  no  upward  pressure  whatever,  in  t b 
second  there  would  be  pressure  due  to  the  full  hydrostatic  head  uxuforn>J| 
distributed  over  the  base  of  the  dam.  Rarely,  if  ever,  can  either  of  the* 
••lies  be  found  in  the  extreme  form  suggested.  The  truth  in  every  case] 
doubtless  between  the  two.  In  other  words  there  is  probably  no  dam  exist 
ing  without  some  upward  pressure,  its  extent  to  be  determined  only  by 
most  careful  examination  of  the  geological  formation  of  the  river  bed  at  tt 

m site  and  the  thoroughness  with  which  the  seepage  is  cut  off  by  cut-c| 
widls,  grouting  or  other  preventive  measures.  Except  in  those  cases  where  til 
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ua  is  founded  on  ledge  rock  which  gives  undoubted  evidence  of  soundness 
id  extent,  borings  are  the  essential  preliminary  to  the  study  and  design  of 
dam.  No  rule  can  be  given  as  to  the  number  of  borings  necessary  but  in 
general  way  there  should  be  enough  to  cover  the  area  not  only  of  the  spill* 
ay  section  in  the  river  bed,  but  also  of  the  abutments  and  wing  walls;  and 
&er  structures  near  the 
▼er;  undermining  here  may 
rove  quite  as  disastrous  as 
nder  the  spillway  section. 

In  the  case  of  pervious 
undations  it  is  desirable  to 
irry  a cut-off  wall  or  spiling 
'the  upstream  toe  down  to  an 
•pervious  stratum.  Where 
leb  does  not  exist  the  wall 
mild  be  carried  to  such  a 
ipth  that  the  friction  oppos- 
| the  flow  of  water  will 
sder  the  seepage  under  the 
to  inappreciable.  It  is  good 
wtice  in  designing  and 
tiding  dams  to  eliminate  so 
| as  is  possible  the  leakage 
pch  causes  upward  pressure, 

« to  assume  in  the  computa- 
j»s  for  stability  the  existence 
Ifull  upward  pressure  at  the 
preara  side  diminishing 
dformiy  to  aero  at  the  down- 
fern  toe. 

IIS.  Karth  dams  are  per- 
4s  the  most  common  type 
« are  ordinarily  the  cheap- 
L They  can  be  built  on 
nost  any  foundation  as 
t-offg  and  sufficient  thick- 

* together  with  proper  selec- 
n of  materials  will  give  the 
Mssary  imperviousness.  No 
tth  dam  is  absolutely  impervious  but  the  design  and  construction  should 
inch  that  the  water  level  will  remain  well  below  the  downstream  face  of 
Idam.  Imperviousness  is  usually  obtained  by  mixing  olay  with  the  loam, 
Hor  gravel  used  for  the  construction. 

Ithe  foundations  are  not  impervious,  sheet  piling,  a core  wall  or  a trench 
N with  impervious  material  should  be  provided  to  prevent  undue  seepage, 
bre  wall  o f concrete  is  sometimes  used  extending  from  bed  rock  to  above 

• water  level.  They  are  frequently  from  2 to  4 feet  thick  at  the  top,  with  a 
her  of  1 to  10  or  even  less.  Such  a core  wall  should  be  placed  as  far  up- 
wai  in  the  embankment  as  possible,  since  in  case  it  should  prove  to  be 


pervious  the  water  pressure  against  its  face  would  greatly  exceed  that  on 
* downstream  side.  On  this  account  a core  of  puddled  clay  is  preferred 
•ome  engineers.  This  is  usually  from  4 to  8 feet  thick  at  the  top  and  at 
one-third  the  depth  of  water  at  the  bottom, 
ill.  Dimensions  of  earth  dams.  The  dimensions  and  slopes  of 
tth  dams  depend  on  the  material  and  method  of  construction.  For  rolled 
tfcnkment  a top  width  of  ( h/5 ) -f  5,  where  h is  the  height  of  the  dam  in 
|t,  has  been  suggested.  An  upstream  slope  of  3:1  and  a downstream  slope 
2.5 : l usually  represents  good  practice.  The  upper  slope  should  be 

Fd  on  account  of  wave  action.  Beams  placed  30  to  40  feet  apart  verti- 
are  desirable  in  high  earth  dams,  as  tncy  provide  for  lateral  drainage 
also  give  an  extra  factor  of  safety  against  sliding  of  the  embankment, 
•pillway  must  be  provided  with  earth  dams  of  sufficient  length  to  handle 
I maximum  flood  without  the  water  rising  high  enough  to  overtop  the 
th  embankment.  Sometimes  it  can  be  cut  in  rock  at  one  end  of  the  earth 
6,  but  if  this  is  not  possible  a masonry  or  timber  spillway  is  necessary 
1 precautions  should  be  taken  to  secure  a good  union  between  the  earth 
bank  men  t and  the  spillway  abutments. 
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CTI.  The  design  of  euuli  for  power  purposes  should  be  mode  from  i 
economic  viewpoint.  Canals  are  employed  to  utilise  a greater  bead  than 
obtainable  directly  at  the  dam  and  must  be  built  to  give  the  greatest  bene 
at  the  least  cost.  Head,  the  very  object  of  the  canal,  is  often  unnecesaar 
lost  through  poor  design  of  the  cross-section  and  alignment,  or  through  p 
mitting  unnecessary  roughness  of  the  bottom  and  sides.  Some  slope  will 
required  to  carry  the  water  through  the  canal.  This  should  be  provided I 
the  canal  bottom  itself  unless  the  drainage  must  be  in  a contrary  directic 
otherwise  an  extra  loss  of  head  will  result,  for  the  slope  of  the  water  a 
reduce  the  stream  cross-section  and  necessitate  a higher  velocity  to  pas 
given  quantity  of  water.  The  form  of  the  cross-section  must  be  detennin 
by  its  requirements  and  the  character  of  the  material.  The  form  should 
such  that  it  will  remain  as  first  built  and  not  wash  or  slide.  In  general  t 
relatively  wide  and  shallow  canals  should  be  avoided  because  with  any  dra 
ing  down  of  the  head,  or  with  an  ice  cover  the  net  area  suffers  a greater  pi 
portion  ate  reduction  than  in  the  case  of  deeper,  narrower  canals.  The  i 
vantage  of  the  deep  canal  can  also  be  shown  from  a consideration  of  the  for 
ulas  for  flow,  which  show  that  for  a given  area  the  section  with  the  small 
wetted  perimeter  will  give  the  best  results.  The  velocity  should  be  k< 
low  ana  as  uniform  as  possible.  If  there  are  changes  they  should  be  mi 
gradually  and  in  general  a velocity  once  gotten  up  should  be  held.  The  sal 
statements  apply  to  ditches  whether  for  irrigation  or  power. 

•78.  Flumes.  The  word  flume  implies  a narrow  waterway  with  verti 
or  nearly  vertioal  sides.  It  was  formerly  used  to  designate  the  canal  or  p( 
stock  conveying  water  to  the  wheels  at  its  end.  In  modern  practice  s flu 
is  understood  to  mean  an  aqueduct  of  relatively  small  dimensions  construe] 
usually  of  timber  ot  concrete  employed  to  carry  water  long  distances.  1 
interior  surface  is  in  general  smooth  and  water  is  carried  at  a high  veloc 
on  an  even  grade.  In  computing  the  oarrying  capacity  of  such  strurta 
loss  by  friction  predominates. 

•77.  Head-gates  are  usually  installed  at  the  entrance  to  a canal  to  o 
trol  the  amount  of  water  let  in,  or  to  Bhut  it  off  entirely  in  case  repairs 
necessary  in  the  canal.  They  should  be  strong  enough  to  permit  the  w* 
to  be  entirely  drawn  out  of  the  canal  and  to  protect  the  plant  during  hi 
water.  The  number  and  sise  is  fixed  by  the  quantity  of  water  and  a| 
structural  limitations  as  weight  and  strength  may  impose.  Head-ga 
are  either  hand  or  power  operated  according  to  local  circumstances;  1 
modern  requirements  are  demanding  motor  hoists.  In  designing  the  pi 
it  is  usually  well  to  provide  for  stop  logs  for  occasional  repairs  to  the  ga! 
Whenever  possible  the  gates  should  be  so  set  that  the  water  from  the  it 
enters  at  low  velocity  without  sharp  contraction  or  change  in  direction. 

•78.  Booms  either  floating  or  fixed  are  usual. to  prevent  floating  dft 
from  reaching  the  head-gates,  and  in  northern  rivers  ice  is  also  diverted  o* 
the  dam  or  through  special  ice  ways  by  this  means. 

879.  Penstocks  are  frequently  used  instead  of  canals  or  in  conjunct! 
with  them,  the  choice  depending  on  cost  in  the  case  of  low-head  to  media 
head  plants.  In  high-head  plants  penstocks  and  pressure  tunnels  beco 
the  only  way  for  conveying  water  from  high  elevations  down  to  the  poi 
house.  Penstocks  are  usually  built  of  riveted  steel  plates,  wooden  star 
or  reinforced  concrete,  depending  on  local  conditions.  They  must  be  i 
signed  for  strength  and  carrying  capacity.  Structurally  they  must  be  si 
to  withstand  the  pressure  due  the  head  plus  the  effect  of  water  hammer  a 
also,  when  empty  or  partly  filled,  be  strong  against  collapsing.  In  k 
penstocks  great  care  must  be  taken  to  provide  against  water  hammer, 
the  first  place,  the  thickness  of  the  shell  should  be  selected  with  tKU  in  mi 
and,  secondly,  provision  should  be  made  to  take  care  of  the  surges  when  ti 
occur.  Where  the  head  permits,  the  most  satisfactory  protection  is  given 
stand-pipes  or  surge  tanks.  Further  protection  is  given  by  relief  vah 
and  blow-out  plates^  usually  placed  just  outside  the  power  house. 

The  thickness  of  nveted  steel  penstocks  necessary  to  withstand  wa 
hammer  may  be  computed  as  follows: 


k '-aff  « 

where  t — thickness  of  the  shell  in  inches  (should  never  be  less  than  0 
•.  P"  intensity  of  internal  pressure  in  pounds  per  square  inch,  p‘ 
additional  pressure  in  pounds  per  square  inch  allowed  for  water  hamm 
LT-v  IU8  .of  tho  penstock  in  inches,  and  e — efficiency  of  the  riveted  jail 
which  varies  from  0.5  to  1. 
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Values  of  p'  to  be  used  in  above  formula  (Eq.  131) 


tominal  diameter  of 
[ pipe  (in.) 

%/  (lb.  per 
sq.  in.' 

Nominal  diameter  of 
pipe  (in.) 

p'  (lb.  per 
sq.  in.) 

f 16  and  IS 

100 

30 

80 

20 

90 

36 

75 

24 

85 

42  to  60 

70 

[a  designing  penstocks  for  carrying  capacity,  the  velocity  to  be  allowed 
1 depend,  as  in  the  case  of  canals,  on  the  value  of  the  head  saved  by 

fnal  expenditure  in  the  original  construction.  The  problem  must  be 
in  the  light  of  this  consideration  and  the  siie  of  penstock  selected 

■Star- 

Cost  data.  The  cost  per  developed  kilowatt  of  different  hydraulic 
“ etur«  varies  very  much  with  the  type  and  character  of  the  development; 
is  relatively  less  where  the  power  can  be  generated  near  the  dam  or  the 
it  is  large  by  reason  of  a high  head  or  a large  dependable  flow.  A typical 
iment  representing  fairly  average  conditions  for  a built  up  fall  is: 


Item 

Per  cent,  of 
total  cost 

Cost  per  kilowatt  on 
25,000  kw.  equipped 
(Spring  of  1921) 

19.3 

$48 . 00 

Kv 

11.6 

29.00 

Uial 

42.3 

105  20 

»wer  house  and  foundations 

iquipment 

9.6 

17.2 

24.00 

42.80 

r 

l Total 

100.0 

$249 . 00 

Note  that  the  cost  of  the  canal  in  this  case  is  two-fifths  of  the  entire  cost; 
Ithis  is  usually  the  case  unless  a portion  of  the  fall  is  left  undeveloped, 
■learn  relay,  to  supplement  dry-weather  flow,  will  add  30  per  cent,  more 

Elbe  total  cost. 

Ml.  Forebay  and  racks.  The  forebay,  where  water  wheels  do  not 
directly  from  the  canal  or  penstock,  is  an  enlargement  of  the  canal 
Dg  directly  to  the  racks  of  tne  power  house  which  is  built  across  the 
. end.  The  power  house  should  he  set  so  that  the  water  flows  from  the 
and  passes  through  the  racks  with  slight  if  any  change  in  direction, 
is  necessarily  some  loss  of  head  in  getting  the  water  through  the  racks 
[a;,  should  be  minimised  by  setting  them  so  that  they  draw  the  water 
tly,  as  mentioned.  Provision  must  be  made  by  a waste  weir  and  channel 
ed  that  when  open  a strong  surface  current  will  be  created  making 
to  float  accumulated  debris  and  ice  away  from  the  racks  and  dis- 
j them  into  the  river. 

-eks  are  customarily  built  up  of  flat  iron  bars  from  1/4  to  1/2  in.  thick 
2 to  3 in.  wide,  spaced  an  inch  and  a half  or  more  apart  in  the  clear, 
-*  the  flat  side  parallel  to  the  flow.  The  spacing  will  depend  on  the 
) of  the  water  wheels  and  the  fineness  of  the  material  to  be  excluded, 
rack  should  be  sectionalixed  into  panels  which  can  readily  be 
fa  out  for  repairs.  They  should  be  set  at  an  angle  of  approximately 
deg  from  the  vertical  in  order  to  facilitate  cleaning  with  a rake  from  a 
ktform  extending  the  length  of  the  intakes  to  the  power  house.  They 
•old  be  designed  of  sufficient  strength  to  withstand  the  water  pressure 
» dam  in  case  they  become  completely  clogged  or  frosen  up.  In  cases 
ere  every  effort  is  made  to  save  loss  of  head,  rack  bars  are  made  wdth 
inded  edges  or  of  lenticular  shape.  There  is  inevitably  some  contraction 
the  streams  of  water  in  passing  through  the  racks,  which  should  be  allowed 
lr  in  computing  the  net  area  to  be  procured.  The  velocity  through  the  racks 
tould  be  kept  low,  even  when  partially  clogged.  Three  feet  per  second 
tould  be  the  maximum  allowed  under  tne  very  worst  conditions. 
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68*.  Hydraulics  of  water-wheels.  Force  Is  required  to 
velocity  and  direction  of  any  moving  body.  In  the  case  of  hy< 
turbine  motors  water  is  the  moving  body  and  the  water-wheel  (whether  i 
pulse  or  reaction  or  combined)  is  the  agent  by  which  the  velocity 
direction  are  changed  and  useful  work  derived  from  the  process, 
portion  of  the  reduction  in  velocity  not  chargeable  to  friction  or  other  b 
occurring  during  the  passage  of  the  water  through  the  buckets  is  a measui 
of  the  efficiency  of  the  wheel  as  a prime-mover.  If  a jet  of  water  imping 
on  a moving  vane  or  bucket,  assuming  a condition  of  no  friction,  the  buck« 
will  acquire  a velocity  equal  to  that  of  the  jet,  the  theoretical  velodt 
due  the  head  acting.  The  velocity  of  the  wheel  must  be  considered  that  < 
the  centre  of  application  of  all  the  filaments  of  water.  Under  this  cond 
tion,  where  the  velocity  of  the  bucket  and  of  the  jet  are  the  same,  the  ) 

can  exert  no  pressure  on  the  bucki 
and  no  work  is  done.  Actually  th 
bucket  velocity  must  in  any  case  be  di 
creased  by  friction  from  that  suppow 
above,  and  the  water  must  exert  i 
least  a corresponding  amount  of  pis 
sure.  If  now  the  velocity  of  t 
bucket  be  further  decreased  until  it 
blocked,  the  water  is  exerting  its  ma 
imum  pressure  but  again  no  work! 
being  done.  There  is  some  speed  i 
rotation  between  these  two  extren 
at  which  the  maximum  amount  ] 
work  will  be  done;  that  is,  the  mu 
mum  portion  of  the  velocity  of  ti 
moving  water  will  be  converted  is 
useful  work.  At  this  point  the  moti 
is  running  at  maximum  efficient 
Although  the  buckets  and  vanes  m 
be  simple  or  complicated,  the  aba 
fundamental  conception  holds  t( 
and  the  performance  of  the  wheel  a 
be  analysed  by  a study  of  the  velocity  diagrams  at  the  entrance  and  1 
exit  of  the  buckets  or  vanes.  This  analysis  is  indicated  in  Fig.  75. 

In  this  diagram  S is  the  peripheral  velocity  of  the  bucket,  Vai  is  1 
absolute  velocity  of  the  water  at  entrance,  Vn  is  the  resultant  of  these  fc 
and  is  the  relative  velocity  of  the  water  at  entrance.  Vos  and  Vn  are  t 
absolute  and  relative  velocities  at  exit.  It  is  the  object  of  good  design 
make  Vn  such  that  Van  shall  be  as  small  as  practicable.  But  this  can 
so  fixed  for  only  one  condition  of  speed  and  gate  opening.  It  is  this  whl 
makes  it  important  to  know  in  advance  the  conditions  under  which  t 
wheel  is  to  operate.  .1 

688.  Types  of  water-wheels.  Modern  water-wheels  may  be  claaofij 
either  as  reaction  or  impulse  wheels.  While  the  same  fundamental  theoa 
hold  for  each,  as  pointed  out  in  Par.  681,  the  outward  form  and  the  metho 
of  utilising  the  water  are  radically  different  in  the  two  types.  The  reactii 
Wheel  (turbine)  utilises  in  the  main  the  pressure  of  the  water  and  U 
reactive  force  on  the  curved  buckets  which  tend  to  change  its  directiol 
An  impulse  wheel  utilises  the  velocity  and  impact  of  a jet  of  water  direct! 
against  buckets  on  the  rim  of  a wheel.  The  two  types  are  primarily  adapt! 
to  widely  different  conditions:  the  reaction  wheels  are  best  adapted  to  n 
latively  low  heads  and  large  quantities  of  water;  the  impulse  wheel  to  hifl 
heads  and  small  quantities  of  water.  In  recent  years  reaction  wheels  haf 
been  used  for  all  ranges  of  head  up  to  600  or  700  ft.,  where  the  units  al 
large.  But  for  heads  upwards  of  200  ft.,  with  small  flow,  the  impuls 
wheel  of  the  Pelton  type  iB  the  natural  selection. 

688a.  Type  characteristic.  The  general  design *and  shape  of  the  guide 
and  buckets  of  a waterwheel  determine  the  relation  between  the  speed  a 
revolution,  the  horsepower  and  the  head  acting  on  the  wheel.  This  relatioi 
is  called  the  type  characteristic  and  is  expressed  by  the  following  equation 

rp.m.^TTp.  (!31. 

hh 


Fi  a. 


75. — Velocity  diagram  of  i 
water-wheel  bucket. 
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fere  K i&  the  type  characteristic,  RJP.M.  the  revolutiona  per  minute,  H.P. 
horse  power  and  H the  head  in  feet.  The  varioua  sires  of  a given  type 
waterwheel  have  the  same  K within  small  limits,  the  speed  at  which  tne 
*!  must  be  operated  for  a given  head  decreasing  as  the  diameter  or  horee- 
jw  is  increased.  The  following  table  shows  average  values  of  K for 
ious  types  of  American  waterw’hcels.  For  relatively  high  speed  or  large 
»era  wheel  with  a high  characteristic  must  be  chosen. 


of  Type  Characteristic,  K.  tor  certain  American  Turbines.  • 


Name  of  manufacturer 

Type  of  wheel 

K 

fela-Chalmers  Mfg.  Co 

Type  15 

75 

BpChalmcrs  Mfg.  Co 

Type  12 

80 

■ellman-Scaver  M organ  Co..  . 

Type  A 

93 

lellnmn-Seaver  Morgan  Co... 

Type  B 

66 

fellman-Scaver  M organ  Co. . . 

Type  D 

27 

kmes  Leffel  Sc  Co 

Type  Z 

104 

Wes  Leffel  Ac  Co 

Samson 

62 

olyoke  Machine  Co 

Type  B Hercules 

66 

olyoke  Machine  Co 

Type  D Hercules 

78 

P Morris  Co 

Type  0 

91 

P.  Morris  Co 

Type  M 

69 

Morgan  Smith  Co 

Type  K 

66 

Morgan  Smith  Co 

Type  S 

Improved  New 
American 

106 

iyton  Globe  Iron  Works  .... 

80 

lyton  Globe  Iron  Works.  . . . 

New  American 

52 

Itt  Iron  Works 

Victor 

60 

[Values  given  are  for  particular  installations.  The  value  of  K may 
■fly  vary  over  moderate  limits  with  equally  satisfactory  operation, 
py  all  manufacturers  make  several  types  of  runners  to  cover  a wider 

■ of  values  of  K,  a very  few  types  only  being  given  above. 

&3b.  The  performances  of  reaction  wheels  of  various  types  made  by 
i manufacturer  under  one  foot  head  are  given  in  the  following  table, 
fc  toy  other  head  (//)  the  corresponding  quantities  can  be  found  by 
Implying  the  discharge  as  given  in  the  table  by  //$,  the  speed  by  H ^ 
l the  horsepower  by  H Stock  sixes  of  waterwheels  ordinarily  extend 

■ 12  in.  or  15  in.  diameter  to  72  in.  and  100  in.,  but  special  wheels  have 

■ built  with  a diameter  of  1J  feet  and  over.  There  is  some  variation  in 
practice  of  the  different  manufacturers  in  the  method  measuring  the 
Kters  of  wheels. 


[Characteristics  of  Standard  Reaction  Turbine  Runners • 


Type  A 
Specific  speed  K 

-13.55 

Type  B 

Specific  speed  K 

-20.3 

L 

r.p.m.i 

h.p.i 

Qi 

r.p.m.t 

h.p.i 

Qi 

f 15 

71.7 

0.0358 

0.38 

76.7 

0 . 0705 

0.791 

18 

59.8 

0.0514 

0 55 

64.0 

0.105 

1 . 10 

21 

51  2 

0 . 0705 

0.75 

54  7 

0 . 1 385 

1.45 

24 

44  75 

0.0915 

0 975 

47  8 

0.182 

1.91 

27 

39.8 

0.116 

1 . 235 

42.5 

0.229 

2.41 

30 

35.8 

0.1425 

1.52 

38.25 

0.284 

2.982 

L 34 

31  65 

0.  184 

1.96 

33  8 

0.363 

3.82 

38 

28  25 

0.23 

2 442 

30.2 

•0.453 

4.78 

42 

25.65 

0.28 

2.98 

27.4 

0.551 

5.80 

46 

23.40 

0.336 

3.58 

25.0 

0.665 

7.00 

50 

21.50 

0.398 

4.24 

22.9 

0.790 

8.40 

55 

19.56 

0.48 

5.12 

20.9  1 

0.950 

10.00 

60 

17.90 

0.573 

6 10 

19.1 

, 1.130 

11  90 

65 

16.55 

0.672 

| 7.15 

i 17.65  | 

1 1.330 

| 14.00 

70 

15  40 

0.785 

8.35 

16.40 

1 1.535 

! 16.15 

845 
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Characteristics  ( Continued ) 


Diam.  inches 

Type  C 
Specific  speed  K 

- 29.4 

Type  D 
Specific  speed  K 

* 40.7 

r.p.m.i 

h.p.i 

Q> 

r.p.m.i 

h.p.i 

Qi  j 

15 

18 

21 

24 

27 

30 

34 

38 

42 

46 

50 

55 

60 

65 

70 

81.5 
68.0 

58.2 

51.0 

45.2 

40.2 

36.0 

32.2 

29.1 

26.6 

24.4 
22.25 

20.4 
18.8 

17.5 

0.130 

0.187 

0.225 

0.333 

0.423 

0.520 

0.668 

0.835 

1.016 

1.225 

1.450 

1.745 

2.08 

2.44 

2.82 

1.35 

1.95 
2.34 
3.46 

4.40 

5.40 

6.95 
8.68 

10.55 

12.78 

15.10 

18.10 
21.60 

25.40 

29.40 

85.6 

71.5 
61.3 
53.55 

47.6 

42.8 

37.8 

33.8 

30.6 

27.9 
25.65 
23.30 
21.40 
19.80 
18.35 

0.226 

0.324 

0.442 

0.577 

0.731 

0.902 

1.158 

1.444 

1.765 

2.120 

2.50 

3.04 

3.61 

4.22 

4.90 

2.38 

3.42 

4 64 

6 08 
7.70 
9.47 
12.20 
15.20 
18.50 

22.3 

26.3 
32.0 

38  0 

44  2 
51.5 

Characteristics  ( Continued ) 

Type  E 

Type  F 

Specific  speed  K * 49.7  — 

Specific  speed  K — 70.0  — 

Diam.  inches 

62.8 

83.85 

r.p.m.i 

h.p.i 

Qi 

r.p.m.i 

h.p.i 

Q*  • 

14 

94.6 

0.277 

2.95 

110.9 

0.410 

4 53 

16 

83.6 

0.367 

3 90 

97.0 

0.541 

5 . 96 

18 

74.3 

0.471 

5.02 

86.8 

0.704 

7 77 

20 

67.0 

0 . 597 

6.37 

77.0 

0.912 

10.01 

22 

61.0 

0.731 

7.80 

69.7 

1.133 

12.55 

24 

56.0 

0.883 

9.42 

64.3 

1.375 

15  20 

26 

52.0 

1 . 055 

11.20 

59.5 

1.623 

17  95 

28 

48.1 

1.243 

13.25 

55.3 

1.930 

21  3C 

30 

45.5 

1.436 

15.30 

52.0 

2.20 

24  3C 

32 

42.7 

1.65 

17.55 

49.1 

2 . 555 

28.25 

34 

40.3 

1.89 

20.10 

46.6 

2.825 

31.20 

36 

38.2 

2.15 

22.80 

44.1 

3.  14 

34.75 

38 

36.2 

2.42 

25.70 

41.9 

3.52 

38. 9C 

40 

34.5 

2.75 

29  3 

39.8 

3.93 

43  40 

42.5 

32.5 

3.09 

33.0 

37.5 

4.33 

47.80 

45 

30.8 

3.53 

37.6 

35.8 

4.92 

54.25 

47.5 

28.8 

4.01 

42.65 

34.0 

5.66 

62.60 

50 

27.8 

4.45 

47.4 

32  3 

6.13 

67  80 

52.5 

26.6 

4.95 

52.7 

30.8 

6.75 

74  60 

55 

25.45 

5.52 

58.8 

29.9 

7.50 

S2.75 

57.5 

24.3 

6.10 

65.0 

28.2 

8.16 

90.00 

60 

23.4 

6.80 

72.4 

27 . 05 

8.94 

98  70 

64 

22. 1 

7.63 

81.25 

25.60 

10.05 

1110 

68 

20.9 

8.57 

91.3 

24.20 

11.34 

125.0 

72 

19.8 

9.58 

102.0 

22.58 

13.07 

144.0 

76 

18.8 

10.92 

116.0 

21.50 

14.52 

161  0 

80 

•17.9 

12.30 

131.0 

20  36 

16.29 

180.0 

84 

19.50 

17.88 

197.0 

88 

18.60 

20.4 

225  0 

92 

17.75 

22.0 

243.0 

96 

16.85 

24.48 

270  0 

100 

.... 

16.30 

26.46 

| 293.0 

• From  "Speed  Regulation  in  Hydro-Electric  Plants”  by  Wm.  F.  UhL 
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Speed  Factor  v- 

Fio-  76. — Characteristic  curves — 48-in.  turbine. 

Tiie  efficiency  of  modern  water-wheels  has  been  steadily  improved 
>riment  and  design  until  the  makers  can  now  guarantee  test  results  of 
■j  ncr  cent,  to  90  per  cent,  at  the  Holyoke  Testing  Flume  (Par.  707) . 
the  same  result  in  place  requires  the  best  design  of  the  setting  and 
avs.  Many  wheels  which  came  up  to  specification  in  the  Holyoke 
ve  failed  signally  in  place  to  show  the  power  and  efficiency  of  which 
ere  capable.  In  most  of  these  cases  the  fault  wc&  not  in  the  wheel 
the  setting.  A wheel  improperly  installed  is  not  given  a fair  chance, 
efullv  tracing  the  velocity  through  the  penstocks,  wheel  case,  discharge 
nd  draft  tube,  using  net  areas  throughout,  it  is  possible  to  design 
ns  which  avoid  high  velocities  and  undue  changes  of  velocities  and 
on,  and  results  in  place  equal  to  the  Holyoke  test  results  may  be  ex- 
Efficiency  curves  for  a modern  reaction  wheel  are  given  in*rig.  to. 
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Fig.  77. — Cylinder  gate  runner. 


686.  Water  velocity  through  guide  chutes.  Mention  has  already  bee 

made  of  the  importance  of  keeping  the  velocity  of  the  water  through  heac 
gates,  canal  and  racks  low.  It  also  should  be  kept  low,  not  over  3 f 
per  sec.,  as  it  approaches  the  guide  chutes  of  the  runner  itself.  There  , 

an  exception  to  this  in  the  case  of  singd 
runners  set  in  the  so-called  scroll  caa 
In  these,  wheel  makers  are  now  requi: 
ing  a velocity  of  about  15  per  cent  < 
that  due  to  the  head  acting  on  the  whee 

687.  Mechanical  details.  A typ 
cal  runner  is  shown  in  Fig.  77,  and 
special  runner  in  Fig.  78.  The  gener 
appearance  of  a vertical  turbine  wit 
cylinder  gate  is  shown  in  Fig.  79,  wit 
the  usual  form  of  setting  in  a concrei 
wheel  pit.  The  same  type  of  wheel  wif 
a horizontal  setting  in  a steel  flume 
indicated  in  Fig.  80. 

688.  Settings.  There  must  be  equ, 
chance  for  the  water  to  feed  to  all  par 
of  the  guide  circumference.  When  oi 
or  more  pairs  of  wheels  on  the  san 
shaft  are  set  horizontally,  extra  cal 
must  be  taken  to  insure  that  the  la 

wheel  in  the  line  can  draw  its  share  of  the  water  under  as  favorable  cond 
tions  as  the  first  wheel.  A pnir  of  centre-discharge  wheels  should  be  » 
in  the  case  so  that  the  clear  distance  between  the  discharge  lips  of  the  tv 
runners  shall  be  at  least  from  3 to  4 times  the  diameter  of  the  runnel 
The  greater  distance  should  be  used  w-ith  higher  heads;  rough  limits  of  heal 
and  corresponding  distances  are  given:  12  ft.,  2.5  diam.;  18  ft.,  3.0  diam.;  i 
ft.,  3.5  diam.;  50  ft.,  4.0  diam. 

Single,  large,  vertical  units  have  recently  received  special  attention  fro 
designers  and  builders,  and  it  has  been  demonstrated  possible  to  obtai 
efficiencies  with  them 
about  4 per  cent, 
higher  than  have  been 
obtained  with  horizon- 
tal settings  of  equal 
output.  In  comparing 
different  settings  it  is 
important  to  know'  ex- 
actly where  the  head 
is  measured;  it  is  here 
assumed  that  the  net 
effective  head  is  taken. 

See  also  Par.  711. 

689.  Ratings. 

Water-wheels  are  rated 
i n horse-power,  the 
rating  given  being 
usually  the  maximum 
output  under  the  head 
stipulated.  It  is  im- 
portant to  keep  in  mind  three  things:  (a)  that  a horse-power  is  a small 
unit  than  the  kilowatt  (1  horse-power  *■  0.746  kw.);  (6)  that  water-whc< 
driving  generators  must  carry  t ho  normal  load  at  from  0.75  to  0.80  ga 
in  order  to  take  care  of  overload  on  the  generators;  (c)  when  once  under 
given  head  the  wheel  is  discharging  its  maximum  quantity  of  water  I 
further  output  can  be  wrung  from  it.  The  attempt  to  impose  a heavi 
load  can  only  result  in  reduced  speed  and  output.  Simplification  wou 
result  if  water-wheel  ratings  for  hydro-electric  plants  were  stated 
kilowatts  and  generator  ratings  were  stated  in  terras  of  the  maximum  ou 
put  instead  of  normal  rated  output.  This  would  remove  the  sources 
confusion  brought  about  by  rating  each  half  of  an  integral  unit  by  a *ep 
rate  standard. 


Fig.  78. — Special  runner. 
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S90.  Draft  tubes  make  it  possible  to  set  reaction  wheels  well  above  tail- 
tier.  This  is  a distinct  and  important  advantage.  It  makes  the  wheels 
inaible  for  inspection  and  repair  in  spite  of  backwater  conditions,  and 
Units  the  use  of  horizontal  wheels  direct-connected  to  generator  or  shafting 
khout  sacrificing  head.  In  a plant  subject  to  severe  backwater,  if  the 
Bhinery  floor  can  be  set  20  ft.  above  low  tail-water  elevation,  draft 
hbes  frequently  save  great  expense  in  heavy  construction  and  waterproofing 
[the  power  house. 

A reaction  wheel  discharging  freely  into  y/ 

fc  air  would  be  acted  on  by  a head  equal  Ma  r* 

► the  distance  from  headwater  elevation  E3 

f the  elevation  of  the  centre  of  the  dis-  d TT 

Urge  orifices,  minus  such  losses  as  occur.  - . js*|  isk  f| 

he  pressure  against  the  discharge  is  full 

Biospheric.  If  now  we  attach  an  air-  11  I I lilu 

fit  pipe  of  suitable  diameter  to  the  run-  ■lllli  him  m 

case  and  conduct  the  water  down  from  Imilll  1 1 tlml 

1 wheel  and  discharge  it  under  the  sur-  ^ Will  1 1 1 lllllll 

1 of  the  water  in  the  tailrace  we  have 
reased  the  head  acting  on  the  wheel,  WwwMvIm 
ause  now  the  pressure  against  the  dis-  Knu 

rge  from  the  w heel  buckets  is  less  than  p 

lospheric  by  an  amount  corresponding  — 

the  vertical  distance  from  buckets  to  | H 

Irace,  where  the  full  atmospheric  pres-  ^ 

c acting  on  the  water  in  the  tailrace  ^ m 

folding  up  the  column  of  water  in  the 

* or  draft  tube  so-called  (Fig.  82).  A Fiq  79 —General  arrange- 

Iber  gain  is  «»«**«*  meat  of  vertical  turbine  with 

in*  the  cross-section  of  the  draft  tube.  ..  , 

1 reduces  the  velocity  of  discharge  and  cylinder  gate, 
se  of  the  energy  present  as  velocity  .. 

traiwformed  into  pressure  wnthin  the  draft  tube.  This  increases  the 
nmn  held  up  by  atmospheric  pressure  acting  on  the  tailwater  and  cor- 
pondingly  decreases  the  pressure  against  the  discharge  from  the  wheel, 
ith  good  design  this  may  amount  to  a foot  of  head.  The  flare  should  not 

greater  than  approximately  1 in  10. 

f The  normal  atmospheric  pressure  wall  support  a column  of  water  .54  it. 
\ height  Draft  tubes  are  seldom  used  longer  than  25  ft.  There  are 


Discharge 

Fio.  80. — Cylinder  gate  turbine,  horizontal  type  in  steel  flume. 

ural  limitations,  inevitable  losses  and  some  leakage  of  air  which 
„j  it  difficult  to  maintain  to  any  greater  height  an  unbroken  column 
olid  water,  essential  to  the  success  of  the  tube.  It  has  been  noted  that 
pressure  within  the  draft  tube  is  less  than  atmospheric.  This  necesai- 
tn  an  air-tight  design  suited  to  withstand  collapsing  pressure, 
rhe  velocity  through  the  upper  portion  of  the  draft  tube  is  necessarily 
h.  For  this  reason,  the  interior  surface  should  be  smooth  to  minimize 

Digitized  by  Goode 


Sec.  10-691 


POWER  PLANTS 


friction  and  eddy  losses;  and  in  the  case  of  horizontal  wheels  the  obstruct* 
caused  by  the  shaft  should  be  made  as  slight  as  possible.  If  draft  tubes  a 
set  on  an  angle  it  should  never  be  more  than  45  deg.  from  the  vertical.  T 
elevation  of  the  outlet  should  be  fixed  so  that  the  draft  tube  shall  be  seal 
during  lowest  tailwater  conditions.  The  velocity  of  discharge  from  the  td 
should  in  general  be  a little  greater  than  that  of  the  water  into  which  it  <£ 
charges,  but  ordinarily  not  more  than  3.5  or  4 ft.  per  Bee.  at  full  discharge. 

691.  The  tailrace  should  be  designed  to  carry  the  water  away  with 
minimum  sacrifice  of  head.  It  should  therefore  receive  the  same  care  in  derii 
and  construction  as  the  feeding  canal. 

692.  In  selecting  the  type  of  wheel  to  he  installed  in  any  power  pis 

the  natural  conditions  of  head  and  flow,  with  their  variations,  and  the  pod 
demand  on  the  plant  must  be  clearly  and  definitely  understood.  Sto 
wheels  can  be  purchased  which  fit  a wide  range  of  conditions;  special  whe 
may  be  designed  to  fit  a far  wider  range.  The  following  points  should 
covered  in  any  wheel  selection;  (a)  head,  and  its  variation;  ^6)  flow,  and 
variation;  (c)  speed,  and  the  importance  of  close  regulation;  (<ty  pci 
demand,  and  its  variation.  These  may  best  be  studied  in  connection  % 
the  characteristic  curves  of  different  types  of  turbines;  it  is  in  fact  the  6 
way  of  making  an  intelligent  selection  from  stock  designs.  The  fluctuat 
in  power  demand  is  probably  the  most  troublesome  point  and  the  wl 
which  shows  the  best  efficiency  over  the  desired  range  may  be  readily  pud 
out  from  a comparison  of  the  curves.  In  the  same  way  the  effect  of  t 
variations  of  head  on  each  type  of  wheel  may  be  seen  and  allowance 
the  choice.  A set  of  common  characteristic  curves  are  shown  in  Fig. 
these  arc  drawn  from  Holyoke  test  results,  reduced  to  the  head  under  wh 
the  wheel  is  to  operate. 

Three  examples  arc  given  below  to  illustrate  three  typical  but  varil 
requirements  which  water-w’heels  haye  met  successfully.  The  number 
units  should  be  based  upon  the  fluctuations  in  stream  flow  and  power 
mand;  but  each  unit  should  be  ready  to  take  care  of  momentarv  fluctuate 

(1)  Ground-wood  pulp  mill.  Here  the  wheels  are  run  at  full  gate  as  k 
as  there  is  water  to  run  them.  High  speed  is  important,  but  moderate  vai 
tions  in  head  are  of  small  concern. 

(2)  Textile  mill.  There  is  only  moderate  variation  in  load  during  work 
hours.  Uniform  speed  is  vital;  therefore  wheels  which  hold  their  effiriei 
for  constant  speed  under  variations  of  head  are  desired. 

(3)  Hydroelectric  plant  carrying  a railway  and  lighting  load.  B 
fluctuations  in  power  demand  are  extreme  and  close  regulation  is  essenl 
Such  a plant  frequently  requires  a specially  designed  runner;  the  reqon 
ments  are  obvious. 

693.  Speed  regulation.  The  control  of  reaction  wheels  is  effect! 

by  governors  w hich  act  directly  on  the  wheel  gates.  There  are  two  gem 
types  of  governors,  mechanical  and  hydraulic.  Either  to  be  most  effectil 
Bhould  bo  of  the  relay  type  in  which*  “the  energy  is  transmitted  fro* 
source  independent- — as  to  quantity — of  the  centrifugal  governor  balls  ■ 
controlled  by  them  in  its  application.”  In  all  cases  in  which  the  fluctuated 
in  load  may  be  large  and  sudden  some  form  of  relief  must  be  proyidl 
For  open  canals  the  spillway  already  described  for  getting  rid  of  cfebris  d 
answer.  For  long  penstock  lines  standpipes  or  relief  valves  or  both  shod 
be  provided  and  careful  study  is  needed  to  ensure  the  best  results. 

Impulse  wheels  may  be  governed  by  deflecting  the  stream  away  from® 
buckets  or  by  throttling  the  stream.  The  throttling  may  be  accomplish 
in  the  case  of  a multiple  orifice  nossle  by  closing  some  of  the  orifices, 
usual  nozzle  is  known  as  the  Doble  needle  nozzle.  It  is  usually  the  easel 
impulse  wheel  installations  that  the  head  is  great  and  the  velocity  of  the  wall 
high.  For  this  reason  the  inertia  of  the  column  of  water  contained  in  U 
penstock  is  such  as  to  prohibit,  on  the  grounds  of  safety,  governing  ■ 
throttling  alone.  In  such  cases  the  first  action  of  the  governor  is  to  defl* 
the  stream,  the  second  and  slower  action  is  to  throttle  the  flow.  This  oed 
biued  control  is  the  most  economical  of  water. 


* Mead,  I).  W.,  “Water  Powder  Engineering;”  New  York,  McGraw-ffi 

Book  Co.,  Inc.,  1908. 
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4.  (foreman  have  been  developed  and  improved  rapidly  in  recent 
L The  increasing  demand  for  close  regulation  of  power  plants  has 
uleted  this  improvement  until  now  there  is  a new  type  fitted  to  every 
requirement.  In  general  it  can  be  said  that  for  small  units  and  for  cases 
hich  the  textile  plant  is  representative  the  mechanical  governor  is  ad- 
bly  suited.  For  large  units  such  as  are  becoming  common  in  hydro- 
ric  practice  the  hydraulic  governor  is  better  fitted  to  develop  the  great 
necessary  to  operate  the  turbine  gates.  According  to  Mead*  governor 
fications  should  call  for  a guarantee  of  the  following:  (a)  sensitiveness 
;r  cent,  load  change  which  will  actuate  the  governor;  (6)  power  which 
;overnor  can  develop  and  force  which  it  can  exert  to  move  the  gates; 
ipidity  with  which  it  will  move  the  gates;  (d)  anti-racing  qualities,  such 
unber  of  gate  movements  required  to  adjust  for  a given  load  change; 
neral  requirements  of  material,  strength,  durability,  etc.  The  hydraulic 
icer  can  simplify  governing  to  a marked  degree  by  good  design  of  tho 
acks,  draft  tubes,  etc 

1.  Operation.  The  cost  of  operating  a hydroelectric  plant  is  from 
15  per  cent,  of  the  first  cost. 

f.  Coat  data.  A sub-division  of  costs  (Spring  of  1921)  for  a typical 
is  as  follows: 


Item  Per  kw.  year 

est  6 per  cent,  on  $249.0  (Items  1-5,  Par.  $$0) $14.94 

eciation  10  per  cent,  on  42.80  (Item  5,  Par.  680) 4.28 

Iper  cent,  on  53.0  (Items  2 and  4,  Par.  680) 1.06 

t per  cent,  on  105.20  (Item  3,  Par.  880) 1.06 

ary  repairs  and  maintenance  $5|  per  kw.  year 5.34 

nistration  $2.00  per  kw.  year 2.00 

» 2 per  cent,  on  $150.0  (60  per  cent,  of  total  cost) 3.00 

xnee  J of  1 per  cent,  on  $66.8  (Items  4 and  5,  Par.  680.  0.34 


$32.02 

te  that  interest  at  6 per  cent,  and  depreciation  are  two-thirds  of  the 
, Steam  relay  to  supplement  dry-weatner  flow  will  add  25  per  cent,  to 
dog  cost  without  coalt  if  oharged  against  the  water  power. 

PLANT  DESIGN 

r-  General  ensemble.  The  location  and  relative  position  of  the  dam, 
works,  power  house,  tail  race,  and  all  other  necessary  structures  must  be 
oed  to  a large  extent  by  the  topography  and  the  geological  conditions 
e site.  The  choice  between  various  possible  schemes  will  be  based  in 
i*in  upon  the  relative  cost  considered  in  connection  with  the  efficiency 
e proposed  plant  as  an  energy  producer,  or  as  an  income  producer, 
height  to  which  the  dam  may  be  Duilt  is  usually  limited  by  tne  extent 
wage  damage.  In  a hydroelectric  plant  pondage  may  have  great 
>»  making  fully  warranted  the  purchase  of  extensive  flowage  rights.  The 
ray  section  of  the  dam  should  be  designed  to  pass  safely  the  maximum 
tot  of  water  that  can  be  expected.  Likewise  the  abutments  and  other 
structures  must  be  built  to  withstand  successfully  the  greatest  freshet 
livable  on  the  river.  In  this  connection  it  is  important  to  realize  that 
r extraordinary  flood  conditions  the  channel  above  and  below  the  dam, 

»ot  the  dam  itself,  may  frequently  control  the  height  to  which  the  water 
This  is  especially  likely  to  be  the  case  when  the  dam  is  built  at  the 
of  rocky  tortuous  rapids  or  in  a bend  of  the  river, 
e intake  should  draw  water  from  the  stream  with  as  little  change  in 
tion  as  feasible  and  must  be  protected  by  some  form  of  boom  which 
direct  ice  and  floating  d6bris  away  from  the  head-gates  and  over  the  dam. 
rough  a waste  channel  designed  for  that  purpose.  Additional  head  may 
>tained  over  that  at  -the  dam  itself  by  carrying  the  water  downstream  in 
or  penstocks.  The  advisability  of  such  procedure  is  determined  by 
dy  of  the  fixed  charges  on  the  structure  and  the  value  of  the  increased 
7 so  obtained. 

* whole  system  of  waterways  from  head-gates  through  the  canal  or 
!ock,  racks,  wheelpit  and  tailrace  to  the  nver  should  be  designed  to 

dead,  D.  W.,  "Water  Power  Engineering;"  New  York,  McGraw-Hill 
: Co.,  Inc.,  1908;  Chap.  XVIII,  p.  467. 
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Flo.  81. — Miscellaneous  settings  of  water-wheels. 

ease  of  scroll  case  settings  has  been  noted  in  Par.  M6.  Where  more  uutki 
wheel  is  mounted  on  a shaft  it  is  important  to  provide  for  equal  distribun 
of  the  water  among  the  units,  and  to  provide  against  interference  I 
the  draft  chest  as  mentioned  in  Par.  MS.  The  velocity  at  the  top  of  1 

draft  tube  is  necessarily  high  and  shew 
be  gradually  reduced  by  enlarging  1 
cross -section  of  the  tube  until  it  is  <i 
Charged  at  about  3 ft.  per  see.  j 

•®S.  Typical  aettlngs  of  water  whJ 
are  shown  in  Fig.  81.  A modern  form 
setting  known  as  the  spiral  or  scroll  e 
ing  is  illustrated  in  Fig.  82,  which  she 
a longitudinal  vertical  cross-section.  T 
latter  type  of  setting  is  employed  at  1 
Keokuk  plant  of  the  Mississippi  Hi* 
Power  Co.  . 

§99.  The  economical  developml 
of  a water-power  proposition  must  dep« 
upon  the  available  power  in  the  ml 
the  market,  and  the  degree  to  which  au| 
iary  power  is  to  be  employed.  Two  thi: 
must  be  determined  as  exactly  as  posail 
(a)  the  hydrograph  of  the  river  (? 

„ 00  a.  . . * MB);  ( b ) the  load  curve. 

. Fro.  82.  Single  vertical  tur-  a thorough  and  exhaustive  study  of 
Dine  ita  a spiral  flume  direct  Tun-oft  data  should  be  made  where  tin 
connected  to  a vertical  electric  are  'available;  otherwise  study  must 
generator.  made  by  comparison  with  similar  draira 

areas  by  means  of  rainfall  data.  Ex: 
ing  and  possible  storage  should  receive  careful  attention.  It  should  be 
mem  be  red  that  on  streams  with  incomplete  storage  atrraQta  art  dangrn 
leading  to  overdevelopment.  Two  or  3 days  of  flood  discharge  in  a moi 


keep  the  velocities  low  enough  to  avoid  excessive  loss  of  head.  Fluetuatioi 
in  velocity  are  bad,  and  if  unavoidable  the  changes  should  be  made  gradually 
It  is  better  to  gradually*  speed  the  water  up  from  say  1 ft.  per  sec.  i 
the  head-gates  to  not  more  than  3 ft.  per  sec.  at  the  wheel  gates,  i 
the  ease  of  the  ordinary  vertical  or  horisontal  setting:  the  exception  in  tl 
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Bach  above  the  capacity  of  any  possible  equipment  oan  raise  the  monthly 
tverage  to  crre  a totally  erroneous  impression  of  the  kilowatt  hours  avail- 
ahle.  For  this  reason,  daily  records  of  flow  should  be  used  in  preference 
to  monthly  records,  since  the  daily  record*  bring  out  the  maximum  and 
minimum  flows  and  the  final  estimate  can  be  much  nearer  the  truth. 

The  probable  load  curve  is  of  prime  importance,  and  taken  together  with 
the  available  pondage  it  will  determine  the  number  and  sise  of  units  to  be 
installed  to  give  flexibility  and  economy  in  operating. 

T09.  Auxiliary  power.  If  a relay  station,  steam,  gas  or  oil,  be  used,  it 
shoold  be  placed  as  near  the  market  or  sources  of  fuel  as  economic  conditions 
warrant.  Its  capacity  must  be  determined  by  the  daily  and  yearly  hydro- 
graph  and  the  load  curve.  80  many  combinations  of  conditions  of  pondage, 
storage  and  load  occur  that  every  case  must  have  special  and  detailed  study. 
There  are  very  few  developments  where  a relay  station  owned  either  by  tne 
seller  or  the  buyer  of  hydroelectric  energy  is  not  almost  essential. 

Til.  Choice  of  units.  With  varying  load,  efficiency  requires  two  or 
more  units  so  that  during  the  hours  of  minimum  demand  the  machine  or 
machines  on  the  line  can  carry  the  load  at  good  efficiency.  Then  as  the 
load  comes  on  additional  machines  are  out  in  ns  needed. 


TO*.  Provisions  for  handling  floods  include:  (a)  flsshbosrds:  (6) 
Tainter  gates:  (c)  sluiee  gates.  It  has  been  noted  that  the  height  to 
which  a power  dam  can  be  built  is  usually  limited  by  the  extent  of  the  nowage 
permissible  (Par.  907).  This  necessarily  applies  to  the  high- water  stages 
which  may  be  expected  every  year,  and  settlements  for  the  necessary  rights 
ue  usually  made  onee  for  all.  During  most  of  the  months  in  each  year 
increased  pondage  or  head,  or  both,  can  advantageously  be  procured  by 
raising  the  dam  without  creating  greater  flowage  than  occurs  during  high 
water  from  the  dam  at  its  permanent  elevation.  This  is  accomplished  in  a 
number  of  ways,  but  most  oommonly  on  power  dams  by  the  use  of  flash  boards 
which  are  designed  to  bend  over  or  go  off  during  floods.  In  this  way  pro- 
vision is  made  for  handling  floods  at  the  moderate  cost  of  replacing  the 
dashboards. 

In  order  to  provide  for  the  occasional  summer  freshet  and  to  give  greater 
discharging  capacity  in  cases  of  great  freshets  flood  gates  are  incorporated 
in  many  modern  dams.  When  warned  of  a freshet,  probably  of  short 
duration,  it  is  frequently  possible  by  opening  the  gates  in  the  dam  to  pass 
the  extra  water  without  straining  or  losing  the  Dashboards.  Flashboards 
are  ordinarily  held  in  place  by  either  wrought-iron  pins  which  will  bend  over, 
or  tight  wooden  figure-fours  which  will  break  when  the  water  rises  too 
high.  The  development  of  water  power  on  navigable  streams  also  leads 
to  the  use  of  Tainter  gates,  Chanoine  wickets.  Bear  traps  and  other  forms  of 
movable  dams  ordinarily  suited  to  their  purpose,  but  whioh  in  northern  rivers 
tarrying  much  ice  must  be  designed  with  great  care. 

TOS.  Dog  sluices  and  fish  ladders  are  necessary  appendages  to  most 
power  dams.  A log  sluice  is  an  indined  chute  on  the  downstream  side  of 
the  dam  with  a gate  at  the  crest  which  is  opened  whenever  a log  drive  must  be 
run  past  the  dam.  These  are  usually  required  by  law  where  log  driving  has 
ever  existed  on  the  river.  Fishways  are  required  by  federal  law  on  most 
rivers  and  must  be  kept  open  during  certain  portions  of  the  year.  There 
are  various  forms,  two  of  which  are  mentioned.  One  is  constructed  to  form  a 
fight  of  pools,  the  water  spilling  into  each  successively.  The  other  is  a 
chute  set  at  a moderately  flat  slope  with  baffles  built  alternately  from  the 
right  and  left  sides,  about  three-quarters  of  the  way  across. 


T04.  Buildings  and  foundations.  The  conditions  controlling  plant 
design  are  discussed  in  detail  in  Par.  697,  700  and  701.  Foundations  are 
usually  subject  to  water  pressures  due  to  head  or  backwater  or  variations 
from  drpught  to  flood  conditions.  These  conditions  usually  require  founda- 
tions much  in  excess  of  ordinary  building  requirements. 

The  rise,  height  and  arrangement  of  buildings  usually  follow  these  hy- 
draulic conditions  and  the  type  of  unit  selected. 


709.  Summary  of  unit  costa.  Unit  costs  common  to  most  water- 
power developments  with  some  idea  of  the  range  of  prices  (Spring  of  1921) 
whioh  depends  upon  the  amount  of  each  contract,  distance  from  markets, 
difficulties  of  handling,  eto.,  arc: 
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Rock  excavation  under  water 

Earth  excavation  under  water 

Rook  exoavation  in  the  open  or  behind  tight 

ooffer  dame 

Earth  exoavation  behind  tight  ooffer  dame.. . . 

Coffer  dame 

Reinforced  oonerete 

Ordinary  concrete 

Reinforcing  material 

Penstock  and  draft  tubes  of  steel  plate,  erected. 


$8.00  to  $16.00  per  on.  yd. 
2.00  to  3.00  per  on.  3rd. 

2.25  to  5.00  per  on.  yd. 
0.75  to  2.00  per  cu.  yd. 

10.00  to  20.00  per.  tin.  ft. 

20.00  to  30.00  per  cu.  yd. 

12.00  to  16.00  per  on.  3rd. 
0.06  to  0.10  per  lb. 

0.15  to  0.20  per  lb. 


TESTING 

70$.  Water-wheel  testing  has  played  a vital  part  in  the  improvements 
which  have  been  accomplished  in  the  design  ana  construction  of  turbines. 
Every  water-wheel  should  be  tested  if  possible  before  it  is  installed.  That 
a similar  wheel  of  the  same  make,  diameter  and  pattern  has  been  tested  and 
shown  satisfactory  results  is  no  guarantee  that  a wheel  which  has  not  been 
tested  will  give  similar  results.  The  expense  of  the  test  should  never  be 
allowed  to  militate  against  it,  for  a gain  of  only  1 per  cent,  fn  efficiency 
will  pay  for  the  test  in  a relatively  short  time.  Specifications  and  guarantee 
requirements  should  be  drawn  with  care  and  include  where  feasible  pro- 
vision for  final  acceptance  tests  in  place,  in  addition  to  the  preliminary  teats 
at  the  Holyoke  Testing  Flume.  In  addition  to  finding  out  whether  the  wheel 
has  met  the  specification  requirements,  the  tests  furnish  data  by  means  of 
which  the  use  of  the  wheel  as  a water  meter  is  possible  (Par.  $$$). 

707.  The  Holyske  Testing  Flume  furnishes  the  only  plaoe  in  this  country 
where  systematic  testing  is  carried  on.  The  maximum  head  is  17  ft.  and  the 
maximum  discharge  possible  is  between  250  and  300  cu.  ft.  per  sec.,  at  which 
discharge  the  head  is  reduced  nearly  one-third.  In  spite  of  these  Li  nutations 
the  tests  are  invaluable  to  the  water-power  engineer  and  form  a common 
basis  of  comparison  for  designers. 

70$.  The  quantities  to  be  measured  in  a water-wheel  test  are  speed, 
head,  discharge  and  power  output.  At  the  Holyoke  flume  these  are  observed 
by  a revolution  counter,  head  and  tail  water  gages,  weir  and  Prony  brake, 
respectively.  Various  gate  openings  are  selected  and  for  each  opening  the 
wheel  is  run  at  many  speeds  in  order  to  determine  the  most  efficient  speed 
for  each  gate. 

709.  For  making  the  final  acceptance  test  of  water  wheels  a test  in 

8 lace  is  becoming  more  frequent.  Such  a test  furnishes  direct  evidence  of 
[ie  performance  of  the  wheels  under  service  conditions. 


namely,  to  measure  the  input  and  the  output.  To  measure  the  input  requires 
the  measurement  of  the  bead  and  the  quantity  of  water  used  by  the  unit 
under  test. 

711.  The  points  of  measurement  of  the  head  should  be  selected 
to  show  the  net  head  actually  acting  on  the  wheel.  Friction  losses  in  canal 
or  penstock  and  tailrace  are  not  properly  charged  against  the  performance 
of  the  turbines,  however  much  they  may  affect  the  overall  efficiency  of  the 
plant.  The  point  therefore  at  which  to  measure  the  headwater  is  just  before 
the  water  is  drawn  to  the  guide  chutes,  and  the  tail-water  should  be  observed 
at  the  nearest  feasible  point  to  the  discharge  of  the  draft  tube.  In  open 
flume  settings  the  head  water  is  observed  in  the  flume.  In  the  ordinary 
* ould  be  tapped  into  the  sidi 


Par.  640,  piezometers ) just  clear  of  the  case  in  order  to  avoid  disturbances 
ue  to  eddies  and  uneven  flow  in  the  case.  In  a scroll-case  setting,  the  scroll 

like  the  draft  tube,  must  be  considered  an  integral  part  of  the  w 

head  should  be  measured  between  the  entrance  to  one  and  the  discharge  of 
the  other.  * 

T1JL  Measurement  of  the  quantity  of  water  used  presents  some 
difficulties  unless  special  provision  was  made  in  the  design  of  the  plant.  It 
has  been  usual  practice  to  install  a weir  in  the  tailrace.  Unless  the  conditions 
are  exceptional  the  results  are  subject  to  serious  but  undeterminable  error 
due  to  the  relatively  high  velocity  of  approach  to  the  weir  (Par.  $09  et  seq.). 
The  attempt  is  made  by  building  the  crest  high  enough  from  the  bottom  to 
t down  the  velocity,  the  head  acting  on  the  wheel  is  thereby  reduced  and 


POWBR  PLANTS 


Sec.  10-713 


it  once  the  actual  service  conditions  are  only  approximated  and  the  peculiar 
nhie  of  the  test  in  place  is  partially  vitiated.  It  is  difficult  to  make  the 
eooditaons  of  the  channel  of  approach  to  the  weir  suitable  for  good  meas- 
urements and  the  expense  of  installation  is  relatively  great.  Whatever 
method  of  measurement  is  used,  there  should  be  an  agreement  in  advance 
for  the  buyer  and  seller  of  the  wheels  to  accept  the  results.  Where  con- 
ditions for  their  use  are  right,  rod  floats  (Par.  MS)  afford  an  excellent  means 
for  measuring  the  flow  either  in  the  headrace  or  tailrace. 

The  easiest  measurements  to  make  properly  are  probably  those  with  a 
current  meter  (Par.  Ml).  The  expense  is  slight  and  in  the  hands  of  careful 
sod  experienced  operators  simultaneous  measurements  in  head  race  and  tail- 
race  will  give  excellent  results  without  interfering  in  any  way  with  the  normal 
sendee  conditions  of  operation.  Suitable  measuring  stations  may  be 
eadly  included  in  the  original  design  of  the  plant  at  little  or  no  extra  expense. 

For  relatively  small  units  fed  by  penstocks,  the  most  accurate  measure- 
ment without  question  can  be  made  by  a ventun  meter(Par.  *#§)  incorporated 
io  the  penstock  when  the  plant  is  installed.  When  properly  rated  it  nas  the 
great  advantage  of  giving  a continuous  record  of  flow. 

T13.  For  measuring  the  output  two  general  methods  are  available 
lor  a hydroelectric  station.  They  are  (1)  to  measure  the  energy  generated 
electrically,  or  (2)  with  some  form  ot  absorption  dynamometer.  The 
electrical  measurement  requires  that  the  driven  dynamo  shall  have  been 
carefully  tested  and  the  efficiency  determined  for  all  loads.  Electrical 
measurements  can  be  made  with  great  accuracy  but  the  determination  of 
the  turbine  output  by  this  means  is  somewhat  indirect.  With  the  develop- 
ment of  the  Alden  dynamometer  direct  and  accurate  measurement  is 
possible.  This  apparatus  is  described  as  follows  by  Prof.  C.  M.  Allen: 

“It  is  a form  of  Proiy  brake,  and  usually  consists  of  several  smooth  circular 
resolvable  cast-iron  discs  keyed  to  the  shaft  which  transmits  the  power;  a 
non-revolvable  housing  having  its  bearings  upon  the  hubs  of  the  revolving 
diics;  and  a pair  of  thin  copper  plates  in  contact  with  each  cast-iron  disc,  the 
plates  being  integral  with  the  housing.  Through  a system  of  piping,  water 
under  pressure  is  circulated  through  chambers  between  the  units,  each 
consisting  of  a disc  and  its  copper  plates,  and  between  the  outer  plate  at 
ether  end  and  the  wall  of  the  housing.  The  water  pressure  is  regulated  by 
hand  or  by  an  automatic  valve.  Another  system  of  piping  circulates  oil  for 
lubricating  the  surface  of  the  copper  plates  next  to  the  revolving  discs.** 

T14.  Advantages  of  the  test  in  place.  The  test  in  place,  if  made  com- 
plete enough  to  cover  all  gate  openings  under  normal  conditions  of  head  at 
the  plant,  will  serve  two  purposes;  it  will  tell  whether  the  wheels  tested  are 
up  to  specification;  and  it  will  provide  a means  of  measuring  the  daily  or 
hourly  amount  of  water  drawn  by  the  plant  so  long  as  the  wheels  are  kept 
dean  and  in  good  repair,  and  the  operating  conditions  are  essentially  those 
obtaining  during  the  test.  These  records  if  carefully  kept  become  of  great 
▼slue  to  the  owner  and  operator  of  the  plant. 

ELECTRICAL  EQUIPMENT  OF  POWER  PLANTS 

BT  OBOBOB  I.  RHODB8 

Contusing  Engineer,  with  Ford , Bacon  A Davis,  Fellow . American  Institute  of 
Electrical  Engineers,  Member  of  the  American  Society  of  Mechanical  Engineers 
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Til.  Types  of  generators  are  covered  in  Sec.  7 and  Sec.  8. 

Tit.  Generator  characteristics  required  for  a given  power  plant  are 
largely  determined  by  the  sise,  overload  capacity,  speed,  speed  varia- 
tions, and  possibilities  of  over  speed  of  the  prime  mover:  the  sise  of  the 
plant,  the  number  of  units,  the  load  factor,  fluctuations  and  power-factor  of 
the  load;  the  voltage  and  type  of  the  distribution  system. 

TIT.  ftises  of  generators.  The  ratio  between  the  adjacent  sises  of  gen- 
erators varies  from  1.25  to  1.50.  The  size  limitations  seem  to  have  been 
reaehed  only  for  direct-current  generation,  where  2,700  kw.  is  the  largest  ob- 
tained commercially.  Engine-driven  alternators  are  in  operation  whieh  will 
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carry  from  8,000  to  10,000  kv-a.  continuously  without  overheating.  Watsi 
wheel  alternators  are  built  up  to  32,500  kv-a.  and  there  is  little  doubt  thi 
larger  sizes  can  be  built  if  required.  Steam-turbo-driven  alternators  ai 
being  built  up  to  45,000  kv-a. 

718.  Overload  capacity  in  generators  is  necessary  only  when  the  prim 
mover  has  ability  to  deliver  loads  greater  than  rating,  or  in  special  cases  whsi 
it  is  desirable  to  install  a generator  smaller  than  the  maximum  output  of  tl 
prime  mover.  Gas  engines  which  will  stop  when  their  rated  capacity 
much  exceeded,  require  generators  which  will  reach  their  maximum  a 
temperature  when  continuously  operated  at  rated  load.  This  same  conditi 
is  required  of  steam  turbines  when  rated  at  the  maximumcapacity,  and  1 
water-wheels  except  in  very  unusual  circumstances.  Steam  engines  wh' 
are  rated  at  their  most  economical  load,  or  steam  turbines  having  overlc 
valves,  require  generators  with  considerable  overload  capacity.  General 
of  the  first  class  are  usually  designed  to  carry  their  rated  load  continued 
with  a temperature  rise  of  about  50  deg.  Cent.  Generators  of  the  ss 
class  are  designed  to  carry  rated  loads  continuously  with  40  deg.  < 
temperature  rise,  and  25  per  cent,  overload  with  a 55  deg.  rise. 

719.  Speeds  of  standard  designs  range  from  75  r.p.m.  upward, 
ratios  between  adjacent  speeds  being  from  1.1  to  1.2.  Low”  speeds  are  eo 
fined  to  large  machines.  Several  speeds  for  the  same  Bize  are  usually  ava 
able,  particularly  in  small  and  moderate  sizes.  The  speed  of  direct-curre 
machinery  is  limited  by  commutation.  High-speed  direct-current  gene* 
tors,  even  of  relatively  small  size,  are  not  recommended.  The  speed  | 
alternating-current  generators  is  controlled  by  frequency  and  by  number, 
poles.  At  the  high  speeds,  ventilation  becomes  one  of  the  princip 
problems,  but  the  manufacturers  have  solved  it  to  such  an  extent  tfi 
machines  are  offered  in  sizes  up  to  5,000  kv-a.  at  3,600  r.p.m.  and  up 
30,000  kv-a.  at  1,500  r.p.m. 

High-speed  generators  deliver  short-circuit  currents  of  enormous  j 
stantaneous  value,  even  though  the  sustained  short-circuit  currents  j 
limited.  This  characteristic  is  of  greatest  importance  in  large  svstd 
particularly  in  reference  to  switching  methods  (Par.  799). 

720.  Speed  variations  or  fluctuations  in  the  driving  torque  haw 

tendency  to  accentuate  the  difficulties  of  commutation.  In  alternati' 
current  machines  the  speed  variations  are  of  great  importance  to  pa 
operation,  particularly  when  the  speed  is  low  and  the  number 
poles  is  large.  The  driving  impulse  in  gas  engines  and  low-speed  sti 
engines  being  non-uniform,  flywheels  of  large  moment  of  inertia 
required  to  keep  down  the  speed  fluctuations  so  that  satisfactory  par 
operation  may  be  obtained.  It  is  usually  necessary  to  have  alternaton, . 
this  service  designed  with  large  armature  reaction  and  reactance,  so  that  t 
angular  variations  will  produce  a minimum  of  surging  in  the  electric 
circuits.  With  gas  engines  it  is  necessary  to  use  short-circuited  pole-fa* 
windings. 

721.  Runaway  speeds.  In  engines  and  turbines  it  is  easily  possib-. 
provide  emergency  governors  so  that  generators  need  be  specified  to  sti 
only  about  30  per  cent,  overspeed.  In  water-wheel  units,  however,  the  4“ 
culty  in  caring  for  the  inertia  of  the  water  in  long  pipe  lines  makes  it  ne 
to  have  generators  sate  at  90  per  cent,  to  100  per  cent,  over-speed. 

722.  Inherent  regulation.  In  very  small  plants  good  regulation  is  j 

be  sought  for,  particularly  on  account  of  the  lack  of  skilled  attendance,  M 
also  on  account  of  the  large  number  of  other  uncontrollable  influenet 
affecting  the  uniformity  of  voltage.  In  the  larger  plants  the  question  j 
regulation  is  of  less  importance  because  of  better  attendance  and  the  feat 
bility  of  automatic  regulating  devices. 

In  very  large  plants  the  importance  of  keeping  down  short-circuit  current 
both  instantaneous  and  sustained,  looms  up  in  such  large  proportions  tlM 
regulation  is  completely  neglected  except  as  may  be  necessary  to  ssM 
proper  conditions  of  parallel  operation.  In  these  large  plants  it  is  usual  t 
go  to  considerable  expense  to  secure  automatio  regulation  of  voltage  alloz 
ing  generators  of  exceedingly  low  inherent  regulation.  Induction  generate! 
and  current-limiting  reactances  (Sec.  6),  are  also  used  in  mauy  plants  \ 
limit  short-circuit  currents. 
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TM.  The  number  of  unite  has  relatively  small  influence  except  as 
lecting  parallel  operation,  the  conditions  of  which  are  more  exacting  in  a 
hot  of  many  units.  (Also  see  Par.  7S4.) 

TM.  The  load  factor,  or  the  form  of  the  load  curve  has  particular 
iflueoce  in  determining  the  number  of  units  to  be  installed  and  the  overload 
•parities  of  the  same.  With  a steady  load  for  10  hr.  per  day,  generators 
hould  be  installed  to  carry  the  load  with  one  unit  shut-down,  without 
mcding  the  overload  capacity.  With  large  short  peaks  for  a few  months 
i the  year,  and  much  smaller  loads  during  the  other  months,  the  peaks  can 
ifely  be  carried  at  overloads  even  in  excess  of  25  per  cent,  for  which 
aerators  are  frequently  specified. 

Til.  Load  fluctuations.  If  the  load  is  widely  fluctuating  such  as  on 
•ctrie  railways  of  few  cars,  the  commutation  limit  of  direct-current 
•chines  determines  the  sise  to  be  installed.  Interpole  generators  with 
lality  to  commutate  loads  far  above  the  usual  rating  are  frequently  used 
i that  the  average  load  may  approach  the  heating  limit.  In  alternating- 
xrent  machines  this  question  is  of  le»B  importance,  as  they  are  stable  at 
ay  considerable  momentary  overloads.  In  single-phase  railway  systems 
here  violent  short-circuits  are  frequent  the  windings  need  to  be  specially 
heed.  Fluctuating  loads  will  cause  considerable  voltage  variation  uimI 
■y  determine  the  requirements  of  regulation,  particularly  in  small 
■ medium  sise  plants.  Compounding  is  almost  invariably  resorted  to 
I direct-current  plants  and  sometimes  in  small  alternating-current  plants; 
ho  then  there  is  considerable  variation  in  voltage,  especially  on  rapidly 
tying  loads. 

TU.  The  power-factor  determines  not  only  the  kilovolt-ampere  rating 
[the  generators  to  be  installed,  but  also  the  sise  and  resistance  of  the  fi«  la 
■dings.  Machines  required  to  carry  lagging  loads  need  larger  fields  than 
■chines  to  carry  leading  loads  of  the  same  magnitude.  Generators  are 
tolly  supplied  with  field  windings  suitable  to  care  for  full  inductive  loads 
80  per  cent,  power-factor.  This  is  usually  sufficient  to  take  care  of  any 
edition  which  may  be  expected. 

TM.  The  voltaffo.  Standard  direct-current  machines  are  available  at 
5 volts,  250  volts,  two-wire  and  three-wire,  also  at  600  volts,  and  1,200 
dts;  alternating-current  machines  at  the  above  voltages  and  in  addition 
WO  volts,  2,300/4,000  volts,  four- wire,  three-phase,  6,600  volts,  11,000  volts 
d 13,200  volts.  Higher  than  2,300  volts,  without  the  use  of  compensators 
transformers,  is  not  recommended  in  small  high-speed  machines.  11,000 
iu  and  above  in  turbo-generators,  except  of  largest  sise,  should  be  avoided, 
It  is  entirely  safe  in  slow-speed  machines.  Other  voltages  are  used  at 
lea  but  the  machines  are  special.  Occasionally  it  is  desirable  to  upc 
aerators  connected  in  delta  at  2,300  or  6,600  volts  but  insulated  for  4,000 
; 11,000  volts,  making  it  possible  later  to  increase  the  voltage  of  the  system. 
i(b~voltage  machines  are  usually  star  connected,  because  of  the  possibility 
larger  conductors  and  more  rigid  windings. 

TU.  Foundations  for  electric  generators  are  usually  parts  of  those 
the  prime  movers.  The  type  and  form  is  largely  dictated  Dy  the  require- 
enti  of  the  prime  mover.  It  is  becoming  the  practice  to  support  turbo- 
fterators  on  skeleton  foundations  and  even  directly  on  the  floor  with  a 
Mment  underneath.  For  the  cost  and  detailed  design  see  Sec.  10. 

TM.  The  erection  of  generators  covers  a considerable  range  of  work 
upon  the  method  of  shipment.  Small  machines  are  shipped 


mpletely  assembled  and  the  erection  consists  merely  of  placing  in  position 
4 leveling.  With  larger  units  the  facilities  for  transportation  and  hauling 
ut  the  sixes  for  separate  parts  and  in  extreme  cases  the  machines  are 
ipped  almost  completely  dismantled,  requiring  the  most  careful  work  in 
acting  them  and  preparing  them  for  preliminary  operation  by  drying  and 
luge  tests. 

TM.  Preliminary  operation  requires  a determination  of  the  polarity  or 
xses,  before  actual  connection  to  the  lines,  as  well  as  careful  watching  and 
(ting  during  operation  necessary  to  determine  whether  or  not  the  machine 
perfect  and  ready  for  regular  and  continuous  service.  Phases  as  marked 
the  factory  should  not  be  depended  upon.  Phases  and  synchronizing 
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luipment  may  be  ohecked  by  connecting  to  a spare  machine  and  bus, 
bringing  up  to  speed  with  the  spare  machine  and  synchronising  by  the  use  of 

the  apparatus  on  the  spare 
3000 r — r -r — — — — — — VyT  machine.  If  no  spares  are 

xooo ^ — available,  lamps,  alone  or 

1WU)  X with  shunt  transformers, 

7 connected  across  the  open 

1700  / switch  may  be  used.  Simul- 

looo  / taneous  dark  lamps  indicate 

correct  phases;  when  lamps 

1600 do  not  darken  and  brighten 

2 1400  7'_ together  crossed  phases  are 

s / indicated. 

o / 781.  The  Tolnrne  of  air 

12oo f required  for  cooling  is 

1100  1100  i generally  about  5 cu.  ft.  per 

1090  1000  - / min.  per  kv-a.  of  generator 

r ^ capacity. 

« ooo  ooo— t Ws** 781.  Cleaning  the  air  is 

« 800  800  —f a matter  of  great  importance 

a 700  700  L but  frequently  neglected. 

o 7UU  TW  f > ^ Dirt  which  clogs  up  the  air 

.2  000  000  -f passages  and  coats  the  cool- 

S 50 o soo ing  surfaces  prevents  proper 

5 r cooling  and  shortens  the  life 

400  400  0f  the  machine.  Reasonable 

g 300  300  — t- cleanness  may  be  secured  by 

/ having  the  intake  Shove  the 

300  200  "7  roof , thus  keeping  out  all  but 

t,  100  loo— the  finest  dust.  If  the  air 

2 n J M I I II  11  I 11  II  .must  be  taken  from  near  the 

® v 0 2 4 0 8 10  12  14  10  18  30  21  24  38  ground,  it  should  be  filtered 

Capacity  of  Generator  in  Thousand  KV-A.  by  passing  at  low  velocity 
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Capacity  of  Generator  In  Thousand  KV-A,  by  passing  at  low  velocity 

Fro.  83.— Sira  and  ooet  of  humidifiers  (Q.E.  throu*h  °ne.or  mor*  J“ek' 
ft“Tr  IQ  1 o “ v neBaes  of  cheese  cloth  or 

(Note:  Add "80%  To C^t  &M921  Pricee). 


(Note:  Add  80  % To  Cost  For  1921  Pricra). 

amounting  to  about  1 sq. 
ft.  per  kw.  of  generator  capacity.  Means  must  be  provided  for  the  reader 
( leaning  and  replacement  of  screens.  Water  screens  (air  washers)  or  humidi- 
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Fia.  84. — Air  washer,  Spray  Eng.  Co. 


by  Google 


POWBR  PLANTS 


Sec.  10-733 


fian  are  largely  need  in  which  the  air  is  pawed  through  falling  water  which 
takes  out  the  duet,  and  then  freed  from  mist  by  baffles  (Fig.  84).  This 
method  has  the  added  advantage  of  cooling  the  air  several  degrees.  The 
nice  of  this  may  be  seen  in  Fig.  85. 


III.  The  cost  of  erection  and  preliminary  operation  of  generators 
ranges  between  wide  limits  depending  upon  local  conditions.  Smaller 
machines  which  are  shipped  assembled  may  coet  for  erection  and  prepara- 
tion for  regular  service,  in  reasonably  equipped  stations,  from  4 per  cent, 
to  5 per  cent,  of  the  cost  of  the  machine  at  the  factory.  If  the  machine 
is  shipped  dismantled,  the  ooet  of  erection  will  be  about  1 per  cent,  to  2 
per  cent,  higher.  The  coet  of  erecting  lar^e  machines  is  from  4 per  cent, 
to  5 per  cent.,  and  in  a few  oases  where  conditions  allow  shipment  assembled, 
about  1 per  cent,  can  be  saved.  (An  average  pre-war  cost,  for  machines 
from  500  kw.  to  6,000  kw.,  was  $400  per  unit  phis  $0.32  per  kw.).  For 
1921  costs  add  100  per  cent.  Freight  and  haulage  is  dependent  absolutely 
on  location  and  local  conditions,  and  may  vary  from  1 per  cent,  to  15  per 
cent,  of  the  coet  of  the  machine. 


TS4.  Ventilation.  The  continued  success  of  ventilation  methods  has 
a most  important  influenoein  determining  the  life  of  the  insulation.  The 
requirements  call  for  a plentiful  supply  of  cool  air  free  from  dust,  oil  and  ex- 
wrire  moisture.  Except  in  turbo-generators,  no  special  moans  are  taken 
to  fulfill  these  conditions  other  than  those  provided  in  the  maehine.  In 
bifh-spsed  turbo-generators,  how- 
enr,  large  volumes  of  air  at  enor- 
mous speeds  are  passed  through  the 
windings,  and  the  utmost  pains  should 
betaken  to  maintain  the  best  possi- 
ble oosditions.  In  some  stations  it  is 
tutomary  to  take  the  oooling  air  di- 
rectly from,  and  discharge  it  into  the 
turbine  room,  but  in  cases  where  the 
room  cannot  be  well  ventilated,  this 
urangement  may  overheat  the  room 
iod  the  machines.  Ib  other  stations 
it  has  been  found  possible  greatly  to 
increase  the  capacity  of  the  generators 
by  installing  speciaOy  designed  vanes 
on  the  rotors,  tnus  passing  much  larger 
volumes  of  air.  With  a machine  thus 
ventilated,  the  coils  auickly  become 
dirty  and  much  care  has  to  be  exer- 
caed  to  keep  out  the  oil  that  per- 
meates the  atmosphere.  In  most 
Rations  it  has  been  found  important 
to  install  ventilating  ducts  taking  cool 
fir  directly  from  outside  the  bunding. 

The  ducts  should  be  of  liberal  sise  to  keep  down  air  velocities  to  about  1,000 
ft.  per  min.  Dampers  should  be  provided  to  enable  shutting  off  the  air 
•apply  in  ease  of  burn-outs.  Ventilation  by  separately  driven  blowers  is 
bung  used  *nd  is  strongly  recommended  by  some  engineers. 

ISC.  The  cost  of  ventilating  duets  arranged  for  cleaning  the  air  would 
approximate  25  cents  per  kw.  of  generator  capacity  under  pre-war  conditions 
» 45  cents  for  1921. 


10  20  90  40  50  O 

50  08  80  104  mi 

Fio.  85. — Safe  load  and  tempera- 
ture of  cooling  air  ((?.  B.  Rev., 
Sept.,  1913,  p.  633). 


73$.  The  operating  temperature,  combined  with  the  kind  of  insulation, 
determines  absolutely  whether  or  not  the  machine  is  overloaded.  Tem- 
peratures are  difficult  of  measurement,  particularly  in  respect  to  finding  the 
hottest  parts.  It  is  the  maximum  temperatures  which  are  of  importance, 
•ad  it  is  probable  that  these  are  never  found  in  tests.  Resistance  temperature 
tuts  are  difficult  to  make,  and  in  large  machines  take  considerable  time 
after  shut-down;  such  tests  give  only  average  copper  -temperatures,  which 
ire  certainly  leas  than  the  maximum.  Ordinary  thermometer  tests  give 
the  temperature  of  the  outside  of  the  insulation,  and  by  means  of  refinements 
>t  is  possible  that  maximum  temperatures  can  be  measured  to  within  10  deg. 
to  20  deg.  Cent.,  but  this  method  is  not  recommended.  Resistance  ther- 
mometers and  thermo-couples,  inserted  between  the  coils  and  the  iron. 
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are  used  with  considerable  success.  The  actual  indicator  may  be  located 
anywhere  convenient,  even  on  the  switchboard,  where  continuous  record 
of  the  temperature  may  be  kept.  This  method  gives  more  consistent 
and  precise  results  than  the  others  and  probably  snows  more  nearly  th« 
maximum  temperatures.  * Indicating  electric  thermometers  can  be  installed 
for  $100  to  $200  per  machine. 

t 737.  Safe  temperatures  of  Insulation  are  given  by  C.  P.  Steinmeti 
and  B.  G.  Lamme  in  the  February,  1913,  Proceeding » of  the  A.  I.  E.  E.  as  (X 
deg.  Cent,  for  fibrous  insulation  such  as  is  commonly  used,  and  125  deg.  Cent 
for  mica  and  other  fire-resisting  materials.  These  temperatures  are  tin 
measurable  temperatures  rather  than  the  absolute  maximum  that  may  tM 
expected  in  local  spots.  H.  G.  Stott  recommended  20  deg.  lower  tempera 
turea,  especially  on  high  voltage  work. 

excitation 

73$.  Excitation  equipment  should  be  designed  with  a view  to  the  maxi 
mum  possible  continuity  of  service.  Simplicity,  ruggedneas,  *’iodj 

Eroofness  ” and  reserve  apparatus  are  important  requirements.  The  method! 

i use  for  securing  these  results  are  greatly  varied  and  much  difference  o| 
opinion  exists  as  to  the  best  method.  Each  plant  must  be  considered  as  | 
separate  problem. 

739.  Exciters  directly  connected  to  the  main  generators  were  th 

earliest  form  in  use.  Each  exciter  is  frequently  made  large  enough  t 
handle  two  generators,  in  emergencies.  The  chief  arguments  in  favc 
of  this  method  are  simplicity,  high  efficiency  and  the  absence  of  large  fid! 
rheostats.  The  most  important  objections  are  the  possible  crippling  of 
large  unit  due  to  trouble  with  its  exciter,  and  the  fact  that  voltage  fluctuation 
in  per  cent,  are  twice  as  great  as  the  speed  fluctuations. 

740.  Exciters  driven  by  separate  prime  movers  may  be  obtains 
for  service  with  any  kind  of  prime  mover.  On  account  of  their  small  sia 
the  efficiency  of  the  unit  is  very  poor,  this  constituting  the  chW 
objection  to  their  use.  Where  steam  at  atmospheric  pressure  is  necessar 
for  feed-water  heating,  the  inefficiency  is  of  no  importance.  Their  use  j 
determined  principally  by  questions  of  convenience  and  economy,  it  brio 
absolutely  necessary  to  install  them  for  starting  purposes. 

741.  Motor-driven  exciters  are  in  use  in  almost  all  stations.  They  si 
cheap,  economical,  efficient  and  reliable,  but  cannot  be  used  for  the  complri 
equipment.  They  should  not  be  driven  by  synchronous  motors,  becaul 
short-circuits  on  the  outside  system  not  in  themselves  sufficient  to  cause 
shut-down  of  the  station)  are  likely  to  throw  the  motors  out  of  step,  tht 
shutting  down  the  plant.  Induction  motors  are  almost  invariably  use< 
A well-balanced  exciter  plant  consists  of  units  driven  both  by  motors  an 
by  prime  movers.  In  some  cases,  motor-driven  units  are  considered  s 
auxiliary  to  the  prime-mover  units,  and  in  other  cases  the  motor-drive 

f riant  is  considered  of  first  importance;  the  first  plan  is  probably  most  i 
avor. 

743.  The  importance  of  continuous  excitation  points  strongly  t 
storage  batteries  which  are  frequently  installed  of  sufficient  capacity  t 
excite  the  entire  plant  for  an  ht>ur.  Danger  of  a shut-down  of  the  entii 
plant  by  failure  of  the  exciters  is  not  considered  great  enough  in  all  c*M 
to  warrant  the  great  expense  of  a battery.  When  used,  it  may  either  b 
floated  on  the  excitation  busses,  or  allowed  to  stand  by  fully  charged. 

743.  Another  method  of  securing  continuous  service  is  being  use 
with  considerable  success.  The  exciter  generator  is  arranged  to  be  drive 
both  by  motor  and  prime  mover.  The  motor  is  provided  with  a re  la 
which  shuts  it  down  if  the  voltage  becomes  low.  The  governor  is  arrange 
practically  to  shut  off  the  steam  at  normal  speed,  but  after  cutting  off  tfa 
motor,  the  prime  mover  continues  to  drive  the  unit  at  but  slightly  reduce 
speed. 


* Heist,  H.  G.  and  Eden,  T.  S.  “ Method  of  Determining  Temperature  < 
Alternating-current  Generators  and  Motors,  and  Room  Temperature; 
Trane.  A.  I.  E.  E.,  1913. 
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144.  The  slse  of  the  exciter  plant  depends  upon  the  site  of  the  power 
phot  end  the  types  of  generators  used.  Small,  low-speed  generators 
require  up  to  3 per  cent,  of  their  capacity  for  excitation.  Large,  high- 
speed  turbo- alternators  may  require  as  little  as  0.50  per  cent.  The  exact 
requirements  may  be  obtained  from  the  manufacturer.  The  total  capacity 
should  be  ample  to  carry  the  whole  excitation  load  with  the  spare  apparatus 
out  of  commission.  The  amount  of  spare  apparatus  required  is  not  very 
^finite;  practice  ranges  all  the  way  from  depending  on  the  overload  capacity 
to  haring  two  to  three  times  the  total  capacity  required. 

HI.  The  number  and  relative  size  of  the  exciter  units  should  be 
down  for  the  greatest  simplicity  and  the  required  flexibility.  The  minimum 
■»  of  any  unit  is  in  general  dictated  by  the  requirements  of  the  largest 
generator.  It  is  doubtful  if  the  largest  exciter  should  be  large  enough  to  ex- 
cite the  entire  plant.  Except  in  very  large  plants  a sise  sufficient  for  half 
the  equipment,  with  a total  of  three  units,  will  give  very  satisfactory 
results. 


T44.  The  exciter  voltages  in  common  use  are  125  volts  for  all  except  the 
nry  largest  plants  where  250  volts  are  used.  The  generators  are  usually 
Id  compounded.  With  standard  exciters  it  is  possible  to  run  at  not  more 
dsn  15  per  cent,  over  standard  voltage,  which  is  quite  sufficient  to  take 
ewe  of  the  excitation  of  ordinary  alternators  at  full-load.  Where  overload 
opacities  are  to  be  used,  it  is  frequently  desirable  to  raise  the  excitation 
wage  as  much  aa  25  per  cent,  during  the  peaks.  Elciters  can  usually 
b»  arranged  for  this  voltage  with  very  little  deviation  from  standard  design. 

HT.  The  cost  of  exciter  fete  Installed,  ready  to  run.  exclusive  of  wiring, 
King,  etc.,  could  be  taken  as  follows: — Pre  War: — 1921: 


Compound-engine  drive,  SI, 000  plus  135  per  kw. — plus  S6S  per  kw. 

Simple-engine  drive,  $750  plus  $26  per  kw. — plus  $52  per  kw. 

Steam-turbine  drive,  $425  plus  $31  per  kw. — plus  $60  per  kw. 

Induetion-motor  drive,  $625  plus  $15  per  kw. — plus  $30  per  kw. 

The  cost  of  exciters  attached  to  the  shafts  of  the  main  generators  can 
best  be  expressed  as  a percentage  of  the  cost  of  these  generators;  this  will 
wy  from  3 per  cent,  to  5 per  cent.,  depending  somewhat  on  the  speed. 

HI.  Kxdter  wiring  systems  are  in  use  covering  practically  all  the 
orect-current  types  of  switchboards.  On  account  of  the  low  voltage  no 
tompli cations  need  be  entered  into  except  as  may  be  necessary  to  make 
tvtilable  the  various  sources  of  excitation.  Occasionally  a double  exciter 
bail  desirable,  but  in  most  cases  it  adds  complications  without  any  adequate 
pin  to  the  service.  Alternating-current  wiring  for  motor-driven  exciters 
j. would  be  worked  out  on  the  basis  of  the  exciters  being  most  'important 
feders,  unless,  however,  the  presence  of  a storage  battery  makes  this 
batmen t unnecessary.  In  stations  above  2,300  volts,  it  is  recommended 
mt  transformers  be  used  in  connection  with  the  exciter  motors,  as  small 
ftathines  wound  for  high  voltage  are  not  sufficiently  reliable. 

HI.  Excitation  switching  appliances.  The  current  must  not  be 
broke a without  at  the  same  time  short-circuiting  the  field  windings,  other- 
wise punctured  insulation  will  result.  This  requirement  calls  for  special 
Ud-discharge  switches.  It  also  limits  the  use  of  circuit-breakers  to  those 
operating  on  reverse  current,  thus  serving  to  cut  out  damaged  exciters. 

of  very  large  overload  capacity,  which  will  blow  ODly  during  most 
avers  trouble,  are  used  for  the  protection  of  the  exciters. 

TM.  Field  rheostats  for  small  generators  are  usually  mounted  on  the 
jack  of  the  switchboard,  byt  for  large  machines  some  more  convenient 
weation  involving  remote  control  is  necessair-  Electrically  controlled  rheo- 
••ta  are  frequently  necessary  in  large  stations  and  are  operated  either  by 
alenoid  and  ratchets  or  by  motor;  the  latter  is  necessary  where  the  field 
arrent  exceeds  300  amp. 


VOLTAGE  CONTROL 

711.  Band  regulation.  * Voltage  is  controlled  in  all  systems  by  hand 
fegulation,  whether  or  not  there  are  automatic  means.  Hand  regulation 
done  m suitable  only  where  the  load  is  steady  and  the  generators  inherently 
fegulate  well. 
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762.  Automatic  regulation  may  be  secured  by  two  methods;  first*  th 

automatic  adjustment  of  the  field  resistance  by  motors  or  solenoids  controller 
by  a relay;  second,  the  alternate  short-oircuiting  and  insertion  of  reaistane 
in  the  field  circuits.  The  hr.it  method  is  used  in  the  Thury  regulate 
the  second  method  in  the  Tirrill  regulator.  The  first  method  ^ 

adjustment  more  or  less  gradually;  the  second  changes  the  resistance  mud 
more  than  necessary,  alternately  one  way  and  then  the  other,  while  th 
time  lag  of  the  field  windings  produces  a practically  steady  voltage  of  a Talu 
depending  upon  the  proportionate  time  the  resistance  is  in  and  out  of  cimuf 
The  latter  method  is  inherently  more  sensitive  than  the  first  and  is  prac 
tically  the  only  one  in  use  in  America. 

763.  The  Tirrill  regulator  for  small  direct-current  machine 
operates  as  follows  (see  Fig.  86).  The  regulation  depends  on  the  rapid  roaki 
and  break  of  contacts  A which  short-circuit  the  resistance  in  the  shun 
field  circuit  of  the  generator.  The  closure  of  these  contacts  depends  upex 
the  machine  voltage  across  the  relay  B.  The  contacts  closed  by  this  reto 
serve  only  to  close  or  open  one  of  the  two  differential  windings  on  the  magM 
C,  which  in  turn  operates  contacts  A cutting  in  or  out  the  field  resistant 

hen  the  voltage  is  high,  relay  B opens  one  winding  in  C which  in  turn  cause 
the  latter  to  open  contact  A,  inserting  the  resistance,  and  vice  verm.  Th 
final  resul  t of  operation  is  that  the  contacts  vibrate  continuously  and  remain 
open  or  closed  a longer  or  shorter  portion  of  the  time  as  may  be  require 
to  keep  the  voltage  steady.  A regulator  of  this  type  with  multiple  contact 
at  A can  control  mac  Junes  up  to  125  kw. 


Mtlni  or  Bu^-b&n 


Fio.  86.— Tirrill  regulator  for 
small  direct-current  machines. 


XictUr  A.  C.Q  mentor 

Fiq.  87. — Tirrill  regulator  for 
large  machines. 


764.  Tirrill  regulators  for  largo  direct-current 
alternators  operate  as  follows  (Fig.  8/) : The  solenoid  A is  connected  acro4 
the  bus  bars,  usually  through  a potential  transformer.  The  core,  which  I 
lifted  by  the  solenoid,  is  attached  to  the  lever  C on  the  other  end  of  which  i 
a contact  D and  a balancing  weight  E.  Across  the  exciter  terminals  j 
connected  a solenoid  F whose  core  is  attached  to  the  lever  G with  conts< 
D on  the  other  end.  This  lever  is  pulled  in  a direction  to  close  the  contact 
by  a spring  so  designed  that  the  plunger  F is  pulled  downward  in  dim 
proportion  to  the  voltage.  Phis  arrangement  gives  greater  senaitivenq 
than  the  simple  arrangement  at  B,  Fig.  86. 

W hen  the  alternating  voltageis  low  the  weight  of  the  plunger  A overeomi 
that  of  the  balancing  weight  E and  closes  contact  D,  causing  relay  U to  clo« 
contaet  I.  thus  short-circuiting  the  field  resistance  and  raising  the  excite 
voltage  and  the  alternating  voltage.  As  the  exciter  voltage  rises,  solenoii 
p £ulls  “own  its  plunger  and  lifts  contact  Z>.  but  as  long  as  the  alternate 
voltage  is  low,  the  lower  contact  follows.  When  the  alternating  voltag 
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bea  above  the  oorrect  value  the  contact  D i a opened,  which  causes  the  re- 
sumes (o  be  inserted  again  in  the  field  circuit.  The  winding  K on  the 
fcnoid  A allows  compounding  with  the  load,  which  may  compensate  for 
be  average  line  drop.  In  stations  where  there  are  several  exciters,  the  relay 
f operates  a number  of  contacts  It  one  or  more  for  each  exciter.  In  very 
irge  nations  a separate  regulator  is  used  for  each  exciter. 

Til.  Regulators  with  exciter  batteries  are  possible  by  the  use  of 
oocters  in  the  exciter  bus  under  control  of  the  regulator,  bucking  or  boost- 
ig  the  voltage  supplied  to  the  field  windings. 

TH.  Manual  regulation  with  regulators  is  secured  by  varying  the 
aifitanee  in  the  circuit  of  solenoid  A,  Fig.  87. 

TIT.  Protection  against  regulator  failures  or  abnormal  conditions 
fluid  be  provided  whereby  excessively  high  or  low  voltage  results  in  the 
aeration  of  a relay,  thereby  making  the  regulator  non-operative. 

TI8.  betters  for  Tirrill  regulators  require  careful  adjustment  for 
irallel  operation.  Field  circuits  should  permit  voltages  from  40  per 
nt.  to  140  per  cent,  normal.  They  must  respond  rapidly  and  equally  to 
unge  of  resistance.  Unequal  response  causes  the  quicker  machine  to  take 
I the  load  and  it  may  flash  over. 

TH.  The  cost  of  Tirrill  regulators  installed  is  from  $500  to  $1,500 
ch,  exclusive  of  instrument  transformers. 

TM.  Feeder  regulators  for  alternating-current  circuits  consist  essentially 
compensators, the  secondary  winding  of  which  is  in  series  with  the  outgoing 
*uit.  They  are  fully  described  in  Sec.  0.  There  are  two  types,  the 
QUct  type  and  the  induction  type,  the  latter  being  preferable.  These 
tula  tors  may  be  either  single  phase  or  polyphase  as  necessary.  They  are 
aally  wound  for  ± 10  per  cent,  regulation.  They  may  either  be  hand  op- 
tied,  or  automatically  operated  through  a relay  and  motor  to  compensate 
r line  drop  thus  maintaining  constant  voltage  at  a distant  point.  The 
It  of  2,200  volt  automatic  feeder  regulators  for  ± 10  per  cent,  regulation 
« about  as  follows:  before  the  war  single  phase,  $300  + $350  per  100  amp. 
toe  phase,  $600  -f  $600  per  100  amp.  If  motor-operated  but  non-auto* 
itic,  about  $80  is  saved.  Hand-operated  regulators  save  about  $150. 
r 1921  costs  add  60  per  cent. 

LOW-TKiraiOF  DIHOT-CTTRURT  SWITCHING 
fit.  Direct-current  switching  may  conveniently  be  grouped  in  the 
hiring  general  classes:  (a)  Single  polarity;  (6)  Double  polarity  with 
aliaer  on  pedestal;  (c)  Double  polarity  with  equaliser  on  panel;  (d)  Three 
*;  (e)  Multiple  voltage. 

)bviously  a great  number  of  subdivisions  could  be  made,  the  number 
bums  being  the  most  important.  Fig.  88  shows  the  elementary  wiring 
these  various  classes,  leaving  out  all  auxiliary  wiring  and  all  instruments. 
U.  Parallel  operation  of  compound  generators  is  secured  by  the 
alixer  connections  which  are  usually  of  one-half  to  one-third  the  rated 
•city.  They  parallel  both  terminals  of  all  series  fields,  making  the  direc- 
i of  current  in  all  of  them  necessarily  the  same.  Parallel  operation  is 
T discussed  in  Sec.  8. 

$.  Single-polarity  switchboards  find  their  greatest  use  in  railway 
rk  where  the  negative  bus  is  at  approximately  ground  potential,  and  is 
•Uy  located  in  the  basement  beneath  the  machines;  it  should  be  insulated, 
icver.  The  circuit  breakers  and  instruments  are  in  the  positive  side  of 
board  and  the  equalizer  and  negative  switches  are  on  small  panels  or 
Petals  near  the  machines.  The  feeders  are  frequently  without  negative 
khes. 

U.  Three- wire  switchboards  are  used  for  combined  lighting  and  power 
ferns.  The  generators  require  an  equalizer  on  each  side.  If  both  these 
alizers  are  thrown  in,  the  machines  are  paralleled  as  shunt  machines, 
bat  some  means  must  be  taken  to  make  it  possible  to  close  the  equalizer 
fehes  only  at  the  same  time  as  the  main  switches.  This  usually  calls  for 
‘-pole  switches  on  small  boards  and  two  double-pole  switches  on  the 
«,  each  double-pole  switch  consisting  of  one  line  ana  one  equalizer  switch, 
i obvious  that  a circuit  breaker  and  instruments  are  needed  in  each  aide, 
die  case  of  two-wire  full  voltage  feeders,  a double-pole  circuit  breaker 
tteanry  when  the  neutral  is  grounded. 
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766.  The  instruments  required  to  measure  completely  the  output  o 

the  machines  or  of  a feeder,  r<  .niprise  an  ammeter  or  a wattmeter,  or  boti 
for  each  circuit-breaker  shown  in  the  diagram  (Fig.  88),  together  with  ; 
voltmeter  on  the  main  bus.  For  purposes  of  connecting  incoming  gene  ratal 
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Fio.  88. — Elements  of  direct-current  wiring. 

provision  must  be  made  for  a voltmeter  on  each  machine,  or  a socket  and  ph! 
which  will  enable  its  voltage  to  be  measured  by  a common  machine  vol 
meter.  (Fig.  91.) 

766.  Double-polarity  switchboards  find  their  greatest  use  in  poin 
work,  particularly  at  250  volts.  Thl 
, are  desirable  where  both  bus  bars  mu 

be  insulated.  Except  for  large  statiol 
there  is  no  disadvantage  in  having  bo) 
polarities  on  the  same  board.  Excel 
'«V  |j  A",nMrt*f  on  small  boards,  it  is  desirable  to  ha’ 

the  equalizer  switches  on  pedestals  ne 
jj  "Kir-  i:  r-.--m.TTo  Alarm  iwn  the  machines  (Fig.  89). 

= - V ’fct-Ai'iL  767.  Multiple-voltage  a wit  el 

v®\* .. . .v  &epiufc  . boards  are  in  use  where  three-wi 

SmmSOhmi  t"  \*7u»e.R*cn,to<U  distribution  is  extensive.  The  extJ 

Lower  stud,  of  (A  s.r.s  T.Switcheg  busses  are  operated  at  a voltage  high 

Ammeter  tether  I w*tt-hour  Meter  than  the  main  busses  to  take  care  i 

fur.  ^ ® the  drop  in  long  feeders.  Their  vol 

rf  TieidSwitoh  age  is  usually  maintained  by  boosted 

' PUchufe  Rwlataao*  although  in  some  cases  provision  it  mM 
_cri  I for  connecting  the  generators  to  eitb 

KtT^C  Gtnamor  get  Df  busses. 

£qu»ii.« Bua  768.  Double' bus  bars  are  seldo 
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Fio.  89.— Detail  wnnng  diagram  voltages.  However,  when  there  a 

two  distinct  classes  of  service  whit 
should  be  kept  independent,  doub 

bus  bars  are  desirable  (Fig.  90). 

769.  Spare  circuit  breakers  are  almost  necessary  ^ in  heavy  railwi 
work  and  provision  should  be  made  for  inserting  them  in  a simple  mann 

(Fig.  91). 

770.  Auxiliary  circuits  art*  frequently  installed  to  accomplish  max 
different  purposes.  Some  of  the  more  commonly  used  are  as  follow 
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(a)  Voltmeter  bus  and  receptacles  to  enable  the  use  of  one  instrument  for 
all  machines;  (b)  Current  supply  for  instrument  excitation  and  the  opera- 
tion of  circuit  breakers ; (c)  Signals  indicating  open  breakers;  (d)  Remote 
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stallations,  the  generator  and  feeder  switches  may  be  located  on  the  sam< 
panel.  In  moderate  sized  plants  there  may  be  several  feeders  per  panel 
although  generally  each  generator  has  its  own.  In  large  systems  there  u 
sometimes  a separate  panel  for  each  feeder,  but  this  is  necessary  only  il 
very  special  cases,  usually  two  being  grouped  on  each  panel.  The  require 


Fio.  93. — Two-wire  feeder  panels;  three  small  feeders. 

menta  of  ammeters  and  circuit  breakers  are  the  same  both  for  generate 
and  feeder  panels  except  that  occasionally  two  feeders  running  to  the  saxdI 
point  are  protected  with  a single  set  of  circuit  breakers. 

772.  Station  panels  are  usually  provided  containing  a totalising  atq 
meter  and  watt-hour  meter,  bus  voltmeter  (or  voltmeters  if  a three- win 


rift! 


Fig  94. — Switchboard  supports;  angle  iron  and  pipe  {Elec.  Jour..  Feb 
1913,  p.  168). 

system),  machine  voltmeter  and  switches  for  auxiliary  circuits  and  power 
station  lighting. 


wood  is  sunk  into  the  floor  to  which  the  upright  supports  are  bolted 
1 hero  is  an  upright  for  each  joint  between  panels  consisting  of  two  angle 
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beck  to  back.  or  of  a single  iron  pipe.  The  entire  board  is  braoed  in  an 
vpright  position  by  numerous  wall  braces.  The  iron  used  varies  in  sise 
from  2 in.  X 1.5  in.  X 0.25  in.  to  3 in.  X 2 in.  X 0.25  in.  One  and  one- 
fourth  inch  pipe  is  generally  used.  At  least  4 ft.  of  olearanoe  should  be  left 
between  the  board  and  the  wall  to  allow  for  clearing  and  repairs.  In 
drectrcurrent  practioe  it  is  customary  to  insulate  the  iron  framework  from 
ground. 

774.  Complete  Unas  of 
detailed  fittings  are  on  the 
market*  facilitating  almost 


amework  for  supporting 
the  panels  and  bus  bars. 

(Fig.  95.)  Brackets  with 
special  insulators  are  used 
for  the  bus  bars  and  longi- 
tudinal wires.  Vertical 
small  wiring  is  fastened  to 
the  back  of  the  board  with 
small  straps.  Vertical  con- 
ductors made  of  copper  bars 
or  heavy  wires  are  usually 
supported  by  the  studs  of  the 
■witches  and  the  main  bus 
bars  to  which  they  are  con- 
nected. 

1TI.  In  laying  out  the 
Wiring  for  the  switchboard 
panels  care  should  be  exer- 
cised to  have  sufficient  clear- 
ance around  all  live  parts 
(1  in.  or  more)  and  to  avoid 
all  unnecessary  complica- 
tions. It  is  important  that 
all  panels  be  as  nearly  alike 
as  possible. 

779.  The  materials  for 
panels.  Marble  is  used  in 
the  more  important  switch- 
boards on  account  of  its  bet- 
ter insulating  qualities  and 
better  appearance  if  uo- 
painted;  it  is  advisable  if  the 
voltage  exceeds  600.  Slate 
« likely  to  contain  conduct-  Fia.  95.— Standard  switchboard  details 
mg  veins,  but  when  clear  is  (Elec.  Jour.,  May,  1913,  p.  82). 

a perfectly  satisfactory  ma- 
terial, considerably  cheaper  than  marble  and  somewhat  stronger.  Panels 
from  1.5  in.  to  2.5  in.  thick  are  used,  depending  on  the  sise  of  the  switches 
and  circuit  breakers.  In  some  cases  even  thicker  reinforced  panels  are 
accessary.  Marble  panels  complete  with  framework  ooet  from  $2.50  to 
S3  per  sq.  ft.,  slate  panels  from  $1.75  to  $2.50,  on  a pre-war  basis  with  100 
Per  cent,  increase  to  1921. 


777.  Bun-bar  connections.  Bolted  joints  are  preferable  in  light  work, 
largely  on  account  of  the  awkwardness  of  the  damps,  but  on  heavy  work, 
damns  have  many  advantages.  Lap  joints  or  butt  joints  with  covers 
ihould  be  used  with  a uniform  pressure  of  from  100  to  200  lb.  per  aq.  in. 
The  copper  surfaces  should  be  well  cleaned.  The  current  density  in 
these  connections  should  be  from  100  to  200  amp.  per  sq.  in.  Under  these 
■onditions,  the  drop  in  the  joint  will  but  Blightly  exceed  that  in  an  equal 
length  of  bar. 

.778.  Bus  bars  are  usually  made  of  0.25-in.  or  0.125-in.  copper  of  various 
widths,  seldom  more  than  10  in.  The  bars  are  grouped  together  with  0.26-in. 
■paces  between  them  when  using  0.25-in.  copper  and  0.875-in.  when  using 
0.375-in.  copper.  Aluminium  bars  0.25  in.  and  0.375  in.  thick  are  some- 
times used.  Fig.  96  shows  approximately  the  relation  between  the  nuipber 
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of  ban,  the  width  of  the  ban,  and  the  current-curying  eapaetty  bceed 
on  a temperature  rise  of  25  deg.  to  30  deg.  Cent.  Free  circulation  of  air  ii 
important  and  the  ban  should  be  supported  on  edge.  Smaller  spaed 
lietween  the  bars  would  greatly  reduce  their  carrying  capacity.  In  genera] 
current  densities  of  from  800  to  1,000  amp.  per  sq.  in.  are  not  excesehrs 
Where  aluminium  is  used,  densities  25  per  cent,  less  should  be  figured 
The  cost  of  copper  bus  ban  installed  may  be  estimated  on  the  pre-war  basil 
by  adding  10  cents  per  lb.  to  the  cost  of  the  copper,  or  20  cents  tor  1920. 


772.  Connections  to  switch  studs  between  nuts  should  be  figured  a 
t he  b uu  of  a current  density  of  from  100  to  200  amp.  per  sq.  in.  Connection 
should  be  carefully  fitted  and  the  burr  carefully  removed  from  the  edges  < 
l oles.  The  cost  of  making  heavy  connections  between  switch  studs  sq 
us  ban  can  be  oovered  approximately  by  adding  the  cost  of  1 ft.  of  bar  fc 
each  connection  and  6 in.  for  each  joint.  For  usual  panels  this  work  w| 
shout  $10  per  panel  plus  $1.50  per  100  amp.  before  the  war  and  pin 
100  per  cent,  for  1921. 

780.  Switches  should  carry  the  maximum  overload  at  a temperator 
rise  of  not  greater  than  25  deg.  CeDt.  Current  density  in  the  blades  aol 
studs  ranges  from  700  to  1,000  amp.  per  sq.  in.  and  in  the  jaws  and  kion 
t rom  40  amp.  to  50  amp.  per  sq.  in.  The  switches  must  be  carefully  mad 
nod  lined  up  so  that  the  full  contact  area  is  available.  If  the  switch  oxei 

sats,  the  contact  resistance  will  be  greatly  increased  by  oxidation.  j 
000-amp.  single-pole  switch  is  about  the  limit  of  hand  operation] 
ery  large  switches  with  laminated  brush  oontacts  dosed  by  toggle  joint 
are  sometimes  used. 

781.  Oost  per  pole  of  single-throw  switches  complete  with  nuti 
etc.,  ready  for  mounting  on  switchboards  was  (on  pre-war  baais)  $1.80  pc 
1 <X)  amp.  of  capacity;  with  40  per  cent,  added  for  double  throw  and  10  p< 
cent,  for  000-volt  switches,  to  cover  added  length  of  blade  and  quick-brea, 
feature,  which  should  always  be  used,  plus  80  per  cent,  for  1921  costs. 

Fuses  are  the  simplest  means  of  automatically  opening  a circui 
u ader  short-circuit  or  overload  conditions.  Enclosed  fuses  are  on  the  markc 
are.  approved  by  the  fire  underwriters,  having  capacity  up  to  600  amp.  a 
f;  volts,  or  400  amp.  at  600  volts.  Up  to  30  amp.,  the  contacts  a* 
mP*y  ferrules  on  the  end  of  the  tube.  On  the  larger  fusee,  contact  i 
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made  by  blades  fitting  into  jaws  eimilsr  to  those  on  knife  switches.  The 
tabe  is  filled  with  heat-resisting  powder  which  confines  the  arc  and  puts 
it  oat  quickly.  All  fusee  are  supplied  with  indicators  to  show  when  they 
are  blown.  They  will  usually  carry  full  rated  load  continuously,  but  will 
blow  in  from  one  to  five  minutes  if  the  current  exceeds  15  per  cent,  overload. 

TBS.  The  coat  of  fuses  complete  with  the  clips  is  about  $1  per  100  amp. 
capacity.  The  cost  of  the  fuses  alone  is  about  50  cents  per  100  amp. 
capacity,  and  the  cost  of  refilling  the  fuses  is  about  20  cents  per  100  amp. 
capacity. 

784.  Automatic  circuit  breakers  are  required  on  all  circuits  larger  than 
400  to  000  amp.  and  even  on  the  lighter  circuits  where  overloads  and  short- 
circuits  are  likely  to  be  frequent,  in  order  to  reduce  to  a minimum  the 
burning  of  the  circuit  breaker  oontacta,  three  contacts  are  successively 
broken  on  the  opening  of  a circuit.  First  the  main  current-carrying  contacts 
open;  then  an  auxiliary  copper  contact  opens,  and  lastly  a contact  opens 
between  the  carbon  plates  ana  breaks  the  entire  current,  thus  protecting  the 
current-carrying  contacts. 

The  main  contacts  in  circuit  breakers  consist  almost  invariably  of  lami- 
nated copper  brush  bearing  on  flat  copper  blocks,  and  pressed  down  by  a 
toggle  Joint  exerting  considerable  pressure.  Several  types  of  breakers  are 
■hown  in  Figs.  97  and  98.  The  current  densities  used  in  the  laminated  con- 
tacts are  from  400  to  500  amp.  per  sq.  in.  The  entire  breaker  is  designed  for 
a temperature  rise  not  to  exceed  25  deg.  to  30  deg.  Cent,  in  any  part. 


188.  Circuit  breakers  are  ordinarily  hand  operated  by  a lever, 
which  is  of  sufficient  power  even  for  the  largest  sixes  (Fig.  98) . Frequently, 
however,  rezndte  control  is  desirable  ana  electric  or  compressed-air  opera- 
tion is  used.  The  breakers  are  usually  arranged  to  reopen  immediately 
without  damage  when  closed  on  a short  circuit.  All  breakers  are  supplied 
with  an  overload  tripping  mechanism  which  is  adjustable  to  open  the 
circuit  at  currents  from  60  per  cent,  to  150  per  cent,  of  rating.  Other  trip- 
ping arrangements  may  be  operated  by  low  voltage,  excess  voltage,  reverse 
current  of  a tripping  switch  located  at  any  convenient  point. 

788.  Multiple- pole  circuit  breakers  are  commonly  used  in  the  smaller 
opacities.  For  many  purposes  they  are  specially  arranged  so  that  if  dosed 
on  overload  or  short-circuit,  the  tripping  coil  will  release  the  closing  mechan- 
knoa  and  the  breaker  will  open  before  the  main  contacts  are  closed.  Such 
breakers  may  be  used  on  feeder  panels,  avoiding  entirely  the  use  of  knife 
■witches. 

787.  The  cost  of  carbon-break  circuit  breakers  is  about  832.00  plus 
17.00  per  100  amp.  of  rated  capadty  per  pole;  or  about  60  per  cent,  less  on 
■ pre-war  basis. 
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788.  Switchboard  instruments  in  direct-current  work  should  be  cere 
fully  protected  from  stray  fields.  Wherever  the  bus-bar  currents  exceed 
2,000  amp.,  all  except  the  very  best  protected  instruments  will  be  affected 
and  to  secure  accurate  readings  they  should  be  calibrated  in  place.  It  is 
customary  to  provide  instruments  with  scales  such  that  at  the  rated  load  cl 
the  machines,  the  needles  will  be  at  approximately  mid-point. 

789.  The  cost  of  switchboard  instruments  .varies  between  wide  limits 
Ammeters  cost  all  the  way  from  815  plus  $1.50  per  100  amp.  of  capacity 
to  $75  plus  $2.00  per  100  amp.  of  capacity.  Voltmeters  may  cost  from  $24 
to  $120  depending  largely  on  the  type.  Watt-hour  meters  will  vary  il 
cost  from  $35  plus  $2.50  per  100  amp.  to  $200  plus  $13.50  per  100  amp 
Pre-war  costs  ran  30  per  cent,  to  50  per  cent.  less. 

790.  Standard  switchboard  panels  embodying  the  various  device 
described  above  and  suitable  for  all  classes  of  work  have  been  developed  and 
catalogued  by  the  various  manufacturers,  so  that  it  ia  now  possible  to  bu] 
complete,  almost  out  of  stock,  panels  suitable  for  almost  any  kind  of  work 
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Fia.  100. — Wiring  of  General  Electrio  solenoid- 
operated  switches  and  circuit  breakers. 


Fig.  92,  is  taken  from  one  of  these  catalogues.  These  panels  can  be  pul 
chased  for  a lower  price  than  it  is  possible  to  make  up  special  panels  an 
should  be  used  whenever  possible.  The  particular  type  shown  in  thisfigul 
cost  approximately  $100  plus  $12  per  100  amp.  without  watt-hour  mete 
and  $220  plus  $16  per  100  amp.  with  watt-hour  meter,  equipped  for  2H 
volts,  on  pre-war  basis  or  75  per  cent,  more  for  1921. 
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Til.  Berta  systems  are  now  used  in  America  solely,  for  street  lighting. 
It  is  probable  that  they  will  continue  in  use  for  this  purpose  indefinitely. 
Tlie  earlier  installations  used  series-wound  generators  operating  on 
the  drooping  part  of  the  characteristic  (Sec.  8).  When  the  total  pres- 
sure exceeded  2,500  volts,  multiple  independent  armature  windings  and 
commutators  were  used,  connected  in  series  externally  to  the  machine. 
The  regulation  of  these  machines  is  accomplished  in  two  ways,  by  shunting 
the  senes  fields  or  by  moving  the  brushes,  or  both.  Since  these  maohines 
operate  on  the  drooping  part  of  the  characteristic  curve,  they  have  con- 
siderable inherent  regulation  in  themselves.  The  adjustments  are  made 
automatically  by  a senes-oonnected  relay  or  operating  magnet  which  actuates 
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fta.  101. — Series  lighting  circuits  with  constant-current  transformers  and 
mercury  rectifiers. 


tta  field  rheostat  or  rocks  the  brushes.  Oonstant-current  transformers 
•re  employed  very  extensively  for  this  olass  of  servioe  (Sec.  6)  and  regulate 
themselves  almost  perfectly.  Each  transformer  is  supplied  with  a terminal 
P*nel,  etc.,  whioh  forms  part  of  the  unit.  Series-wound  generators  are 
^stalled,  however,  to  a limited  extent. 

1H.  Mercury  -arc  rectifiers  are  also  employed  in  this  class  of  servioe,  in 
connection  with  constant-current  transformers,  for  series  direct-curent 
{jehting.  The  equipment  itself  is  described  in  Sec.  6.  The  connections  are 
uustrated  in  Fig.  101. 


TIS.  Switching  practice  is  practically  the  same  whether  generators  or 
ktnsformers  are  used.  Since  the  opening  of  a series  circuit  causes  full 
Jdtage  across  the  break,  and  short-circuiting  causes  only  a relatively  small 
^terease  in  current,  all  transfers  of  circuits  are  accompliahed  after  short- 
circuiting  the  same.  Apparatus  will  run  on  short-circuit  for  a short  time 
without  damage.  The  switching  is  accomplished  very  simply  by  means  of 
* transfer  or  carrier-bus  panel  as  shown  in  Fig.  102.  This  arrangement  is 
relatively  inexpensive  and  will  allow  almost  any  conceivable  switchir- 
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794.  Ammeters  may  be  connected  into  any  circuit  by  inaertii 
plug  in  the  sockets  in  rows  1 or  11.  When  the  plug  is  inserted 
opened  and  simultaneously  completed  through  the  ammeter. 


Fig.  102. — Transfer  panel-series  switching. 
Oil  Bwttch  Oat 


Disconnecting 

Switches 


I | Control 
Levers 


To  Governor  I 


Sub-StutioQ 


Motor-Generator 


Fig.  103. — Elements  of  Thury  system  of  transmission. 

current  work  it  is  necessary  to  have  the  instruments  in  the  line  circnil 
1 hpy  must  be  insulated  for  high  voltage  and  the  cases  protected  with  th 
grounded  covers  to  protect  the  operator.  In  alternating-current  work 
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rent  (aerie*)  transformer  may  be  used  in  connection  with  a standard 
jtrument. 

The  Thury  system  of  direct-current  series  transmission  (Fig.  103) 
inlike  the  senes  lighting  systems  in  use  in  this  country.  Beriee- 
pnerators  are  employed,  developing  up  to  4,000  and  5,000  volts  each, 
ent  number  being  connected  in  series  to  secure  the  desired  trans- 
voltage. Currents  of  various  magnitudes  are  used,  approaching 
p.  maximum.  The  Thury  system,  like  our  lighting  systems,  is 
ly  constant-current  and  is  regulated  to  produce  this  condition,  the 
varying  directly  with  the  loaa.  The  system  is  not  planned  for  the 
listribution  of  energy  in  small  quantities,  but  rather  for  transmission 
itions  where  it  is  transformed  to  constant-potential  energy.  These 
)ns  are  in  series  and  each  has  one  or  more  motor-generators  with 
>und  motors.  This  system  has  not  been  received  with  favor  in  this 


TM.  The  insulation  of  the  machine  windings.  (Thury  system) 
ted  not  be  for  the  full  voltage.  If  a small  number  of  machines  is  contem- 
Ihted,  this  insulation  could  probably  be  advantageously  used,  but  in  large 
pfems  of  high  voltage  and  numerous  machines,  the  most  economical 
emits  may  be  expected  by  insulating  each  machine  from  the  ground  and 
hm  other  machines.  The  difficulty  lies  largely  in  securing  an  insulating 
topling  combining  mechanical  with  dielectric  strength.  The  machines 
Sat  each  be  surrounded  by  a highly  insulated  platform  so  constructed  as 
billow  easy  access  without  danger  to  the  operators. 

TIT.  The  switching  (Thury  system)  may  be  exceedingly  simple,  as  no 
Womatic  circuit-interrupting  devices  are  required  or  even  desired.  Since 
6e  characteristics  of  series  generators  permit  short-circuit  currents  but 
ftghtly  in  excess  of  the  operating  currents,  no  devices  for  protecting  against 
tetany e currents  are  necessary.  It  is  probable  that  satisfactory  switching 

Becured  by  hand-operated  non-automatic  single-pole  switches,  one  to 
cuit  the  terminals  of  the  machines  and  two  others  to  disconnect  it 
t line  (Fig.  103).  None  of  the  complications  usual  in  constant- 
totential  systems  need  do  considered.  The  short-circuiting  switch  should 
arc  a rupturing  capacity  equal  to  the  rating  of  a single  generator.  The 
fiKonnecting  swatches  may  be  of  the  ordinary  air-break  type,  but  insulated 
’or  the  total  voltage  of  the  system.  This  insulation  is  necessary  so  that 
ke  machines  may  be  disconnected  from  the  lines  and  grounded  for  repairs. 
TM.  The  regulation  (Thury  system)  consists  in  maintaining  constant 
vreot  and  can  be  secured  in  three  ways,  any  combination  of  which  may 
cosed:  (a)  shunting  the  Beries  fields  by  an  adjustable  rheostat;  (6)  rock- 
lithe  brushes  from  the  neutral  point;  (c)  controlling  the  speed.  The 
Ificulties  of  commutation  prevent  any  very  considerable  adjustment  by 
k first  two  methods,  but  the  generators  themselves  are  self-regulating 
ii  large  degree.  The  automatic  regulation  is  secured  by  a series  relay 
ikeh  operates  the  field  rheostat  or  other  controlling  means  through  direct 
ttaection  or  by  electric  control.  Large  adjustments  are  taken  care  of 
ythe  starting  up  or  shutting  down  of  machines.  Motors  are  regulated  to 
it«  constant  speed  by  centrifugal  governors  which  actuate  the  field  rheostat 
od  rock  the  brushes.  Protective  devices  are  required  for  short-circuiting 
te  terminal*  when  the  voltage  exceeds  rating. 


▲LTBRNATINO-OUllftBNT  SWITCHING 


TM.  The  principles  of  alternating-current  switching  are  not 
Ktssarily  different  from  those  of  direct-current  (Par.  761  to  790).  The 
me  equipment  and  apparatus  may  be  used  for  low-voltage  work,  except 
r alight  modifications  to  avoid  eddy  currents.  The  elements  of  alternating- 
rrent  switching  arrangements  are  shown  somewhat  progressively  in  Fig. 
4.  The  symbols  indicate  oil  switches,  (O)  capable  of  being  opened 
tier  load  and  disconnecting  switches  (a)  incapable  of  interrupting 
ly  except  the  smallest  currents. 

The  simplest  arrangement  is  that  shown  in  sketch  A (Fig.  104),  where 
e generators  and  feeders  are  grouped  at  either  end  of  a single  bus. 
etches  B to  E indicate  arrangements  for  sectionallsing  the  bus  by  dis- 
anecting  switches,  which  permit  the  division  of  the  plant  at  Sny  desired 
ini;  some  sectionalisation  by  oil  switches  is  frequently  desirable.  The 
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ring  bus  shown  at  E probably  has  the  greatest  ad  rentage.  Dow 
busses  are  shown  at  F,  G and  H , which  have  the  added  advantage  that  gj 

Soup  of  feeders  may  be  supplied  from  any  group  of  machines;  douH 
row  disconnecting  switches,  and  double-throw  oil  switches  are  shol 
but  the  latter  are  not  recommended.  The  relay  bus  system  shown  tfl 
and  M gives  some  control  of  the  sectionalizing  under  load.  j 

The  need  for  increased  reliability  of  switching,  as  well  as  increased  flj 
bility  has  led  to  the  arrangements  shown  at  J to  A inclusive;  sketch.  I shfl 
spare  oil  switches  arranged  to  replace  any  of  the  others,  through  diaqfl 
necting  switches.  In  the  other  layouts,  there  is  usually  a spare  switch! 
each  generator  or  feeder  group,  so  that  no  equipment  need  be  kept  out] 
service  on  account  of  switch  trouble  alone.  Obviously,  switching  arrand 
ments  without  limit  can  be  devised  to  allow  almost  any  conceivable  swifl 
ing  operation.  ] 
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Fia.  104. — Elements  of  alternating-current  switching. 

800.  Oroup  switching  is  usually  resorted  to  (Figs.  104 N and  1(MJ 
in  very  large  stations  of  moderate  voltage,  where  the  number  of  feeders 
relatively  large.  It  facilitates  starting  after  a shut-down,  and  simplifies  t 
sectionalization  of  the  loads  for  any  purpose.  It  also  provides  the  maxima 
of  flexibility  with  a minimum  of  expensive  oil  switches. 

801.  High-tension  power  stations  using  transformers  require  both  hif 
tension  and  low-tension  bus  systems.  The  great  expense  of  high-tens* 
switches  and  the  large  space  necessary  for  their  enclosure  has  led  to  ve 
simple  high-tension  layouts.  For  example,  the  Ontario  Power  Compai 
employs  the  complicated  low-tension  layout  M and  the  simple  high-tensi 
layout  D (T  Fig.  104). 

808.  The  grounded  neutral  has  proved  advantageous  principal 
in  systems  having  extensive  underground  distribution,  the  object  bei 
to  open  the  circuit  breaker  of  a grounded  feeder  before  a short-cirri 
between  phases  can  occur.  A resistance  is  usually  inserted  between  t 
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neutral  bus  and  the  ground,  of  euoh  magnitude  that  the  current  flowing 
to  a grounded  feeder  will  comfortably  operate  its  overload  relays.  When 
three-phase  star-connected  generators  have  a third  harmonic  in  the  e.m.f. 
wave,  it  will  appear  as  a voltage  between  neutral  and  ground.  Where  dissimi- 
Ur  machines  are  operated  in  parallel,  a considerable  voltage  may  develop  be- 
tween their  neutrals  which  will  make  their  interconnection  dangerous. 
In  each  cases  it  is  neoessary  to  introduce  resistance  in  these  connections. 
It  is  common  practioe,  however,  to  operate  with  but  a single  machine 
pounded,  which  prevents  interchange  of  neutral  current  and  still  pro  toots 
the  system. 

Mt.  Current-limiting  reactances  are  in  use  on  large  systems  to 
hunt  short-circuit  currents,  thus  protecting  generators  and  limiting  the 
duty  of  the  oil  switches.  These  reactances  are  of  the  air-core  type  (Sec. 
6.  They  are  used  in  two  ways:  those  permanently  inserted  in  the  cir- 
cuits, and  those  inserted  only  during  switching  operations.  The  ordi- 
nary turbo-generator  will  deliver  instantaneously  on  short-circuit,  from 
30  to  50  times  rated  full-load  current;  a reactance  sufficient  to  reduce  this 
to  15  times  full-load  is  apparently  all  that  is  neoessary  in  present  installa- 
tions. This  reactance  may  be  introduced  in  the  machine  leads,  in  the  bus  bars; 
or  in  the  feeders.  The  first  method  is  commonly  used  for  permanent  inssr- 
Job  in  very  large  stations;  these  reactances  are  quite  large  and  expensive. 
Toe  second  met  nod  is  recommended  for  use  between  sections  of  the  bus  in 
■tstions  where  the  switches  would  otherwise  be  inadequate.  The  third 
uctbod  i*  used  for  insertion  of  reactance  only  during  the  opening  of  a short- 
cucuit;  there  are  two  switches  in  series,  the  first  Inserting  the  reactance 
(normally  short-circuited),  thus  limiting  the  current  to  be  broken  by  the 
Mcond  which  is  mechanically  interlocked  to  open  immediately  afterward. 
These  reactances  are  small  and  may  even  be  included  in  the  oil  pots  of  large 
■witches. 


Fia.  105. — Disconnecting  switches. 


Hi.  Disconnecting  switches  (Fig.  105)  are  ordinarily  used  for  section- 
•hriag  bus  ban  or  circuits,  or  for  isolating  apparatus  for  grounding  or 
Impair,  but  not  for  switching  under  load.  They  are  used  sometimes, 
towever,  fa  place  of  oil  switches  on  one  side  of  parallel  transformer  banks, 
^■connecting  switches  should  not  be  located  to  open  downward  unless 
bin  are  provided  to  keep  them  from  jarring  out.  In  very  heavy  work 
should  be  used  to  avoid  loops  in  the  wiring  which  on  short-circuits 
JU  Produce  magnetic  forces  sufficient  to  open  the  switch.  The  cost 
2.  300-amp.  disconnecting  switches  is  about  $6.00  + $0.80  per  1,000  volts. 
The  cost  of  600-amp.  disconnecting  switches  is  about  $12.00  + $1.00  per 
*•000  volts,  mounted  on  metal  bases,  or  20  per  cent,  greater  than  pre-war 
®osts. 

Hi.  Kxpulsion  fusel  (Fig.  106)  are  used  for  connecting  potential  or  small 
auxiliary  transformers  to  the  dub.  They  are  usually  arranged  also  as  discon- 
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meting  switches.  They  consist  rassnrislly  of  fine  ham  wfa t confined  in 
strong  insulting  tubes  olosed  at  the  lower  ends.  The  blowing  of  the  foes 
tad  the  resulting  confined  arc  suffice  to  blow  the  conducting  vapors  out  of 
the  open  end,  thus  putting  out  the  arc.  The  tubes  are  arranged  for  con- 
venient removal  ana  refilling.  They  are  reoommended  only  in  small  capaci- 
ties and  moderate  voltages,  although  they  are  offered  up  to  60,000  volts, 
20  amp.  They  oost  about  $20  plus  $0.50  per  1,000  volts. 

$0$.  Oil  circuit  breakers  are  used  for  interrupting  current  at  all  voltagee 
•bore  600.  Three  of  the  numerous  types  of  oil  switches  are  shown  in  Figs.  107 
to  109.  The  contacts  open  under  oil  and  the  arc  is  put  out  by  the  cooHiig 
tction,  and  the  pressure  of  the  oil.  When  a circuit  is  opened  the  resulting 


Fia.  109. — Weetinghouse  type  QA  oil  circuit  breaker,  400-600  amp., 
135,000-155,000  volte. 


aro  tends  to  impart  a more  or  less  violent  motion  to  the  oil,  away  from  the 
contacts,  but  its  inertia  and  pressure  due  to  depth  resist  the  action  and 
quickly  quench  the  aro.  This  pressure  becomes  very  great  in  violent 
wort-circuit  interruptions,  and  has  been  observed  as  high  as  150  lb.  per  sq. 
in.  a few  in.  away  from  the  arc.  Contacts  of  various  types  are  used  and 
til  have  oertain  advantages;  many  are  arranged  with  auxiliary  contact  for 
the  final  breaking  of  the  circuit.  Most  of  the  breakers  are  arranged  to 

A spedaT circuit-breaker  oil  is  used  which  is  fluid  at  low  temperatures 
*nd  is  free  from  moisture.  The  oil  level  must  be  carefully  maintained  in 
operation,  and  the  ofl  must  be  changed  when  burned  by  short  circuits. 
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MY.  The  temperature  riM  should  never  exoeed  26  dag.  to  30  doc. 
Cent,  in  the  hottest  part  at  contiguous  full-load.  The  rolU|«  rntlnc  m 
determined  by  the  insulation  distance  to  the  grounded  parts  and  by  the 
breaking  distance  of  the  oontacts.  The  Westinghouse  Company  designs 
its  high-capacity  high-voltage  breakers,  with  a ground  distance  of  about  5 
in.  plus  0.25  in.  per  1,000  volts,  and  with  a total  breaking  distance  per  pole 
of  about  10  in.  plus  0.83  in.  per  1,000  volts.  Breakers  are  standard  up  to 
165.000  volte. 

The  current  rating  is  determined  largely  by  the  sise  of  the  current-carry- 
ing parte  and  may  even  be  in  excess  of  the  safe  rupturing  capacity.  Breakers 
for  very  high  voltage  are  usually  from  300  to  400  amp.  capacity,  while  for 
2,500-volt  or  even  13,000-volt  work  they  are  available  up  to  4,000  amp. 


Switch  on  Pips  Framework  Switch  in  Oell  Remote  From  Panel 

Fia.  110. — Mountings  for  small  oil  switohes. 


MS.  Oil  switches  for  panel  mounting  (Fig.  110)  usually  have  their 
poles  enclosed  in  a common  grounded  rectangular  steel  oil-filled  tank  which 
is  removable  by  dropping  it  away  from  the  contacts.  This  type,  when 
mounted  on  panels,  is  not  desirable  above  2,500  volts  and  8,000  kw.  station 
capacity. 

SM.  Wall  and  framework  mounting  (Fig.  110)  with  remote  control, 
using  this  same  type  of  switch  (Par.  SlO),  extends  its  capacity  to  about 
12,000  kw.  at  2,500  volts,  or  to  6,000  kw.  at  15,000  volte. 
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811.  Remote  control.  In  most  cases  electrical  control  is  used  where 

hand  control  is  undesirable.  The  operation  in  most  types  is  secured  by 
solenoids,  a powerful  one  closing  the  switch,  and  a lighter  one  releasing 
a latch  which  permits  the  switch  to  open  by  gravity.  In  the  General 
Electric  type  H switch  (Fig.  108)  a motor  is  employed  for  the  purpose  of 
winding  a spring  which  on  the  release  of  a stop  by  a solenoid  closes  or  opens 
the  switch,  depending  on  its  position.  Following  the  operation  of  the  switch 
the  motor  again  winds  up  the  spring.  Pneumatic  control  is  used  in  some 
cases  in  very  high-voltage  work.  For  wiring  see  Figs.  100  and  111. 
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control  of  the  oil,  etc.  Generally  breakers  with  a separate  tank  per  pole, 
or  with  a separate  tank  for  each  contact  have  larger  breaking  capacity 
than  those  where  all  the  poles  and  contacts  are  grouped  in  one  tank.  A 
breaker  operated  at  less  than  standard  voltage  will  have  its  ultimate  breaking 
capacity  somewhat  increased. 

S1J.  Hand  control  of  oil  switches  is  used  for  panel-mounted  switches 
and  for  remotely  mounted  switches,  in  the  smaller  stations.  The  remote 
control  is  secured  through  bell  cranks  and  rods  (Fig.  110).  Where  the 
■witches  become  numerous  and  are  too  far  away,  or  the  station  is  of  too 
luge  capacity,  hand  operation  is  undesirable. 

814.  011  switches  for  floor  mounting  (Fig.  Ill)  have  each  pole  enclosed 
in  a heavy  grounded  tank  and  may  be  supplied  with  weather-proof  entrance 
bushings  and  cast-iron  covers  for  the  operating  mechanism,  allowing  use  out 
of  doors.  They  are  available  for  voltages  from  25,000  to  150,000  and  are 
notable  for  stations  of  almost  any  sise. 
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815.  Methods  of  Operating  Oil  Switches* 
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trip  or  with  eleo- 
tric trip 


Automatic  Control 

Series  f Direct  relay 
\ D.  c.  trip 


Without 

■sties 

trans- 

formers 


tnp 


Auxiliary  | Push  button 


With 

■tries 

trans- 

formers 


, trip 
Depend- 
ing on 
load  in 
secon- 
daries 


[ Low  voltage 


With- 

out 

relay 


f Direct 
\ trip 

l a,ci 


] With  or  f 
I without  j 
j time  [ Inverse 
[ With  or  without 
] shunt  transformers 
l or  series  resistance 

Short-cir- 1 A.  c.  trip 

| 8?  Overload.  J D.  c.  trip 


Constant 


► Overload 


On  panel 
On  shaft 


With- 

out 

time 

element 


With 

time 

element 


Depend-  ] 
j ng  on  l With 

time  [ relay 

element  J 
Attachments:  . 

Auxiliary  switches  (Circuit  opening), 
Indicating  switches  (Circuit  closing). 
» f Electrical 

Interlock*  l Mechanical 


Instan- 

taneous 


Con- 
stant or 
inverse 


Reverse  power, 

D.  c.  trip 

Reverse  / A.  c.  trip 

phase  D.  c.  trip 

Differen- 
tial low 

voltage  D.  c.  trip 

under 

load 

Over-  A.  c.  trip 

load  \ D.  c.  trip 
Reverse  power, 

D.  c.  trip 


* Ruahmore  D.  B.,  "Electrical  Connections  for  Power  Stations,"  Trana., 

L I.  E.  E.,  May  28,  1906. 
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Sec.  10-816 


POWER  PLANTS 


816.  Switches  for  cell  mounting  cover:  (a)  the  above  type  where  such 

mounting  increases  the  safe  rupturing  capacity  about  15  per  oent.  (6)  a modi- 
fication  of  this  type  with  individual  and  stronger  tanks  for  each  pole 
sometimes  with  separate?  oells  for  each  pole,  wliich  is  suitable  to  4(M)0Q 
kw.  and  2,500  volts,  or  even  higher  with  special  design;  (c)  switches  having 
two  separate  round  pots  per  pole  each  containing  a separate  contact, 
and  each  pole  in  a separate  cell,  which  arc  suitable  for  all  capacities,  partieu* 
larly  up  to  25,000  volts. 

817.  The  source  of  energy  for  operating  switches  should  be  of  utmoel 

reliability.  Storage  batteries  oro  almost  invariably  used  except  in  amal 
stations  where  the  exciter  system  is  used.  All  switching  mechanisms  should 
be  designed  to  operate  satisfactorily  on  a range  of  voltage  from  40  per  cent 
below  to  20  per  cent,  above  normal. 


a wir«  D.a 

Feeder  Feeder  Feeder*  Motor*  Ushtlof 


818.  Belays  arc  used  operating  under  all  of  the  conditions  outlined  in 
Par.  816.  The  most  common  arrangements  are  shown  in  Fig.  112  (E.  M 
Hewlett,  Trans.  A.  1.  E.  E.,  March,  1912).  The  most  common  types  are:  thi 
solenoid  wit  h plunger  and  the  meter  type  very  similar  to  the  induction  meter 
Adjustment  for  current  is  made  by  position  of  plunger  in  first  type  and  bj 
strength  of  spring  in  second.  Adjustment  for  time  is  made  by  bellows  o) 
oil  pot  resisting  motion  of  plunger  or  disc  and  magnets  resisting  turning  ol 
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Sec.  10-819 


armature  of  motor  type.  Definite  time  limit  ie  secured  by  clockwork. 
TJiual  adjustments  by  bellows  or  magnet  give  a time  in  inversely  as  the 
actuating  force.  , 

It  is  important  that  under  short  circuit  conditions  relative  settings  remain 
unchanged.  The  coat  of  three  pole  relays  varied  from  *25  for  plain 
overload  instantaneous  to  $60  for  reverse  current  inverse  time  limit  before  the 
war.  with  an  increase  of  75  per  cent,  for  1921.  Some  types  coet  this  amount 
per  pole  and  special  types  are  considerably  more  expensive. 

HI.  The  cost  of  oil  switches  varies  between  exceedingly  wide  limits, 

i x i. i.,  »ano/>ifv  <».n J vnltium.  Pre-war  costs  cover- 

> about  5,000  kw.  and 
l^,000  volts,  about  $70 

plus  jiu  per  iuu  amp.;  lor  very  large  ay b ten m ui  volts  or  lower,  roughly 

1600  plus  $20  per  100  amp.  hand  operation  being  unavailable.  For  very 
high  voltage  systems  there  is  usually  only  one  current  rating  for  each  voltage; 

such  switches  for  44,000  volts  will  coet  from  $400  for  a 16, Of 
..  * _ m aaa  i i.: i in  nnn  tl  frfWi 


such  switches  for  44,000  volts  will  coet  from  »*uu  ior  a io,000-kw.  rating  to 
$1,200  for  a 50,000-kw.  rating;  for  110,000  volte,  from  $1,500  for  a 15,000-kw. 
rating.  The  coet  of  electric  opera-  MkIn  Mvltah  Mala  trtu. 

a.'  _ r.  -1 a .JJUSAn.  AvnlllO. 


lion  u about  $50  additional,  exclus- 
ive of  control  wiring.  For  1921 
rats  add  20  per  cent  for  the  smaller 
mtems  and  up  to  80  per  cent,  for 
the  larger. 

MO.  MorU-Price  System  of 
relay  protection  depends  on  un- 
eqosJ  currents  at  two  ends  of  con- 
ductor in  trouble.  The  senes  trans- 
formers at  the  two  ends  are  inter- 
eoonected  ao  that,  normally,  no 
current  flows  through  the  relay. 
Unbalance  due  to  trouble  cuts  out 
the  apparatus  (Fig.  118). 


Main  Swttah 

A 


3L 


w»wic 


3 TrlpC 


Protested  Feodor 


MelaSvlteh 


Trtp  Call 


3L 


n 

dmslmTmm, 

n 

D 

Bdtaaetiif  Tnuta 

□ 

3 Trip  Cod 


meter  (where  phasee  are  likely  to  be  

unbalanced  an  ammeter  is  often  sup-  w 
plied  for  each  independent  phase,  or 
current  transformers  and  transfer 
■witches  for  connecting  the  single 
ammeter  to  any  phase;  (b)  one  alter- 
nting-current  voltmenter  (or  volt- 

aeter  receptacle  and  plug  to  connect  Trip  Odi  g 

h common  voltmeter);  (c)  one  — Mertx-Price systems  of  pro 

indicati^wattmetAT  tranrformer.  and  eab.es. 

0)  current  (series)  and  potential  (shunt)  transformers,  {k)  one  automati 
gwa ^Tnrtmmant  equipment  for  feeder  panels  includes; 

(a)  One  alternating-current  ammeter  (ammeter  transfer  switches  may  b 
wid  if  phases  are  unbalanced);  (b)  one  indicating  watt  meter  (optional) 
(c)  one  automatic  relay;  (<f)  current  (senes)  transformers. 

*U  instrument  equipment  for  station  panel  includes:  , 

(a)  Synchroniser  (extra  one  optional);  (b)  voltmeters  Pfi^alV 

•eh  bus  (optional);  (c)  frequency  meter;  (d)  voltage  regulator  (optional) 
U)  totalising  wattmeter  (optional);  (/)  totalising  watt-hour  meter  (optional). 

tmi  The  cost  of  high-grade  switchboard  instruments  mounted 
wi A pail  wiring*  exclusive  ofinstrument  transformers,  was  1 before  the  war  as 
fftllnJ^ammeters  $40,  voltmeter  $45,  single-phase  wattmeters  $50,  poly 
nhase  wattmeters  $70,  single-phase  watt-hour  meters  $70,  polyphase  watt- 
Sour  meters  $125.  Large  variations  in  price  however  exist  between  various 
ty^»^dffrades,  but  may  be  taken  at  50  per  cent,  increase  for  1921. 
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POWER  PLANTS 


8fi.  The  synchronising  equipment  in  a station  most  be  ample  enougi 
to  prevent  any  possibility  of  failure,  and  should  be  in  duplicate  in  all  excepl 
small  stations;  there  should  also  be  gyjy 
chronising  lamps  in  case  of  failure  of  tbi 
instruments.  There  should  be  more  that 
one  set  of  instrument  transformers  avail 
•able  for  the  bus  voltage.  Synchronize! 
wiring  should  preferably  be  as  simple  a 
possible  (Fig.  114). 

826.  Instrument  transformers  (Sec 
6.  and  Sec.  3)  are  generally  used  whenevei 
the  currents  exceed  100  amp.  or  the  voltagi 
600.  They  are  designed  for  5 amp.  aru 
1 10-volt  secondary.  Separate  transformer 
of  ample  capacity  should  be  provided  fol 
( relays  and  for  instruments.  Potentia 

(shunt)  transformers  are  usually  oil  insa 
lated  for  all  voltages  above  4,000  and  cuj| 
rent  (series)  transformers  for  voltage 
wiring  above  15,000.  Instrument  transform* 
wiring  must  be  grounded  thoroughly,  botl 
at  the  transformer  and  at  the  board,  t 
prevent  high  potential  on  the  panels  in  case  of  burnouts. 

827.  The  cost  of  high-grade  Instrument  transformers  was  about  ^ 
follows;  on  a pre-war  basis  with  up  to  80  per  cent,  increase  for  1921. 

Series  type,  2,500  volts,  810  + 60.60  per  100  amp.;  11,000  volte.  630+  t 
per  100  amp.;  33,000  volts,  660+  $18.00  per  100 amp.;  66,000  volts,  6175H 
635  per  100  amp.;  shunt  type,  200-watt  size,  $20  + 68  per  1,000  volts. 


Fio.  1 14. — Synchroniser  

using  shunt  transformers. 
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115. — Three-phase  generator  panel. 
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828.  Types  of  switchboards  using  the  apparatus  above  described  may  b 
divided  into  three  classes: 

1.  Self-contained  panel  type. 

2.  Remote  mechanically  operated:  (o)  panel  boards;  (6)  bench  boards. 

3.  Electrically  operated:  (a)  panel  boards;  (b)  bench  boards. 

The  capacity  and  voltage  of  the  station  largely  determine  the  typ 
as  discussed  under  oil  switches,  type  1 being  suitable  for  the  smalfee 
and  type  3 for  the  largest  systems.  Space  requirements  for  the  differen 
types  are  not  materially  different.  Typical  panels  are  shown  in  Figs.  It 
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831.  Co»t  Of  switchboards.  Switchboards  on  pre-war  basis  cost  from 
|2  to  $8  per  ,w.  of  capacity  including  all  wiring  and  apparatus  installed: 
add  80  per  cent,  for  1921  costs.  . , , . „ , 4.  . 

832  Mimic  or  miniature  bus  bars  are  invariably  installed  on  the  faces 
of  the  control  boards  in  large  stations.  They  represent  by  single  bars 
exactly  the  electrical  relation  of  the  main  switch  controlled  by  each  control 
•witch  and  thus  greatly  simplify  the  operation. 

833  Grouping  of  panels.  It  is  customary  to  arrange  the  panels  as 
follows,  beginning  at  one  end;  voltage  regulator,  exciters,  station  auxiliaries, 
feoerators,  feeders,  with  blank  panels  sufficient  to  care  for  any  reasonable 
extension  of  the  plant.  With  remote  control,  particularly  electrical,  this 

•U.  B.  C. -Ultimate  breaking  capacity  of  circuit  breakers  set  for  in- 
itantaneous  trip.  Costs  include  all  apparatus  necessary  and  all  structures 
•town  but  no  wiring.  Add  10  to  20  per  cent,  to  cover  installation. 

**Add  80  per  cent,  for  Estimated  1920  Costs. 


829.  Relative  costs  of  switchboards  are  approximately  100  per 
sent,  for  type  1,  120  per  cent,  for  type  2 and  140  per  cent,  for  type  3 (Par. 
828)  These  figures  are  approximate  only  for  the  same  electrical  layout, 
whereas  different  layouts  would  undoubtedly  be  used  for  the  stations  for 
which  each  type  would  be  suitable.  The  following  table  gives  the  costs  of 
typical  panels  shown  in  Figs.  119  to  121. 
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Fig.  116. — Quarter-phase  generator  panel. 


830.  Approximate  Cost  of  Switchboard  Panels •• 

C.  H.  Sanderson,  Elec.  Jour.,  1913. 


Kind  of  panel 


Generator 


Volts  Amps 


1,240  12,500 


1,04  5 12,500 
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arrangement  of  the  switches  themselves  may  be  impossible  on  aooonnt  ol 
desired  electrical  layout,  but  the  panels  may  be  so  arranged  to  advantage 
Remote-control  bus  structures  and  switches  should  be  located  where  then 
is  room  for  considerable  extension. 


r&Dt.  BwtJ 

Fio.  117. — Three-phase  double  circuit  feeder  pane  . 


Fia.  118. — Single-phase  double  circuit  feeder  panel. 


834.  The  operation  and  care  of  switchboards.  Small  stations  up  to 
■ay  ! 000  kw.  do  not  need  any  special  operators  for  the  switchboard.  The 
engineer  on  watch  has  ample  time  to  take  care  of  any  switching  operations, 
witt  larger  stations  special  operators  become  necessary;  up  to  10,000  kw  one 
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Sec.  10-835 


operator  one  nkh  U enough  end,  during  the  light  load  period a,  if  the 
arrangement  of  the  board  with  respect  to  the  turbine  room  ia  suitable,  this 
operator  may  be  unnecessary.  Above  10,000  kw.  an  operator  continuously 
oq  watch  is  necessary  and  frequently  an  additional  ">in  to  take  care  of 
jjitocwneoting  switches  and  the  cleaning  and  repair  of  oil  switches.  Above 


Fra  122.— Types  of  benoh  boards. 


IN.  Loom!  diqntehini  in  some  form  is  neoessary  on  complicated  systems. 
The  load  dispatcher  has  full  oontrol  over  and  knowledge  at  all  times  of  the 
condition  of  the  system.  He  usually  has  a map  of  the  system  indicating 
the  condition  of  all  electrical  apparatus  and  issues  all  orders  by  telephone 
for  the  putting  on  or  taking  off  of  any  machine  or  cable.  Emergency  con- 
ditions require  a certain  suspension  of  the  direct  control  of  the  dispatcher, 
bat  in  such  cases  a carefully  worked  out  routine  must  be  followed.  # Borne 
▼ery  large  systems  have  no  man  formally  called  a dispatcher  but  in  such 
cases  the  senior  operator  in  the  largest  station  is  given  final  authority  and 
his  orders  must  be  obeyed. 
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STATION  TRANSFORMS*  INSTALLATIONS 

837.  Transformers  of  practically  all  types  are  used  for  high-tensiot 

power-station  work.  On  account  of  the  sixe  and  voltage  of  most  station! 

.kindi  tlie  main  power  transformers  are  usually  oil  insulated, with  a 
without  water  cooling,  and  of  the  shell  type  of  construction.  8ee  Sec.  6 

838.  Air-blast  transformers  are  rarely  used  above  15,000  volte  and 

annH19e?mbbVe  10S?kkv’a-  They  ?re  available,  however,  up  to  33,000  volti 
and  2,500  kv-a.  These  extremes  should  be  avoided  on  account  of  insulatioi 
and  cooling  difficulty.  ^ 

839.  Self-cooled  transformers  are  built  in  sixes  up  to  about  8,000  kv-a. 

but  the  space  required  is  large  on  account  of  the  necessity  of  outside  cooliai 
results0*^  radlators*  to  kv-a.  corrugated  tanks  give  satisfactorj 

* 84?  ^h®.  ?ue*t4i1°?  of,,  s^gle-phase  vs  three-phase  transformer! 

is  not  definitely  settled.  First  cost,  efficiency,  simplicity  of  wiring  and  flooi 
sllpomt  to  the  latter,  but  m installations  of  few  units  the  desin  ' 


space,  all  point  to  the  latter,  but  in  installat 
of  flexibility  frequently  dictates  single  ph 
two  units  connected  in  open  delta  will  safely 


.-  - phase.  When  operated  in  delti 

lnad'Jh11?  COfnneuted, in  SP°n  ddta  safe‘>'  carr>r  about  60  per  cent  of  U 
load  that  a full  bank  will  carry.  This  same  ability  also  exists  in  shell  type 
three-phase  transformers  operated  in  delta,  both  primary  and  secondary 
provided  the  damaged  coils  are  disconnected  and  short-circuited. 
relative  floor  space  occupied  is  shown  in  Fig.  123. 


Single  Phase  Water-Cooled  Transformers  Total  Capacity  6000  Kr-A 


Three  Phase  W ater-CooJed  Transformers  Total  Capacity  6000  Kv.A 


Single  Phase  Air-Blast  Transformers  Total  Capaoity  6000  Kv-A. 


Three  Ph  as  (^Air-Blast  Transformers  Total  Capacity  6000  Kt.a, 

Fi°-  ,23-Re,ative  floofrorr;:(oc:iinMr,and  of  ,hr^pha-  ^ 

purchased  cooling  towers  can  be  used  to  advantage.  It  is  desirable  to  have 
negative  pressure  in  the  cooling  pipes  to  prevent  leakage  into  the  oil. 

842.  The  amount  of  water  required  is  approximately  4 »al  rw»r 
l’00^  kv-a*  oaPftcity-.  This  amount  is  not.  rigid.  wimor  con- 
advlntige688  18  nece89ary>  and  In  summer  fully  twice  ns  much  can  be  used  to 

po?k3v  1?'hHpnoJV0f  wat«r“c<>oling  systems  is  from  15  cents  to  50  cent* 

above  pre-wa?  costs.8  0D  ^ 8°UrCe  °f  8Upply’  °r  aPProximately  100  per  cent. 
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•44.  Air-oooling  requires  blowers  taking  about  0.80  per  cent,  of  the 
oatput.  They  are  usually  electrically  driven  and  require  from  3 cu.  ft.  per 
min.  to  5 cu.  ft.  per  min.  per  kv-a.  at  pressures  from  1 os.  per  so.  in.  to  0.5  os. 
per  sq.  in.,  depending  on  sise.  The  first  figures  are  for  100  kv-a.  sise  and 
the  latter  for  1,000  kv-a.  sise. 

844.  Oil-insulated  transformers  are  in  reliable  service  up  to  150.000 
rolta  and  14,000  kv-a.  and  down  to  very  email  sines  at  25,000  volts.  They 
sre  the  most  satisfactory  in  the  average  oentral  station. 

844.  Forced  oil  cooling  can  be  used  for  all  si  see  and  gives  satisfactory 
results.  The  transformers  usually  have  plain  boiler  iron  shells.  The  oil  is 
pumped  in  at  the  bottom  and  overflows  at  the  top,  passing  through  glass 
eight  tubes  to  cooling  coils  located  where  good  air  circulation  or  cooling  water 
ie  available.  This  method  avoids  the  possibility  of  water  leaking  into  the 
oil  through  defective  tubes,  as  the  oil  may  be  kept  under  slight  pressure. 
U also  allows  the  convenient  drawing  of  the  shells  without  special  piping. 
The  chief  objection  is  that  a fire  may  put  the  entire  equipment  out  of  service. 
The  cost  is  from  45  cents  to  90  cents  per  kv-a.  of  capacity,  which  is  con- 
aiderably  higher  than  water  oooling,  Out  there  is  a considerable  saving 
in  the  cost  of  the  transformers  due  to  absence  of  cooling  coils. 

847.  Fire  danger  from  transformers,  while  not  negligible,  has  been 
greatly  exaggerated  in  the  past.  In  some  installations  each  bank  has  been 
placed  in  a well-drained  fire-proof  chamber,  in  addition  to  being  equipped 
with  a piping  system  to  enable  the  rapid  emptying  of  the  shells  into  a buried 
tank.  Some  of  the  latest  and  very  important  installations  have  been  con- 
structed with  simple  barriers  between  banks  opening  into  a common  passage. 
The  drainage  system  is  still  important  but  is  used  principally  to  facilitate 
repairs,  inspection  and  the  treating  of  the  oil. 

848.  Convenient  handling  of  the  transformers  should  be  provided  for 
either  by  an  overhead  travelling  crane,  or  by  mounting  on  truoks  on  which 
they  may  be  moved  to  an  inspection  pit. 

849.  Transformer  oil  must  be  kept  particularly  free  from  mois- 
ture; one  part  in  10,000  will  reduce  the  dielectric  strength  50  per  cent. 
Ikying  outfits,  which  dry  the  oil  by  forcing  it  through  successive  sheets 
of  blotting  paper,  were  available  before  the  war  at  from  $500  to  $1,000 
vith  capacities  of  from  5 to  20  gal.  per  min.  For  1921  costs  add  80  per 
cent. 

LIGHTNING  ARRESTERS 

$10.  Lightning  protective  apparatus  is  used  in  power  stations  to 
protect  the  apparatus  therein  from  abnormal  potentials  on  the  system, 
whether  caused  by  lightning  disturbances  or  by  switching  operations. 
The  ideal  apparatus  will  immediately  relieve  the 
vjrstem  of  excess  voltages,  allowing  no  flow  of  the 
dynamic  current  of  the  system,  and  be  ready  for 
immediate  service  again. 

Ml.  The  magnetic  blow-out  principle  is  fre- 
quently employed,  particularly  in  low-voltage  ar- 
resters. The  spark  gap  is  placed  between  the  poles 
of  an  electromagnet  (Fig.  124)  excited  by  the  flow  of 
cuiTent  which  immediately  bows  out  the  arc.  Series 
resistances  are  usually  employed  with  this  arrange- 
ment. 

188.  Choke  coils  are  simple  open  air  core  reac- 
tors inserted  between  the  arresters  and  the  appa- 
ratus to  be  protected  to  choke  back  the  lightning 
disturbances,  which  are  of  very  high  frequency,  thus 
allowing  the  arrester  to  discharge  with  a minimum 
■train  on  the  station  apparatus.  To  secure  the  full 
benefit  of  the  choke  ooils,  the  connections  to  the  Fia.  124. — Magnetic 
arresters  should  be  as  straight  as  possible.  blowout  lightning  ar- 

888.  Spark  gape  are  used  in  practically  all  types  r ester  for  low  voltage, 
of  arresters,  set  at  sufficient  distance  to  prevent 

■parking  oyer  at  ordinary  voltages.  Obviously  Something  additional  is 
needed  to  limit  the  flow  of  dynamic  current  after  relieving  the  excess  poten- 
tial. Their  most  common  use  without  considerable  modification  is  to  protect 
transformer  secondaries,  a single  gap  per  bank  of  transformers  being  used. 
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854.  Series  resistances  are  usually  inserted  between  simple 
gaps  and  ground  for  the  purpose  of  arresting  the  current.  This  is  a. . 
plished,  however,  at  a sacrifice  in  efficiency  of  the  arrester  in  removing  the 
disturbances  which  frequently  have  considerable  current  volume.  This 
method  is  used,  however,  in  many  types  from  the  lowest  to  the  highest 
voltage. 

855.  Fuses  inserted  in  series  with  a gap  ( 


Fig.] 

They 


. 125)  are  not  uncomiAoii. 
hey  serve  to  relieve  the 
system  and  interrupt  the 
current,  but  they  have  the 
serious  disadvantage  of 
being  able  to  handle  only 
a single  discharge.  A sim- 
ple circuit  breaker  is  some- 
times similarly  used  on  low- 
voltage  systems. 

All  of  the  above  arrange- 
ments have  their  simplicity 
to  recommend  them  but 
they  are  inadequate  on  all 
but  very  small  or  low-volt- 
age  systems. 

858.  Horn  gaps  are 

modified  spark  gaps  _ which 
consist  of  conauctora  ar- 
ranged  in  a “ V”  with  a 
sunaDie  gap  at  tne  bottom.  The  flaring  sides  are  shaped  so  that  the  arc 
in  rising  by  the  heated  air  is  lengthened  and  finally  blown  out.  Careful 
proportioning  is  necessary,  but  even  then  the  horns  will  fail  to  put  out  the 
arc  from  a heavy  current. 

. between 
have  many 
drop  bo* 

« V a| 
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Fio.  125. — Air  gap  lightning  arrester  with  fuse, 
suitable  gap  at  the  bottom. 
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Fio.  126. — Voltage  gradient  across  multigap  arrester  with  and  without 
dynamio  current. 

tween  gaps  is  much  greater  near  the  line  than  near  the  ground,  due  to  the 
•ilectrostatic  capacity  of  the  cylinders  (Fig.  126).  This  makes  possible 
a much  greater  aggregate  gap  distance  than  with  a single  gap,  which  greatly 
aids  the  quenching  of  the  dynamic  arc.  Lightning  disturbances,  being  of 
}•  . frequency,  cause  a still  greater  potential  gradient,  which  will  allow  the 
Usturbances  to  pass  at  a relatively  low  excess  voltage.  As  aoon  as  the 
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usturbances  to  pass  at  a relatively  low  excess  voltage,  abk 

naps  break  down  the  flow  of  current  causes  an  equal  drop  in  all 
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The  non-arcing  metal  has  a low  boiling  point  and  eota  as  a rectifier,  not 
allowing  the  dynamic  arc  to  be  resumed  on  reversal  of  current,  if  the. 
voltage  is  kept  low  enough.  The  greater  the  number  of  gaps  in  series  the 
more  definite  this  action. 


MS.  Multipath  arresters  allow  high  voltages  to  discharge  along  the 
surface  of  a very  high  resistance  rod  in  numerous  very  fine  sparks,  the 
normal  voltage  being  unable  to  continue  the  arc.  This  type  is  limited  to 
small  dischargee. 


Fio.  127. — Ele-  Fia.  128. — Characteristics  of  aluminum  lightning 

«nents  of  graded  arrester. 

•bunt  multigap 
“Tester. 


voltage  across  the  second  lower  group  of  gaps  which,  if  the  lightning  dis- 
charge is  heavy  enough,  are  broken  down,  thus  inserting  additional  gaps 
quench  the  aro.  Similarly  if  the  arc  continues  due  to  the  discharge  being 
too  heavy,  additional  gaps  are  inserted  until  the  entire  group  is  in  series. 
If  this  number  will  not  rupture  the  arc  the  arrester  may  be  destroyed,  this 
being  the  limitation  of  the  apparatus. 

MO.  Series-resistance  multigap  arresters  are  built  by  the  Weeting- 

wuae  Company  in  recognition  of  this  condition,  called  “Low-eaui valent 
“Testers."  The  series  resistance  is  expected  to  limit  the  rate  of  discharge 
rithin  safe  limits.  This  type  ordinarily  uses  but  a single  shunt  resistance. 
There  is  considerable  differenoe  of  opinion  as  to  whether  or  not  this  series 
resistance  is  desirable.  It  sometimes  saves  the  arrester,  but  at  the  expense 
of  the  apparatus  by  increasing  the  time  necessary  to  relieve  the  system. 
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861.  Care  of  multigap  arresters  requires  the  frequent  removal  of  dust 

best  accomplished  by  blowing  with  compressed  air.  The  arresters  shouk 
be  disconnected  during  this  process. 

862.  Aluminum-cell  lightning  arresters  depend  for  their  action  on  tb 
properties  of  aluminum  when  inserted  in  a suitable  electrolyte,  shown  b; 
Fig.  128.  When  an  e.m.f.  is  applied  between  two  electrodes,  insulatiq 
films  are  formed  which  break  down  if  the  forming  voltage  is  exceed® 
and  reform  immediately  when  the  voltage  becomes  normal.  This  ce 
more  nearly  conforms  to  the  ideal  than  any  other  arrester;  it  may  be  sc 
for  a very  small  increase  in  e.m.f.;  its  discharge  rate  is  enormous  and  i 
immediately  resumes  normal  condition  after  the  discharge.  Since  the  cell 
can  be  formed  to  withstand  permanently  only  about  300  volts,  a grafl 
number  in  series  is  required  for  high  potential  systems.  Conical  shop® 

aluminum  electrodes  are  mounted  on  rod 
with  spacers  allowing  a uniform  space  H 
tween  (Fig.  129).  Electrolyte  is  insertedj 
these  spaces,  great  care  being  required  to  0 
uniform  depth.  The  whole  stack  is  thenflj 
sorted  in  a tank  of  oil. 

863.  Charging  aluminum  arreaten 
Continuous  connection  to  the  line  is  flri 
possible  on  account  of  the  loss  of  energy,  J 
therefore  horn  gaps  are  usually  connected] 
series.  This  requires  frequent  charging  of  tl 
cells,  at  least  daily,  because  the  film  grad 
ally  dissolves,  more  rapidly  in  warm  weath® 

Care  of  aluminum  arresters  requires  a 
only  this  frequent  charging,  but  also  watchn 
the  charging  current  which  is  a guide  to  4 
condition  of  the  electrolyte.  Care  should! 
exercised  to  prevent  freezing  of  the  electron 
at  very  low’  temperatures,  as  it  might  destti 
the  arrester. 

864.  Arrangement  of  arresters  on  poll 
phase  circuits  may  consist  either  of  an  J 
rester  between  each  line  and  ground,  or  an 
ters  for  each  line  connected  together  on 
ground  side  and  then  to  ground  through  an  i 
ditional  arrester.  The  first  method  is  ul. 
where  the  neutral  of  the  system  is  ground* 

Fio.  129. — Construction  of  and  the  second  where  ungrounded. 

aluminum  arrester.  , *«.  Grounds  for  lighting  arrest* 
should  be  most  carefully  made.  Numcra 
iron  pipes. driven  several  feet  in  the  ground  and  interconnected  by  a oopp 
strip  are  good.  Copper  plates  buned  deep  in  coke  with  earth  filling  m 
also  used.  In  addition  the  arrester  ground  snould  be  connected  to  the  sW 
frame,  piping,  and  other  grounded  materials  in  the  building. 

866.  Summary  of  uses  of  various  types  of  arresters. 

(1)  Spark  gap — 

(a)  Series  resistance  I | D.C.  systems,  all  voltages. 

(b)  Fuse  f j A.C.  trolleys,  along  the  line. 

(c)  Magnetic  blowout  j ( 

(d)  Plain — Single  point  on  transformer  secondaries. 

Horn  gap — 

(a)  Series  resistance  ] [ A.C.  systems,  all  voltages,  locate 

(b)  Fuse  [ < on  poles. 

J [ D.C.  and  A.C.  series  systems. 

(3)  Multipath — Frequent  location  along  D.C.  lines. 

(4)  Multigap — A.C.  systems. 

(a)  Plain — Frequent  location  along  small  distribution  systems. 

(b)  Series  resistance- 

(c)  Shunt  resistance 

(d)  Shunt  and  series  re-  f { size  and  length  of  line, 
sistance, 
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location  along  small  distribution  systems. 
-Frequent  location  along  systems  up  15,000  voll 
) f Station  use  on  systems  of  modem 
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(5)  Aluminum  cell — 

(»)  In  small  jars  or  tanks,  I D.C.  systems  along  the  line  and 
\ D.C.  stations. 

(b)  All  stacks  in  one  tank,  A.C.  systems  up  to  7,500  volts. 

(c)  Separate  tanks,  A.C.  system  up  to  150,000  volts. 

$87.  The  cost  of  lightning  arrester  equipment  was  on  pre-war  basis, 

(or  100  per  cent,  higher  for  1921).  Three-phase  grounded-neutral  systems: 
Aluminum  cell,  S70  + $10  per  1,000  volts;  multigap  type,  $13  per  1,000 
volts.  Three-phase  ungrounded:  Aluminum  oell,  $100  + $15  per  1,000 
vohs;  multigap  type,  $15  per  1,000  volts. 

868.  The  cost  of  >00- amp.  choke  colls  of  the  “hour  glass'*  type,  was 
before  the  war  about:  $20  + $0.50  per  1,000  volts,  up  to  70,000  volts; 
830  + $0.80  per  1,000  volts,  above  70,000  volts;  the  increased  cost  per  100 
amp.  is  about  $7.  Pancake-type  coke  coils  cost  about  $12  + $20  per  100 
amp.  for  2,500-volt  service  ana  $40  + $40  per  100  snip,  for  25,000-volt 
service.  Add  65  per  cent,  to  estimates  for  1921  costs.  The  cost  of  instal- 
lation of  the  above  can  usually  be  covered  by  a 15  per  cent,  increase,'  in 
addition  to  freight. 

POWER  STATION  WIRING 

866.  Bus  ban  are  made  either  of  copper  as  discussed  in  Par.  778  of 
this  section,  or,  in  the  case  of  high-potential  stations  or  moderate  potential 
in  small  si  sea.  of  copper  tubing,  copper  rods,  and  sometimes  brass  or  iron 
pipe.  Special  bends  and  fittings  are  available  for  this  pipe  work.  Where 
the  current  capacity  is  small,  the  physical  stiffness  required  dictates  the 
ei««  of  conductor.  Bus  bars  are  seldom  continuously  insulated.  They  are 
usually  supported  in  the  open  in  small  low-voltage  stations,  and  in  all  stations 
of  very  high  voltage.  Cell  structures  are  used  in  stations  of  moderate 
voltage  in  all  except  relatively  small  stations. 

•70.  Switch  wiring  on  the  board,  or  on  the  switch  structure,  should  be 
•tiff  and  well  insulated  for  the  full  voltage,  because  the  wires  are  particularly 
near  together  at  this  point.  Stranded  wires  are  seldom  used  except  for 
ample  layouts  where  accurate  alignment  is  not  necessary. 

$71.  Main  generator  and  exciter  wiring  Bhould  be  run  by  the  shortest 
posable  route  and  provided  with  ample  insulation,  even  above  ordinary 
requirements.  This  wiring  is  not  protected  by  automatic  switches.  Multi- 
conductor cables  are  not  recommended  and  alternating-current  and  direct- 
current  wiring  must  not  occupy  the  same  duct. 

871..  Instrument  and  control  wiring  form  practically  the  nervous 
system  of  the  power  plant.  Great  care  must  be  used  to  avoid  trouble  and 
only  the  highest  grade  of  insulation  should  be  used.  Iron  conduit  should 
be  used  for  all  of  the  wires,  terminating  as  closely  as  possible  to  the  instru- 
ment panels  and  to  the  transformers.  Terminals  at  oil  switches  and  instru- 
ment transformers  should  be  most  carefully  protected  to  prevent  high- 
tension  current  from  reaching  them  during  switch  troubles.  - All  instrument 
wiring  except  that  in  main  circuit  must  be  thoroughly  grounded  both  at  the 
instrument  transformer  and  at  the  panel.  Terminal  boards  on  the  panels  are 
of  great  assistance  in  calibrating  instruments.  Alternating-current  and 
direct-current  wires  should  not  be  run  together  any  more  than  can  be  avoided. 

STS.  Lightning-arrester  connections  should  be  as  simple  and  direct  as 
posable  in  order  to  secure  maximum  protection.  Disconnecting  switches 
should  always  be  used. 

$74.  The  prevention  of  corona  on  wiring  of  very  high  tension  requires 
»pecial  care.  All  sharp  corners  on  the  wiring  and  the  switching  apparatus 
must  be  avoided.  Also  see  Sec.  11. 

87$.  Bus  and  switch  compartments  (Fig.  130)  are  made  of  brick, 
•oapstone  and  concrete,  either  plain  or  reinforced.  Openings  for  switch 
inspection,  etc.,  are  usually  covered  with  asbestos  doors  conveniently  hung. 
.When  brick  is  used  for  the  main  walls,  soapstone  is  used  for  horizontal  walls 
»nd  lesser  barriers.  Concrete  is  frequently  used  throughout.  Whatever 
the  materials  of  construction,  their  insulating  qualities  are  not  depended 
upon,  and  the  conductors  should  be  supported  on  insulators  designed  for 
fall  voltage  with  a wide  margin  of  safety.  Wide  differences  in  design  are 
possible,  as  is  indicated  in  the  cuts,  and  it  is  seldom  that  the  same  arrange- 
ment is  used  in  two  stations. 
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876.  The  cost  of  bus  and  switch  structures  varied  widely, 

8Wltc"  *n  «niall  sises  to  $300  per  switch  in  large  capacity  awitci 
15,000  volts  on  pre-war  basis  or  $90  to  $600  for  1921. 
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rery  moderate  current  capacity.  Clay  or  fibre  ducts  laid  in  concrete  in  the 
llor.  or  built  into  the  ceiling  cost,  from  20  to  50  cents  per  duct  ft.  before  the 
w sod  110  percent,  higher  in  1921.  Iron  conduit  supported  by  clamps 
Nats,  in  place,  from  12  cents  per  ft.  for  the  1-in.,  to  SI  per  ft.  for  the  4-in. 
lias  on  pre-war  basis  or  100  per  cent,  higher  in  1921. 

878.  Bus-bar  Compartment  Dimensions 


E.m.f., 

volts 


6,600 

15.000 

22.000 

33,000 


Ground 

distance. 

inches 


10  to  12 
13 
19 

30 


Mote. — Ground  distance  (usually) 


Wire  spacing 


Spacing  of  series  transformers  (self-cooled) : 

IffiO  volts 1 in.  clear  6,600  volts 3 clear 

WOO  volts 1.5  in.  clear  13,200  volts 5 clear 

MO.  Terminals  and  entrances,  particularly  on  high-tension  overhead 
RUets,  require  the  most  careful  design  to  prevent  leakage  during  bad  w-eather. 
pandard  designs  are  on  the  market  supplied  by  the  -various  insulator 
wnpanies.  Wall  outlets  are  usually  relatively  simple  and  cheap,  but 
Ptisfactory  roof  bushings  are  available  only  at  considerable  expense.  The 
*tor  are  similar  to  the  oil  switch  and  transformer  terminals  used  for  outdoor 
*ork.  Several  types  are  shown  in  Figs.  134-136. 
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Spacing, 

inches 


Ground 

distance, 

inches 


5 33,000 

6 45,000 

7 60,000 


8 100,000 


Spacing, 

inches 


Num- 
ber 
ref. 
to  cut 


E.m.f., 

volts 
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881.  The  cost  of  power-station  wiring  varies  greatly  and  is  exceed 

ingly  difficult  to  estimate.  The  cost  of  wire,  supports,  insulators,  etc 
can  be  obtained  from  manufacturers’  lists,  and  usually  an  addition  of  fros 
25  per  cent,  to  50  per  cent,  will  cover  the  cost  of  labor,  the  larger  percental 
being  for  the  smaller  wires  on  pre-war  basis  or  50  to  100  per  cent,  for  1921 
The  cost  of  drawing  into  conduits  varied  before  the  war  from  1 cent  to 
cents  per  duct  ft.  and  from  3 to  10  cents  in  1921.  The  cost  of  joints  an 
terminals  varies  between  that  of  5 ft.  and  10  ft.  of  wire.  The  total  cost  < 


Fro.  133. — Cross  section  of  transtormer  Fio.  135. — Thomas  wall  bus 
and  switch  galleries  of  high  tension  power  ing  for  66,000  volts, 

station  ( Q.E . Rev.,  1912,  p.  598). 


wiring  varied  before  the  war  from  $0.50  to  $3  per  kw\  of  station  capacity 
100  per  cent,  more  on  1921  basis  in  addition  to  the  cost  of  switch  gear,  pam 
and  compartments. 

MISCELLANEOUS 

882.  Plant  location.  Electrical  considerations  seldom  have  prepo 

derating  influence  on  the  location  or  general  arrangement  of  a power  static 


Digitized  by 


GoS^le 


POWER  PLANTS 


Sec.  10-883 


The  location  affect*  the  cost  of  the  distribution  system,  for  moderate  and 
low  voltages,  directly  as  the  square  of  the  average  distance  of  the  load;  on 
high-potential  systems,  the  variation  is  more  nearly  proportional  to  the 
datance.  Other  conditions  being  equal,  however,  it  is  obvious  that  the  best 
location  is  as  near  as  possible  to  the  load  centre. 

SIS.  Parallel  operation.  Large  systems  frequently  require  the  parallel 
operation  of  power  stations,  and  little  difficulty  is  ordinarily  experienced, 
la  some  eases  where  plants  in  close  proximity  are  thus  operated,  the  service 
conditions  require  that  the  stations  shall  not  be  automatically  disconnected 
from  each  other  except  in  case  of  trouble  in 
the  tie  lines.  In  other  cases  provision  is  i 

Bade  for  the  immediate  disconnection  of  the  3^  Loc^*'‘' 

[Cations  in  case  of  trouble  in  either.  The  BnnRMm2i.,T 
[fetter  arrangement  is  used  where  there  is  no  Rubber  0^1*4 
[connection  between  the  systems  supplied  by  luiiwbu  in  J 
[the  stations,  other  than  directly  between  the  Cap XoM, 
nation  bus  bars.  Where  stations  are  widely  f 

,Kparated,  parallel  operation  is  not  satisfac- 
f when  the  resistance  drop  in  the  connect- 
lines exceeds  15  per  cent,  on  alternating- 
nt  systems  and  50  per  cent,  on  direct- 
nt  systems.  The  operation  of  such  in- 
mnected  systems  requires  careful  ar- 
jement,  frequently  making  it  necessary 
have  a load  dispatcher  in  full  control  of 
switching  operations. 

! POWER-PLANT  ECONOMICS 

BT  GEORGE  I.  RHODES 
W.  Load  fluctuations  largely  deter- 
the  desired  overload  capacity  of  units, 
fighting  systems  have  steady  loads  except 
ft  peaks  shown  by  the  usual  load  curve, 
industrial  loads  are  very  steady  except  for 
terrain  kinds  of  applications  to  intermittent 

gng  large  units.  Railway  loads  have 
able  fluctuation  even  in  the  largest 
Swings  of  five  times  the  average 
srienoed  wheb  but  a single  car  is 
twice,  when  about  ten  are  running, 

20  per  cent,  when  a very  large  num* 
t are  running. 

Sudden  peak*  are  always  a possi- 
Bty  on  a lighting  system,  and  occur  when- 
to  a sudden  storm  appears.  An  increase 
> bad  of  as  much  as  100  per  cent,  within  a 
*y  few  minutes  is  not  uncommon. 

186.  The  load  factor  of  a machine,  plant , 

1 iystem  is  the  ratio  of  the  average  power 
pthe  maximum  power  during  a _ certain 
wiod  of  time.  The  average  power  is  taken 
a period  such  as  a day,  or  a year,  and 
b maximum  is  taken  over  a short  interval  „T_  T.  moa  _ * • „ 

I the  maximum  load  within  that  period.  In  SS?  vn \L 

cue  the  interval  of  the  maximum  load  lator  ,or  68  000  volt*' 
ttold  be  definitely  specified.  The  proper  interval  is  usually  dependent  upon 
conditions  ana  upon  the  puipose  for  which  the  load  factor  is  to  be 
termined.  The  yearly  average  of  daily  load  factors  is  frequently  used, 
ie  Sec.  25.) 

187.  Diversity  factor  is  the  ratio  of  the  sum  of  the  maximum  power 
tsnands  of  the  subdivisions  of  any  system  or  part  of  a system,  to  the 
uimum  demand  of  the  whole  system  or  of  the  part  of  the  system  under 
teideration,  measured  at  the  point  of  supply. 

The  load  to  be  carried  is  probably  the  most  important  factor  to  be 
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considered  in  power-plant  design.  It  determines  the  sise  of  plant,  the  kind 
of  plant,  and  the  size  and  number  of  units.  Typical  load  curves  are  shown 
in  Figs.  137  and  138.  These  curves  are  such  as  would  be  obtained  from 
15-min.  readings  of  watt-hour  meters  but  do  not  show  the  exact  load  oa 


Lighting 
Daily  Load  Factor 
Wlntar  fit 

Sumner 

Avene*  *3% 

Weekly  Load  Factor 

Wlaur  »,* 

Summer  27* 

Avene*  M* 

AnaualJLP.  21* 

Interurban 
SL  By. 

Daily  Load  Factor 

W Later  «* 

8umm#r  5»* 

Av*n(«  CO* 

Weekly  Load  Factor 

W later  CO* 

Summer  57* 

Aven«e  SS* 

Aaaual  L.F.  47* 

City  Su  Rj. 

Dally  Load  Factor  , 
WUur  a-* 

Summer  12* 

*’«**•  52* 

Weekly  Lead  Factor 
wiaur  SO* 

Summer  §0* 

Avene*  50* 

Annual  Lf,  St* 


Lr.  44* 

v~Uy ..  ««* 

Annual  44  * 


12  NT  6 AM  12  NN  6 PM  12  NT 

Fia.  137. — Typical  load  curves. 

any  specific  plant.  For  typical  load  curves  in  very  large  central  statiox 
see  Tran*.  A.  I.  E.  E.,  Vol.  XXXI,  p.  1473,  1912. 

889.  Demand  factor  is  the  ratio  of  the  maximum  power  demand  of  an 

system  or  part  of  a system  to  the  total  connected  loaa  of  the  system,  or  i 
the  part  of  the  system  under  consideration. 
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the  system  under  consideration. 
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190.  Capacity  factor  is  the  ratio  of  the  average  load  to  the  total  rated 

Bacity  of  the  equipment  supplying  that  load.  This  factor  is  not  very 
nite  on  account  of  variations  in  methods  of  rating  apparatus. 

•91.  Fixed  charges  as  ordinarily  defined  with  reference  to  power  plants, 
we  the  charges  necessary  to  carry  the  investment  and  to  replace  the  equip- 


\ r _ 


L 7 [ | Lighting  and 

Industrial 

|| j 

/s  Daily  Load  Factor 

/ \ WkUi  49% 

I \ Summer  11% 

Winter ) \ . ..Z 

g / L Avemg.  C4% 

1 / N V Weekly  Load  Factor 

/» \ I Him mhr  % Winter  46% 

Jj  j \ Summer  06% 

I / / _ Average  69% 

W Annual  L.F.  40% 

Dtreraltv.  Win.  .107% 

U 1 DWaraltj,  Sum,.  164% 

Lighting, Industrial, 

ji Inter.  Ry 

Daily  Load  Factor 

Winter  6 4% 

Summer  71% 

Ar  erage  06% 

Weekly  Load  Factor 
Winter  60% 

Summer  06  % 

Average  GO  £ 

Annual  L.F.  42  % 

PWcrultv,  Win..  100% 
DIt«tsUj.  bum..  149% 

Lighting, Indust  rial. 

L I I Inter,  and  City  Ry. 

I Daily  Load  Factor 

Winter  68% 

Summer  72% 

Average  07% 

Weekly  Load  Factor 
Winter  6 8% 

Summer  06% 

Average  01% 

Annual  LP.  46% 

. . Dlvcreltv,  Win..  113% 

j Illvafeitj,  bum.  .141  % 

Lighting,  and 

fc: City  Ry. 

/\  Daily  Load  Factor 

Lj  / \ Winter  47% 

7 > Bummer  61% 

/ Average  60% 

* Wl„«er>  /'N'5v  Weekly  Lo.d  Factor 

H / “/  / ^ Winter  43  % 

•“  /X-Z  ^ / Bummer  \ «o% 

^ y / V ■ Averag#  06% 

20  s - Annual  LP.  32% 

"I——*"  Dlveraltj,  Win..  108% 

0 1 1 | I I 1 1 1 1 1 - Dfcneraltj,  Sum..l2o£ 

12  NT  6 AM  12  M 6 PM  12  NT 

Fia.  138. — Typical  load  curves. 

lent  when  it  is  worn  out  or  destroyed.  Interest  and  taxes  carry  the  in- 
»t  merit,  while  insurance  and  accumulated  depreciation  funds  cover 

placement. 
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Interest  as  used  in  engineering  computations  is  the  annual  ce 
reauired  for  the  work.  It  is  affected  by  the  credit  of  tl 
general  business  at  the  time  money  is  b< 
bonds  sold  below  par,  as  is  frequently  t 


of  the  mone: 
company  anc 

rowed.  If  m _ _ . . JPPL,  

case,  the  cost  of  money  is  not  only  the  only  interest  rate  on  the^bondf  b 


this  amount  is  increased  in  proportion  to  the  amount  the  bond  is  sold  bek 

1 Mi  — ",  ..m Lj  up  d 

Six  per  cent,  should  ! 

. — — veen  4 per  cent,  and 

per  cent.,  the  lower  figure  for  municipalities  and  the  higher  for  industii 
corporations. 

893.  Profit  on  the  investment,  namely,  income  above  the  total  of  i 

required  expenses,  interest,  etc.,  should  not  ordinarily  be  considered 
engineering  work. 

894.  Taxes  are  proportionately  more  variable  than  interest,  ranging  fro 
less  than  0.5  per  cent,  to  as  high  as  2.0  per  cent.  It  is  generally  the  cti 
however,  that  high  taxes  and  low  interest  coincide,  so  that  the  probable  vs2 
tion  of  the  total  of  interest  and  taxes  is  from  6 per  cent,  to  9 per  cent  : 1 
per  cent,  is  the  figure  frequently  used. 

895.  Insurance  of  power  plants  against  fire  varies  from  less  than  fl 
per  cent,  for  fire-proof  modern  plants,  to  as  high  as  1 per  cent,  for  the  J 
type  of  plant  with  oil-soaked  wooden  floors,  etc.  Insurance  in  a modg 
plant  may  seem  unnecessary,  but  the  regular  visits  of  insurance  inspect! 
have  a beneficial  influence  on  the  operation  of  the  plant  which  is  frequeii 
worth  more  than  the  cost  of  the  insurance.  The  figure  commonly  used! 
the  cost  of  insurance  is  0.5  per  cent. 

896.  The  cost  of  depreciation  is  one  of  the  most  commonly  neglea 

and  one  of  the  most  important  elements  of  the  total  eoet  of  power.  % 
existence  of  depreciation  in  some  form  is  generally  recognized,  but  it  is  f 
quentl.v  neglected  in  actual  operation  of  companies,  eitner  because  of  Is 
of  income  or  desire  for  immediate  profit. 

897.  Physical  depreciation  is  the  result  of  deterioration  due  to  m 
and  tear  caused  by  regular  use,  decay  and  the  action  of  the  elements. 

898.  Legally  Approved  Depreciation  Rates 
Compiled  by  Henry  Floy.  Maintenance  not  includj 

A.  Arbitrators,  Atlanta,  Ga.,  Street  Lighting  Controversy. 

B.  New  York  Public  Service  Commission,  1st  District. 

C.  St.  Louis  Public  Service  Commission,  St.  Louis,  Mo. 

D.  Chicago  Traction  Valuation  Commission,  Con.  Traction  Co. 

E.  Wisconsin  Railroad  Commission. 


par  and.  also,  by  an  amount  which  set  aside  annually  will  make  up  tl 
deficit  below  par  when  the  bond  is  retired  or  paid.  Six  per  cent,  should  ! 
used  as  an  average  cost  of  money,  but  it  varies  betw'een  4 per  cent,  and 


Depreciation,  pe 
cent,  per  year 
(straight  line) 


Property 


Aerial  lines 

Air  brakes 

Air  compressors 

Arc  lamps 

Arc  lamps - 

Belting 

Boilers 

Boilers 

Boilers,  water-tube 

Boilers,  fire-tube 

Boilers,  water-tube 

Boilers,  fire-tube 

Bonds * 

Bonds 

Bonds 

Breeching  and  connections 

Buildings 

Buildings,  brick 


50  wearing  value 
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898.  Legally  Approved  Depreciation  Bates. — ( Cohtinued ) 


Property 


Buildings 

Buildings,  wood 

Buildings ; . . . . 

Cables,  underground,  high-tension., 
ibies,  underground,  low-tension.  . . 

ICiblea,  aerial,  lead-covered 

lies,  underground,  lead-covered.  . 
[Cables,  underground,  lead-covered.  . 
Coal  and  ash  handling  machinery. . 

< ii  and  ash  handling  machinery. 
Coal  and  ash  handling  machinery . 

Condensers 

Condensers 

Condensers 

Condensers 

Conduits 

Conduits 

Conduits 

Cross-arms 

Engines,  steam 

Engines,  steam 

' gines,  gas 

[Engines,  steam,  slow-speed 

! Engines,  steam,  high-speed 

Engines 

[Engines 

Feeders,  w'eather-proof  insulation.  . 

Feeders,  weather-proof  insulation . 
Foundations,  machinery 


Foundations,  machinery 

Fuel-oil  handling  machinery. . 

[Generators 

Generators 

enerators,  modern  type 

[Generators,  obsolete 

nerators,  steam  turbo 


enerators 

Heaters 

H>  iters,  feed- water,  olosed. 


Meters,  electric  switchboard.. 

Meters,  electric  service 

Meters,  electric 

Motors,  railway 


Motors,  railway., 
tors,  railway.. 


[Piping  and  covering. 
[Piping  and  covering. . 
Piping  and  covering.  . 
1 ping  and  covering. 


Poles,  steel 

Poles,  wood  in  concrete. 
Poles,  wood  in  earth.. 


Depreciation  per 
cent,  per  year 
(straight  line) 

Key  to 
authority 

2 to  4 

E 

2 

C 

1 2 

A 

5 

B 

50  maintenance  cost 

B 

6.67 

E 

4 

E 

5 

C 

7 

D 

5 

B 

10 

E 

4 

D 

5 

B 

5 

E 

6.67 

C 

1 

B 

2 

E 

2 

C 

8.33  to  12.5 

E 

3 to  5 

D 

5 to  7 . 5 

B 

6.67 

E 

5 

E 

6.67 

E 

5 

A 

6.67 

C 

Dependent  on  ob- 

D 

served  wear 

6.25 

E 

Same  as  life  of  appa- 

D 

. ratus  supported 

Same  as  life  of  appa- 

B 

ratus  supported 

4 

D 

3 to  8 

D 

5 

B 

5 

E 

6.67 

Ef 

1 5 

E 

10 

A 

i 6.67 

C 

| 4 to  6 

D 

3.33 

E 

3.5 

E 

1 5 

E 

6.67 

E 

! 8 

C 

3.33 

D 

Bv  inspection 

B 

1 5 

B 

5 

E 

50  wearing  value 

B 

4 to  4 . 5 

D 

5 to  6 

B 

i 5 

E 

5 

A 

1 6.67 

c 

2 

B 

5 

E 

5 . 5 to  8 . 33 

E 
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898.  Legally  Approved  Depreciation  Bates. — ( Continued ) 


Property 

Depreciation,  per 
cent,  per  year 
(straight  line) 

Key  to 
authority 

Poles,  iron 

2.5 

E 

Poles,  wood 

10 

A 

Pumps 

5 

D 

Pumps 

5 

B 

Pumps,  small  steam 

6.07 

• E 

Pumps 

5 

A 

Pumps i 

* 6.67 

C 

Rolling  stock,  open  car  bodies 

4 

D 

Rolling  stock,  open  trailer  bodies 

Rolling  stock,  closed  car  bodies 

4 

D 

5 

D 

Rolling  stock,  trucks 

3.33 

D 

Rolling  stock,  closed  A open  cars 

3.33 

B 

Rolling  stock,  trucks 

3 . 33 

B 

Rolling  stock,  car  bodies  and  equip. . . . 

6.67 

E 

Stack 

3 

D 

Stack,  steel 

10 

B 

Stokers,  fixed  parts 

5 

D 

Stokers,  moving  parts 

20 

D 

Storage  batteries 

5 

B 

Storage  batteries 

6.67 

E 

Storage  batteries 

Switchboard  and  wiring 

5 

3 

C 

D 

Switchboard  and  wiring 

6 

B 

Switchboard  and  wiring 

5 

E 

Switchboard  and  wiring 

8 

C 

Telephones 

10 

E 

Track,  rail  joints 

5 

D 

Track,  ties 

5 

D 

Track,  rails 

Dependent  on  ob- 
served wear 

D 

Track,  special  w’ork 

8.33 

E 

Track,  straight  and  special  work.  .*.... 

50  % wearing  value 

5.5 

B 

Track,  straight  track 

E 

Transformers,  station  service 

5 

E 

Transformers,  station  service 

6.67 

C 

Turbines,  steam 

5 

E 

Turbines,  water 

3.33 

E 

Turbines,  steam 

6.07 

C 

Wire,  trolley 

Allowance  of  80.5  lb. 
per  1,000  ft.  for  wear- 
wearing  value  of  No. 

0 wire 

D 

Wire,  trolley 

Allowance  of  106.8 
lb.  for  No.  00  wire. 

D 

Wire,  trolley  No.  0,  under  1 min. 

50 

E 

headway 

Wire,  trolley  No.  00,  under  1 min. 

40 

E 

headway 

5fo.3 

Wire,  trolley,  No.  000,  under  1 min. 
headway 

Wire,  weather  proof 

E 

6.25 

E 

Wire,  weather  proof 

7.5 

A 

Wire,  weather  proof 

50  % maintenance  cost 

B 

899.  Functional  depreciation  is  the  result  of  lack  of  adaptation  1 
function,  caused  by  obsolescence  and  inadequacy.  Obsolescence  is  di 
to  changes  or  advances  in  the  art  which  renders  a piece  of  apparatus,  or 
whole  class  of  it,  obsolete  and  uneconomical  of  use.  as  compared  with  ne 
types  which  have  been  developed  at  a later  date  and  which  are  much  mo 
efficient  (H.  G.  Stott,  Trana.  A.  I.  E.  E.,  p.  1619,  1913). 
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900.  Life  expectancy  of  equipment.  Tho  life  expectancy  of  power- 
but  equipment,  taking  functional  depreciation  into  account,  is  as  follows;* 


Property 

* Total  life 
(years) 

Scrap  value, 
per  cent,  of 
original  cost 

Buildings 

75 

5 

Boilers,  stokers  and  furnaces 

20 

5 

Conveyers,  elevators  and  hoists 

20 

1 

Turbines,  complete 

12 

10 

Engines  and  condensers 

12 

10 

Piping,  values  and  traps 

12 

3 

humps 

Synchronous  converters,  transformers  and 

12 

5 

ereiters,  etc 

20 

10 

Switching  apparatus  and  instruments 

12 

5 

alternators 

12 

10 

Motors  

2(f) 

10 

■oo Is  and  sundries 

10 

3 

forage  batteries 

10 

10 

01.  Scrap  value.  It  is  obvious  that  in  computing  the  net  nnnual  amount 
depreciation  tnc  scrap  value  of  the  apparatus  must  be  deducted  from  the 
final  or  first  cost. 


9H.  Methods  of  caring  for  depreciation.  Charging  to  repairs  all 

ment  of  apparatus,  either  in  part  or  as  a whole,  is  expected  in  many 
nies  to  care  for  depreciation.  Ordinary  repairs  will  not  prevent  a 
ne  from  finally  reaching  a point,  due  to  wear  and  tear,  where  it  will 
to  be  replaced  and  in  small  companies  this  replacement  would  cost 
a large  proportion  of  the  total  investment  that  it  is  desirable  to  accumu- 
afund  for  tne  purpose.  If  replacements  are  charged  to  repairs  this  item 
become  irregular  in  amount,  which  is  a very  undesirable  condition. 

Very  largo  companies  the  irregularity  becomes  less  and  consequently  tho 
can  be  used  with  success. 

903.  The  straight-line  method  of  computing  depreciation  is  based  on 
assumption  ot  a uniform  reduction  in  value.  It  is  commonly  assumed 
tthe  accumulated  depreciation  fund,  under  this  method,  bears  no  interest, 
ari 


iwy  simple  in  application. 

The  amortization  or  sinking  fund  method  of  computing  de- 
ion assumes  that  the  accumulated  depreciation  fund  is  invested 
rs  interest.  The  effect  is  to  make  the  annual  rate  less,  of  course,  than 
l be  if  the  fund  bore  no  interest.  This  method  is  not  easy  of  appli- 
.o  actual  conditions.  Some  authorities  consider  that  it  represents, 
►arly  than  the  straight-line  method,  the  depreciation  in  actual  value 
roperty  as  determined  by  what  a purchaser  could  afford  to  pay  for  it. 
Calculations  of  depreciation,  by  whatever  method,  should  be 
Ms  separately  for  each  type  of  equipment,  taking  into  account  its  expected 
t and  its  scrap  value.  There  is  much  chance  for  error  in  deciding  on  a 
fcentage  to  apply  to  an  entire  property,  and  if  used  it  should  be  determined 
mi  a detailed  calculation.  It  is  evidently  subject  to  some  variation  from 
M to  time  as  new  equipment  is  added. 

906.  Obsolescence  is  commonly  regarded  ns  a type  of  depreciation  to  be 
irged  to  the  cost  of  power.  This  is  not  necessarily  the  case.  Obso- 
ence  does  not  accrue  from  day  to  day,  like  physical  depreciation,  but 
rues  coincidently  with  advances  in  the  art  resulting  in  new  and  more 
rient  machinery  or  methods.  The  full  physical  life  of  equipment  is  possi- 
in  any  event,  whether  or  not  obsolescence  occurs,  and  the  question 
ither  piece  of  equipment  should  be  replaced  before  it  wears  out  is  de- 
minable  by  equating  the  saving  in  operating  expenses  against  increased 

(•Stott,  H.  G..  “Power  Costs”;  Tran*.  A.  I.  E.  E.,  1913,  Vol.  XXXII,  p. 

ni2. 
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fixed  charges.  In  comparing  different  types  of  plants  it  is  misleading  u 
consider  obsolescence  as  different  for  the  various  types. 

Physical  and  functional  depreciation  costs  must  not  be  added.  If  func- 
tional depreciation  will  shorten  the  expected  life  the  proper  rate  to  care  foi 
this  shortened  life  should  be  used,  which  includes  physical  depreciation 
Eminent  engineers  have  incorrectly  allowed  a percentage  for  phyaica 
depreciation  and  an  additional  percentage  for  functional  depreciation. 

907.  Summary  of  H.  G.  Stott’s  Classification  of  Operating  and 
Maintenance  Costs 


(Material  and  labor  separated  for  each  item) 


Production  costs 

Production  repairs  costa 

Management  and  care 

Boiler  room 

Engine  room 

Electrical 

Fuel  for  steam 

Water  for  steam 

Lubricants 

Supplies 

Station  expense 

General 

Furnaces  and  boilers 

Boiler  accessories 

Engines 

Engine  accessories 

Piping 

Electric  generators 

Electrical  accessories 

Tools 

Building 

General 

908.  Power  cost  data  given  in  this  section  of  the  handbook  represent  a 
nearly  as  possible  the  present  state  of  the  art  rather  than  old  information 

For  instance,  a great  deal  of  data  are  available  in  reports  to  the  various  pubfi 
service  commissions  which  gives  costs  far  in  excess  of  these  indicate 
In  almost  every  instance  the  reporting  companies  operated  plants  whie 
contain  a great  deal  of  inefficient  apparatus  maintained  at  great  expend 
but  for  less  cost  than  the  fixed  charges  of  new  apparatus.  Companii 
operating  modern  plants  also  frequently  operate  old  plants,  but  do  not  rr  poi 
them  separately.  While  these  reports  give  valuable  data  as  to  what  is  bei® 
done  under  old  designs,  they  are  of  little  use  for  the  purpose  of  estiznatin 
costs  in  truly  modern  plants. 

909.  Boiler  Room  Equipment  Costs  per  Rated  Boiler  Horse-pow« 

using  Coal  for  Fuel* 


Dollars  per  h.p. 

High* 

Low  * 

Boilers  exclusive  of  masonry  setting 

811.00 

3 00 

5.50 

3.50 

1.50 
4.00 

4.00 

3.00 
1.50 

1.00 
io  oo  | 

1.25  | 

i 

1 .00 

8$  00 

0 4 
3 00 

2 00 
0.75 

2 00 

0 

0 

0.60 

0.40 

6.00 

0 

0.50 

Stacks. 

Economisers 

Mechanical  draft 

Feed  pumps 

Feed  heaters 

All  piping  and  pipe  covering 

Goal  chutes  and  ash  hoppers  . 

Various,  such  as  indicating  and  recording  devices, 
damper  regulator,  ladders  and  runw’ays,  painting, 
etc.,  etc f • 

Totals 

$50.25 

823.15 

•Lyford  <fe  Stovel,  Proc.  E.  S.  of  W.  P.,  Jan.,  1912. 

* For  1920-21  costs  add  100  per  cent,  to  high  costs  and  75  per  cent,  to  lo' 
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•10.  Classification  of  operating  expenses.  A very  complete  form  of 
Mt  analysis  has  been  given  by  Mr.  H.  G.  Stott,  whose  paper*  should  be 
onaulted  for  details.  His  summary  is  presented  in  Par.  907. 


•11.  Analysis  of  tlie  Average  Losses  In  the  Conversion  of  1 Lb.  of 
Coal  into  Electricity  t 


j B.t.u.  |Percent.| 

| B.t.u. 

Percent. 

1.  B.t.u.  per  pound  of  coal  supplied 

14,150  jlOO. 

340 

2.4 

3.  Loss  to  stack 

' 

3,212 

22.7 

4.  Lose  in  boiler  radiation  and  leak- 

1 

•ge 

1.131 

8.0 

5.  Returned  by  feed- water  heater. 

441  3.i 

6.  Returned  by  economizer 

960  6.8 

7.  Loss  in  pipe  radiation 

28 

0.2 

8.  Delivered  to  circulator 

223 

1.6 

9.  Delivered  to  feed-pump 

1 

203 

1.4 

D.  Loss  in  leakage  and  high-pressure 

1 l 

152 

1.1 

U.  delivered  to  small  auxiliaries. . . 

i 1 

51 

#0.4 

P-  Heating 

1 

31 

0.2 

8.  Loss  in  engine  friction 



111 

0.8 

L Electrical  losses 

- . 1 

36 

0.3 

L Engine  radiation  losses 

j 

28 

0.2 

L Rejected  to  condenser 

| 

8,524 

60.1 

1 To  house  auxiliaries 

29 

0.2 

15,551  109.9 

14,099 

99.6 

14,099  99 . 6 

delivered  to  bus  bar 

1,452  10.3 

9 IS.  Analysis  of  Thermal  Losses  in  Pbwer  Plants  t 

Range  of  Common  Practice 


* Stott,  H.  G.  and  Gorsuch,  W.  8.,  "Standardisation  of  Method  for  Deter 
lining  and  Comparing  Power  Costs  in  Steam  Plants,”  Trans.  A.  I.  E.  E. 
>13,  p.  1099. 

tH.  G.  Stott.  “Power-plant  Economics,”  Trans.  A.  I.  E.  E.,  1906,  p.  3. 
ILyford  A Stovel,  Proc.  E.  S.  of  W.  P.,  Jan.,  1912. 
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913.  Power  Plant  Costs  per  Kilowatt 

(H.  G.  Stott) 


1.  Real  estate..  ^ 

2.  Excavation  

3.  Foundations,  reciprocating  engines 

4.  Foundations,  turbines 

5.  Iron  and  steel  structure 

0.  Building  (roof  and  main  floor) 

7.  Galleries,  floors,  and  platforms 

8.  Tunnels,  intake  and  discharge 

9.  Ash  storage  pocket 

10.  Coal  hoisting  tower 

11.  Cranes 

12.  Coal  and  ash  conveyors 

13.  Ash  cars,  locomotives,  and  tracks 

14.  Coal  and  ash  chutes 

15.  Water  meters,  storage  tanks,  and  mains 

16.  Stacks 

17.  Boilers 

18.  Boiler  setting * 

19.  Stokers 

20.  Economisers 

21.  Flues,  dampers,  and  regulators 

22.  Forced  draft  blowers,  air  ducts 

23.  Boiler,  feed,  and  other  pumps 

24.  Feed-w’ater  heaters 

25.  Piping,  traps,  and  separators 

26.  Pipe  covering 

27.  Valves 

28.  Main  engines,  reciprocating 

29.  Exciter  engines,  reciprocating 

30.  Condensers,  barometric  or  jet 

31.  Condensers,  surface 

32.  Electric  generators 

33.  Exciters . . . 

34.  Steam-turbine  units,  complete* 

35.  Converters,  transformers  blowers 

36.  Switchboards,  complete 

37.  Wiring  for  lights,  motors,  etc 

38.  Oiling  system 

39.  Compressed  air  system  and  other  small  auxil..  . 

40.  Painting,  labor,  etc 

41.  Extras 

42.  Engineering  expenses  and  inspection 


Min.  | 

Max. 

$3.00 

$7.00 

0.75 

1 25 

2.00 

3 00 

0 50  | 

0 75 

8 00 

10  00 

8.00 

10  00 

1.50 

2 50 

1.40 

2 SO 

0 70 

1 1 50 

1.20 

2 00 

0.40 

0 60 

2.00 

2 75 

0.  15 

0 .10 

0.40 

1 00 

0 50 

1 00 

1.25 

2.00 

9.50 

11  50 

1.25 

1 75 

1.30 

2 30 

1.30 

2 25 

0 60 

0.90 

1.25 

1 65' 

0.40 

0 75 

0.20 

0 35 

3.00 

5 00 

0 60 

1 00 

0.60 

1 00 

22.00 

30  00 

0 40 

0 70 

1.00 

2 50 

6.00 

7 50 

16  00 

22  00 

0 60 

0 80 

$10.00 

$15.00 

0.60 

1 00 

3.00 

3 90 

0.20 

0 30 

0.  15 

0 35 

0 20 

0 30 

1.25 

1 75 

2.00 

2 00 

4.00 

6 00 

of  Coi 


914.  Analysis  of  the  Average  Losses  in  the  Conversion  of  1 
Containing  12,500  B.t.u.  into  Electricity. 
Producer  Gas  Engine  Plantf 


Lb 


B.t.u. 

Per  cent. 

1.  Loss  in  gas  producer  and  auxiliaries 

2.  Loss  in  cooling  water  in  jackets 

3.  Loss  in  exhaust  gases 

4.  Loss  in  engine  friction 

5.  Loss  in  electric  generator 

6 Total  losses 

2,500 

2,375 

3,750 

813 

62 

20.0 

19.0 

30  0 

6 5 
0.5 

9.500 

3.000 

76.0 

24  0 

7.  Converted  into  electrical  energy 

12,500 

100  0J 

•Edited  by  Author.  Add  100  per  cent,  to  minimum  and  80  per  cent, 
maximum  costs  for  1920-21. 

t H.  G.  Stott,  "Power  Plant  Economics,"  Tran*.  A.  I.  E.  E.,  1906,  p.  * 
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Sec.  10-915 


•II.  Oort  of  1 H.  F.  per  Year,  Compound  Condensing  Engines, 
10- hr.  basis,  SOS  Days  per  Year* 

(Wm.  O.  Webber,  Engineer  U.  8.,  Feb.  2,  1903,  p.  144) 


Size  of  plant 


Cost  of  plant  per  horse-power  . . . 
fixed  chargee  at  14  per  cent. 

Coal  per  horse-power  hour,  pounds! 
Cost  of  fuel  at  $4.00  per  ton 

Attendance,  10-hr.  basis 

OiL  waste,  supplies 

Total  

With  coal  at  $5.00  per  ton.  .... 

With  coal  at  $4.00  per  ton 

With  coal  at  $3.00  per  ton. 

[With  coal  at  $2.00  per  ton 


200 


$146.00 

24.40 

6.5 

35.70 

10.00 

2.00 

68.10 

77.10 

68.10 
59.20 
50.25 


Horse-power 

1,000 


600 


$85.00 

11.90 

4.5 

24.70 

5.40 

1.08 

43.08 

49.28 

43.08 

36.88 

30.73 


$60  00 
8.40 
2.5 
13  75 
3 50 
0 70 
26.35 
29.80 
2f>  35 
22  90 
19.47 


2,000 

$56  00 
7.85 
1.5 
8.25 
3.00 
0.60 
19.70 
21.75 
19.70 
17.65 
15.57 


91$.  Example  Of  operating  expense.  Operating  and  maintenance 

■Ms  for  four  twelve  month  periods  to  June  30,  1919,  indicating  the  relatively 
■reasing  expenses  experienced  by  the  Detroit  Edison  Connor’s  Creek 
Ration  are  summarised  as  follows: 

^ fCoet  per  kw.-hr.  output  for  11  months  period  ending  June  30. 


Items 


Oper. — Wages  and  supt. . 

. Fuel 

i Lubricants 

Supplies  and  exp. 

Maint. — Buildings 

Steam  equip 

Elec,  equip 

Total — Oper.  and  maint. 

Thous.  kw.-hr.  out 

Max.  30  min.  demand. . . 

Aver.  kw.  load 

Load  factor 

Lb.  coal  per  kw.-hr 

B.t.u.  per  kw.-hr 

B.t.u.  per  lb.  coal 

Aver,  coal  cost,  ton 


1916 


$0.0056 

0.0158 

0.0001 

0.0005 

0.0006 

0.0019 

0.0003 


$0.0248 


125,159 

35.000 

14.000 
0.409 

1.44 

19,700 

13,670 

$2.19 


1917 


1918 


1919 


$0.0057 

0.0240 

0.0001 

0.0005 

0.0011 

0.0019 

0.0001 


$0.0064 

0.0368 

0.0001 

0.000$ 

0.0008 

0.0025 

0.0002 


$0.0334  I $0.0474  $0.0513 


210,040 

50,000 

23,900 

0.478 

1.52 

20,040 

13,180 

$3.16 


280.815 

59,000 
32 ,100 
0.544 
1.63 
20.940 
12.840 
$4  :>2 


383.252 

82.000 
43,700 
0 533 
1.67 
21 ,200 
12,630 
$4.72 


917.  National  Electric  Light  Association,  Form  for  Power  Cost 
Record.  ( Condensed ) 


1.  Station  Wages: 

(a)  Superintendence  and  office 
force,  (b)  Boiler  labor,  (c)  En- 
gine labor,  (d)  Electrical  labor, 
(e)  Miscellaneous  labor. 

2.  Fuel. 

3.  Water: 

(a)  Feed  water,  (b)  Condensing 
water,  (c)  House  water. 

4.  Lubricants. 

5.  Station  supplies  and  expense: 

(a)  Supplies,  (b)  Expense. 

6.  Station  Buildings:  maintenance, 
including  labor:  (a)  Structure. 

(b)  Fittings. 


*Oebhardt,  “8team  Power  Plant  Engineering, 
Add  100  per  cent,  to  Plant  Costs  for  1921. 

1 Electrical  World , Vol.  74,  p.  656. 


7.  Steam  Equipment:  maintenance, 
including  labor:  (a)  Boilers  and 
furnaces,  (b)  Boiler  auxiliaries. 
(c>  Piping,  (d)  Prime  movers, 
(e)  Mechanical  apparatus.  (0  Tools 
and  instruments. 

8.  Electrical  Equipment:  mainte- 
nance, including  lal -or: 

9.  Hydraulic  Equipment:  mainte- 
nance, including  labor,  (a)  Dam 
and  pipe  lines,  etc.  (b)  Turbine 
and  gates. 

10.  Gas  Equipment : maintenance, 
including  labor:  (a)  Gas  engines  and 
auxiliaries,  (b)  Other  apparatus. 

11.  Purchased  Power. 

’ p.711.  M.E.  x-48. 
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•18.  Unit  Coats  of  Hydroelectric  Developments 

(O.  S.  Lyford,  Trans.  A.  1.  E.  E.f  1909) 
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Digitized  by  Goode 


Note. — For  1019-20  oosts  add  100  per  cent,  to  Construction  Items.  See  Elec.  World , Mar.  1,  1919;  April.  24,  1920; 
ar.  27,  1020.  Power,  Apr.  8*  1010. 


w 0 4000  8000  12000  16000  20000  24000  28000 

X.W.  Total  Plant  Capacity  Installed 

Fio.  139. — Plant  installment  costs  (E.  D.  Dreyfus,  Elec.  Jour.,  1912) 


919.  Goat  of  Producer  Ou  Installations,  1912 

(Bureau  of  Mines  Bulletin  No.  65,  p.  29) 


gas  pro-  Cost  of  Cost  of  G 

<fe,nd  Tat*  d?s»nc 

erected,  exclusive  including  . 

including  of  build-  buildings  iJSSSfil. 


| Cost  per  horse-power 

Gas  pro- 
ducer and 
engine 
erected, 
including 
founda- 
tions 

Complete 
plant, 
exclusive 
of  build- 
ings (a) 

Complete 
plant, 
including 
build- 
ings la) 

*86.00 

*106.00 

62.60 

78.00 

i$i.oo 

62.00 

79.00 

87.50 

66.00 

81.00 

68.20 

72.80 

66.66 

73.36 

79.35 

60.00 

69.00 

66.00 

95.00 

48.50 

57.60- 

66.00 

84.00 

48.60 

67.35 

(a)  Includes  producer,  engine,  electric  generator,  piping,  switchboard  and 
auxiliaries,  all  erected  with  suitable  foundations. 

920.  Influence  of  load  factor  on  cost  of  power. 

(a)  Vised  charges.  It  is  obvious  that  this  cost  varies  inversely  as  the 
load  factor.  It  is  important,  however,  that  the  proper  factor  be  used, 
namely  the  annual  capacity  factor  of  the  total  equipment  installed. 

(b)  Operating  labor.  It  is  obvious  that  in  small  plants,  or  plants  of 
very  few  units,  a large  amoilnt  of  labor  is  unaffected  by  the  load  on  the 

Note. — Add  86  per  cent,  for  1920-21  costs. 
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plant.  As  the  number  of  unite  increases,  this  portion  becomes  relatively 
smaller.  It  is  probable  that  the  ratio  of  full-load  labor  costs  per  hour  to 
no-load  costs  varies  from  2 to  1 in  plants  of  a single  unit,  to  5 to  1 in  plants 
of  a large  number  of  units. 

(c)  The  coal  required  to  maintain  a plant  ready  for  instant  service  with 

one  unit  running  at  no-load,  consists  of  that  required  for  its  no-load  steam, 
that  of  the  auxiliaries  and  that  for  banked  fires  under  sufficient  boiler  capa- 
city to  carry  the  peak  load.  This  total  no-load  coal  ranges  from  25  per 
cent,  of  full-load  coal  in  a plant  of  one  unit  to  8 per  cent,  in  a plant  of  many 
units.  , 

(d)  Operating  repairs  and  other  expenses  are  very  indefinite  and  un- 
certain except  over  a long  period  of  time,  but  probably  vary  in  direct  pro- 
portion to  the  load,  thus  being  independent  of  tne  load  factor. 


Fia.  140. — Variation  in  cost  of  Fio.  141.— Variation  in  ooal  con- 
power  with  load  factor.  sumption  with  load  factor. 


(e)  Total  production  cost  at  no-load  varies  from  30  per  cent,  of 
that  at  full  load  in  plants  of  a single  unit,  to  10  per  cent,  in  plants  having 
many  units.  Mr.  H.  G.  Stott  has  found  that  experience  shows  a variatior 
in  oost  per  kw.-hr.  inversely  as  the  fourth  root  of  the  load  factors.  Curves 
showing  these  oost  are  given  in  Figs.  140  and  141. 

(f)  Period  of  load  factor.  Since  the  no-load  costs  in  a station  are 
determined  largely  by  the  peak  load  expected  during  the  month  or  week, 
it  is  evident  that  load  factors  for  a shorter  period  than  a year  are  advisable. 
Possibly^ihe  average  daily  or  weekly  load  factor  will  give  the  best  method  of 
comparing  these  costs. 

•21.  Comparison  of  power  costs  in  different  plants  will  lead  to 

unreliable  results  unless  certain  fundamental  conditions  are  taken  into 
account.  The  chief  of  these  are: 

(a)  Certainty  that  costs  include  the  same  items  for  each  plant 
Management,  general  expenses  and  building  repairs  are  frequently  omitted 
and  care  must  be  exercised  to  ascertain  just  what  makes  up  the  total  cost. 
Hence  the  necessity  of  standard  methods  of  oost  accounting. 

(b)  Load  factors  if  different  require  reductions  of  costa  to  the  same 
basis.  Fixed  charges  are  inversely  as  the  first  power,  and  operating  costs 
inversely  as  the  fourth  root  of  the  load  factors.  Variations  from  20  per 
cent,  to  60  per  cent,  can  be  compared  closely  by  this  method. 

(c)  Coal  costs  must  be  compared  on  some  common  basis  such  aa  the 
cost  per  1,000,000  B.t.u.  available  after  deducting  the  B.t.u.  in  the  aah. 

(d)  Labor  costs  must  be  treated  similarly  on  the  basis  of  the  average 
wage  per  hour  per  man. 

(e)  Fixed  charges  must  be  on  the  same  basis,  not  necessarily  with  the 
same  life  of  equipment,  but  with  the  same  method  of  figuring  depreciation 
costs.  It  is  also  important  to  know  how  much  spare  apparatus  is  being 
maintained  and  whether  or  not  the  plant  is  complete,  or  one  in  which  there 
is  room  for  considerable  additional  apparatus.* 
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MS.  Example  of  comparison  of  power  coete.  * 

Let  Ci,  Ci  — total  cost  per  kw-hr.  in  plants  1 and  2, 

Ji,  It  — fixed  charges  per  kw-hr.  in  plants  1 and  2, 

Fit  Fi  — fuel  costs  per  kw-hr.  in  plants  1 and  2, 

Li,  Lt  — labor  costs  per  kw-hr.  in  plants  1 and  2, 

Oi,  Oi  — total  other  costs  per  kw-hr.  in  plants  1 and  2, 
ft,  ft  — cost  per  1,000,000  B.t.u.  in  plants  1 and  2, 
ft,  Is19  average  hourly  wage  in  plants  1 and  2, 

Ri,  Ei  — average  daily  load  factors  in  plants  1 and  2 

Ci1  — total  cost  in  plant  2 reduced  to  plant  1 conditions. 
Example: 

Ci  “6.5  mills  per  kw-hr. 

/t  “ 2.0  mills  per  kw-hr. 

Fi“3.0  mills  per  kw-hr. 

Li  — 1.0  mills  per  kw-hr. 

Oi  —0.5  mills  per  kw-hr. 
fi  — 10  cents  per  1,000,000  B.t.u. 
lx  — 30  cents  per  hour 
R “ 50  per  cent. 


Ci  -7.5  mills  per  kw-hr. 

It  “2.5  mills  per  kw-hr. 

Fi  — 3.0  mills  per  kw-hr. 

Li  —1.5  mills  per  kw-hr. 
0i“0.5  mills  per  kw-hr. 

/t-8  cents  per  1,000,000  B.t.u. 
It « 40  cents  per  hour 
R — 40  per  cent. 

c*‘ " + [F,'f,+UT, +°*]  [ir!  1*  “ 2-8  xf) + [3  0 x i° 


8 


+>  5*io+°»][£r 

-2.0+[3.75+l  125 +0.5]  [0.945] -7.08  mills  per  kw-hr. 

That  is,  if  the  second  plant  were  operated  under  the  same  labor  aw 
fuel  cost  and  the  same  load  factor  as  the  first  plant,  it  would  cost  7.08  mill 
per  kw-hr.,  as  against  6.5  mills;  this  is  less  efficient  operation,  but  not  as  b« 
as  indicated  by  the  uncorrected  figures.  The  correction  for  fixed  charge 
should  more  properly  have  been  made  on  the  basis  of  annual  load  factor! 

MS.  Suitability  of  different  types  of  power  plants.  8te&d 
electric  plants  are  most  suitable  under  conditions  of  moderate  or  low  loei 
factor  and  fuel  costs.  Gas-driven  and  hydraulio-electric  plants  are  suit 
able  only  with  high  load  factors  and  fuel  costs. 

The  steam-engine-driven  plant  is  suitable  only  in  small  sixes  or  wher 
it  is  neoessary  to  run  non-condensing,  under  which  conditions  it  is  mac 
economical  than  the  turbine.  It  is  more  expensive  in  first  cost  in  all  xixe| 

The  steam-turbine-driven  plant  is  of  general  adaptability  to  all  &is< 
and  loads  with  the  above  exceptions. 

The  low-pressure  turbine  offers  a very  satisfactory  and  most  economic! 
method  of  extending  existing  engine-driven  plants  with  economy  equal  t 
best  modern  practice.  It  has  little  advantage  for  new  plants,  however. 

Gas-engine  driven-plants  are  most  suitable  in  small  sixes  where  fir! 
oost  is  not  greatly  in  excess  of  that  of  steam  plants,  and  where  the  diffe* 
ence  in  economy  is  much  greater.  Larger  sixes  have  excessive  investmei 
costs  and  expensive  maintenance  which  are  balanoed  by  fuel  saving  onl 
with  high  load  factors  and  steady  load. 

Hydraulic  plants  are  suitable  when  there  is  a use  or  market  for  a seasons 
delivery  of  power  at  high  load  factor.  Very  few  plants,  except  at  Niagara 
have  a summer  output  in  excess  of  25  per  cent,  of  rating. 

M4.  Modern  tendencies  in  power-plant  design  point  to  inexpenxia 
plants  of  high  operating  economy.  Expense  of  construction  is  reduced  fa 
simplicity  in  design,  using  few  large  units;  reliability  is  secured  by  the  use  < 
the  highest  quality  of  materials  and  apparatus  rather  than  by  duplicatiol 
with  its  attendant  complication.  Operating  economy  is  secured  throug 
better  control  of  combustion,  the  use  of  highly  efficient  apparatus  who! 
efficiency  adds  relatively  little  to  the  cost  of  tne  entire  plant,  and  the  attem 
ant  reduction  in  labor  cost  through  the  simplicity  of  the  plant  and  tl 
small  number  of  operating  units.  The  development  of  stokers  allowing  v« a 
high  rates  of  evaporation  in  the  boilers  with  high  economy,  has  reduced  t] 
investment  costs  in  boiler  equipment  and  building  and  also  improved  opera 
ing  economy  by  reducing  the  amount  of  coal  consumed  in  banked  fire 
There  is  a strong  tendency  toward  compactness  of  layout,  allowing  onl 


• Adapted  from  Stott,  H.  G.,  Gorsuch,  W.  S.,  Trans.  A.  I.  I.  E. 
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See.  10-925 


lufficient  floor  apaoe  lor  the  diiauatlini  of  apparatus  during  repair.  The 
perfection  of  the  mechanical  design  of  turbo-generators  permits  the  use  of 
skeleton  foundations  in  which  the  condenser  can  be  placed  with  great  space 
ecoaomy.  The  electrical  switching  equipment  still  has  a tendency  toward 
expensive  complication,  which  the  writer  believes  will  gradually  give  way  to 
simplicity  and  ruggedness,  except  in  the  largest  plants. 

Ilf.  Improvement  of  economy  of  existing  plants  requires,  first  of  all,  an 
accurate  knowledge  of  all  the  elements  entering  into  the  cost  in  that  particular 
plant,  and  then  a gradual  elimination  of  the  elements  producing  inefficiency. 

136.  BoUar-room  practice  affords  probably  the  most  fruitful  field  for 
improvement,  as  it  has  hitherto  been  the  most  neglected.  Numerous  instru- 
ments, meters  and  devices  are  on  the  market  which  make  possible  a continual 
check  on  the  efficiency  of  the  boiler  room.  It  is  not  only  possible  to  know  the 
overall  efficiency,  but  to  determine  readily  just  what  are  the  causes  of  in- 
efficiency; there  are  automatic  devices,  also,  which  remove  some  of  these 
causes.  v A careful  study  should  be  made  as  to  the  variation  in  efficiency 
with  peak  load  and  load  factor,  so  that  the  inherent  improvement  in  economy 
with  good  load  factor  shall  not  be  mistaken  for  the  results  of  better  operation. 
Determinations  should  be  made  as  to  the  proper  number  of  boilers  to  use, 
fhe  relation  between  active  fire  hours  and  banked  fire  hours,  and  just  when  it 
» profitable  to  let  the  fires  go  out.  It  is  highly  important  that  the  boilers 
themselves  be  kept  clean  both  inside  and  out;  means  are  available  to  facili- 
tate this  work,  both  chemical  and  mechanical.  The  firemen  should  be  care- 
folly  instructed  in  proper  methods  of  firing  and  closely  watched  to  see  that 
they  follow  instructions. 

937.  Engine  or  turbine  room  operation  offers  a legs  fruitful  field  for 
improvement  since  the  inherent  economy  of  the  units,  more  particularly  of 
the  turbines,  is  lees  under  the  control  of  the  operators.  With  engines, 
however,  it  is  highly  important  that  valve  settings  be  maintained  properly. 
The  proper  loading  of  units  has  some  influence  on  economy.  The  balance  of 
eih&ust  steam  produced  and  that  needed  for  feed-water  heating  is  par- 
ticularly important  at  light  loads,  when  ordinarily  there  is  an  excess  of  steam 
which  is  wholly  wasted.  Electric  drive  of  some  of  the  auxiliaries  frequently 
Krves  as  & corrective.  Air  leakage  into  the  condenser  is  an  important 
source  of  loss. 

938.  Ktoetric&l  operation  offers  a relatively  limited  field  for  improve- 
ment in  eoonomy.  It  is  frequently  possible,  however,  by  rearranging  the 
ventilation  of  windings  and  keeping  them  properly  dean,  to  oarry  a better 
irerag©  load  on  the  prime  movera,  which  adds  to  the  economy  and  also  to 
the  effective  sise  of  the  station. 

938.  Labor  shifts.  Labor  costs  can  frequently  be  reduced  by  arranging 
overlapping  shifts,  thus  providing  the  necessary  men  during  peak  loads, 
without  unnecessary  men  before  and  after.  The  efficiency  of  labor  should 
he  measured  not  alone  by  its  cost  per  kw-hr. , but  by  the  cost  per  unit  of 
work  performed. 

910.  Repairs  should  be  made  as  soon  as  their  necessity  is  discovered.  A 
high  grade  of  maintenance  is  inually  cheaper  than  lax  maintenance,  and 
increases  the  effective  life  of  the  apparatus. 

931.  Economy  in  supplies  does  not  mean  cheap  materials,  but  the 
choice  of  those  best  adapted  to  the  work  and  which  give  the  lowest  total 
cost  for  the  object  accomplished. 
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giving  satisfactory  service  (Fig.  1).  The  required  line  voltage  is  obtained  by 
connecting  series- wound  generators  in  aeries,  the  voltage  per  commutator 
| 000  volts.  Each  generator  is  mounted  on  an  insu- 


nngmg  from  1,300  to  4,( 

latcd  platform  and  connected  to  its  prime  mover  by  an  insulated  coupling. 


When  not  in  use,  the  generator  is  short-circuited.  In  this  system  the  current 


_ sysl  

is  maintained  constant  by  automatic  devices  which  control  the  prime- mover 
•peed,  shift  the  brushes,  and  shunt  the  held,  and  the  voltage  is  made  to  vary 
with  the  load.  The  power  is  delivered  to  motors  similar  in  construction  to 
the  generators.  The  motor  speed  is  controlled  by  shifting  the  brushes,  and 
simultaneously  shunting  the  field.  Line  voltages  approximating  70,000  volts 
•rein  use.  and  a transmission  distance  of  112  miles  (Moutier-LyoDs)  has  been 
reached. 


r 


H 
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Fia.  1. — Typical  Thury  system. 


4.  AdvanUgst  claimed  for  Thury  system:  (a)  power-factor  always 
unity;  (b)  higher  effective  pressures  for  the  same  line  insulation  (tests  by 
Thury  indicate  that  with  given  line  insulation,  direct  current  may  be  tw  ice 
the  alternating  current  voltage).  The  maximum  pressure  occurs  only  during 
maximum  loads;  (c)  no  dielectric  losses;  (d)  two  wires  only  to  beinsulat*  <1 ; 

(e)  underground  single-conductor  cable  can  be  obtained  for  60,000  volts,  and 
with  grounded  neutral,  the  line  pressure  would  be  120,000  volts;  (f)  no 
inductive  or  capacitive  troubles  such  as  surges  and  abnormal  voltage  rises; 
(g)  a number  of  stations  can  be  operated  in  series  and  a station  can  be  con- 
nected to  the  line  at  any  point;  (h)  switching  arrangements  very  simple; 
G)  in  hydraulic  stations  under  variable  head,  greater  efficiency  can  be 
obtained  since  constant  speed  is  unnecessary;  (j)  adapted  for  industrial  work 
requiring  constant  torque;  (k)  line  repairs  can  be  easily  and  safely  made  while 
the  line  is  in  operation  after  grounding  the  conductor  at  the  point  in  question 
(not  applicable  to  systems  with  grounded  neutral). 

I.  Disadvantages  of  Thury  system:  (a)  insulated  floors  and  couplings ; 
(b)  generating  units  must  necessarily  be  of  moderate  capacity,  though  sev 
generators  may  be  connected  to  one  prime  mover,  (c)  the  line  loss  is  constant 
Kid  independent  of  the  load,  although  the  current  may  be  somewhat  de- 
creased on  light  loads;  (d)  constant-head  water- w'heel  not  ideal  for  constant 
current  (variable  speed);  (e)  special  regulating  devices  required  on  motors; 

(f)  impossibility  of  securing  overload  torque  on  the  motors,  even  for  a short 
period;  (g)  greater  liability  of  damage  to  generators,  due  to  lightning,  and 
lienee  more  expensive  protective  devices  are  required. 


t.  Single-phase  systems,  except  in  occasional  railway  installations, 
•re  little  used  in  transmitting  large  amounts  of  energy  for  great  distan  < 
•nice  for  a givfen  voltage  between  fines,  the  copper  efficiency  is  76  per  cent,  of 
that  of  the  three-phase  system.  For  power  purposes  the  single-phase  motor 
* fees  satisfactory  than  the  polyphase  motor.  The  rating  of  a given 
generator  when  operating  single-phase  is  about  half  its  rating  when  operating 
polyphase. 

7.  Three-phase  systems.  Three-phase  transmission  and  distribution 
•re  superseding  the  other  systems,  due  to  greater  copper  efficiency,  the 
balanced  condition  of  voltage  (even  under  unbalanced  loads)  and  the  smaller 


number  of  conductors  required  in  comparison  with  the  two-phase  system. 
The  great  flexibility  of  the  three-phase  system,  and  its  advantages  »ith 


respect  to  the  use  of  .both  induction  and  synchronous  machinery,  are  also 
important  considerations  in  its  favor. 
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ELECTRICAL  CALCULATIONS 

8.  The  required  else  of  conductor  for  a direct-current  line  may  bt 

readily  estimated.  With  a given  power,  P watte,  to  be  delivered  at  voltage, 
Bt,  the  value  of  current,  I,  is  determined  from  the  relation: 

I-P/Er  (amp.)  (1) 

One  mil-foot  of  copper  has  a resistance  of  about  10  ohms  at  15  deg.  cent 
(62  deg.  fahr.).  If  the  oonduotor  is  operated  at  a,  normal  current  density  of 
0.001  amp.  per  cir.  mil,  the  drop  per  ft.  will  be  0.01  volt,  regardless  of  the 
lise  of  conductor. 

9.  The  total  voltage  drop  may  be  expressed: 

e-O.OIXl  (volts)  (2) 

trhere  l is  the  total  length  of  conductor  in  ft.  If  the  current  density  is 
lifferent  from  this  normal  value,  e will  be  in  direct  proportion  to  the  current 
density.  Thus,  if  the  density  is  1 amp.  per  1,200  cir.  mils,  and  l — 100,000  ft., 
then  «- 0.01  X 100,000  (1,000/1,200)  -833  volts. 

' 10.  Efficiency  of  transmission  may  be  expressed: 

,-ir^-lOO  (percent.)  (J) 

fir  “T* 

If  the  receiver  voltage  in  the  above  case  were  10,500,  then  i- 
10,500/(10,500  + 833)  or  92.6  per  cent. 

Power  1 os t per  mil-foot  of  copper  at  the  normal  density  is  represented  bf 
the  expression: 


7«r-(10-»)»  10  — 10-» 

(watte) 

<« 

Total  power  lost  at  the  normal  density  is 

7*rt-10-»Xe.m.Xl 

(watts) 

(5) 

vhere  c.m.  is  the  conductor  cross-section  in  cir.  mils,  and  l is  the  total  length 
of  conductor  in  ft.  If  the  current  density  differs  from  the  normal,  th« 
right-hand  side  of  Eq.  5 must  be  multiplied  by  the  square  of  the  ratio  of  th« 
densities.  Constant  current  high-voltage  systems  are  usually  so  designed 
that  the  line  losses  are  kept  within  prescribed  limits. 

If  P.  the  power  delivered,  Eg,  the  generator  voltage,  and  R , the  line  reeis- 
lance  be  given,  Er,  the  receiver  voltage,  may  be  found  from  the  following 
equation. 

(volt.)  («> 

The  minus  Bign  is  only  used  when  the  efficiency  of  transmission  is  leal 
than  50  per  cent,  which  practically  never  occurs. 

11.  Example  of  design.  Required  to  transmit  2,000  kw.  15  miles,  with 
10  per  cent.  One  loss. 

It  is  customary  to  allow  1,000  volts  per  transmission  mile,  but  this  may  be 
modified  somewhat  by  considerations  of  line  cost.  Assuming  a pressure  at 
the  receiver  of  15,000  volts,  7 — 2,000,000/15,000  — 133  amp.  The  pertnis- 
nible  voltage  drop  — 1,500.  Let  e * — voltage  drop  at  normal  current  density; 
then  e'  = 0.01X30  X 5, 280  — 1,584  volts  at  normal  density.  Actual  density 
1,500 

must  be  amperes  per  1 ,000  cir.  mils.  Hence  the  cir.  mils  required  are 
133X  X 1,000 -140,000. 

IS.  The  regulation  and  efficiency  of  a single-phase  or  a* symmetrical 
polyphase  system  may  be  calculated  by  considering  one  conductor  only, 
ssuming  a neutral  which  has  sero  resistance  and  aero  reactance,  as  the 
return  wire.  A three-phase  system  may  also  be  treated  as  a single-phase 
system  transmitting  one-half  the  power. 

Sine  waves  of  current  and  voltage,  and  balanced  loads  are  assumed  in  tiu 
olloxoxng  paragraphs.  The  effects  of  harmonics  and  unbalancing  can  usually 
l>e  neglected  but  may  be  treated  as  special  problems  if  conditions  warrant. 

18.  Alternating-current  transmission-line  calculations.  A single- 
phase or  symmetrical  polyphase  system  having  resistance  per  wire  R ohnu 
and  reactance  per  wire  X ohms  and  a load  current  to  neutral  of  I amp, 
at  power-factor,  cos  6,  is  represented  in  Fig.  2 and  the  voltage  relations  are 
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shown  vectorially  in  Fig.  3.  The  electrostatic  capacitance  assumed  to  be 


(7) 


negligible. 

Knowing  the  receiver  voltage,  Er,  the  generator  voltage,  Et,  may  be  readily 

calculated.  

2J,-V(*rOoe*+IR)«+(Krsin0±IX)* 

The  minus  sign  is  used  when  I leads  Er. 

This  may  also  be  written 


(8) 

Equation  (8)  is  more  convenient  than  (7)  as  the  quantity  under  the  radical 
agn  is  of  the  magnitude  of  unity  and  the  position  of  the  decimal  point  is 
more  readily  determined. 

Per  cent,  regulation-— ^—100  (9) 

Efficienoy-^^  (10) 

If  the  sending-end  voltage,  Eg,  the  load  power  P,  in  watts,  and  the  load 
power-factor,  cot  9,  are  fixed,  Er  is  found  by  the  following  equation:* 

„ , \L  . -a  £ _u ^ ^ /T^P^coTi+XsinT) 

R-A  \i±  \i—  xnsPT  wh*roA  ‘B*  V* B.’-coVe <n> 

For  practical  work  it  is  usually  more  convenient  to  assume  a regulation, 
find  Er  from  (9),  and  solve  for  Eg  by  the  use  of  (8).  If  the  calculated  regu- 
lation then  differs  materially  from  that  assumed,  another  trial  may  be 
If  the  receiver 


rather  than  the  generator 
voltage  be  fixed,  the  problem 
is  much  simplified. 

14.  Sxampla  of  tingle- 
phaae  calculation.  Trans- 
mission distance,  20  miles; 
generating  voltage,  33,000 
volts;  frequency,  60  cyoles  per 
sec.;  full-load  power-factor, 
0.85;  spacing  of  wires,  48  in.; 
permissible  line  loss,  10  per 
cent,  of  power  generated. 

* I.  x 


« 

rj.-  om$ 


FZ,#- 

Fro.  2. — Equivalent  trans- 
mission line  to  neutral. 

Assumed  power  at  receiver  — 5,000  kw.  Assuming  15  per  cent,  regula- 
tion, the  e.m.f.  at.  the  reoeiver  equals  28,700  volts,  and  the  voltage  from 
wire  to  neutral  at  the  reoeiver  is  14,350  volts.  Current  per  wire  — 
5,000,000/(28,700  X0.85)  - 205  amp.  Lose  per  wire  - (0. 10/0.90)  X (5,000/2) 
- 278  k w.  Resistance  per  wire  — 278,000/ (205)  * - 6.61  ohms.  Resistance 
per  mile  — 6.61/20  — 0.331  ohm. 

From  the  table  of  Par.  40  the  nearest  sise  of  wire  is  No.  000  A.  W.O.  copper, 
having  0.342  ohm  per  mile  or  a total  resistance  (20  miles)  of  6.84  ohms. 

Reactance  per  mile  (Par.  40)  of  single  conductor,  0.692  ohm.  Total 
reactance,  13.84  ohms.  IR- 1,400  volts,  IX  — 2,840  volts.  Substituting  in 


H.3S0  V(°-850+^),+  (0.527^|/-  17.U0  volt.. 
Regulation 100- 19.44  per  oent. 

•Bee  "Electric  Journal,"  Vol.  XVII,  Feb.  1920,  Page  76. 

910^ 

Digitized  by  VjOOQ LC 


Sec.  11-15 


POWER  TRANSMISSION 


The  calculation  shows  material  error.  Assume  19  per  cent,  regulation, 
I « 212  amps.,  IR  - 1,450  volts,  IX  — 2,940  volts. 

J5,- 13.870  V(0-850  + ^o),  + (0-527+S),“ 16-750  Volt<- 


The  calculated  regulation  is 


^ 16,750-13,870,^ 

then  ; . qiia 100  ■ 


13,870  j20  7 P*rc*nt-  ** 

this  checks  closely  with  the  19  per  cent,  regulation  assumed,  another  trial 
is  unnecessary,  unless  greater  refinement  is  desired. 

The  efficiency  then  becomes  n - 2,500,000/(2,500,000+  (212)*6.84]  or  89.1. 
With  aluminum  as  the  conductor,  the  reactance  drop  would  be  slightly 
less. 

16.  Example  of  three-phase  calculation  for  a line  having  the  same  con- 
stants as  are  given  in  Par.  14.  Transmission  distance,  20  miles;  generating 
station  line  voltage,  33,000  volts;  frequency,  60  cycles;  load  power-factor, 
0.85;  spacing  of  wires,  48  in.;  permissible  line  loss,  10  per  cent,  of  power 
generated;  power  at  receiver,  5,000  kw.;  voltage  to  neutral,  generating 
station,  33,000/  y/3 - 19,050  volts.  Assuming  15  per  cent,  regulation, 
voltage  at  receiving  station  = 19,050/1.15“  16,570  volts.  Current  per  wire* 

5,000,000/(3X16,570X0.850)- 118.4  amp.  Loss  per  wire  = 

o U.VU 

185 kw.  Resistance  per  wire—  185,000/(118.4)*  - 13.20 ohm*. 

Resistance  per  mile  = 13.20/  20  = 0.660  ohm. 

From  Par.  40  the  nearest  wire  sise  is  No.  1 A.W.G.  which  has  a resist- 
ance of  0.683  ohm  per  mile. 

Total  resistance-  20  X0.683—13.66  ohms. 

Reactance  per  mile  (Table  41) 0.734  ohm. 

Total  reactance 14.68  ohms. 

7R-  118.4X13.66 -1,617  volts  /A- 118.4 X 14.68—  1,738  volts 

Substituting  in  (8)  

16,570  ^(0.850  + /^)'+  (0.527  + !8.870  to!.. 


Regulation ■ 


18,870-16,570 


100  — 13.88  per  cent. 


16,570 

This  checks  well  enough  with  the  15  per  cent,  regulation  assumed. 
Efficiency 

’ ' M67^-+^)il3:68-  1'667'000/1858'000  « 

16.  Use  of  complex  quantity.  Analytical  solutions  of  problems 

involving  vector  quantities 
iXSlnt?  may  be  made  by  resolving 
f each  vector  into  two  compo- 
nents, one  along  a horisonta! 
or  X axis,  called  the  axis  of 
reale,  and  the  other  along 
the  vertical,  or  Y axis,  celled 
the  axis  of  imaginariee.  The 
latter  component  is  preceded 
by  j - (V  — 1)  with  + or  7 
sign  according  to  whether  it 
leads  or  lags  with  respect  to 
the  positive  real  component, 
lag  being  measured  in  a 
clockwise  direction. 

Fro.  4.— Vector  diagram  of  traMmission  line  thutreth^as^ho^iT* Fi? 
ue.ng  complex  quant, fee.  4“  h««  eaih  quantity  i. 

solved  into  a real  component 
along  Er,  the  axis  of  reals,  and  into  a quadrature  component  along  the  axis 
of  im&ginaries,  at  right  anfdes  to  Er. 

Eg  — e+je'  — Er  + I (cos  6 —j  sin  $)  (fi+  jX)  (12) 

Each  quantity  represented  in  Fig.  4 is  obtained  by  performing  the  mul- 
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tiplication  in  (12).  (The  effect  of  each  component  of  current  is  treated  as 
if  the  other  did  not  exist.)  The  plus  sign  is  used  when  I leads  Er.  The 
absolute  value  of  E0  is  given  by  y/ 

17.  Example  of  analytical  solution  of  three-phase  line  using  com- 
plex quantity.  Consider  the  problem  of  Par.  15. 

Here  Ea~  16, 570  + 118.4(0.850 -j0.527) (13.66 + >14.68)  - 16,570  + 1.3744- 
;I475— /852  + 916- 18,860+>623.  Hence  Vl 8,860 J + 623»- 18,870. 

Regulation  =»  100°  13.88  per  cent.,  as  before. 

16,570 


Load 


Neutral 

Fig.  5. — Equivalent  transmission  line  showing  capacitance  and  leakance. 

18.  Line  capacitance  has  negligible  effect  on  short  or  low-voltage  lines, 
. jnd,  for  such  lines,  may  be  neglected.  On  the  longer  lines  of  higher  voltage, 
I the  line  charging  current  has  a marked  influence  on  the  line  regulation,  and 
I hence  must  be  considered  in  the  design  of  the  line. 

I On  longer  lines  of  higher  voltage  the  charging  current  must  be  taken  into 
(consideration.  It  leads  the  voltage  by  90  deg.,  and  because  of  the  line  react- 
p&ee,  it  tends  to  produce  a rise  in  voltage  from  the  sending  end  to  the  receiving 
end  With  an  in-phase  or  with  a lagging  current  the  effect  of  the  charging 
eorrent  is  to  improve  the  line  regulation  and  the  generator  power-factor. 
If  the  receiving  end  is  open-circuited,  the  voltage  at  the  receiving  end 
[becomes  greater  in  magnitude  than  the  voltage  at  tne  sending  end. 

RJ  2 X/2  R/  2 X/2  R X 

[ — t- — 


Fio.  6. — Nominal  "T 


Fig.  7. — Nominal  line. 


1*  Nominal  "T”  line  and  nominal  “n”  line.  A transmission  line 
M normal  frequencies  may  be  represented  by  a single  conductor  having  a 
ttniform  linear  resistance  (n  = r 175 
|r-fr  . . .),  reactance  (X  — 

x •+■  X + X . . .),  leakance  ( O 

• 9 + 0 + • • • ) and  capactive 

msceptance  (2*  — 5 +&+•,•• ) *.  . 

in  parallel  between  the  line  and  •3105 
neutral  (see  Fig.  5).  The  exact  > 
analytical  placement  of  such  a £ 
line  is  rather  complicated,  and  £4 
for  practical  purposes  the  shunt 
idmittance  consisting  of  the 
leakance  O and  susceptance  B 
may  be  considered  as  concen- 
trated at  the  centre  of  the  lino  0 20  40  60  so  100  120  U0  180 

(Fig.  6),  or  in  two  admittances,  Mllca  a«w*i?*r 

each  of  one-half  the  total  line  Fio.  8. — Voltage  drop  in  line, 

[admittance,  placed  at  opposite  . „ 

ends  of  the  line  (Fig  7).  The  former  is  termed  a nominal  T and  the  latter  a 
nominal  or  a split  condenser.  In  the  former  case  the  entire  charging 
current  flows  over  half  the  line  and  in  the  latter  case  one-half  the  charging 


S] 

7F 

<1  <.  ».  >•  . 50,000  K.wJ 

«wcr- factor  at  ••  - 0.8  5 
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current  flows  over  the  entire  line.  The  leakage  current  can  usually  be 
neglected.  Where  the  corona  and  insulator  losses  are  not  negligible  their 
effect  may  be  included.  If  the  transformers  are  to  be  included  with  the 
line,  their  equivalent  single-phase  resistance  and  leakage  reactance  must  be 
added  to  the  line  resistance  and  reactance  respectively;  the  energy  com- 
ponent of  the  no-load  current  must  be  added  to  the  line  leakage-current 
and  the  quadrature  component  or  magnetising  current  must  be  subtracted 
from  the  Line  charging-current. 

20.  Voltage  distribution.  The  true  voltage  distribution  and  the 
approximate  voltage  distribution  for  a 150-mile,  150,000- volt,  60-cycle  hue 
arc  shown  in  Fig.  8.  It  will  be  noticed  that  for  the  fundamental  frequency 
the  difference  is  very  slight,  especially  near  the  ends. 

21.  The  charging  current  for  a given  voltage,  Be,  is 

Ic-2t/J£«C  (amp.)  (14) 

where  / is  the  frequency  in  cycles  per  sec.,  Be  the  voltage  across  the  conden- 
ser terminals  in  volts,  ana  C the  condenser  capacitance  in  faraefa.  The  values 
of  /«  for  different  s pacings  and  sixes  of  conductor  are  given  in  Pars.  4A,  48.  j 


R/i  X/,  ft/,  X/,  j 


IT 


Fia.  9. — Nominal  "T"  line.  Fio.  10. — Vector  diagram  of  nominal 

"T"  line.  Power-factor  ■■  1.0.  j 


28.  ▲ nominal  “T”  line  is  shown  in  Fig.  9,  and  fig.  10  shows  the  vector 
relations  in  the  circuit  for  unity  power-factor  load.  fig.  11  gives  tie 

vector  diagram  when  the  Toad  current  lags 
IX  by  an  angle  9 with  respect  to  the  load 
voltage.  It  will  be  observed  that  the; 
m condenser  charging  current  is  in  quadra- 
ture  with  and  leading  the  voltage  JSV, 
ry  consequently  the  iR  drop  leads  Be  by  90 
— deg.  and  iX  leads  Ee  180  aeg.  It  will  also 
R X 


Fw.  11. — Vector  diagram  of  Fia.  12. — Nominal  “»*'  line, 

nominal  "T"  line.  Power-factor 
- cos  8. 


be  noted  that  Ee  is  at  some  potential  between  E,  and  by  Rr  but  for  practical 
purposes,  B,  is  assumed  equal  to  Er,  and  no  appreciable  error  results  in  the 
< i i irging  current.  In  fact,  the  calculated  charging  current  may  be  in  error 
hy  many  times  this  amount,  due  to  the  fact  that  the  e.m.f.  wave  of  the 
alternator  may  differ  appreciably  Jfrom  a sine  wave.  This  last  factor 
should  be  carefully  investigated  if  a high  degree  of  accuracy  is  desired.  It 
i*  evident,  from  inspection,  that  Figs.  10  and  11,  are  not  capable  of  simple 
ge  ometrical  solution. 

28.  A nominal  x lint  is  shown  in  Fig.  12,  and  the  vector  diagram  is  shown 
in  Fig.  13.  The  condenser  current  I e/2  leads  Br  by  an  angle  of  90  deg., 
and  is  readily  combined  with  the  current  I to  form  the  total  current  J*. 

J. - V(/  cos  *)*+(/  sin" 8 — /e/2)*  (15) 

cos  0.-/  cos  9/1*  (Id) 

where  cos  8 and  cos  89  are  the  load  and  resultant  power-factors,  respectively* 
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Sin  9 becomes  negative,  when  7 leads  Br,  but  the  square  of  the  second  term 
under  the  radical  still  remains  poeitive. 

The  problem  is  then  treated  by  the  method  employed  in  Pars.  IS  to  17. 


Fw.  13. — Vector  diagram  showing  effect  of  line  charging  current. 


14.  Szample  of  calculation  of  a three-phase  system  with  capaci- 
tance considered.  Power  to  be  transmitted,  50,000  kw.  Substation  or 
receiver  voltage,  140,000  volts.  Distance,  120  miles.  Frequency,  60  cycles 
Full-load  power-factor,  0.90.  Spacing  of  wires,  14  ft.  Allowable  power  loss 
in  line,  10  per  cent,  of  power  at  receiver.  Power  lost  in  each  wire  = 
5,000,000/3  1,667,000  watts.  Voltage  to  neutral  (receiver)  = 140,000 

5 000  000 

IV3  - 80,830.  Load  current  per  wire  - 3~x~gQ  830  X 090  “229*2  amI’ 

Resistance  per  wire  «=  1,667,000/(229.2) 1 — 31.75  ohms.  Resistance  per 
mile  - 31.75/120  - 0.2646  ohm. 

From  Table  40,  0000  copper  or  336,400  cir.  mil.  aluminum  have  the 
nearest  resistance,  0.272  ohm  per  mile.  Use  aluminum  on  account  of  its 
pester  diameter.  The  total  resistance  is  0.272  X 120  — 32.64  ohms. 
From  Table  43,  by  interpolation,  the  reactance  per  mile  of  wire  - 0.795 
ohm.  Total  reactance  = 0.795  X 120  - 95.40  ohms.  From  Table  45 
the  charging  current  per  mile  per  100,000  volts  is  found  to  be  0.541  am 
- . * . * 80,830  X 0.541  X 120  ..  __ 

Total  charging  current  — j6b"0(j0 88  *2.57  amp.  Charging 

current  at  the  receiving  end  of  the  line  7«/2  - 52.47/2  =*  26.24  amp.  From 
Eqs.  15  and  16,  Par.  S3,  7.  - V (229.2  X0.90)*+  <229.2  X 0.4368 - 26.24)* - 
219.0  amp. 

cos  Bo  — (229.2  X0.90)/219  - 0.9420 

/«-  219.0  X 32.64  - 7, 148  volts.  7X- 219.  OX  95.40 -20, 890  volts.  By 
equation  (8) 

- 80,830  V(o.9420+^i4380)  ’+  (0.3355  + 96,200  volt,. 

When  the  receiver  load  is  removed,  the  substation  voltage  will  rise,  due 
to  the  line  charging  current  flowing  through  the  inductance  of  the  line.  On 
open  circuit  from  (d)  Fig.  13,  Er  will  be: 

Br- yjes-  (4'*)’  + 2*  <17> 

The  ~R  term  is  negligible.  Er  - 96,200  + (26.24  X 95.40)  - 96,200  + 2,500  - 
98,700  volts. 

Oft  700  — AO  830 

Regulation  — — — or  22. 10  per  cent.  Efficiency  — 50,000  X 10*/ 

IfiO.OOOX  10* -h (3 X 219^0* X 32.64)1  or  91.4  per  cent. 

33.  The  analytical  or  complex  solution  of  a nominal  r line  having 
appreciable  capacitance  may  be  obtained  by  adding  the  voltage  drop  due 
to  the  load  current  and  to  one-half  the  total  line  charging  current  (passing 
through  the  line  impedance)  to  the  receiver  voltage. 

£*-«+7e'-£,+7  (cos*-/  sin  9 ) (R+;X)  +#-•(* +jX)  (18) 

where  E9**  the  generator  voltage  from  phase  wire  to  neutral;  Er  " the  receiver 
▼oltage  from  wire  to  neutral;  I — the  load  current;  0 — the  phase  angle  of 
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the  load;  R — the  resistance  per  wire;  X»the  reactance  per  wire;  and 
Ic  = the  total  charging  current.  The  geometrical  position  of  each  quantity 

is  shown  in  Fig.  14. 

This  diagram  determines  the  effect  upon  the  generator  voltage  of  different 
load  conditions  at  the  receiver,  the  receiver  voltage  being  kept  constant. 


ab 

be 

cd 

de 

<f 

fh 


+ jIcR/2 

- IcX/2 
+ IR  COS  9 
+ }IX  ooa  9 

— jlR  sin  9 
+ IX  sin  9 


Fia.  14. — Vector  diagram  of  line  using  complex  quantities. 


26.  Constant  load  and  variable  power-factor.  Since  the  receive! 

voltage  is  assumed  constant,  triangle  a6e  (Fig.  15)  will  not  change.  Triangle 
ale  and  efh  are  similar.  Triangle  ede  will  not  change,  since  I cos  9 is  fixed 
eh/ce**fh/de—  (IX  sin  6) /{IX  cos  6)  —tan  9.  I~P/(ErcaB9)  or  I sin  0^ 
P tan  0 Er  =Pt  h Erce.  As  ce,  P and  & are  fixed,  I sin  9 varies  as  tan  ( 
Therefore  the  point  h must  move  along  eh,  toward  h * if  the  lag  of  the  currel 
increases  and  toward  e if  the  lead  of  the  current  increases,  and  eh  must  bj 
proportional  to  tan  9. 


, Er  Er 


Fig.  15. — Constant  load,  vari-  Fio.  16. — Variable  load,  constau 

able  power-factor.  power-factor. 

27.  Variable  load  and  constant  power-factor.  (Fig.  16).  ej/cd  ■ 

(/ft  sin  0)/(Jft  cos  9)  « tan  9. 

Since  ede  and  efh  are  similar  triangles,  ef/cd  — eh/ce~  tan  #. 

Therefore,  angle  ech  = 9,  which  is  constant,  and  h must  always  lie  on  eh. 
Since  cd  and  de  are  both  proportional  to  I,  « will  move  along  ct  and  d 
will  always  be  perpendicular  to  ct.  9 ' shows  the  construction  for  a leading 
current. 


28.  Constant  voltage  maintained  at  receiver  by  use  of  synchronooi 

apparatus.  The  generator  voltage,  assumed  constant,  will  move  along 

arc  h»hi  (Fig.  17).  The  length  m is 


equal  to  / cos  9 {R  + iX)  at  no-load 
It  is  then  proportional  to  the  powtt 
taken  by  the  synchronous  apparatus 
and  «i  will  move  along  cea  with  increaH 
of  load.  eihi  is  equal  to  / sin  9 (R ■+ 
jX),  hence  is  proportional  to  the  quad* 
rature  component  of  the  current.  Il 
order  to  maintain  constant  receive! 
voltage,  with  increase  of  load. 
must  decrease  until  at  ej  it  is  equal  U 
sero  and  this  point  must  correspond  t< 
unity  power-factor.  With  furthe 
increase  of  load  eihi  reverses  and  tin 


Fig.  17. — Constant  voltage  at 
receiver. 


current  leads  as  at  eihi.  This  condition  may  be  obtained  by  compounding 
or  by  changing  the  excitation  of  the  synchronous  apparatus,  either  auto 

matically,  or  by  hand. 
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M.  Example  of  analytical  solution  of  nominal  *■  line  using  com- 
pin  quantity.  Consider  problem  of  Par.  24,  see  Par.  25,  Bg  — 80,830  + 
229  2(0.90-/0.4358)  (32.04  +>95.40)  + (>52.47/2)  (32 .64  +>95.40) -80,830 
+ 6.735  +>19,680 — >3, 200 — >*9, 540  +>857  — 2, 500  — 94 , GOO  + >17, 280  or  96.200 
volts  (absolute). 

At  no-load  96,200 -£r  + 052.47/2)  (32.64 +>95.40) 

The  quadrature  resistance  drop  is  negligible  Hence  Zr-  96,200+ 
(26.24X95.40)  —98,700  volts,  which  checks  with  the  result  obtained  in 
Pm  .14. 


50.  Exact  methods  of  calculating  regulation  may  be  desirable  if  the 

line  is  long,  the  line  voltage  high  or  if  harmonics  be  taken  into  consideration. 

Such  methods  involve  the  distributed  nature  of  the  line  admittance. 
Formulas  for  such  lines  expressed  in  circular  trignometric  functions  are  very 
complicated.  If  hyperbobc  functions*  are  used  the  relations  become  quite 
rimple. 

51.  The  general  equations  of  the  transmission  line  in  hyperbolic 

functions  are:  _ 

R\  = Et  cosh  y/ZY  ± hy/zjY  sinh  y/ZY  (19) 

Ii  -/«  cosh  y/ZY  ± (Ei  /y/Z/Y)  sinh  y/ZY  (20) 

there  E\  and  Ei  are  the  respective  voltages  from  phase  wire  to  neutral  at  the 
•ading  and  receiving  ends  of  the  line  if  the  positive  sign  is  taken  If  the 
native  sign  is  taken  Ei  and  Ei  are  the  respective  voltnges  at  the  receiving 
ad  sending  ends  of  the  line.  The  same  relation  holds  true  for  the  currents, 
/tind  7*.  Ordinarily  the  positive  sign  is  used,  as  the  receiver  voltage  and 
wad  current  are  generally  jinown. 

Zis  the  impedance  per  wire  — R+jX,  and  Y is  the  admittance  from  phase 
*ire  to  neutral  — <7+/B,  though  the  leakage  O is  usually  negligible  in  an 
atusl  line. 

Expanding  the  cosh  and  sinh  terms  in  a converging  series  by  Maclaurin’s 
Theorem,  and  neglecting  the  terms  after  the  second,  the  following  expressions 
•ft  obtained: 


Ex 


Ei  (l  + ZF/2)  ±Z/i(l  + Zr/6) 

/i-Jj  (i+zr/2)  ±FjPt(i+zr/6) 


(21) 

(22) 


,tl.  Example  of  calculation  using  gsneral  equation  Par.  31.  Con- 
ner again  the  problem  of  Par.  24. 

Ei  -I?*  — generator  voltage,  Ei  — Er  — receiver  voltage  — 80,830  volts. 
F*f?+  jX  — 32.64  + >95.40,  Y — (7+ >B  — 0 + >6.49  X 10"  *,  I\  = generator 
gfvent,  to  be  determined.  7t  — /(cos  9 — /'sin  9)  - 229.2(0.900— >0.4358)  - 
w.3->99.88.  Applying  equation  (21) 

fi-80,830[l  + (32'64+^5-^^6  — --10  -)]  + (32.644/95.40)(206.3-j99.88) 
j-x  | (32.64 +>95.40)  Q6.49X  10- 4)j 


-94,340 +>17, 164  - 95,900  volts.  (Absolute) 

. The  no-load  receiver  voltage  and  the  regulation  may  be  found  as  in  Par. 
>4»Eq.  17. 

Likewise  /»  is  readily  determined. 

If — (206.3— >99.88) [i  ( <”-6*^5:40)fl6.49x10-4)j 

(32.64  +>95.40)  (0.49  X 10^)1 

6 J 


+ 06.49  X 10-*)  (80,830)  [l  + ^ 


— 201.8— >42.70  — 206.2  amp.  (absolute) 

Graphic  diagrams  or  charts  arc  available  for  giving  the  vector  values  of 
•bh  (V ZY)  and  coeh  (%/ ZF)in(19)  and  (20)  without  having  to  compute  the 
opsosions  contained  in  (21)  and  22).  See  Bibliography  13  and  14. 


'Kennedy,  A.  E.  “The  Application  of  Hyperbolic  Functions  to  Elec- 
trical Engineering  Problems.”  McGraw-Hill 

Book  Co.  Inc.,  1916. 

“Artificial  Electric  Lines.”  McGraw-Hill  Book 
Co.  Inc.,  1917. 
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Sec.  11-33 


PQ  WEB  TBA  VS  MISSION 


33.  Equivalent  “T”  line  and  equivalent  “f"  line.  A ample  m 

nominal  7Mine,  Fig.  18,  ua  which  the  entire  line  admittance  is  considered  si 
being  concentrated  at  the  center,  may  be  converted  into  an  eqvnaUni 

'/'-line  by  multiplying  each  linear  im 

B B tanh  &A  tanh  ufa 

0/2 


2 “2 0 


ipr-y 


ainh  0 

0 


—B 


1 - I i lie  Mjr  V«PVM  uan  m 

pedance  Z/2  by  tanh  where  9 • 

\/ Z Y and  by  multiplying  the  tot* 
admittance  r by  einh  9/9.  If  th< 
equivalent  constants  Zr  and  Y ' t* 
used  in  computations,  the  line  as  fa 
as  the  terminals  A and  B and  be 
yond  are  concerned  will  behave  il 
the  steady  state  as  if  the  line  adj 
mitt  snee  were  uniformly  distributed 
'fables  of  the  conversion  factor 


Fig.  18. — Equivalent  **7”’  line. 

sinh  0/0  and  tanh  0/0  arc  given  in  Par.  46  and  47. 

Pig.  19  shows  a nominal  II  line  of  linear  impedance  Z andj 
capacitive  admittance,  Y /2,  at  each  end  of  the  line.  If  R-YjX  be  multip&H 
by  (sinh  9)/9,  and  7/ 2 by  (tanh  0/2)/(0/2),  where  6 = VZY , the  lineal 
far  as  the  ends  (and  beyond) 

Z=Z  l 

— wmwi 


are  concerned  will  behave  in 
the  steady  state  exactly  as 
if  the  line  constants  were 
uniformly  distributed.  The 
new  line  is  then  considered 
an  equivalent  r-line  and  its 
characteristics  arc  then  calcu- 
lated  by  the  method  of  cither 
Par  24  or  26. 

34.  The  relation  of 
potential  and  current 
along  a line  can  be  ox- 


r'_ 

lip  2 


4 


_*•  y tnhq 

i$it 


Fig.  19. — Equivalent  "w"  line. 


pressed  simply  by  hyperbolic  functions.  A line  AB,  Kg.  20,  has  a uniform 
total  conductor  impedance  Z,  a uniform  total  admittance  F,  and  a load  « 
Ii  of  Z\  ohms  impedance.  The  vector  hyperbolic  angle  of  the  line  is  I* 
\/ ZY.  The  hyperbolic  angle  of  the  line,  including  the  effect  of  the  loJ 

impedance  Zi,  is  9/  — 9 +|| 


where  9t  — tanA~* 


Fia.  20. — Relations  of  potential  and  current 
along  a line. 


/Z/Y. 

The  hyperbolic  angle  of  th 
line  to  any  point  P,  h unit 
distant  from  B,  is  9,  - ha  -f  9 
where  a — y/ey,  the  props 

Ki  constant  per  uni 
of  line:  (z  is  the  imped 
ance  per  tmif  length  of  line 
and.  y the  admittance  pel 
unit  length  of  line).  Like 
wise,  the  hyperbolic  angr 
fie  to  any  point  C,  h unit 
distant  from  Bis  4*"“  l*a+0\ 
The  relations  of  the  voltages,  currents,  impedances,  and  admittances  ar 
as  follows: 

1 p sinh  fip  Ip cosh  fip  Zp tanh  fip  Yp  coth  ip  . . 

Ye  sinh  fie  * /^“cosh-fi*’  Z7"  tanhle’  Yc  " coth  fi.  (8ee  Far  50  a“°' 
35.  Charts  and  diagrams,  when  drawn  to  a sufficiently  large  scale,  an 
convenient,  for  determining  the  electrical  characteristics  of  transmissioj 
lines.  It  is  essential,  however,  that  the  precision  and  limitations  of  thl 
curves  be  known.  Even  if  great  refinement  of  calculation  be  desired,  sue! 
diagrams  are  useful  for  checking  computed  results.  In  a handbook  it  i 
not  possible  to  present  the  diagrams  on  a sufficiently  large  scale.  It  ha 
seemed  wise  to  explain  their  construction,  with  data,  their  methods  of  u« 
and  also  to  refer  to  the  original  articles  in  which  they  are  described. 
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Sec.  11-36 


M.  Thft  Perrina-Baum*  regulation  diagram,  originally  proposed  by 
F.  A.  C.  Perrine  and  F.  G.  Baum  and  based  on  the  diagram  shown  in  Fig.  13, 
forms  a convenient  method  of  studying  transmission  line  regulation.  To 
facilitate  use  of  the  diagram,  the  effect  of  phase  displacement  is  taken  into 
account  by  rotating  the  impedance  triangle  BDC. 

The  load  current  is  proportional  to  1/cos  9 = sec  0,  and  the  impedance 
drop,  being  directly  proportional  to  the  load  current,  is  obtained  by  laying  off 
the  phase  angle  os  shown  in  Fig.  21a.  If  HD  is  the  impedance  drop  for  unity 


/&co TO'" 

Fio.  21o.  Fig.  216. 

' Fio.  21. — Perrin  e-Baum  diagram. 

po^wr-factor,  then  BD'  — /?D  see  9'  is  the  impedance  drop  for  the  power- 
factor  ooe  O' , and  BD" **Bl)  sec  9"  is  the  drop  for  the  power-factor  coe  ¥*% 
•tc.;  that  is,  the  impedance-drop  vector  always  terminates  on  a straight  line, 
drawn  at  right  angles  to  the  drop  BD  for  unity  power-factor. 

The  diagram  is  shown  in  Fig.  216,  in  which  the  line  capacitance  is  neglected. 
Its  use  wiO  be  clear  from  the  following  example: 

W.  Example  of  calculation  using  Perrine-B&um  regulation 
» ®fc*ram.  Assume  1,000  kw.  to  be  transmitted  to  a substation  at  0.90 
* Power-factor,  laming,  the  voltage  at  the  substation  to  be  maintained 
» constant  at  10,000  volts.  The  line  has  a resistance  of  8 ohms  and  an  in- 
ductive reactance  of  15  ohms.  The  line  capacitance  is  neglected.  With  unity 
power-factor,  the  line  current  is  1,000,000/10.000*=  100  amp.  Referring  to 
Kg.  21(6),  lay  off  OB » 10,000  volts,  DC  - 100X8-800  volts.  and  CD  - 100 X 
15—1,500  volts.  If  the  power-factor  were  unity,  OD  would  be  the  voltage 
•t  the  generating  station.  To  determine  the  generator  voltage  for  0.90 
Power-factor,  lagging,  draw  GH  perpendicular  to  BD  and  lay  off  to  the 

right  of  BD  an  angle, 
•y  DBF , whose  cosine  is 

/ equal  to  0.90.  The  line 

✓ nr  _ r n/o  impedance  drop  will  be 

/ IX  " represented  by  BF,  hence 

Is  / , - y , OF  showB  the  voltage  at 

Ip'  p.  bjli—ie  A/-  the  generating  station  for 

— -f- — C.  this  power-factor.  For 

any  other  power-factor, 

IP*  " cos  0.  lay  oft  the  angle  9 

***  to  the  right  of  BD  for  lag- 

Fw.  22. — Effect  of  charging  current.  ging  currents,  and  to  the 

left  of  BD  for  leading 

.torrents.  The  voltage  at  the  generating  station  will  be  determined  by  the 
joining O with  the  terminal  of  the  line  impedance  drop  for  the  given  cos  9. 
;»or  other  loads,  .hence  other  values  <>f  line  current,  BD  is  divided  into 
proportional  parts,  and  lines  parallel  to  OH  are  drawn  as  shown.  For  example, 
the  voltage  at  the  generating  station  at  <>ne  half-load  and  with  a power-factor 
dO.f)  (lagging),  is  represented  in  the  diagram  by  the  line  OF'. 
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POWER  TRANSMISSION 


Line  capacitance  is  taken  into  account  by  assuming  a constant  load  voltage; 
from  this  assumption  the  charging  current  is  calculated,  taking  this  current  as 
in  quadrature,  leading,  with  respect  to  the  receiving  voltage,  if  the  power- 
The  drop  due  to  the  charging  current  in  one-half  the  line 


factor  is  unit;, . . „ 

impedance  is  laid  off  from  the  receiving  voltage  vector  as  Bhown  in  trial 

r_r\  li;. _!  ! Impedance  triangle  B' 

constructed  from  R'  the  end  of  the  vector  represents 
due  to  the  charging  current.  The  usual  diagram,  su 
21,  is  then  constructed  upon  the  impedance  triangle. 

this  method  assumes  that  the  charging  current  is  fixe _ 

tude,  which,  though  not  strictly  accurate,  is  sufficiently  so  for  most  purpose* 
in  overhead  line  calculation,  except  for  lines  of  great  length. 

38.  The  Mershon*  diagram.  If  the  e.m.f.  ’diagram  shown  in  Fig.  3 is 
rotated  about  O as  a centre  through  an  angle  0,  where  cos  0 is  the  power- 
factor,  and  all  e.m.fs.  arc  expressed  in  per  cent,  of  the  voltage  generated  at 

unity  power-factor,  the  line 
drop,  neglecting  the  charging 
_ | current.  Being  measured  along 


Fig.  22  (also  see  Fig.  14),  and  the  usual  imi 


impedance  drop 

ia  afinnrn  in  R# 


TABLES  OF  INDUCTIVE  REACTANCE  AND  CHARGING  CURRENT 

41.  The  inductance  and  capacitance  of  transmission  lines  maj 

1 “ The  values  of  inductive 


be  calculated  from  the  formulas  given  in  Sec.  2.  

reactance  and  charging  current  for  wires  of  standard  siae,  with  usual  spacing! 
up  to  20  ft.,  at  both  25  cycles  and  60  cycles,  are  given  in  the  table»  in  Par, 
42-45.  Nineteen  strands  are  assumed  for  cables  of  750,000  to  350,000  cir.  will 


* Mershon,  Ralph  D.  “Drop  in  Alternating  Current  Lines. 
American  Electrician,  Vol.  IX  (1899),  p.  220. 

t Dwight,  H.  B.  “Transmission  Line  Formulas.”  D.  Van  Nostr 
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To  bo  used  on  all  circuit*  with  quantities  measured  to  nrutrnl. 


. Inductive  reactance  per  ilnf  le  conductor,  ohmi  per  mile 
From  formula  2- 2»/(80 +74 1.1  log  I0“« 


43.  Inductive  reactance  per  single  conductor,  ohms  per  mile 
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Stranded  conductor 

25  cycles  per  sec. 

Spacing,  ft. 
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SYSTEM  DISTURBANCES 


48.  8urges*  and  disturbances  occur  in  a transmission  circuit,  when 

circuit  conditions  arc  in  any  way  altered.  An  oscillation  is  a recurring 
disturbance  due  usually  to  the  oscillation  of  energy  between  the  electrostatic 
and  electromagnetic  fields.  An  oscillation  of  low  frequency,  or  one  that  it 
rapidly  damped,  is  called  a surge.  Disturbances  may  be  produced  by 
causes  within  the  system  itself,  such  as  switching,  grounds,  changes  of 
load,  or  they  may  be  produced  by  external  causes,  such  as  lightning 

In  an  oscillation,  the  energy  passes  from  one  form  to  the  other,  so  that, 
assuming  no  loss, 

i LP  = JCe* 

or 


e/ i «■  y/L/C  „ (23) 

e is  the  voltage  produced  bv  a sudden  suppression  of  the  current  ».  L and  C 
are  the  line  inductance  and  capacitance  respectively.  If  the  line  resistance 


nnd  leakance  are  negligible,  the  term  y/L/C  is  usually  called  the  natural 
or  surge  impedance  of  the  line. 

From  Eq.  23,  the  maximum  voltage  possible  to  occur  on  suppression  of 
the  current  I is: 


e^Iy/L/C 


(24) 


This  rise  of  voltage  limits  the  current  that  may  safely  be  interrupted  and 
renders  a short-circuit  dangerous. 

Any  change  in  load  will  alter  either  e or  i and  as  the  energy  of  tht 
electrostatic  and  electromagnetic  fields  cannot  change  in  xcro  time,  e and  » 
must  pass  through  some  transient  values  before  the  steady  state  is  again 
reached. 

If  r,  the  resistance,  is  equal  to  or  greater  than  y/L/C,  the  transient  is  not- 
oscillatory,  and  quickly  dies  out.  If  r iB  less  than  y/h/C,  the  transient  U 
oscillatory.  The  energy  is  dissipated  as  heat  in  the  resistance,  in  hystcrewi* 
losses  in  the  fields  themselves,  or  the  insulation  of  the  system  may  break 
down  allowing  the  energy  to  manifest  itself  in  an  arc. 

In  the  above  relations  the  constants  of  the  line  loads  and  of  the  terminal 
apparatus  have  been  neglected. 

49.  The  frequency  at  which  the  transient  oscillates  is 


/-  l/UVLC)  (25) 

when  the  line  is  open  at  one  end  and  grounded  at  the  other.  If  the  line  is 
open  at  both  ends,  / = 1/2  \ LC.  / is  the  natural  frequency  of  the  circuit. 
The  transmission  frequency  should  be  so  chosen  that  the  natural  frequency 
is  not  exactly  an  odd  multiple  thereof. 


50.  A wave  of  potential  or  current  attenuates  in  magnitude  and 

phase  as  it  travels  along  a transmission  line.  The  propagation  constant 
per  unit  length  of  line  is  o and  the  propagation  factor  is  *-****-*! 
X*/a2,  where^  c is  the  Napcrian  logarithmic  base,  and  a = ai-f/aj- 
y/?U  = V(r  -h  jloj)  ( g + jew);  z,  r,  and  l are  respectively  the  impedance, 
resistance  and  inductance  per  unit  length  of  line;  y,  g,  and  c are  respectively 
the  admittance,  leakage  conductance  and  capacitance  per  unit  length  of  line; 

2*-/,  where  / is  the  frequency;  r and  z are  expressed  in  ohms,  y and  g in 
mhos,  / in  henrys,  and  c in  farads  all  per  unit  length  of  line,  a i is  the  attenu- 
ation constant  and  on  is  the  retardation  angle  per  unit  length  of  line. 
If  the  line  is  long  or  if  its  terminal  load  impedance  is  equal  to  the  line  surge 
impedance,  e ai  gives  the  shrinkage  in  amplitude  of  the  current  or  voltage 
per  unit  length  of  Tine:  *~ja s has  the  properties  of  a circular  angle  as  radians 
and  is  the  factor  which  shows  the  lag  (space  phase)  of  the  wave  occurring  in 
each  unit  lengtn  of  the  line.  After  a wave  has  traversed  /'units  length  of 
the  line,  its  phase  lags  behind  the  wave  then  being  delivered  by  the  generator 
I as  radians,  a = ai  -+■  j<ps  may  also  be  called  the  hyperbolic  angle  per 
unit  length  of  line.  As  an  example,  if  a *=  0.000072  -f  j 0.0007854  hvper- 
bohe  radians  per  mile,  an  initial  voltage  wave  of  100  volts  traveling  along  the 

* Bibliography  27-30. 
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line  becomes  03.05  volts  at  the  end  of  the  first  1000  miles  and  lags  0.7854 
circular  radians  or  45  deg.  behind  the  wave  then  being  delivered  by  the 
generator.  Roughly,  in  each  unit  length  of  line,  a wave  shrinks  in  gmplit  ude 
by  an  amount  equal  to  ai  times  its  initial  amplitude.' 

Over  the  entire  line  of  length  />,  an  initial  voltage  wave  E Attenuates  to  a 
roltage  Et  where  Ei-Ece  = E7r9'~i0'  - E(r*'  0-2'a;  0i-/'a.; 

0i -Vat;  0 is  the  propagation  constant  of  the  entire  line,  0i  is  the  attenuation 
constant  and  0t  is  the  retardation  angle  for  the  entire  line  "'~*1  is  the  amount 
a current  or  voltage  wave  traveling  along  the  entire  line  shrinks  in  amplitude, 
and  such  a wave  lags  0*  radians  behind  the  wave  then  being  delivered  by 
the  generator,  a single  wave  only  being  considered. 

A wave  of  frequency /travels  over  the  line  with  an  apparent  or  group  velocity 

*-— , where  « — 2 v/.  If  os  is  given  for  one  kilometer  of  line,  v«kilometcrs 
at 

per  second. 

If  r — 0,  and  p — 0,  r—  1 / y/U.  For  a free,  uniform  line  surrounded  by  air, 
in  which  the  internal  inductance  is  neglected,  v is  300,000  kilometers 
second  very  nearly,  the  velocity  of  light.  The  actual  velocity  of  propagat  ion 
a/at  is  leas  than  this,  due  to  the  presence  of  resistance,  lcakance,  etc.,  which 
i dissipate  energy. 

The  wave  length  X *»  2 r/cn,  holds  for  the  steady  state  and  for  the  transient 
; state  as  well.  X is  the  distance  a wave  must  travel  to  lose  one  cycle  or  2x 
r radians  with  respect  to  the  generator  phase.  __ 

The  complex  quantity  y/  (r  -f  jlw)/(g  -f  jcu)  — y/z/y  - zo  is  usually 
sailed  the  surge  impedance,  the  natural  impedance  or  the  character- 
istic impedance  of  the  line,  zq  is  the  impedance  that  the  line  offers 
st  any  point  to  an  advancing  wave  of  the  frequency  under  oonaideral Ibn. 
That  ts,  the  current  « — «/*#,  where  t is  an  advancing  current  wave,  and  e the 
corresponding  voltage  wave.  If  the  resistance  and  leakance  be  neglect od, 
**"  y/t/c. 

The  surge  or  natural  impedance  of  the  entire  line  is  Zo  — VZ/y1.  If  the 
resistance  and  leakance  be  neglected,  Zo  — y/TJC  — y/TJc. 

The  propagation  constant  \/ZY  and  the  surge  impedance  \JzjY  both 
! appear  in  equations  10  and  20,  Par.  81. 

| II.  Forced  oscillations  are  produced  by  a source  of  energy  external 
to  the  circuit,  such  as  lightning,  whose  frequency  has  no  relation  to  the 
circuit  constants.  The  frequency  of  such  oscillations  is  that  of  the  source  of 
esergy.  The  disturbances  which  often  follow  such  forced  oscillations  have 
frequencies  that  are  determined  by  tfa  line  constant*  and  the  terminal 
impedances. 

IS.  Effect  of  transients.  When  a traveling  wave  passes  from  one  part 
. of  a circuit  into  another  of  different  constants,  the  voltage  wave,  n,  \vill 
i change  its  magnitude  to  et,  as  follows. 


and  the  current 


_Zi ■___ 


ti— »i 


Zi 

C'P) 


(20) 

(27) 


where  Zi  and  Zt  are  the  surge  or  natural  impedances  which  are  equal, 
neglecting  looses,  to  y/Li/Ci  and  y/Lt/Cs  of  the  two  parts  of  the  circuit, 
respectively.  (See  Pars.  48  and  50 ) Thus  a wave  passing  from  one  part 
of  a circuit  to  another  having  a greater  ratio  of  inductance  to  capacitance 
will  develop  an  increased  voltage  and  a decreased  current.  This  explains 
the  breaking  down  of  transformer  windings,  due  to  surges  entering  them, 
bn  the  other  hand,  if  a wave  passes  from  an  overhead  system  into  a cable, 
the  voltage  will  be  reduced,  and  the  current  increased.  This  explains  the 
self-protecting  quality  of  cables  to  surges. 
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53.  A line  whose  length  is  a quarter  wave  ia  determined  as  a first 

approximation  by 

186,000 


where  L is  the  length  in  miles,  / the  frequency  in  cycles  per  sec.,  and  186,000 
the  velocity  of  light  in  miles  per  second  ana  also  the  velocity  of  an  electric 
wave  in  miles  per  sec.  if  all  losses  be  neglected.  Actually  the  wave  velocity 
is  much  less  tnan  this  value  owing  to  the  presence  of  resistance,  lcakance, 
etc.  It  can  be  shown  that  such  a line,  w-ith  constant  generator  voltage, 
tends  to  regulate  for  constant  current  at  the  receiving  end,  and  the  main- 
tenance of  constant  voltage  at  the  load  therefore  becomes  difficult.  The 
voltage  may  rise  to  dangerous  values  when  the  circuit  is  open,  though  a load 
at  the  receiving  end  tends  to  neutralise  this  abnormal  potential.  The  fre- 
quency corresponding  to  a quarter  wave  length  of  line  is  the  lowest  frequency 
at  which  the  Tine  can  freely  oscillate.  It  cannot  oscillate  at  a frequency- 
corresponding  to  either  a half  or  a whole  wave  length  when  the  circuit  ia 
open  at  one  end. 

54.  Oscillations  originating  in  the  transformer.  High  voltage 

transformers  have  an  appreciable  electrostatic  capacitance  between  turns, 
and  also  to  ground,  togetner  with  a large  equivalent  reactance.  This  not  only 
tends  to  create  very  high  frequency  oscillations  in  the  transformer  itself,  but 
also  to  produce  voltage  rises  that  may  puncture  the  insulation.  Protective 
apparatus  must  therefore  be  so  designed  that  these  oscillations  may- 
be suppressed  within  the  transformer  or  readily  pass  from  the  transformer 
to  the  line,  while,  at  the  same  time,  outside  disturbances  will  be  prevented 
from  passing  in  the  reverse  direction. 

56.  Lightning  disturbances*  may  be  due  to  a charge  induced  on  the 
line  by  a nearby  cloud  which  discharges,  thus  allowing  the  line  charge  to  flow 
suddenly  to  ground;  toinductive  action  of  a nearby  discharge;  to  direct  stroke. 
Such  disturbances  may  be  of  high  frequency  and  may  either  start  a destruc- 
tive arc  to  ground  or  shatter  the  insulators  near  the  spot  of  original  disturb- 
ance. Waves  may  be  propagated  in  both  directions,  causing  damage  at 
some  remote  point. 

56.  Lightning  disturbances  may  be  minimised  by  the  use  of  one 

or  more  overhead  ground  wires,  grounded  at  frequent  intervals.  Damage 
to  apparatus  may  be  practically  prevented  by  installing  arresters,  pref- 
erably of  the  aluminum  cell  type,  near  the  apparatus,  for  example,  across 
the  high-tension  bus  bars  at  the  generating  station;  at  substation  entries; 
and  near  outdoor  transformers  ana  substations.  Lines  have  been  protected 
by  operating  them  just  below  the  critical  corona  voltage  (see  Par  65  to  63' 
Any  disturbance  that  tends  to  raise  the  voltage,  immediately  increases  the 
corona  loss  to  such  an  extent  that  the  energy  of  the  disturbance  is  thereby 
dissipated. 

57.  The  selection  of  protective  equipment  is  governed  somewhat  by 

local  conditions.  The  degree  of  protection  necessary  depends  largely  upon 
the  value  of  the  power  that  is  being  transmitted,  and  the  financial  loss  in- 
volved by  a shut-down  or  by  an  interruption  of  the  service. 

58.  Local  short-circuits  may  be  isolated  from  the  rest  of  the  system  by 
properly  selected  automatic  oil  switches  equipped  with  relays  which  are  of 
either  the  instantaneous,  reverse-energy',  or  in  verse- time-limit  typea. 
Lightning  arresters  should  be  able  to  care  for  any  abnormal  voltage  rise  due 
to  switching.  (See  Pars.  48  and  97.)  To  prevent  the  current  flowing  into  a 
short  circuit  in  one  portion  of  the  system  rising  to  dangerous  values,  power- 
limiting  reactances  are  interposed  between  the  different  sections  of  the 
system. 

59.  Detection  and  clearing  of  grounds.  Grounds  may  be  detected  by 

some  form  of  electrostatic  detector,  placed  on  the  switchboard.  An  ardng- 
ground  on  an  ungrounded  system  may  be  cleared  by  the  arcing  ground 
suppressor,  shown  in  Fig.  25.  The  selective  relay  may  operate  electro- 
statically, or  electromagnetically  by  the  use  of  potential  transformers 


•Creighton,  E.  E.  F.  “Protection  of  Electrical  Transmission  Linea. 
Trana.  A.  I.  E.  E„  Vol.  XXX  (1911),  p.  257. 
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When  n ground  occur*  on  any  phase,  that  phase  la  temporarily  grounded 
by  the  proper  oil  switch,  selectively  operated  by  the  relay.  Tins  lowers 
the  voltage  across  the  arc,  which  therefore  ceases,  and  the  switch  then  opens 
(through  a resistance  to  prevent  . 

oscillations)  and  the  grounais  thus 
cleared.  In  a cable  system  the 
grounded  phase  is  permanently 
connected  to  ground,  as  otherwise 
the  aro  would  immediately  re-form 
when  the  switch  opened,  due  to 
the  short  distance*  between  core 
and  sheath.  Interlocking  devices 
prevent  the  simultaneous  opera- 
tion of  more  than  one  switch  at  a 
time,  thus  avoiding  a short-circuit 
on  the  system. 

A short-circuit  suppressor 

throws  a fuse  directly  between 
phases,  shunting  out  a short-cir- 


b|gp| 

i—— 

M|| 

[SkSKB 

Mil 

Hj 

1 

1 

Fia.  25.— Arcing-ground  suppressor. 


cuit  arc.  Subsequently  the  fuse  automatically  interrupts  its  own  current. 
When  theee  are  used,  power-limiting  reactances  are  desirable  in  order  to 
protect  apparatus  from  mechanical  injury. 

M.  Overhead  ground  wires  unquestionably  reduce  the  interruptions 
to  service  due  to  lightning,  although  there  are  no  available  data  stating  just 
how  great  the  advantage  is.  It  is  estimated  that  one  wire  will  reduce  these 
interruptions  about  50  per  cent.,  and  that  two  wires  will  make  a still  greater 
reduction.  Galvanised  iron  and  steel,  because  of  their  low  ooet  tfnd  high 
tensile  strength,  have  been  oommonly  used  for  this  purpose.  Copper-dad 
conductors  may  have  a lower  impedance  to  the  high-frequency  discharges 
of  lightning  than  either  galvanised  iron  or  steel. 

GXNSBAL  F1ATU&K8  OF  DX8ION 


Cl.  Thu  conductor  for  a given  transmission  system  is  influenced  by  such 
factors  as  climate,  topography,  length  of  span,  reliability,  amount  of  power, 
transmission  distance  and  the  economics  of  the  problem.  Copper, 
aluminum  and  aluminum  steel  re-inf orced  (aluminum  cable  with  a steel 
ewe)  (see  Sec.  4),  exoept  in  special  cases,  are  used  extensively  for  the  con- 
ductors. Copper  has  high  conductivity,  is  very  ductile,  is  not  easily  abraded, 
has  high  tensile  strength,  a high  melting  point,  and  can  be  readily  soldered. 
Aluminum  has  a conductivity  about  60  per  cent,  that  of  copper.  For  the 
wme  conductance,  it  has  only  one-half  the  weight  of  copper.  It  is  ductile 
and  easily  abraded;  has  1.4  times  the  linear  coefficient  of  expansion  of 
copper,  giving  greater  sag,  and  would  therefore  require  higher  towers 
for  the  same  length  of  span.  The  tensile  strength  of  all  aluminum  cable 
u much  lees  than  that  of  copper,  though  the  ratio  of  tensile  strength  to 
weight  is  greater  for  aluminum.  The  tensile  strength  of  aluminum  steel- 
reinforced  cable  compares  favorably  with  that  of  copper.  (See  Par.  109.) 
The  melting  point  of  aluminum  is  lower  than  that  of  oopper,  so  that  aluminum 
will  be  more  easily  burned  by  arcs  and  short-circuits.  For  the  same  con- 
ductance, aluminum  offers  a greater  surface  to  wind-pressure,  so  towers 
must  be  designed  with  greater  transverse  strength.  All-aluminum  cable  is 
pot  recommended  for  sixes  smaller  than  4/0.  Neither  copper  nor  aluminum 
»s  attacked  by  the  atmosphere  to  any  extent.  In  the  United  States,  the 
price  of  aluminum  is  always  held  slightly  below  that  of  copper  of  the  same 
conductance.  In  view  of  increased  cost  of  pole  line  necessary  to  its  employ- 
ment, there  is  comparatively  little  incentive  to  use  aluminum  in  small  sizes 
of  wire.  In  Canada  and  on  the  Continent  of  Europe,  aluminum  has  found 
favor. 

tS.  For  extra  long  spans,  it  may  be  found  economical  to  use  either  iron 
or  steel  as  conductors,  because  of  their  much  greater  tensile  strength.  As 
these  metals  are  subject  to  corrosion,  they  must  either  be  galvanised  or 
"copper-clad."  Phoephor-bronse  has  been  proposed;  but  its  much  higher 
cost  for  the  same  conductance  practically  prohibits  its  use.  The  table  in 
Par.  tS  shows  a comparison  of  various  conductor  materials,  and  more 
complete  tables  may  be  found  in  Sec.  4. 


949 

Digitized  by 


Google 


Sec.  11-63 


POWER  TRANSMISSION 


63.  Comparison  of  conductor  materials  on  basis  of  equal 
conductance 


Metal 

Diameter 

Weight 

Strength 

•Cost 

relation 

Copper 

1.00 

1.00 

1.00 

1 00 

Aluminum 

1.27 

0.485 

0.65 

2 06 

Alum,  steel  re-inforced. 

1.36 

0.66- 

1.0  (smaller  sizes) 

1.2- 

0.90 

to  2.0  (larger) 

1.5 

Iron 

2.72 

6 . 36 

5.30 

0.157 

Steel 

3 41 

10.00 

41.5 

0.100 

Copper-clad  steel 

1.52 

2.12 

4.4 

0.47 

Note. — Skin  effect  has  boon  neglected.  Skin  effect  tables  are  given  in 
Sec.  4.  The  relative  resistivities  nave  been  taken  as  follows:  copper  = 1; 
aluminum  = 1.61 ; iron  = 7.4;  steel  =11.6;  copper-clad  steel  =2.3.  The 
specific  gravities  are:  copper  =8.89;  aluminum  = 2.68;  iron  and  steel  =7  64; 
and  copper-clad  steel  =8.20.  The  elastic  limits  are:  copper  = 35.000 
lb.  per  sq.  in.;  aluminum  (stranded)  = 14,000  lb.  per  sq.  in. ; iron  = 25.000 
lb.  per  sq.  in.;  steel  = 125,000  lb.  per  sq.  in.;  and  copper-clad  steel  =68,000 
lb.  per  Bq.  in. 

64.  Required  Bize  of  conductor  is  determined  by  (a)  mechanical 

strength;  (b)  permissible  energy  loss;  (c)  required  voltage  regulation;  (d) 
corona;  (e)  cost;  (f)  current-carrying  capacity. 

(a)  Mechanical  strength  is  a primary  consideration  in  any  transmission 
line.  It  becomes  especially  important  where  long  spans  are  necessary. 

(b)  Permissible  energy  loss  is  determined  by  such  factors  as  the  cost  of 
generating  power,  selling  price,  load-factor,  and  other  economic  consider*- 
tions.  Where  power  is  produced  cheaply,  it  may  be  more  economical  to 
lose  power  in  the  lino  than  to  pay  the  fixed  chargee  incident  to  heavier 
conductors  and  poles.  (Sec  Economics.) 

(c)  Required  voltage  regulation  is,  in  general,  not  difficult  to  secure, 
as  automatic  regulators  and  synchronous  apparatus  may  take  care  of  any 
voltage  fluctuations  at  the  sub-stations.  If,  however,  the  inductive  line  drop 
for  a given  cross-section  of  conductor  is  too  great,  two  separate  lines  of  half 
the  cross-section  may  be  used.  The  additional  cost  of  insulators,  poles  aDd 
construction  seldom  justifies  duplicate  lines,  where  better  regulation  alone  i§ 
the  requirement. 

(d)  Corona  may  make  the  energy  loss  in  excess  of  the  permissible  value, 
in  which  case  it  will  be  necessary  to  increase  the  conductor  diameter  or  the 
effective  size  of  conductor.  See  Par.  65  to  69  inch 

(e)  Cost,  such  as  the  relative  cost  of  line,  of  plant,  and  of  line  maintenance 
may  determine  the  size  of  line  conductors.  Since  the  salvage  value  of  the  line 
is  in  general  low,  whereas  the  engines  and  dynamos  of  the  central  station  mav 
be  transferred  without  excessive  loss  to  another  plant  and  again  used, 
it  is  advantageous  to  put  more  money  into  the  generating  station  and  to 
build  the  line  as  cheaply  as  possible  if  the  system  is  a temporary  affair. 
The  amount  of  money  available  may  make  it  necessary  to  build  the  system  at 
a minimum  cost,  in  which  case  the  line  conductors  must  be  so  chosen  that 
the  cost  of  the  line  plus  the  cost  of  the  station,  to  supply  both  the  net  load 
and  the  line  loss,  shall  be  a minimum.  The  larger  the  line  conductors,  the 
smaller  will  be  the  energy  loss,  but  the  fixed  charges  for  the  line  will  be  in- 
creased. The  conductors  may  be  so  chosen  that  the  sum  of  these  last  two 
quantities  is  a minimum.  See  Par.  236. 

(f)  Current-carrying  capacity  of  the  conductors,  under  continuous 
operating  conditions,  is  usually  ample  when  the  size  of  wire  is  determined  by 
the  permissible  energy  loss.  An  emergency  demand,  however,  may  overload 
the  line  for  a short  time,  and  where  this  is  likely  to  occur,  the  conductor 
should  be  of  such  size  as  to  ojnjrate  within  safe  temperature  limits.  Table* 
of  safe  carrying  capacity  are  given  in  Sec.  12. 


* The  last  column  in  the  table  shows  what  should  be  the  relation  in  co*t 
per  lb  of  the  various  materials  to  result  in  the  same  total  cost  of  con- 
ductor where  the  conductance  of  the  line  is  fixed. 
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CORONA 

M Slectric  Corona  occurs  when  the  potential  of  a conductor  in  air  is 
raised  to  such  a value  that  the  dielectric  strength  of  the  surrounding  air  is 
exceeded.  Corona  manifests  itself  by  bluish  tufts  or  streamers  appearing 
around  the  conductor,  being  more  or  less  concentrated  at  irregularities  on 
the  conductor  surface.  This  discharge  is  accompanied  by  a hissing  sound, 
and  by  the  odor  of  osone.  In  the  presence  of  moisture,  nitrous  acid  is 
produced.  Corona  is  due  to  ionisation  of  the  air.  The  ions  are  repelled 
from  the  conductor  at  high  velocity,  producing  other  ions  by  collision. 
The  ionised  air  is  a conductor  of  high  resistance  and  increases  the  effective 
diameter  of  the  original  conductor. 

If  the  distance  between  two  insulated  cylindrical  conductors  is  small  as 
compared  with  their  diameters,  it  may  not  be  possible  for  corona  to  form,  for 
w soon  as  the  dielectric  strength  of  the  air  is  exceeded,  it  breaks  down, 
throwing  more  stress  on  the  remaining  layers  of  air,  which  in  turn  break 
down,  and  spark-over  results.  If,  however,  a sufficient  distance  exists  be- 
tween the  conductors  (about  15  times  the  conductor  diameter),  the  undis- 
rupted air  may  be  able  to  support  the  dielectric  stress  existing  between  the 
conductors,  even  although  the  disrupted  air  in  the  neighborhood  of  the  con- 
ductors has  decreased  the  effective  length  of  the  dielectric  path  between  the 
conductors. 

Corona  represents  an  energy  loss,  which  on  a long  transmission  line  may 
be  substantial.  H.  J.  Ryan,  R.  D.  Mershon,  J.  B.  Whitehead,  and  F.  W. 
Peek  have  made  important  investigations  of  corona.  Peek’s  tests  were 
aade  on  a line  consisting  of  two  transmission  spans  and  having  a total  length 
of  about  900  ft.,  using  various  conductors,  spacingB,  and  at  different  temper- 
atures, etc.  His  conclusions  are  as  follows: 

The  disruptive  gradient  of  the  air,  a,,  is  constant  for  all  conductors  and 
frequencies  at  35  deg.  C.  and  76  cm.  barometer,  being  21.1  kv.  per  cm. 

effective  or  29.8  kv.  per  cm.  maximum,  and  is  given  by  p.— — where 

r log.  f 

u it  the  disruptive  critical  voltage  in  kilovolts  to  neutral , r the  conductor 
radius  in  cm.,  and  S the  distance  between  conductor  centers  in  cm.  If 
21.1  kv.  per  cm.  is  used  for  g»,  e*  is  given  in  effective  volts. 

g 

eo  — g,M0rb  log.  - • (29) 

; e.  is  affected  by  the  air  density-factor  5 and  also  by  the  condition  of  the 
[conductor  surface,  which  is  taken  into  account  by  the  conductor  irregularity, 
factor  M ..  — 1 for  polished  wires:  0.98  to  0.93  for  roughened  or  weathered 

•ires;  0.87  to  0.83  for  7-strand  cable.  4 — 3.926/(273+*);  6 — barometric 
pressure  in  cm.;  I — temp,  in  deg.  cent.;  6—1  at  76  cm.  pressure  and  25 
<fc*.  cent.;  log.  — 2.303  logio;  values  of  4 for  various  altitudes  are  given  in 
Par.  $7.  The  tables  in  Par.  66  give  values  of  e*.  v 

Bt,  the  voltage  at  which  corona  becomes  visible  is  given  by: 

Ei  — MvQ.br  ( 1 -f0-^01)  log.  - kv.  to  neutral.  (30) 

If*  - Af#  - 1 for  polished  conductors.  When  Af*  - 0.72.  local  corona  exists 
all  along  the  conductor,  and  when  Af*  — 0.32  there  is  decided  corona  all  along 
the  conductor  for  7-strand  cables. 

is  always  greater  than  eo.  Theoretically  no  corona  loss  exists  until 

is  reached,  but  actually  corona  loss  begins  at  the  lesser  value  of  voltage 
«•.  due  to  dirt,  irregularities,  etc.,  on  the  conductor  surface.  With  a truly 
cylindrical,  highly-polished  conductor,  no  loss  would  occur  probably,  below 
the  voltage  #*.  The  reason  that  corona  does  not  become  visible  at  the 
voltage  e*  is  due  to  the  fact  that  the  gradient  at  a finite  distance  from  the 
conductor  must  exceed  0o  in  order  to  give  the  ions  opportunity  to  attain 
velocity,  and  thus  produce  other  ions  by  collision. 

The  power  lots  P in  kilowatts  per  kilometer  per  conductor  is  given  by 

(31) 

•here  k — 344 ; /is  the  frequency  in  cycles  per  second ; e the  kilovolts  to  neutral 

951 


Digitized  by  Google 


Sec.  11-65 


POWER  TRANSMISSION 


P-»— — 123.4 M0ri  logjo -J  10“»  kw.  per  wire  mile.  (32) 

where  « — effective  volt*  to  neutral ; 6 — "459  • * “ 1 77  deg.  fahr.  and  29.92 

in.  barometer;  6 = barometric  pressure  in  inches;  r — radius  of  conductor 
in  inches;  S — distance  between  conductor  centers  in  inches;  /-frequency 
in  cycles  per  second;  M0  — irregularity  factor;  M,  — 1 for  polished  wire®,  etc. 

The  above  equations  show  that  corona  loss  is  proportional  to  the  frequency. 
This  holds  true  for  the  range  of  frequencies  usea  in  the  tests,  47  to  120  cycles 
per  second.  The  law  departs  from  the  linear  relation  at  low  frequencies. 
At  aero  frequency,  (that  is  direct  current),  the  loss  is  from  >£  to  M the  60- 
cycle  loss  for  the  same  maximum  voltage.  Humidity  has  no  effect  on  the 
critical  voltage  or  on  the  loss;  smoke  lowers  the  critical  voltage  and  increases 
the  loss;  heavy  winds  have  no  effect  on  the  critical  voltage  or  on  the  lose: 
fog,  sleet,  rain  storms,  and  snow  storms  all  lower  the  critical  voltage  and 
increase  the  loss.  Snow  causes  a very  marked  increase  in  the  loss,  as  shown 
by  Fig.  26.  In  calculating  foul  weather  loss,  make  e0  equal  to  80  per  cent., 
of  the  fair  weather  value. 


T-t  So.  107 


Kilovolts  between  Conductors 
Fio.  26. — Corona  loss  during  snowstorm. 

In  calculating  corona  loss,  it  must  be  remembered  that  the  entire  Kn® 
is  not  at  the  same  potential,  and  that  a small  change  in  e.m.f.  above  the 
critical  value,  to,  makes  a large  percentage  change  in  the  loss.  It  has  been 
suggested  to  make  use  of  this  last  fact  in  dissipating  energy  associated  with 
an  abnormal  rise  of  voltage  due  either  to  a line  surge  or  to  lightning 

The  part  of  the  loss  curve  between  E , and  e9  is  affected  to  a considerable 
degree  by  the  conditions  of  the  wire  surface  as  to  dirt,  weather,  etc.,  and 
hence  varies  from  day  to  day.  In  practice  it  is  generally  not  advisable  to 
operate  at  a higher  voltage  than  that  corresponding  to  e*  (see  Table  66). 
otherwise  the  loss  would  become  very  high  during  wet  weather  or  when 
the  conductor  surface  became  roughened.  Local  brushes  also  occur  which 
may  cause  deterioration  of  the  conductor  by  nitric  acid  formation,  espe- 
cially at  the  points  of  support.  The  voltages  in  the  tables  (Par  66)  corre- 
spond to  e0  voltages  reduced  to  kilovolts  between  conductors  at  25  deg.  cent, 
and  76  cm.  barometer. 
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M.  Corona  limits  of  roll 


Kilovolts  between  Conductors  (three- 


tage.  Kilovolts  bel 
phase)  at  sea  level 

(Standard) 


From  formula  «<>«-  \^3  g0M0rb  log.  - where  Af0  — 0.87 


Spacing — feet 

in.  ’ ITT  4 1 5 | 6 | 8 | 10  | 12  j 14  | 16  | 20 

0.230  50  58  60  62  64  66  68  69  71 

0.261  I . | 62  65  67  70  72  74  76  77  80 

0.290  ' . ...  71  73  76  79  81  83  85  87 

0.330  ...  79  81  85  88  91  93  95  97 

0.374  . j 90  95  98  102  104  106  109 

0.420  ...1 981 104  108  111  114  117  121 

0 470  114  118  121  124  127  132 

0.630  : 125  130  135  138  141  146 

0.590  138  144  149  152  156  161 

0.620  I.  . . I.  151  156  161  165  171 

0.679  161  166  170  175  180 

0.728  .......  .1. 171  176  180  185  192 

0.770!  178  184  190  194  200 

0.818  188  194  199  205  210 

1.034  234  241  244  256 

1.152  ......  256  264  270  281 


250.000 

300.000 

350.000 


400.000 

450.000 

500.000 


800,000 

1.000,000 


Spacing — feet 


69,  70  74  76  78  80  82  84 

75  77  81  83  86  88  90  92 


To  find  the  voltage  at  any  altitude,  multiply  the  voltage  found  above  by 
the  i corresponding  to  the  altitude  as  given  in  Par.  67. 

For  single-phase  or  two-phase  cirouits,  find  the  value  of  volts  for  the 
corresponding  three-phase  circuit  above,  and  multiply  by  1.16. 


67.  Altitude  correction  factor  S 


Altitude 

ft. 


1.00 

0.98 

0.96 

0.94 


2,000 

2,500 

3.000 

4.000 


0 

500 

1.000 

1,500 


cci 


m 


iri 


i:i:i 


mil 
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M.  To  doeroaoo  corona  loot,  either  the  frequency  or  the  vohafs  may  be 

reduced.  These,  however,  are  usually  fixed.  The  spacing  may  be  increased, 
bat  this  decreases  the  loss  but  slightly,  and  the  increased  conductor  sparing 
would  increase  the  line  cost  considerably.  As  the  meteorological  conditions 
cannot  be  controlled,  the  diameter  of  conductor  must  be  increased.  This 
may  be  done  without  increasing  the  conductor  weight  by  using  aluminum, 
hamp-  or  steel-cored  cable,  or  hollow  conductors.  The  use  of  aluminum  and 
st  eel-cored  aluminum  is  the  most  practicable  method  and  in  future,  it  may 

come  necessary  to  use  aluminum  for  very  high  voltage  lines.  Hemp- 
cored  cable  has  been  tired,  but  the  core  soon  rots  and  the  conductor  strands 
I)  comes  disarranged.  Hollow  conductors  reduce  the  skin-effect,  but  the 
cost  of  manufacture  makes  their  use  prohibitive. 

€9.  Example  of  calculation  of  corona  loss.  line,  3-phase;  length  of 
line,  140  miles;  site  conductor,  No.  4/0  A.  W.  G.  std.;  150  kv.  between  con- 
ductors frequency,  60  cycles;  spacing,  14  ft.  Assume  20  deg.  cent.,  76  cm. 
barometric  pressure;  coefficient  of  roughness.  Mo  — 0.83.  6 » 3.92  X 7ft/ 

(273-1*20)  — 1.02;  diameter  of  wire  (Far.  99)  0.530  in.;  r — 0.673  cm.;  S» 
14X12  X 2.54  - 427  cm.;  e- 150/\/3-86.6  kv.  to  neutral:  0.-21.1  br. 
per  cm.;  logio  S/r-2.80;  e«-21.1  X 0.83X0.673 XI. 02X2.303X2.80 -77.5 

kv.  to  neutral;  ^-^60  (86.6~77.5)*X  1.61X10-*- 1.071  kw. 

per  wire  mQe;  total  corona  loss  — 1.071  X3X 140  — 450  kw.  In  practi<*| 
this  loss  would  not  be  permissible. 

LINS  INSULATORS 

70.  Requirements.  The  successful  operation  of  a transmission  system 
depends  to  a large  extent  upon  the  degree  of  insulation  attained,  and  tha 
most  important  factor  is  the  insulator.  Up  to  a few  thousand  volts,  then 
is  no  difficulty  whatever  in  maintaining  good  insulation,  but  as  the  voltes' 
reaches  higher  values,  the  difficulties  increase  and  factors  such  as  leaks# 
and  capacitive  effects,  which  are  entirely  negligible  in  low-tension  systems 
become  of  major  importance. 

Insulators  are  made  of  glass,  patented  compounds,  and  porcelain. 

71.  Glass  is  oheaper  than  porcelain  and  when  properly  annealed  has  High 
dielectric  strength  and  high  resistivity.  As  it  is  transparent t flaws  esi 
readily  be  detected.  On  the  other  hand,  moisture  condenses  on  its  surfer*! 
ties  action  of  rain  destroys  the  smoothness  of  the  surfaoe  and  allows  particle 
of  dirt  to  accumulate,  diminishing  the  resistance  of  the  leakage  path.  It  i 
easily  shattered.  Glass  is  most  commonly  used  for  telephone,  telegraph 
and  low- voltage  insulators. 

79.  Patented  compounds  are  on  the  market,  having  mechanics 
rli  aracteristics  practically  as  good  as  either  porcelain  or  glass.  It  is  some  whs! 
doubtful,  however,  if  these  compounds  can  successfully  withstand  tlu 
combined  effects  of  weather  and  the  high  electrostatic  and  mechanics 
Ht  esses  incident  to  high-tension  power  transmission. 

7S.  Porcelain  gives  less  leakage  trouble,  is  stronger  mechanically  than 
kI.-ubb,  and  is  less  affected  by  changes  of  temperature.  On.  the  other  hand, 
it  is  more  expensive,  and  slight  imperfections  in  the  glase  are  common. 
In  its  manufacture,  underfiring  produces  good  mechanical  properties,  but 
tends  to  cause  porosity  in  the  porcelain,  which  almost  always  results  it 
rapid  deterioration  and  failure  when  in  service.  Over-firing  minimise 
porosity,  but  makes  the  porcelain  brittle.  Close  control  of  the  kiln  temper 
at  tire  has  greatly  improved  the  quality  of  porcelain.  Porcelain  has  i 
tensile  strength  of  about  1,500  lbs.  per  sq.  in.  and  a compressive  strength  o 
about  40,000  lbs.  per  sq.  in.  As  porosity  and  flaws,  such  as  blow-hole 
cracks,  and  the  like,  cannot  be  detected  readily  by  simple  inspection,  sad 
section  should  be  subjected  to  a voltage  test  before  and  after  assembling 
Because  of  its  superior  characteristics,  porcelain  is  used  almost  univerasll: 
for  high-voltage  insulators. 

74.  Pin-type  insulators  are  designed  to  operate  up  to  90,000  volts,  bu 
ar  seldom  used  for  voltages  in  excess  of  70,000  volts.  In  the  past  it  ha 
been  found  difficult  to  vitrify  porcelain  properly  if  the  thickness  was  to 
great.  Therefore,  high-voltage  insulators  are  made  up  of  shells  of  moderate 


954 

Digitized  by  Google 


POWER  TRANSMISSION 


Sec.  11-75 


ttokniw,  cemented  together  with  neat  Portland  cement,  as  shown  in  Fig. 
29,  each  shell  operating  at  about  15,000  volts.  - 

75.  Insulators  have  appreciable  capacitance  (of  the  order  of  2X10-" 
farad),  and  act  like  condensers  of  complicated  construction.  The  dielectric 
is  made  up  of  alternate  layers  of  air  and  porcelain  or  glass  of  varying  thick- 
nesses. Some  of  the  charging  current  to  the  pin  must  pass  over  the  surface 
of  the  insulator,  which  has  a very  high  resistance,  so  the  insulator  may  be 
represented  by  a resistance,  shunted  by  a number  of  small  condensers,  as 
shown  in  Fig.  27.  E is  the  voltage  from  tne  line  to  the  pin,  I the  total  current 
taken  by  the  insulator,  u the  charging  current  of  each  of  the  shunted  con- 


Fio.  27. — Insulator,  equivalent  circuits. 

: denser,  and  ir  the  leakage  current.  The  vector  diagram  merely  illustrn  t < a 
-•  the  theory,  and  no  attempt  has  been  made  to  give  the  proper  relative  values 
| to  the  various  Quantities.  As  the  ohmic  resistance  of  porcelain  insulators 
| is  extremely  high,  most  of  the  leakage  occurs  over  the  surface. 

{ The  minimum  arcing  distance  and  leakage  path  are  shown  in  Fig.  28,  as 
‘ ABC,  and  ab,  respectively.  That  part  of  tne  leakage  path  on  the  top  of  t he 
; cap  and  on  the  outer  side  of  the  petticoats  often  becomes  conducting,  due 
**  to  rain,  salt  fogs,  accumulated  dirt,  etc.  The  resistance  is  directly  pro- 
r portional  to  the  length  and  inversely  proportional  to  the  sectional  area  of  the 
path,  so  that  beyond  a certain  point  increasing  the  diameter  of  the  petticoats 
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the  impulse  ratio  (see  Par.  80),  to  increase  the  arcing-over  voltage,  and  the 
mechanical  strength  under  electric  stress,  the  insulator,  Fig.  30,  is  cod- 
fffff  structed  with  the  following  features:  (1)  Surfac* 

1 1 j ( ^ ® conform  to  the  flow  lines  of  the  electrostatic 

/l.  ^ _ field;  (2)  Surfaces  b of  the  rain  sheds  conform  to 

/ g^-4  #',fyRc"ilicnt  the  equipotential  surfaces;  (3)  lines  of  mechan- 

S }.cal  stress  are  parallel  to  the  electrostatic  stress 

* f 9P  \ lines;  (4)  the  leakage  resistance  per  shell  is 

\ H nearly  constant,  but  is  decreased  gradually  from 

.tbe  head  to  the  center  shell;  (5)  the  capacitance 


the  headto  the  center  shSiJitSJtnecapaaUM. 

w approximately  the  same  for  each  shell. 

^7.  Suspension  insulators  under  favorable 
« in  nut*-  conditions  canbe  operated  at  an  average  voltage 

Fro.  30.— High  efficiency  of  about  20,000  volts  per  unit.  Thev  are  used 
insulator  with  electrostatic  almost  exclusively  for  transmission  voltages  in 
held-  excess  of  70,000,  as  the  pin-type  insulator  then 

_ . . , becomes  excessively  large,  heavy,  expensive,  and 

mechanically  weak.  When  suspension  insulators  are  used,  the  co«t  and 
weight  are  practically  proportional  to  the  line  voltage,  but  beyond  a certain 
P°  d11  “difficult  to  secure  increased  insulation  even  with  additional  units 
(see  Par.  78)  There  are  two  common  types:  In  the  Hewlett,  or  interlinking 
type,  Fig.  31(a),  the  two  suspension  cables  loop  through  each  other  and  art 
separated  by  a layer  of  porcelain.  In  the  cemented  type,  the  porrel^ 

instSa^Ur19  \nt°  * metftl  Cap’  and  the, pin  **  cemented  into  the 

insulator,  ?ig.  31(6)  shows  a one-piece  cemented  unit  and  Fig.  32  shows  a 


Fio.  3la.— -Hewlett  suspension 
insulator. 


Fio.  316. — One-piece  cemented  insu- 
lator, suspension  type. 


two-piece  cemented  unit.  The  Hewlett  type  is  used  extensively  for  strain 
insulators.  It  has  the  advantage  of  not  being  cemented  in  a metal  cap. 
I he  units  are  joined  together  by  looped  cables  and  by  clamps.  It  is  prob- 
uyifPare  A1,®?1111  reP*ace  than  the  cap  and  pin  type.  The  cable  hole* 
should  be  filled  with  cement  in  order  to  prevent  water  entering  and  then 
freezing.  The  cemented  type  has  given  trouble,  due  to  failures  at  the  base 
ot  the  cap,  and  in  design  this  factor  should  be  carefully  considered.  The 
present  tendency  in  insulator  design  is  toward  smaller  discs  and  closer  gpac- 
ln€;.  rbls  results  in  higher  puncture  strength  for  a given  flash-over  voltage. 

f ig.  33  shows  the  relation  of  the  sizes  and  weights  of  insulators  to  their 
normal  rating. 

78.  The  string  eflflciency  of  n suspension-insulator  units  is  the  ratio  of 

UJf*!  total  flash-over  voltage  to  n times  the  flash-over  voltage  of  one  in- 
rntirt!''  Although  certain  unpublished  500,000-  volt  tests  have  shown  this 
ratio  to  be  practically  unity,  the  majority  of  experiments  show  that  the 
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■trine  efficiency  decreases  when  the  number  of  inwlntow  is  increased. 
Fig.  34  shows  the  results  of  the  tests  made  by  F.  W.  Peek,  Jr.*  This  lowering 
of  flash-over  roltage  is  due  to  the  fact 

tkst  each  insulator  has  a oertain  capw  u\  — - - i ■ n /ijp 

stance  to  ground,  the  insulator  near-  / * /& 

eat  the  line  carrying  the  charging  cur*  __ 

rent  of  the  whole  string  of  » insulators.  * /vy — 50 

The  second  insulator  carries  the  charg*  / /Jr 


^ «-■  X 0 20  40  60  80  100 

Nominal  Ratfag-Kilovolis 

Fro.  32. — Two-piece  cemented  Fio.  33. — Weights  and  sises  of  in- 
insulator, suspension  type.  sulators. 

ing  current  of  n — 1 insula- 
tors, eto.,  so  the  unit  next  the 
line  is  subjected  to  the  great- 
est stress,  the  second  unit  to 
a lesser  stress,  ete.  In  a 
string  of  7 insulators,  the 
voltage  across  the  line  insu- 
lator may  be  easily  twice 
that  across  the  cross-arm 
insulator.  The  string  effi- 
ciency is  nearer  unity  under 
the  wet  test,  as  the  leakage 
current  is  then  so  increased 
that  the  effect  of  the  capaci- 
tive current  is  negligible. 
The  string  efficiency  is  in- 
creased by  making  the  ratio 
of  mutual  capacitance  to 
ground  capacitance  large; 
that  is,  by  hanging  the  in- 
sulator units  near  together 
but  having  $ach  string  at 
some  distance  from  the  pole 
or  tower. 

79.  Strain  insulators  are 
used  when  the  line  is  dead- 
ended;  at  intermediate  an- 
chor towers;  on  sharp  curves 
where  the  line  would  tend  to 
overturn  the  insulator,  break 
the  pin.  or  pull  a string  of 
suspension  insulators  out  of 
alignment ; and  on  extra  long 
01234  5978910  spans,  as  at  river  crossings. 

Fro.  84. — Insulator  string  efficiency.  used.  For  voltages  in  excess 

of  30,000,  either  the  link-type 
(Fig.  31o)  or  the  cemented  type  (Fig.  32)  is  used. 

• Peek,  F.  W.  Jr..  "Electrical  Characteristics  of  the  Suspension  Insulator." 
Tran*.  A.  I.  E.  E.,  Voi.  XXXI,  1912,  p.  907, 
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Number  of  Inaalttors  per  8trtef 
Fro.  34. — Insulator  string  efficiency. 
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80.  *Eflect  of  high  frequency  on  insulators.  Insulators  th&t  only 

flesh  over  at  commercial  frequencies  may  puncture  at  the  same  voltage  if  the 
frequency  be  high.  This  is  probably  due  in  part  to  the  altering  of  stress 
distribution  caused  by  the  change  in  the  ratio  of  susceptance  to  leakage 
conductance  brought  about  by  high  frequency.  It  is  also  due  in  part  to  the 
corona  not  having  time  to  form  and  relieve  the  stress  by  rupture  of  the  air. 

To  prevent  puncture  due  to 


Fig.  35. — Strain  insulator  with  yoke. 


high  frequency  disturbances, 
the  ratio  of  puncture  voltage 
to  flash-over  voltage  should  be 
high. 

The  ratio  of  the  impulse 
flash-over  to  normal  frequency 
flash-over  is  called  the  im- 
pulse ratio.  If  this  ratio  id 
too  high,  insulators  puncture 
through  the  head  before  flash- 
ing over.  Because  of  its  high 
corona-forming  voltage,  the 
Jeffery-Dewitt  insulator  (Par. 
80)  has  a high  arcing-ovrr 
voltage  and  a low  impulse 
ratio.  The  unusual  thickness 
of  porcelain  prevents  puncture 
through  the  head  in  this  type. 


Therefore  some  engineers  favor  a high  impulse  ratio  and  softie  favor  a 
impulse  ratio.  Insulators  having  high  impulse  ratios  should  also  have  high 
puncture  voltages. 

81.  Insulator  testing  is  of  two  kinds,  design  tests  And  routine  tests. , 
Design  tests  cover  those  features  that  are  important  to  the  purchaser,  euch,i 


as  dry  and  wet  flash-over,  puncture  voltage,  tensile  strength,  and  arc  us  ually 
made  on  the  assembled  unit  or  string.  The  insulator  should  be 


* tested  under 

conditions  approximating  those  attained  in  service,  such  as  mounting 
or  suspending  from  a grounded  pin  and  cross  arm,  well  away  from  other 
objects.  The  potential  should  be  applied  between  the  pin  and  a short 
length  of  cable,  representing  the  line  conductor,  tied  or  clamped  to  tht 
insulator.  The  standard  wet  test  is  to  spray  water  over  the  insulator  at 
an  angle  of  45  deg.  and  at  a precipitation  rate  of  0.2  in  (0.508  cm.)  of  water’ 
per  min.  As  results  are  largely  dependent  on  the  electrolytic  nature  of  the 
water,  distilled  water  is  to  be  preferred,  as  more  uniform  results  are  obtained 


by  its  use.  Insulators,  under  ordinary  conditions,  flash  over  before  punc- 
turing, so  in  order  to  obtain  the  puncture  voltage,  the  insulators  must  be 
immersed  in  oil. 

Routine  tests  should  be  made  on  each  part  of  every  insulator  before  as- 
sembling, and  also  on  the  complete  unit.  The  object  is  not  to  flash  over  the 
insulator  but  rather  to  detect  existing  faults  before  the  insulator  is  put  in 
service.  The  parts  of  pin  and  suspension  type  insulators  are  inverted  in  water, 
thus  forming  one  terminal.  Water  is  also  placed  inside  the  insulator 
covering  the  threads  in  the  threaded  parts,  and  from  0.5  to  0.75  in.  (1.27  to 
1.9  cm.)  deep  in  the  other  parts,  thus  forming  the  other  terminal  as  shown  in 
a.  Fig.  36.  Dry  tests  are  often  made  on  the  assembled  unit,  b,  c,  d,  e (Fig. 


• I inlay,  L.  E.,  and  Thomas,  Percy  H.  “High  Frequency  Testa  of  Line 
Insulators.”  Trans . A.  I.  E.  E.,  Vol,  XXXI  (1912),  p.  2121. 


Digitized  by  Google 


POWER  TRANSMISSION 


Sec.  11-83 


86)  and  are  necessary  on  strain  insulators  and  bushings.  Free  arcing  teste 
are  obtained  when  the  testing  transformer  has  sufficient  capacity  to 
a heavy  power  arc  after  flash-over  occurs.  The  breakdown  voltage  of  tn- 
ndators  is  a function  of  the  time  during  which  the  voltage  is  applied,  as  has 
been  shown  by  A.  O.  Austin.*  A higher  potential  for  a short  time  will 
eliminate  poor  insulators  in  the  same  manner  as  a lower  potential  for  a 
longer  time.  Such  curves  for  100  kv.  and  85  kv.  are  shown  in  fig.  37. 
Thus  100  kv.  for  one-half  minute  will  eliminate  2.2  per  cent.,  whereas 
85  kv.  must  be  applied  4.7  minutes  to  produce  the  same  result. 


01  284  667  8910111218  14  16 
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Fra.  37. — Insulator  time-puncture  curves. 

Defective  parts  may  also  be  detected  by  high  frequency  tests  and  by  the 
se  of  a megger.  _ The  megger  tests  may  lead  to  erroneous  conclusions, 
psrticularly  if  the  insulator  is  dry.  Insulators  when  sound  should  test  about 
3X10*  megohms.  Insulators  testing  below  2,000  megohms  are  probably 
defective. 

82.  Faulty  insulators  may  be  detected  by  removing  them  from  the  line 
and  testing  them  by  the  methods  given  in  Par.  81.  Methods  have  been 
developed  whereby  faulty  units  of  a string  or  faulty  parts  of  a pin  insulator 
may  be  detected  without  interrupting  the  service.  These  methods  depend 
either  upon  the  lowered  voltage  across  the  faulty  section  or  the  hissing  sound 
made  by  the  discharge  across  a fault.  In  the  t “buss-stick"  method,  the 
faulty  unit  is  detected  by  the  appearance  and  sound  of  the  arc  obtained  when 
a U-shaped  discharger  is  touched  and  withdrawn  from  each  section.  The 
baity  unit  is  finally  located  by  actually  short-circuiting  it  if  there  are  not 
too  many  defective  parts  to  the  insulator.  In  the  "spark  stick"  method, 
the  insulator  unit  is  shunted  by  an  adjustable  gap  in  series  with  a condenser 
of  about  one-fourth  the  capacitance  of  the  insulator  unit.  A faulty  section 
ia  also  detected  by  the  sound  of  the  arc  made  when  the  gap  is  closed  and  then 
opened.  JFaulty  insulators  may  also  be  detected  by  hissing  sounds  heard 
in  telephone  detectors,  which  either  shunt  some  of  the  leakage  current  from 
a wooden  pole  or  else  are  actuated  by  the  discharge  current  to  an  antenna 
mounted  on  a wooden  stick  and  held  near  the  insulator. 

68.  Deterioration.  Insulators  deteriorate  rapidly  after  being  in  service 
for  some  time.  There  are  many  theories  as  to  the  reason  for  this,  among 
them  being  porosity  of  the  porcelain  thus  admitting  moisture;  brittleness 
due  to  over-firing;  combined  electrical  and  mechanical  stresses;  cracks 
produced  by  sudden  changes  in  temperature;  and  mechanical  stresses  due 
to  the  fact  that  the  rim  cap,  the  porcelain  and  the  cement  have  unequal 
temperature  coefficients  <of  cubical  expansion.  Also,  the  cement  hydrates 
for  a long  time  after  it  is  supposedly  set,  which  increases  its  volume  and 
stresses  the  porcelain.  Experiment  indicates  that  the  last  three  causes 


• Austin,  A.  O.  4 ‘The  High-Efficiency  Suspension  Insulator."  Trans. 
A.  I.  E.  E.,  Vol.  XXX  (1911),  p.  2303. 
t Electric  World,  Vol.  74,  1919,  page  568. 

X Flaherty,  B.  Q.  "Testing  for  Defective  Insulators  On  High-tension 
Transmission  Lines."  7Van«.  A.  I.  E.  E.,  Vol.  XXXV  (1916),  p.  1095. 
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•4.  Arcing  ring!.  Insulate 
trc  following  a flash-over.  At 


Insulator  petticoats  are  often  shattered  by  the  power 
irer.  At  the  same  time  the  line  conductors  may  be 


ire  following  a flash-over.  At  the  same  time  the  line  conductors  may  be 

___ burnt  off  by  this  same  arc.  To  protect  both 

/..A  f the  insulator  and  the  line,  arcing  rings,  Fig. 

yy  38,  arcing  rods,  Fig.  38,  and  the  Thomas  line 

protector,  Fig.  40,  are  used.  These  devices 
rr0  f i ipl  *r®  ®w®y  from  the  insulator,  and 

1 vCri  / [ill  prevent  its  burning  off  the  line  wire. 

f|  85.  The  •Jefferey-Dewitt  Suspension 

J/  Insulator,  Fig.  41,  differs  from  the  conven- 

U 27 a rzt-  — t—i  tionai  types  in  that  the  porcelain  is  in  tension 

a a rather  than  in  compression  and  shear.  To 

I eliminate  the  stresses  occasioned  by  the  un- 
,,j  equal  expansion  of  the  metal  and  the  porcelain, 

C — r-  the  usual  cap  is  replaced  by  a semi-flexible, 

/ \ J pressed-steel  spider,  set  into  the  poroelain  and 

/ \ *4.  held  by  an  alloy  having  practically  the  same 

\ coefficient  of  cubical  expansion  as  the  porce* 

\ I lain.  Other  features  claimed  for  this  insulatoi 

7 j ! are  that  the  surface  gradient  is  nearly  uni* 

/ l 1 form,  resulting  in  high  corona-forming  voltage 

^ (60,000  volts),  and  high  flash-over  voltage 

U - (100,000  volts).  The  thickness  of  the  porce- 

w TS  lain  minimises  the  possibilities  of  the  insulator 

° * being  shattered  by  power  arcs,  or  by  rifle 

Fio.  40. — Thomas  line  shots  and  in  addition  gives  a puncture  voltage 

protector.  of  300,000  volts.  By  a special  process,  and  by 

the  use  of  a continuous  tunnel  kiln}  it  is  possi- 
ble to  produce  the  thick  porcelain  of  this  insulator  without  firing  cracks, 
ferocity,  etc.  The  insulator  develops  a tensile  strength  of  about  9,000  lbs. 


1=^ 

Fio.  40. — Thomas  line 
protector. 


I Fio.  41. — Jefferey-Dewitt  suspension  insulator. 

8T8TSM  CONNSCTION8  AND  SWITCHING 
, 84.  System  connections  should  be  made  in  Buch  a manner  that 
[toatinmty  of  service,  flexibility,  and  safety  are  secured  without  undue  com- 
fjbeations  of  wiring  and  switching. 

i 87.  Duplicate  lines  are  usually  necessary,  where  continuity  of  service  i* 
Important.  It  is  customary  to  run  the  two  lines  on  the  same  poles  oi 
'towers,  especially  if  these  are  of  steel  or  concrete,  as  the  total  cost  of  lint 
tepporta  is  then  much  leas  than  it  would  be  for  two  individual  pole  lines 

•Peaslee,  W.  D.  “Factors  Controlling  the  Design  and  Selection  of  Sus- 
pension Insulators/*  Tram.  A.  I.  E.  E.%  Vol.  XXXIX  (1920),  p.  1645. 
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Where  the  power  is  especially  valuable,  the  two  lines  may  be  run  over  t 
different  routes,  removed  from  each  other.  This  lessens  the  chance  of  b< 
lines  being  disabled  at  the  same  time  by  lightning  or  by  other  natural  caua 
The  cost  of  two  such  lines  is  frequently  prohibitive.  When  it  is  ncces« 
to  shut  down  a line  for  repairs,  the  service  is  interrupted  if  two  lines  \ 


ot  available.  Where  the  regulation  would  be  impaired,  or  the  overlo 
capacity  of  one  line  is  not  sufficient  to  carry  the  entire  load  during  sud 
shut-down,  sectionalizing  switches  may  be  provided.  The  section  rtquiri 
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Fig.  42. — Typical  system  connections. 


repairs  may  be  isolated  and  grounded,  the  two  lines  being  in  parallel  for  t 
remaining  distance.  This  insures  better  and  more  continuous  service,  thou 


frequently  the  advantage  gained  is  more  than  offset  by  the  added  exo 
switching  complication.  Fig.  42  shows  the  connections  for  « 


88.  Substation  connections  are  made  as  shown  in  Fiir  42  and  Fi*™ 

and  79.  See  also  Sec.  10  and  Sec.  12. 


89.  Advantages  of  grounded  systems  are  as  follows'  ia)  Fir# 

under  unusual  transient  conditions,  the  voltam  from  


der  unusual  transient  conditions,  the  voltage  from  lino  wire  to  izrom 
n<-v,.r  exceeds  the  Y voltage,  so  the  line  insulation  need  not  have", 
factor  of  safety  as  with  isolated  systems;  (b)  a ground  on  one  wire  opens  t 

TOJ'  Digitized  by  Googjj 


Sec.  11-88 


POWER  TRANSMISSION 


POWER  TRANSMISSION 


Sec.  11-90 


veakera  and  warn*  the  operator  of  trouble;  (c)  the  dynamic  arc  to  ground  has 
tot  little  tendency  to  create  high  frequency  oscillations;  (d)  disturbances 
0 the  telephone  system  due  to  electrostatic  unbalancing  are  a minimum. 

M.  Disadvantages  of  grounded  systems  are:  (a)  The  line  is  in- 
ipermtive  if  a ground  occurs;  (b)  the  short-circuit  current  may  produce 
itrong  mechanical  forces  in  generator  and  transformer  windings,  causing 
erious  damage;  (c)  the  dynamic  arc  may  shatter  the  insulators  or  burn  off 
the  conductors,  because  of  the  large  amount  of  energy  available;  (d)  induc- 
tive effects  of  the  earth  current  may  affect  the  telephone  and  telegraph 
orcuits,  though  the  earth  current  is  practically  negligible  except  in  case  of  an 
ten  dental  ground. 

91.  Conditions  of  advantageous  grounding.  A system  in  excess  of 
50,000  volts  may  well  be  grounded,  unless  absolute  continuity  of  service  is 
tnential.  A line  connected  as  a part  of  a large  system  should  be  grounded, 
ft  will  then  be  automatically  disconnected  and  cannot  subject  the  entire 

Etem  to  the  delta  voltage  between  line  wire  and  ground.  A cable  system 
uld  be  grounded,  as  oscillations  and  transients  are  of  common  occurrence, 
tod  a ground  in  one  part  of  the  system  may  otherwise  cause  a breakdown  in 
the  insulation  at  some  other  point.  To  locate  and  repair  a ground  in  a cable 
patem  is  expensive,  requiring  considerable  time. 

M.  The  ground  oonnection  may  be  made  by  connecting  the  neutral 
Id  & copper  plate  buried  in  charcoal;  by  connecting  to  a metal  plate  immersed 
nearby  body  of  water;  by  connecting  to  metal  work  in  contact  with  the 
irthor  water  ; by  driving  iron  pipes  of  about  lin.  (2.54  cm.)  or  so  in  diameter 
tod  6 ft.  (2  m.)  in  length  into  the  earth  6 ft.  (2  m.)  apart,  and  pouring  salt 
tster  around  them.  To  limit  the  short-circuit  current,  a resistance  may  be 
toerted  in  the  neutral  connection,  though  to  secure  one  having  the  necessary 
•stance  and  carrying  capacity  is  expensive.  A reactance  should  not  be 
toed  in  the  neutral  as  it  may  increase  the  probability  of  oscillations.  The 

fund  should  be  made  at  only  one  point  ol  the  system,  at  the  power-house, 
otherwise  earth  currents,  particularly  those  of  triple  harmonic  frequency 
J#d  multiples  thereof,  tend  to  flow  and  to  disturb  telephone  and  telegraph 
circuits  in  the  vicinity  of  the  line. 

IS.  Ungrounded  systems  have  the  following  advantages:  (a) 

to  accidental  ground  does  not  shut  down  the  system;  fb)  the  earth  may  serve 
to  a third  conductor  until  the  damage  can  be  repaired;  (c)  an  arcing  ground 
•ay  be  cleared  by  the  arcing  ground  suppressor;  (d)  under  normal  conditions, 
Bbtre  is  little  effect  on  telephone  and  telegraph  lines. 

94.  Disadvantages  of  ungrounded  systems  are  as  follows:  (a) 
ugh  the  neutral  of  the  system  should  be  at  ground  potential,  experiment 
okown  that  excessive  voltage  may  exist  between  neutral  and  ground; 
the  insulation  of  the  system  must  be  designed  to  withstand  the  delta 
.age,  and  therefore  must  have  1.7  times  the  insulation  for  the  same  factor 
Wfety;  (c)  an  arc  to  ground  is  in  scries  with  the  line  capacitance,  and  there- 
v tends  to  set  up  destructive  high-frequency  oscillations;  (d)  any  electro- 
nic unbalancing  affects  neighboring  telephone  and  telegraph  systems. 

9f.  Ungrounded  systems  should  be  used  where  the  voltage  is  mod- 
erate; where  a shut-down  would  be  a serious  matter;  where  the  apparatus  may 
tell  withstand  the  full-line  potential. 

I 96.  Transformer  connections  may  be  either  delta  or  star.  Trans- 
formers connected  in  delta  must  be  able  to  withstand  the  total  voltage  be- 
tween lines,  hence  their  cost  is  greater  than  for  star-connected  transformers. 
They  are  more  reliable  than  the  star-connccted,  for  if  one  transformer  io 
VBabled,  the  system  will  continue  to  operate  connected  open  delta.  Trans- 
formers connected  in  delta  may  be  heated  by  the  third  harmonic  circulatory 
torrent.  The  star  connection  affords  an  accessible  neutral,  and  the  trans- 
■ffmers  need  be  designed  to  withstand  only  58  per  cent,  of  the  line  voltage, 
sftere  is  no  third-harmonic  circulatory  current  possible,  and  any  third-har- 
Bonic  voltage  docs  not  appear  on  the  line.  If  one  transformer  goes  out,  the 
to*tera  must  either  be  operated  single-phase,  or  be  shut  down,  unless  a spare 
Bait  is  available.  Voltage  taps  are  easily  brought  out  from  the  transformer 
Binding  in  the  star  connection.  See  Sec.  6. 

97.  Switching  a transmission  line  always  gives  rise  to  transients  which 
tonally  attenuate  rapidly  and  die  out  without  damage  to  the  system, 
vader  favorable  conditions,  however,  transients  caused  by  switching  often 
ttonlt  in  serious  damage  to  line  and  apparatus.  The  matter  is  further 
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complicated  by  the  characteristics  of  the  oil  switches  themselves  When  tl 
switch  contacts  approach  each  other  on  closing  the  circuit,  small  srr*  < 

decreasing  magnit  ude  are  «et  nr»  hotuimn  rri “r  • . ■ 


- — u uiuer  OU  closing  tne  circuit,  small  area  < 

decreasing  magnitude  are  set  up  between  them.  These  may  result  in  his 
frequency  oscillations  corresponding  in  period  to  the  natural  frequency  ofU 
transformer  windings  Tn  a throo.nK*.»  1 . J 


I'lTTt  Z • j-  ii  penou  to  tne  natural  frequency  of  II 

transformer  windings.  In  a three-phase  switch  the  three  contacts  may  a 
close  at  the  same  instant  which  further  complicates  the  problem  Simfl 
phenomena  occur  when  the  switch  opens  the  circuit,  the  arcs  between  co 
tacts  increasing  in  magnitude.  The  maximum  possible  voltage  rise 
the  switch  opens  is  given  by  8 

. e=iVE/C 

where  » is  the  current  at  the  moment  of  break  and  L and  C are  the  cira 
inductance  and  capacitance  respectively.  The  voltage  does  not  usually  a 
proach  this  limiting  value,  as  the  arcs  formed  between  the  contacts  introdu 
resistance  which  diminishes  the  voltage  rise.  The  switch  also  absorbs*! 
of  the  energy  stored  in  the  line.  The  voltage  rise,  under  ordinarv  switch! 
to  nTV, eXCCCd  the  n°rma^  operatin«  value  by  more  tfcan  from! 

inndiSST.  I T,  £ exce881ve  ri8es  m potential  occur  under  short-cirti 
conditions,  when  the  current  may  reach  many  times  full-load  viS 

of  tfe  prSblem68^”  ^ power_Iimitin«  reactances  offer  the  best  soluS 

98  High-tension  and  low-tension  switching  are  both  extenriTi 

SSffSffir  there  b*lmjjf  no  con8eP*U8  of  opinion  as  to  which  is  more  desiraHl 
The  following  methods  are  used  in  switching  on  a substation 

thcn  switchThe^substation^tra^Bformera00  bUS  8‘  the  9^“ 

(b)  Connect  substation  transformers  to  the  dead  line,  and  then  tv*! 
the  line  to  the  high-tension  bus  at  the  generating  station  3 

bJ*C)k  *£nnect  lAe  ?Pen.Jine  to  the  transformers  at  the  generating  static 
the  e'nd  ofStheDliveeii^  8‘dC’  “nd  the“  <'°nneCt  the  9ub9tatio“  transformer., 
(d)  Connect  the  substation  transformers  to  the  dead  line  and  steo  i 
transformers  and  switch  these  latter  on  the  low-tension  side 

(a)  and  cm  romp  nnHnr  iKn  n1DDo;c/<ni;nn  . • _ * •.  • . . A 


ownruu  nirse  tatter  on  me  low-tension  side. 

0fAa),  (o)  come  under  the  classification  of  high-tension  switching  and 
and  (d)  low-tension  switching.  The  reverse  order  may  be  followed  w 


fira(b)a  i !d  ((i}  fre  n?!  desirable  methods,  as  the  potential  waves  which 
first  sent  out  along  the  line  are  reflected  at  nearly  double  amplitude  at 
receiving  end  which  puts  high  voltage  stresses  across  the  transformers 
other  apparatus  connected  at  the  receiving  end  of  the  line. 

1 ransformer  switching  mnv  result  in  nhnnrm.i  


‘tr  uouuwwa  at  me  receiving  end  of  the  line 

1 ransformer  switching  may  resultin  abnormal  current  rushes,  if  the  circ 
is  closed  on  a point  of  the  e.m.f.  wave  wdiich  does  not  corresnond  to  1 
residual  magnetic  state  of  the  transformer.  po 

POWER-FACTOR  CORRECTION 


89.  Power-factor  correction  may  often  be  made  on  transmission  lin 

whereby  the  voltage  regulation  may  be  materially  improved,  the  generate 
capacity  increased  and  the  copper  fosses  reduced.  Thi*  «... 


V voltage  regulation  may  be  materially  improved,  the  general 
capacity  increased  and  the  copper  fosses  reduced.  This  correction  mav 
made  by  the  over-and  the  under-excitation  of  synchronous  apuaratusaM 
receiving  end  of  the  line.  When  used  for  this  purp<^ eXe?Sveb  « 
apparatus  is  rsllpd  n sv-nniimimna  ^ , e«.iusi\eiy,  *■ 


receiving  end  When 

apparatus  is  called  a synchronous  condenser.  This  synchronic  on  ran 
may  be  a part  of  the  receiver  and  used  for  further  distribution  of  powel 

mc7ly +float  °*?.the  c,nd  of  the  line*  its  80,e  function  being  toreru 
the  power-factor  or  the  voltage.  As  synchronous  motors  are  not  ™ 
for  \oltages  much  in  excess  of  13,000  volts,  they  must  be  connected  to 
low  sales  of  transforniers  if  the  line  voltage  exceeds  this  value  When 
motor  is  installed  solely  to  improve  transmission  efficiency,  the  cost  of 
power  required  by  the  motor,  plus  its  maintenance  and  fixed  charge*  m 
not  exceed  the  cost  of  the  nower  Raved  m 


jilt  uy  P*us  ««  maintenance  and  fixed  charge*  r 

eXC? , the.co8t  of  the  power  saved,  and  must  be  less  than  tholnterea 
out  nf^to°f  lnstal,lnB  more  copper.  As  the  synchronous  apparatus  miv 
° be  da«?aged  by  surges  or  short-circuits,  it  is  generally  deir 
value ta  C°Ppcr’  whlch  Wl11  ®»Ive  greater  reliability,  and  has  a better  » 

When  improved  regulation  is  the  result  desired,  the  installation  of  , 
fb~  apparatus  may  be  justified  regardless  of  t he  energy  saving  W 
coifj.n  UIiU  ? f.power  ar®  concerned,  it  is  impracticable  to  install  syncbroi 

be  us^fnro.,^  Caf?  °f  the  en,tire  Quadrature  current,  although  thev 
..  use51.  »or  purposes  of  maDroved  rpmi Utmn  T«  Kn  non 


be  mpjfnrn’r  c tne  en,tlre  Quadrature  current,  although  they 
oe  used  for  purposes  of  improved  regulation.  In  the  150  000  volt  140. 
Ime  wh.ch  run.  from  Big  Creek,  CaT  to  Los  Angela,  twi  16.000 
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•hronous  otmdeoMn  are  installed  in  Loe  Angeles  merely  for  controlling  the 
voltage  at  the  receiving  end  of  the  line. 

1M.  Oalcolstlou  for  power-factor  correction.  The  per  oent.  quadra- 
ture current  required  for  unity  power-factor  at  the  receiver  may  be  deter- 
mined from  Fig.  41,  or  may  be  calculated  for  a three-phase  system  as  follows: 

<*» 

tan  4 (34) 

vhsre  I\  and  / s are  the  energy  and  quadrature  components  of  current  respect- 
ively, P is  the  power,  in  watts,  at  the  receiver,  B is  the  voltage  from  line 
wire  to  neutral,  at  the  receiver,  and  6 is  the  angle  between  the  current  and 
voltage  vectors.  It  will  be  noted,  from  Fig.  43  that  it  requires  a 


voltage  vectors.  It  will  be  noted,  from  Fig.  43  that  it  requires  a 
much  larger  synchronous 
motor  to  bring  the  power- 
factor  from  96  per  oent.  to  100 
per  cent.,  than  is  required  to 
bring  it  from 90  percent,  to 96  no 
per  cent.  As  a rule,  it  is  not 
economy  to  install  apparatus 
large  enough  to  obtain  the  last  « 

1 per  oent.  £ 

1M.  Constant  receiver  ? 
voltage*  may  be  obtained 
if  varying  the  excitation  of  g go 

the  synchronous  apparatus,  jg 
either  by  use  of  an  automatic  g 7$ 

regulator  which  acts  on  the  A/  \S  if  1/  J 95  £ 

ociter  or  by  compounding,  if  S 60 1 

the  synchronous  apparatus  is  O mts  //  //X  / ^ o 

a motor-generator  or  a rotary  • W ry  / 7^  7 80  £ 

converter.  When  the  varia-  E // //  y s ' ^ 

tions  in  voltage  are  not  severe,  fj,  / 77  /y  y ^ „ 

hand  regulation  may  be  em-  8 «q /V  yt  ^ ^ ^ 80 

ployed.  Machines  cannot  < ^ 

tlways  be  compounded  to  give  to ^ ^ — jp.  

constant  vohage  at  all  loads,  ^ " 1 

though  the  condition  of  eon-  10  

•tant  voltage  may  be  approxi- 

JSE5&  »»«#40  eosoro  GOtOUO 

apparatus  tends  to  maintain  Ampww  JEnerty  Oarrent 

*Mtent  voltage  at  the  end  of  Fra  43._Ener*y  and  quadrature  currenU. 
a line.  A nee  in  voltage  at 

the  terminals  causes  the  current  to  lag  more,  a drop  in  voltage  causes  the 
current  to  lead  more,  etc.  As  the  voltage  of  a line  may  rise  on  open  circuit 
to  a value  in  excess  of  the  generator  voltage,  due  to  the  fine  charging  current, 
the  synchronous  apparatus  must  be  able  to  shift  its  phase  from  leading  to 
lagging  current.  The  power-factor  being  known,  the  quadrature  current  and 
the  required  capacity  of  synchronous  apparatus  may  be  determined  by 
plotting  Fig.  17  (Par.  18)  to  a large  scale.  For  more  complete  discussion 
consult  the  bibliography. 

STU88K8  IN  SPAK8 

lOt.  Mechanical  stresses  in  a span  are  produced  by:  (a)  the  dead  weight 
of  the  conductor,  whieh  acts  vertically;  (bj  the  weight  of  any  ice,  sleet,  or 
mow  that  may  ding  to  the  wire;  and  (c)  the  wind  pressure,  which  is  assumed 
to  act  horisontally,  at  right  angles  to  the  line,  and  on  the  projected  area  of 
the  conductor  ana  its  sleet  loads. 

The  weights  of  copper  and  aluminum  conductors  are  given  in  Par.  104. 
The  weight  of  ioe  is  67  lb.  per  cu.  ft.,  or  0.033  lb.  per  cu.  in.,  and  the  weight  of 
■feet  and  snow  is  somewhat  less  than  this.  For  the  average  climate  of  the 
United  States,  a layer  of  ice 0.5  in.  (1.27  cm.)  thick  is  assumed  to  be  the  worst 
condition  of  loading,  though  in  the  mountainous  regions,  sleet  may  form  to  a 
greater  thickness  than  this.  The  table  in  Par.  104  gives  the  ice  and  conductor 
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loads  with  0.5-in.  and  0.75-in.  layers  of  ice,  for  both  copper  and  aluminum 
conductors. 

The  wind  pressure  is  a function  of  the  wind  velocity  and  may  be  ex* 
seed  by  Buck’s*  formula 

p - 0.0025 V*  (lb.  per  sq.  ft.)  (35! 

W here  p is  the  pressure  in  lb.  per  sq.  ft.  and  V is  the  actual  velocity  of  the  wiai 
in  miles  per  hr.  Fig.  44  shows  the  relation  between  velocity  and  wiwj 
pressure.  Buck  gives  the  following  as  the  relation  between  actual  velocity 
and  that  indicated  at  the  Government  observation  stations. 
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Fig.  45  shows  the  wind  pressure  at  different  heights  above  ground,  a « 
Par.  104  gives  the  pressure  for  the  various  conductors  and  iee  loads. 

The  resultant  force  acting  on  the  conductor  is  the  vector  sum  of  th 
horisontal  and  vertical  forces  shown  in  Fig.  46.  The  resultant  loading  fa 
various  conditions  of  component  loading  on  line  conductors  is  given  in  Sec.  { 
103.  The  general  span 
formula,  assuming  that  the  5 
span  has  the  form  of  a pa-  £ 
rahola  and  that  the  weight  is  h ^ 
uniformly  distributed,  are  as  a * 


follows: 
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p Id  Lb. per  Sq.Ft. 

44. — Wind  velocity  and  pressure 


where  is  the  horisontal  tension  in  lb.,  S is  the  span  length  in  ft.,  I 

the  sag  in  ft.,  w is  the  weight  in  lb.  per  ft.  oi  the  couductur  plus  the  u«oa 
snow,  and  l is  the  length  of  the  conductor  in  ft.  The  total  tension  T 
the  conductor . at  the  support,  is  the  sum  of  the  horisontal  compone 
t,  and  the  vertical  component  due  to  the  dead  load. 


T-f+MY/ 


Fig, 
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45. — Wind  velocity  and  height. 


PiQ.  46.— Resultant  force  ol 
the  wire. 


The  second  term  is  usually  very  small,  and  for  ordinary  sags  is  negligible 
If  in  Eq.  37  the  conductoris  considered  by  itself,  ignoring  sleet  and  win 
loads,  then 
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where  W is  the  weight  of  the  conductor  per  ft.  of  length  and  for  1 sq.  ii 
cr  ss-section,  and  F is  the  tension  in  lb.  per  sq.  in.  The  required  deflects® 
nmy  then  be  determined  for  the  allowable  unit  stress. 


* Pnwle,  Frank  F.  “A  Study  of  Sleet  Loads  and  Wind  Velocities. 
Elec.  World , VoL  LVI  (1910),  p.  995. 
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Note:  Class  A loading— dead  load -1-15.0  lb.  per  sq.  ft.  wind  pressure.  J?  — modulus  of  elasticity,  in.-lb. 

Class  B loading=  dead  load-f-0.5  in.  ice  + 8.0  lb.  wind  pressure.  A *» conductor  area. 

Class  C loading  = dead  load  4-0.75  in.  ice  -f  1 1.0  lb.  wind  pressure.  EA  — product  of  modulus  of  elasticity  and  conductor  area 

* Report  of  the  Joint  Committee  on  Overhead  Line  Construction,  N.  E.  L.  A.,  May,  1011.  Page-  411.  Vol.  II. 
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106.  Total  lengths  of  wires  In  spans 

Deflection  in  decimal  parts  of  span 


Sec.  11-106 


POWER  TRANSMISSION 


POWER  TRANSMISSION 


Sec.  11-107 


107  Calculation  of  horizontal  stress.*  The  foregoing  tables  give  the 
(actors  by  which  the  weight  per  ft.  of  conductor  may  be  multiplied,  in 
order  to  determine  the  horisontal  stress  in  the  span.  Values  are  given  up  to 
200  ft  (61  in.)  spans,  and  to  20  per  cent,  deflections.  For  any  span  greater 
than  200  ft.  (61  m.)  the  table  may  still  be  used,  if  it  be  remembered  that  for 
a given  percentage  deflection,  the  stress  is  proportional  to  the  span.  Thus  for 
a 1,500-ft.  (457  m.)  span  having  2.0  per  cent,  deflection,  and  a total  weight  of 
0.5  lb.  per  ft.  (1.6*4  lb.  per  m.)  the  horiaontal  stress  will  be  (from  150-ft.  span) 
t~ 938X10X0.5  = 4690  lb. 

In  the  same  way,  the  length  of  this  span  wire  (Par.  106)  will  be  (from  loO-ft. 

(« 150.16X10- 1501.6  ft. 

The  tables  were  computed  from  formula  given  in  Weisbach’s  “Mechanics 
of  Engineering,”  page  297  (seventh  American  edition,  translated  by  Eckley 
B.  Cox.  AM)  , ....  . v 

SX  W *»  horiaontal  stress  in  wire  at  centre  of  span  (lb.)  (41) 

S-yV 2x+x/6  (ft.)  (42) 

1 *-y (1-H2/3)  (*/y)«]  (ft.)  (43) 

x - 35  - VOS5  ~ 3y*  (ft.)  (44) 

y- V/(3y/-3w*)/2  (ft.)  , # , . (45) 

sre  y = one-half  the  span,  (-one-half  the  length  of  the  span  wire,  x- 
Jection  at  centre  in  sanie  units  as  y , and  tn  = dead  weight  per  ft.  of  wire. 

108.  Temperature  variations  will  change  the  length  of  the  span,  and  as 
• sag  and  tension  are  very  sensitive  to  changes  in  the  length  of  span,  the 
feet  of  change  of  temperature  must  be  considered.  With  a change  of 
sion,  the  length  of  the  wire  will  bo  changed,  due  to  stretching  or  con- 
ding  As  stretch  and  temperature  change  are  interrelated  and  occur 
luitaneously.  their  combined  effect  must  be  determined.  As  an  analytical 
Jation  is  difficult  to  make,  the  solution  is  bet  ter  determined  by  graphical 
iods  For  every  degree  fahr.  change  in  temperature,  the  length  of 
ressed  copper  will  change  0.00096  per  cent.,  and  of  aluminum  0.00128 
per  cent.  , . . . ’ 

109.  f Properties  of  conductor  materials 


Copper 

Ultimate 
strength  per  | 
sq.  in. 

Elastic 

limit 

Mod. 

elasticity, 

E 

Coef. 

expansion, 

0 

Solid,  soft-drawn. 

32-34,000 

28,000 

12,000,000 

0.0000096 

Solid,  hard- 

50-55-57-60,000 

30-32-34-35,000 

10,000.000 

0 . 0000096 

Btranded,  soft- 
drawn. 

Stranded,  hard- 
drawn. 

34,000 

28,000 

12,000,000 

0 . 0000096 

60,000 

35,000 

' 16,000,000 

0.0000096 

, Aluminum 

| Stranded 

23-24,000 

14,000 

| 9,000,000 

|o.  0000128 

110.  The  maximum  stress  in  a span  occurs  when  it  has  its  greatest  load- 
la*  of  ice  or  sleet,  minimum  temperature,  and  maximum  wind  velocity 
Wowing  at  right  angles  to  the  line.  The  loading  usually  assumed  is  0.6-in. 
layer  of  ice  at  -20  deg.  fahr.  ( -29  deg.  cent.)  and  a wind  pressure  of  8 lb. 
Btr  sq.  ft.  (at  a velocity  of  about  57  miles  per  hr.)  The  load  under  these 
conditions  may  then  be  determined  from  Par.  104,  and  the  stress  from  Par. 
105,  or  calculated  from  Eq.  36,  Par.  103. 

. The  heaviest  loading  recommended  by  tho  “National  Electrical  Safety 
Code”  (third  edition,  1920)  is  H inch  of  ice  and  zero  deg.  fahr.  It  is 
doubtful  however,  if  these  conditions  give  sufficient  factor  of  safety  for  those 
regions  where  weather  conditions  are  unusually  severe. 

Ill  Example  of  stress-sag  calculation.  Problem:  Required  to 
fad  the  proper  sag  for  a 600-ft.  span  of  No.  0000  hard-drawn  solid  coppcr,_at 


• From  "Wire  in  Electrical  Construction”  by  John  A.  Roebling’s  Sons  Co. 
t Report  of  the  Joint  Committee  on  Overhead  Construction,  N.  E.  L.  A. 

May,  1911,  Vol.  II,  page  374. 
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maximum  (summer),  minimum  (winter-loaded) , and  stringing  (unloaded) 
temperatures. 

From  Par.  104,  for  0.6-in.  ioe,  and  8 lb.  per  sq.  ft.  wind  pleasure,  the 
total  load  per  lin.  ft.,  w,  is  1.575  lb.  The  allowable  tension,  t,  is  4.160  lb. 
(corresponding  to  25,000  lb.  per  sq.in.).  The  sag  may  be  calculated  from  Eq. 
37,  Par.  103.  d -((600)*X  1.5751/(8X4.150)  - 17.08  ft.  at  the  assumed  min*- 
mum  temperature.  This  is  the  sag  under  ioe  load  at  — 20  deg,  fahr. 

The  maximum  sag  will  occur  at  4- 120  deg.  fahr.,  the  assumed  maximum  tem- 
perature, with  no  load  other  than  the  conductor  itself  and  no  wind. 

To  determine  this  sag,  first  consider  that  all  the  stress  is  removed  from 
the  conductor,  and  determine  its  length  under  this  condition. 

The  change  of  length  due  to  removing  the  load,  A l**tl/KA.  (46) 

In  this  expression,  t is  the  tension  in  lb.,  I , the  length  in  ft,  E, 
the  modulus  of  elasticity,  in  in  -lb.*  A*  the  croas-eeotaon  of  the  conductor,  is 
sq.  in.  Values  of  EA  are  given  in  Par.  104. 


The  original  length,  froralCq.  38.  Par.  103, is h - 600 +[8  X (l7.08)V(3  X 600)j 
-601.297  ft.  A f- 4, 150  X 601. 297/2,659,000  - 0.939  ft.  The  span,  then.il 


A 1 — 4,150  X 601.297/2,659,000  

all  stress  were  removed,  would  have  the  hypothetical  length  at  —20  de*. 
fahr.,  601.297  — 0.939  — 600.358  ft.  This  often  results  in  a value  less  than 
the  span  length.  At  sero  deg.  fahr.,  the  length  would  be  given  by 

f — fed  +«<;')  (47) 

Where  1%  is  the  length  at  sero  deg.  fahr.,  a is  the  coefficient  of  expansion,  t 
is  the  temperature  in  deg.  fahr.,  /•  — 600.358/(1 4*0.0000096  X ( — 20)]  - 600.471 
ft.,  d*-Vl3  X 600(600.473  - 600X1/8- 10.31  ft.  (Eq.  38,  Par.;103.) 

113.  To  obtain  the  sag  at  sero  deg.  fahr.,  no  ice  and  no  wind  load,  the 
stress-sag  curve  ab  should  first  be  plotted  (Fig.  47),  having  tr  — 0.611  lb. 

per  ft.,  weight  of  conductor  with 


aouv 

: — 5 — 

n 

^ / 

1500 

7 

, 

,4/ 

0s7_ 
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0 
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0/ 

10  16 

Sag-Feet 

Flo.  47. — Strees-aag  curves. 


load  removed  (Par.  104).  Thetabh 
of  Par.  103  is  very  convenient  for 
this  purpose. 

Curve  ab  shows  merely  tbs 
tension  in  the  unloaded  conductor 
for  different  says.  The  problem  s 
to  find  the  sag  and  tension  at 
some  particular  temperature,  which 
point  must  lie  on  curve  ab.  For  i 

S'ven  temperature,  by  Hookes 
iw,  the  length  of  span  changes 
with  the  tension.  Assuming  dif- 
ferent values  of  tension,  different 
lengths  of  span  are  found  by  equa- 


tion  46.  Given  the  span  and  length  of  conductor  just  found,  the  sag  can  lx 
determined,  using  eq.  38,  Par.  101.  This  sag  is  plotted  against  tensias 
which  gives  curve  cd;  where  this  curve  intersects  the  sag-tension  curve  ol 
will  be  the  sag  at  sero  deg.  fahr.,  when  the  conductor  has  no  load  other  thai 
its  own  weight. 

Thus,  at  a tension  of  3,000  lb., 

1 1-  600.473  4-1(600.473  X 3,000) /2, 659, 000J 
-600.473  4-0.678-601.151  ft.  (from  Eq.  46). 

d-V[  1,800(601. 151  -600)]/8 -16.09  ft.  (from  Eq.  38,  Par.  103).  From  tbs 
intersections,  sag  at  sero  deg.  fahr.  — 14.4  ft.  and  tension  at  sero  deg.  fahr." 
2,000  lb. 

118.  The  tag  at  another  temperature  may  be  found  by  increasing 

the  asbeissas  by  a distance,  determined  from  Eq.  47  and  Eq.  38,  Par.  101 
Thus,  to  find  the  sag  and  tension  for  120  deg.  fahr.,  I — 600.473  (1 4-0.000009A 
X 120)  -601.163  ft.  at  120  deg.  fahr.  and  sero  stress;  d-  16.18  ft. 

The  sag  and  stress  should  then  be  computed  as  in  Par.  Ill,  and  a net 
stretch  line  c'd'  plotted.  The  maximum  sag  (assumed  at  120  dec.  fahr  ] 
occurs  where  c'<r  cuts  ab.  It  is  equal  to  18.5  ft.,  and  the  corresponding  ten- 
sion is  1,560  lb. 

114.  Data  used  when  stringing.  A set  of  stretch  curves  similar  tc 
those  of  Fig.  47  for  several  temperatures  should  be  furnished  the  foreman 

.k. ■ : .i : .....  .j:...*  .1 


ijn  charge  of  stringing  the  wire,  in  order  that  he  may  adjust  the  sag,  or  tensor 

■ value  for  the  temperature  si 


(by  means  of  a dynamometer)  to  its  proper  ' — , 

the  time  of  stringing.  It  must  be  remembered  that  the  temperature  of  tlx 
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wire,  when  the  sun  is  shining,  may  be  several  degrees  higher  than  that  of 
the  surrounding  air. 

Ilf.  With  the  supports  at  different  levels,  the  line  forms  a catenary, 
the  lowest  point  of  which  is  no  longer  midway  between  supports.  The 
curve  can,  however,  be  prolonged  until  it  reaches  a point  which  is  at  the  same 
level  as  the  higher  support  (Fig.  48)  and  the  distance  xi  to  the  lowest  point 
of  the  catenary  will  be  equal  to  half  the  assumed  span,  S' , and  may  be 
computed.  / 

•-f  + ss'  (,t)  (48) 


where  S is  the  horizontal  distance  between  supports,  d the  sag  measured 
from  the  higher  support,  t the  tension  in  the  wire  in  lb.  at  the  higher  sup- 
port, w the  weight  in  lb.  per  unit  length,  h the  difference  in  height  of  sup- 
ports, all  distances  expressed  in  feet. 

Eq.  48  is  useful  when  the  span  and  the  allowable  stress  are  given;  and  Eq. 
49  when  the  span  and  sag  are  given.  Eq.  48  is  correct  to  within  2 to  1 
per  cent,  when  neither  the  sag  nor  difference  in  height  of  supports  exceeds 
15  per  cent,  of  the  span.  Eq.  49  has  an  error  of  lees  than  1 per  cent,  under 
these  conditions. 

The  sag  d may  be  computed, 

43;)*  (ft.)  (50) 

where  d'  is  the  sag  as  determined  by  Eq.  37,  Par.  103,  for  the  same  span,  S,  and 
the  same  loading. 

Also  (1~^)  (ft.)  (51) 


Fxa.  50. — Error  introduced  by  assuming  constant  equivalent  span. 


Having  determined  the  distance  zi,  the  span  may  then  be  treated  lik  a 
span  S',  where  S'  — 2xi.  From  Eq.  51,  if  n/4df  is  greater  than  unity,  the 
vertex  of  the  line  will  lie  outside  the  span,  and  there  will  be  an  upward  pull 
on  the  insulator.  This  is  shown  in  Fig.  49  and  the  span  should  be  so  deaigr 
that  this  condition  does  not  occur. 

Load  and  temperature  changes  may  be  computed  as  in  Par.  112  and  113, 
but  a certain  error  is  introduced  in  assuming  that  the  length  of  equivalent 

•Thomas,  Percy  H.  "Sag  Calculations  for  Suspended  Wires.”  Trc 
A.  I.  E.  E.,  Vol.  XXX  (1911),  p.  2229. 
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span  remains  unchanged.  Except  for  accurate  work,  this  error  is  negligible. 
The  error  increases  or  decreases  with  the  difference  in  height  of  supports  by 
an  amount,  a,  Fig.  50.  For  accurate  work,  however,  the  length  of  line  in 
the  span  maybe  computed  from  Eq.  38  knowing  xi,xi  and  d(  Fig.  48),  and  the 
effects  of  changes  of  load  and  of  temperature  mav  also  be  computed.  The 
new  distance  xt  is  determined  and  the  new  equivalent  length  of  6pan  found. 


* Thomas,  Percy  H.  “Sag  Calculations  for  Suspended  Wires.”  Tnxn*. 
A.  I.  K.  E.,  Vol.  XXX  (1911),  p.  2229;  Chart,  Supplement.  Eler . World. 

Nov.  lOlO 


,9i- 


Digitized  by  CaOOQle 


POWER  TRANSMISSION 


Sec.  11-117 


bat  the  sag.  street  and  length  of  wire  will  be  reduced  in  direct  proportioi  . 
The  stress  for  a definite  sag  is  proportional  to  the  weight  per  unit  length  of  the 
wire,  including  ioe  and  wind  loads.  The  curves,  Fig.  51,  show  the  relation 
between  sag,  length  of  wire  and  stress,  for  a 1 -ft.  span  loaded  uniformly  with 
1 lb.,  and  are  based  on  the  equation  of  the  catenary.  Three  sets  of  curve*, 
A,  B,  and  C,  are  given,  all  plotted  to  different  scales.  Curve  A is  good  for 
sags  from  2 to  15  per  cent.;  curve  B,  for  sags  less  than  2 per  cent.;  curve  C, 
for  very  large  saga,  being  especially  useful  for  spans  on  steeply  inclined  slope* 
The  chart  in  Fig.  51  is  too  small  for  accurate  work,  but  the  data  from  which 
the  curves  were  plotted  may  be  obtained  from  the  original  paper. 


11T.  Use  of  the  Thomas  chart.  By  means  of  these  curves,  the  sau. 
stress,  and  length  of  any  span  may  be  easily  determined.  Divide  the  allow  - 
able  stress  in  tne  wire  by  the  span  and  weight  per  unit  length. 


where  t is-  the  tension  in  lb.  in  a 1-ft.  span;  T the  allowable  ten- 
don in  lb.  in  the  actual  span;  to  the  weight  in  lb.  per  ft.  (wire,  ice  and 
wind);  S the  distance  in  ft.  between  supports. 

Prom  the  chart,  determine  the  length  and  sag  corresponding  to  t,  as  At  and 
Ci  (Fig.  51).  Then  the  sag  and  length  in  the  actual  span  will  be  the  values 
fast  obtained  multiplied  by  the  actual  span  in  ft.  If  the  sag,  or  length,  be 
given,  the  other  quantities  may  be  found  by  reversing  the  process. 

With  supports  at  different  levels,  the  span  may  be  computed  as  outlined 
in  Par.  118,  and  the  chart  then  used  for  the  total  equivalent  span. 


118.  The  effect  of  temperature  may  be  determined  with  the  Thomas 
Chart  by  finding  the  length  of  wire,  with  all  stress  removed,  from  Eq.  4(>, 
Par.  Ill,  using  the  stress  in  the  actual  span,  and  marking  this  point  on  the 
chart  for  the  one-foot  span  (as  Pi,  Fig.  51).  The  elongation  of  the  wire  is 
proportional  to  the  stress,  so  the  straight  line  P\A\  will  be  the  stress-length 
or  stretch  " line  for  this  load  and  temperature.  If  the  sag  is  small,  Pi  may 
be  less  than  unity,  but  the  line  may  be  drawn  by  determining  some  other 
point  P#  (Eq.  46),  and  drawing  P,A».  To  determine  the  sag  and  stress  nt 
any  temperature,  determine  the  leniHh  of  the  unstressed  wire  at  sero  deg 
fahr.  ( — 17.8  deg.  cent.)  by  Ea.  47,  Par.  Ill,  as  at  Pt.  For  the  same  loadin 
the  strews  length  line  at  sero  deg.  fahr.,  PtAt,  will  be  parallel  to  PiA\  and 
b the  length  at  sero  deg.  fahr.  of  the  1-ft.  span.  Let  this  be  li,  and  the 
corresponding  stress  and  sag  be  ti  and  d\  respectively.  The  values  in  the 
actual  span  may  then  be  found. 


Actual  length  — Sli 

(53) 

Actual  stress—  Stiw 

(54) 

Actual  sag  — Sdi 

(55) 

where  S is  the  actual  span  in  ft.,  and  w the  load  in  lb.  per  ft.  of  line. 

The  length  axis  mav  then  be  marked  off  in  divisions  proportional  to  tem- 
peratures, and  parallel  lines  drawn,  from  which  the  lengths,  stresses  and  sags 
■tty  be  determined. 


119.  The  effect  of  ice  and  wind  ii  determined  by  ui#  of  the 
Thomas  chart  as  follows;  Suppose  the  values  in  Par.  118  to  bo 
computed  for  maximum  loading  (ice  and  wind).  When  these  loads  are 
f removed,  the  weight  per  ft.  is  reduced  to  w0  (the  weight  per  ft.  of  the  wire 

and  the  stretch  in  the  wire  will  be  — of  what  it  was  before,  for  a given  alone 
w 

, stress  in  the  1-ft.  span.  Therefore,  along  the  line  A At  make  AD/ A Aa 
■ ~ and  draw  PtBt  through/).  The  intersection  of  this  line  with  the  length 

curve  will  give  the  results  as  obtained  in  Par.  118,  substituting  w0  for  \o. 
The  temperature  lines  may  be  found  as  before,  PtBt  being  drawn  at  120  deg. 
fahr.  (49  deg.  cent.)  and  parallel  to  P-iBi. 

180.  Kxampls  of  calculation,  using  Thomas  chart.  Consider  ihe 
, problem  of  Par.  Ill,  where  8-600  ft.,  w- 1.575  lb.,  T -4,150  lb. 

8 is  the  distance  between  supports;  w is  the  weight  (including  wire,  ico, 
*»d  wind)  per  unit  length;  T is  the  allowable  tension. 

The  tension  in  a 1-ft.  span,  having  a 1-lb.  load,  will  be  t —4,150/(1.575  X 
WO)  -4.395. 
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From  curve  B,  fhe  sag  will  be  0.0286  ft.  (Ci)  and  the  length  1.00215  ft.  (A»). 
The  true  sag  and  length  will  be  Sdi  - 600  X 0.0286  - 17.16  ft.  <Sh-600X 
1.00215  — 601.290  ft.  The  length,  unstressed, -may  be  found  (Eq.  46,  Par.  111). 
A l » (1.00215  X 4,150)/2,659,000  = 0.00156  ft. 

/i-  1.00215  -0.00156  -1.00059  ft. 

A line  PiAi  is  drawn  from  Pi  (length  — 1/00059)  to  Ax,  the  original  point  on 
the  length  curve.  The  length  at  zero  deg.  fahr.  is  found  from  Eq.  47.  Par. 
111.  /<>  — 1.00059/[1 -f-0. 0000096  X(  — 20) J—  1.00078  ft.  A line P,Aiis  drawn 
(where  Pj  — 1.00078)  parallel  toPiAi.  At  zero  deg.  fahr.,  with  wind  and  ice 
loads, 


Chart 

Actual 

Length 

1.00224  ft. 

600X1  00224  - 601.344  ft. 

Stress 

4.2  lb. 

600X4.2X1.575  = 3,965  lb. 

Sag 

0.0295  ft. 

600X0.0295  -17.70  ft. 

To  find  the  length,  stress  and  sag  when  the  loads  are  removed.  At  zero  deg. 
fahr.,  no  ice.  and  no  wind,  tro  — 0.641  lb.  At  the  stress  as  now  shown  on  tlu 
chart  of  4.2  lb.,  the  stretch  will  bo  (1.00224  - 1.00078)0.641/1. 575-0  0005fc 
and  the  length  1.00078  4-0.00059-1.00137.  Draw  PiBi  through  1.00137  ai 
the  4.2  lb.  ordinate  (at  D).  Graphically 

A D/  A Aj  = 0.641/ 1.575 
Then,  at  zero  deg.  fahr.,  no  ice  or  wind, 


Chart 

Actual 

Length 

1.0015  ft. 

000X1.0015  - 600.90  ft. 

Stress 

5. 1 lb. 

000  X5. 1 X0.641  - 1.960  lb. 

Sag 

0.0244  ft. 

600X0.0244  -14.6  ft. 

The  unstressed  length  at  120  deg.  fahr.  is  found  from  Eq.  47,  Par.  111. 
1.00078(14-120X0.0000096)  =1.00193  ft.  At  P«(i  - 1.00193)  draw  PA 
parallel  to  P*Bi.  Then,  at  120  deg.  fahr.. 


Chart 

Actual 

Length 

1 . 00234  ft. 

001.40  ft. 

Stress I 

4 1 lb. 

1,577  lb. 

Sag 

0.031 

18.6  ft. 

These  results  check  very  closely  with  those  already  obtained  using  Fig. 
The  differences  are  due  to  errors  in  reading  the  charts,  and  to  the  assum 
of  a parabola  rather  than  a catenary. 

The  distance  P1P3  may  be  subdivided  proportional  to  temperatures,  a 
results  may  be  found  by  drawing  stretch  lines  parallel  to  PsBt. 

121.  The  horizontal  stresses  in  ^ 

adjacent  spans  should  be  equal  to  \ \ , 

minimize  the  longitudinal  pull  on  the  \ ' 

support.  In  level  country  and  with  \ \ /'vZxfj, 

equal  spans,  this  may  be  easily  accoin-  W \ \ 


plished  by  making  equal  sags  at  a given  . 

temperature.  Unequal  spans  can  be  "" 

equalized  only  at  one  temperature.  Fio.  52.— Balanced  horizontal 
which  should  be  the  average  tempera-  stresses 

ture.  Suspension  insulators,  by  de- 
flecting, tend  to  equalize  unbalanced  stresses.  With  pin-type  insulators 
on  rigid  supports,  the  insulator  is  subjected  to  an  unbalanced  stress,  and  j 
slight  deflection  results.  This  changes  the  lengths  of  the  spans  slightly  anc 
consequently  the  sags,  tensions,  etc.  The  deflection  tends  to  equalize  tin 
stresses  in  the  two  spans  on  either  side  of  the  insulator.  The  resultin| 
sags,  tensions,  etc.  can  be  computed  with  the  equations  which  have  beca 
given.  For  equal  horizontal  stresses  with  the  supports  at  different  level* 
the  wire  in  each  span  should  form  a portion  of  equal  catenaries  (parabolai 
assumed)  as  shown  in  Fig.  52.  This  condition  holds  for  but  one  temperature 


Fro.  52. — Balanced  horizontal 
stresses. 
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Its.  Short-circuit  duo  to  unbalanced  ice  loads.  * Ioe  loads  on  wires 
may  drop  from  all  but  one  span.  If  suspension  insulators  are  used  and  the 
lines  are  arranged  in  a vertical  plane,  this  span,  aided  by  the  longitudinal 
deflection  of  the  suspension  insulators,  will  sag  heavily  and  the  adjacent  spans 
will  be  drawn  up,  as  shown  in  Fig.  53.  The  phase  wires  may  readily  ap- 
proach within  easy  arcing  distance  of  one  another  and  all  three  conductors, 
even,  may  touch,  thus,  causing  a short-circuit.  Also,  if  one  wire  alone  loses 
Us  ice  load,  its  whipping  up  may  cause  short  circuit.  This  may  be  partially 
overcome  by  the  use  of  shorter  spans,  more  anchor  towers,  or  better,  by 
offsetting  the  middle  conductor,  thus  making  an  isosoles  triangle  arrangement 
(etc  Fig.  67,  iaosoeles  triangle) . 

STRENGTH  OF  SUPPORTING  MEMBERS 

1SS.  Insulators  and  pins  must  be  designed  to  withstand  the  weight 
of  conductor  and  any  ioe,  sleet  or  snow  load;  the  wind  pressure  acting  on  the 
conductor,  and  any  other  transverse  foroe  produced  by  a change  in  direction 
of  the  line;  the  longitudinal  foroe  due  to  unbalanced  borisontal  stresses  in 
adjacent  spans;  the  longitudinal  stress  occasioned  by  the  breaking  of  a line 
conductor.  It  is  desirable  that  they  withstand  a stress  equal  to  the  elastic 
limit  of  the  conductor,  when  exerted  in  any  direction  in  a plane  perpen- 
dicular to  the  axis  of  the  pin. 

114.  Tile  cross  arms  must  be  designed  to  withstand  the  resultant  of 
the  forces  of  Par.  MS,  and  the  dead  weight  of  insulators  and  attachment. 
In  addition,  the  cross  arms  must  be  secured  to  the  pole  so  that  they  will 
not  be  wrenched  looee  by  the  turning  moment  which  follows  the  breaking 
of  one  or  more  conductors  on  the  same  side  of  the  pole.  The  results  of 
“Strength  Tests  of  Cross  Arms,"  made  by  T.  R.  C.  Wilson,  are  published  in 
U.  8.  Government  Forest  Service  Circular  204. 

lli.  The  supporting  structure  may  be  considered  first  as  being  a 
ample  column  and  therefore  must  be  designed  to  bear  the  compressive 
•trees,  due  to  its  own  weight  and  that  of  conductors,  loads,  insulators, 
cross  arms  and  attachments.  Also  it  may  be  considered  as  a oantilever  ana 
u such  must  be  designed  to  withstand  the  shear  and  bending  momenta 
doe  to  the  transverse  forces  of  the  wind  on  conductors  and  supporting  struc- 
ture and  also  those  occasioned  by  change  in  direction  of  the  line;  the  longi- 
tudinal streeeee  due  to  unbalanced  horizontal  stresses  in  adjacent  spans; 
•tresses  caused  by  the  breaking  of  one  or  more  conductors.  In  addition, 
the  structure  should  be  able  to  withstand  the  torsional  stresses  which  result 
from  the  breaking  of  conductors  on  one  side  of  the  structure. 

Wooden,  steel,  or  concrete  poles,  designed  to  withstand  the  moments  due 
to  the  horizontal  forces,  will  have  the  necessary  compressive  strength,  to 
hear  the  vertical  loads.  With  towers  of  the  light  wind-mill  type,  this  matter 
should  be  carefully  considered.  Where  extreme  rigidity  at  small  expense  is 
desired,  the  structure  must  be  made  of  many  light  members,  resulting  in  a 
more  complicated  tower,  and  a shorter  life,  due  to  the  greater  proportionate 
corrosion.  A lees  rigid  tower  made  of  fewer  but  heavier  members,  will 
frequently  answer  the  purpose,  will  be  lees  expensive  and  of  linger  life. 


114.  The  transverse  force  due  to  the  wind  on  the  conductors  should  be 
•asumed  as  8 lb.  per  sq.  ft.  t Of  the  projected  conductor  and  ice  area.  A 
0.5-in.  (1.27  cm.)  layer  of  ice  is  usually  assumed.  Values  of  the  resulting 
pressure  may  be  found  in  Par.  104*  The  pressure  on  the  pole  or  tower  may  be 

*Greiaser,  V.  H.  "Effects  of  Ice  Loading  on  Transmission  Lines." 
Trims.  A.  I.  E.  E.,  Vol.  XXXII  (1913),  p.  1829. 

% t Report  of  the  Joint  Committee  on  Overhead  Line  Construction,  N.  E.  L.  A 
May,  1911,  Vol.  II,  p.  874. 
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assumed  to  be  13  lb.  per  sq.  ft.  on  one  and  one-half  times  the  projected  area 
of  latticed  structures.  (Also  see  Sec.  12,  Par.  166.  > The  overturning  moment 
may  be  greater  without  the  ice  load.  Both  conditions  should  be  calculated. 


The  stress  due  to  an  angle  in  the  line  may  be  readily  computed  by  a sinrnle 
resolution  of  the  maximum  stresses  already  calculated  for  the  spans.  The 
longitudinal  forces,  due  to  unbalanced  horizontal  stresses  in  adjacent  spans, 
should  be  small  in  a well  designed  line,  and  may  be  determined  if  the  stresses 
in  each  span  at  different  temperatures  are  known.  There  is  some  question 
as  to  how  many  conductors  may  be  assumed  to  be  broken  at  one  time  If 
a line  is  carefully  strung,  with  no  kinks  or  abrasions  in  the  wires,  and  if  the 
ends  of  the  insulator  clamps  are  well  rounded,  there  is  small  chance  of  a line 
conductor  breaking  under  ordinary  load  conditions.  As  an  extra  precau- 
tion, however,  anchor  towers  are  used  at  frequent  intervals,  and  are  so  de- 
signed as  to  safely  withstand  the  simultaneous  breaking  of  several  conduc- 
tors. Where  suspension  insulators  are  used,  the  insulator  string  is  thrown  in 
the  unbroken  side  of  the  span,  and  the  increased  sag  decreases  the  ultimate 
PuU-  The  force  due  to  the  jerk  at  the  time  of  breaking  is  quite  severe,  tod 
no  reduction  in  the  allowable  stress  should  be  made  even  if  suspension  in- 
sulators be  used.  The  line  structures  should  have  a factor  of  safety  of 
from  2 to  4,  according  to  the  importance  of  the  line,  the  assumptions  msdo 
in  the  design,  and  the  local  conditions. 


127.  A wooden  pole  should  be  a cubic  parabola,  to  use  the  material 


the  best  advantage.  As  this  would  be  impractical,  a truncated  cone,  haviffl 
the  diameter  of  the  top  two-thirds  of  that  of  the  bottom,  is  the  best  appron 
mation.  With  this  shape,  the  pole  will  break  theoretically  at  the  ground  lit 
The  allowable  horixontal  pull,  P,  on  the  pole  may  be  calculate 

(IbA  for  a round  pole.  (51 


T dt * 

P”—  -jy  (lb.)  for  a square  pole.  (S 

assuming  that  dt,  the  ground  diameter  in  inches,  is  one  and  one-half  times  tl 
top  diameter.  In  these  formulas  n is  the  factor  of  safety,  l the  length  of  tl 
pole  in  inches,  and  T the  tensile  strength  or  modulus  of  rupture  of  the  pc 
material,  values  of  which  are  given  in  Seo.  12,  Par.  164.  The  factor  of  eafH 
should  be  at  least  5 or  6 for  wood. 


128.  The  stresses  in  steel  poles  cannot  readily  be  calculated,  duetothi 

complications  introduced  by  lattice  work,  cross  bracing,  etc.,  and  the  engine* 
is  more  or  less  dependent  upon  actual  tests  and  manufacturers’  guarantee 
for  data  relative  to  the  load  that  a given  structure  may  be  expected  to  cart! 
safejy.  Steel  poles,  for  the  same  weight  and  material,  have  much  leS 
torsional  strength  than  steel  towers.  Although  they  may  be  satisfurtori 
under  normal  conditions  of  balanced  load,  their  factor  of  safety  may  be  mud 
reduced  if  one  or  more  wires  on  the  same  side  of  the  pole  should  break. 

129.  The  stresses  in  concrete  poles  may  be  computed  approximately, 
knowing  the  moment  of  inertia  of  the  top  and  bottom  sections,  the  crow- 
section  and  tensile  strength  of  the  reinforcing  steel,  and  the  comprearire 
strength  of  the  concrete.  Up  to  the  present  time,  however,  very  little  b** 
been  done  along  this  line,  and  purchasers  and  manufacturers  have  been 
dependent  upon  actual  tests  of  full-sized  poles.  The  usual  mixture  of 
Portland  cement  (1  : 2 : 4,  cement,  sand  and  gravel)  has  a compressive  strength 


after  7 days  of  900  lb.:  after  1 month,  2,400  lb.;  after  3 months,  3,100 
after  0 months,  4,400  lb.;  all  in  lb.  persq.in. 


130.  Stresses  in  guys  and  anchors  may  be  readily  computed  if  the 


magnitude,  direction,  and  point  of  application  of  the  resultant  force  acting 
on  the  pole  are  known.  The  position  of  the  anchor  is  determined,  and  th« 
stress  in  the  guy  and  anchor  can  be  calculated  by  the  well-known  lawl 
governing  the  composition  and  resolution  of  forces.  The  table  in  Par.  1C4 
gives  the  diameters,  strengths  and  weights  of  7-strand  galvanizes!  steel  wire* 
such  as  would  be  used  for  guys  (also  see  See.  4).  When  guys  are  used  with 
wood  or  other  poles,  or  towers  capable  of  considerable  deflection  befort 
failure,  thev  shall  be  able  to  support  the  entire  stress  in  the  direction  in  which 
they  act,  the  pole  serving  simply  as  a strut.  The  guy  should  be  attach^ 


f » » «•  ovi  uv.  * RUJ  ouuuiM  ur 

io  trie  structure  as  near  as  practicable  to  the  center  of  the  conductor  load 
to  be  sustained.  Anchor  rods  shall  be  so  installed  as  to  be  in  line  with  the 


to  be  sustained.  Anchor  rods  shall  be  so  installed  as  to  be  in  line  with  the 
■n  nun  pu  of  thc  attached  guy  when  under  load,  except  in  rock  or  concrete. 

I . ustaaisV. 
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ill.  Til*  strew  In  towers  may  be  computed  by  the  well- known  law* 
of  statics,  provided  the  tower  is  statically  determined.  Towers  are  usually 
constructed  of  four  main  ancle  members,  cross-latticed  and  braced  the  entire 
length  of  the  tower.  These  members  must  not  only  withstand  the  total 
compressive  load  of  a simple  column,  but  the  members  on  either  side  of  the 
tower  may  be  subjected  to  additional  compression  due  to  the  fact  that  the 
tower  is  also  a cantilever.  As  steel  fails  in  compression,  the  strength  of 
unsupported  compression  members  should  be  carefully  checked,  using  well 
known  column  formulas.  The  following  formula  for  ultimate  strength , T, 
(lbs.  per  sq.  in.)  is  commonly  used. 

T I***  (581 


id- 


le,ooo 


/* 

ri 


where  l is  the  length  of  unsupported  column  member  and  r is  the  least 
radius  of  gyration  of  the  column  cross-section.  A factor  of  safety  of  2 or 
2.5  is  customary. 

R.  D.  Coombs*  shows,  in  the  following  table,  that  by  using  a different 
angle  iron  of  less  cross-sectional  area,  the  strength  of  the  main  compression 
members  is  nearly  doubled.  Because  of  corrosion,  this  should  not  be  carried 
too  far,  if  a reasonable  life  is  expected.  It  is  generally  conceded  that  f in. 
for  the  legs  and  A iu-  for  the  secondary  members  should  be  the  minimum 
thicknesses  of  metal. 


Section 

Area, 
sq.  in. 

Length, 

ft. 

3 

Breaking 
strength, 
Ib./sq.  in. 

Total 

breaking 

strength, 

lb. 

4 in.  by  4 in.  by  | in.  angle. 

5.44 

13 

202 

5 in.  by  5 in.  by  A in*  angle.' 

5.81 

13 

159 

16,000 

■ 

6 in.  by  6 in.  by  A in-  angle. 

5.06 

131 

20,000 

Except  in  very  short  members,  angle  lacing  (and  bracing)  is  preferable  to 
flat  lacing  (and  bracing),  as  angle  members  are  stiffer  and  better  able  to 
resist  tension  and  compression  than  are  flat  bars.  Also,  if  the  flat  bars  are 
slightly  bent  on  handling,  they  are  practically  worthless  as  compression 
members. 

As  transmission  towers  are  usually  assembled  on  the  field,  bolts  are  used 
in  the  joints  rather  than  rivets.  About  12,000  lbs.  per  sq.  in.  can  be  used 
ss  the  working  shearing  stress  for  such  bolts.  A bolted  joint  is  much  leas 
efficient  than  a riveted  one.  as  the  friction  between  adjacent  surfaces  cannot 
be  depended  upon  for  holding.  With  time,  the  tower  vibration  due  to  wind 
often  onuses  the  nuts  to  work  loose.  Therefore,  during  erection  the  nuts 
should  be  gone  over  carefully,  tightened,  and  the  threads  upset. 

The  calculation  of  the  forces  in  the  tower  members  due  to  torsion,  partic- 
ularly if  the  tower  faces  are  battered,  is  difficult.  Towers  which  are  care- 
fully designed  rarely  fail  from  such  torsional  forces  alone.  When  designing 
s tower,  it  is  not  sufficient  to  use  merely  the  assumed  steady  horixontal  forces, 
but  allowance  must  be  made  for  the  forces  caused  by  the  sudden  jerk  when 
s conductor  breaks,  particularly  if  the  suspension  string  is  thrown  into  the 
unbroken  line. 

123.  The  stresses  in  tower  foundations  are  produced  by  the  vertical 
loads  V V.  Fig.  64,  due  to  the  dead  weight  of  the  tower  and  its  column 
loading.  These  forces  must  be  opposed  by  the  vertical  resistances  V*V\ 
at  the  base  of  each  of  the  foundation  members.  To  obtain  the  requisite 
bearing  area,  a flat  grill  work  is  usually  riveted  to  the  foot  of  the  foundation, 
unless  a concrete  foundation  is  used.  (8ec  Fig.  60.)  The  horixontal  force 
H , resulting  from  wind,  unbalanced  span  tension,  etc.,  produces  a couple  HX 
which  must  be  resisted  by  a couple  BY  at  the  foundation.  The  couple  HX 
increases^ the  vertical  load  on  tne  foundation  members  which  are  on  the 
compression  side  and  tends  to  produce  an  uplift  in  the  anchor  on  the  other 

* Letter  to  Elect  World,  Vol.  LXII  (1913),  p.  544.  ™~— - — — " ” 


Digitized  by ' L.ooQle 


POWER  TRANSMISSION 


side.  This  uplift  is  resisted  by  the  weight  of  earth  above  the  grill  work. 
It  is  usually  assumed  that  this  weight  is  that  of  the  earth  included  within 
a cone  whose  sides  make  an  angle  of  30  deg.  with  the  vertical.  The  weight 
of  earth  is  usually  taken  as  100  lbs.  per  cubic  foot.  A frequent  cause  of 
towers  overturning  is  the  lack  of  holding  power  in  the  freshly-tamped  earth, 
and  the  softening  of  the  earth  resulting  from  rains,  floods,  etc. 

The  entire  shear  pro- 

V1  H vi  H V1  *1  a duced  by  H must  be  tranj- 

T A V X * mitted  to  the  foundation, 

/ \ / / and  be  resisted  in  the  earth 

I / \ j I : — A by  horizontal  resistances 

j / \ | X | / 1 II',  H\  Resistances//',//' 

I / \ I — | LL — J are  distributed  forces  and 

1 \ y X *T  X\  the  point  of  application  of 

/ \ I / / \ their  resultant  is  not 

| / \ | 77  I .A  known.  Unless  the  rela- 

jl  \Oround  Level  y 1/1  tion  between  the  magni- 

W'mWs, it®?  \vrj  Wmr,  sw  gdpagii&gg  tudes  of  the  forces  H\  H‘ 

YH’  P tf'  an<*  their  centerE  °f  *P* 

by'  v *V'  “ XV'  plication  be  known,  or 

l~Y — j assumed,  the  tower  ia 

j iB  statically  indeterminate. 

***  Ib  In  the  A frame  (a),  Fig.  M, 

(a)  (b)  (c)  the  horizontal  shear  is 

7 v 7 entirely  transmitted  to  tb« 

Fio.  54. — Stresses  in  towers,  unbalanced  foundation  through  loan* 

spans,  etc.  tudinal  stresses  in  tit 

main  angle  members. 
Practical  considerations,  such  as  the  attaching  of  cross-arms,  usually  pre- 
clude the  use  of  straight  A frames.  In  (6),  practically  all  the  shear  must  be 
transmitted  through  the  member  Z to  the  foundation  at  point  P,  where  the 
foundation  is  usually  bolted  to  the  tower.  Unless  the  point  P has  some  special 
support,  serious  transverse  stresses  are  developed  in  the  tower  leg  and  in  the 
foundation  member  and  a tendency  to  buckle  results.  Towers,  after  having 
successfully  passed  tests  on  rigid  foundations  in  the  shop,  often  fail  at  the 


Note:  If  the“pull”la  less  than  5.  the  span*  adjacent 
to  the  angle  pole  shall  be  the  standard  length  ( 125  ). 
If  the'  puir’exceedaS'the  spans  adjacent  to  the  angle 
pole  shall  be  reduced  to  the  distance'*^  "given  in  table. 


Fio.  55. — Location  of  side  guys. 


point  P in  the  field.  In  the  later  designs  this  point  is  usually  buried,  and* 
channel  attached  to  the  joint  (see  Fig.  60),  in  order  to  transmit  the  shear, 
to  which  the  dangerous  stresses  would  be  due,  directly  to  the  earth.  Another 
horizontal  member,  W,  shown  dotted,  would  give  additional  support. 


Angle 

a 

lm  ttm  6‘ 

c-ir 

"Pull” 

In  Feet 
Lett  lhaa~S^ 
S'- 10  * 

— 

Span 

S 

125' 

115' 

No.of  6000  Lb.Side  Guyi 

1 Ana  2 Anns  S Anns 

6 Wires  12  Wires  18  Wires 
None  None  None 

None  1 1 

11-  16 

10- 13* 

105' 

1 1 1 

15-22* 

13'- 19' 

96' 

1 1 2 

22-30* 

19-28' 

85' 

1 1 2 

Ottt  - 30 0 

Over -28' 

75' 

1 2 2 
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its.  Location  of  polo*  and  side  fujs  may  be  determined  by  use  of  the 
table  given  with  Fig.  56.  The  term  “pull”  refers  to  the  deviation  of  the 
line  and  is  equal  to  the  distance  from  the  pole  to  the  straight  line  joining 
points  on  the  line  100  ft.  each  side  of  the  pole. 

154.  Flexible  towers  are  used  with  a view  to  decreasing  the  line  cost. 
Their  design  is  based  on  the  fact  that  with  equal  spans  and  sags  on  both  sides 
of  the  tower,  the  stresses  in  the  direction  of  the  line  are  balanoed.  The  towers 
are  not  intended  to  carry  longitudinal  stresses,  but  are  designed  to  withstand 
any  transverse  stresses  that  may  occur.  They  are  held  in  position  by  the 
conductors,  if  pin  insulators  are  used.  When  suspension  insulators  are 
used,  a heavv  steel  galvanised  ground  wire  iB  necessary  to  keep  the  towers  in 
position.  If  a conductor  breaks,  the  tower  will  deflect  until  the  increased  t ig 
in  the  conductors  and  ground  wire  on  the  other  side  of  the  pole  compensates 
for  the  unbalanced  forces  due  to  breaking.  The  towers  should  be  aesigr 

to  deflect  from  12  in.  to  24  in.  without  being  permanently  deformed.  The 
unbalanced  pull  will  not  only  be  taken  up  by  the  tower  at  which  the  break 
occurs,  but  will  be  gradually  absorbed  by  the  other  structures  in  the  line. 
If  a tower  is  actually  pulled  over,  it  is  not  a very  serious  matter  because  of 
its  low  initial  cost,  and  ease  with  which  another  may  be  erected.  About 
every  mile  there  should  be  an  anchor  tower.  Methods  of  computing  the 
deflections  and  stresses  in  flexible  towers  have  been  published  (see  Bibli 
raphy  45  and  47).  Such  towers  should  be  designed  to  carry  from  -fa  to 
the  load  for  rigid  towers  and  with  this  load  should  not  be  stressed  beyond  t he 
elastic  limit.  The  two  legs  or  main  members  are  usually  made  of  channels, 
whereas  in  anchor  towers  the  legs  are  usually  made  of  angles.  (See  1 
60.) 

135.  Anchor  towers,  when  used  in  connection  with  flexible  towers, 
should  be  designed  to  withstand  the  stress  produced  by  the  breaking  of  all 
the  conductors  on  one  side,  even  when  the  line  is  loaded  under  the  most 
unfavorable  conditions.  Under  these  circumstances,  there  should  be  no 
yielding  of  the  foundations,  and  the  tower  should  not  be  stressed  beyond  t fie 
elastic  limit . With  a line  constructed  entirely  of  rigid  towers,  these  condi- 
tions may  be  somewhat  modified,  as  the  intermediate  towers  themselves  ire 
designed  to  take  care  of  one  or  two  broken  conductors. 

FUNDAMENTAL  CONSIDERATIONS  OF  LINE  CONSTRUCTION 

155.  The  line  location  should  in  general  be  direct.  Detours  are  often 
necessary,  to  avoid  sections  subject  to  severe  lightning,  to  avoid  country 
that  may  be  inaccessible,  to  avoid  swamps  or  hills  that  will  make  the  con- 
struction difficult  and  costly.  It  may  be  necessary  to  pass  near  towns  or 
villages  where  connected  load  may  be  profitable.  However,  angles  in  the 
Hue  should  be  avoided  whenever  possible,  as  the  unbalanced  horizontal 
stresses  require  a stronger  and  more  costly  tower  than  the  ordinary  straight 
fine  tower. 

The  most  direct  right  of  way  cannot  always  be  obtained  at  a reason?  le 
figure.  County  plat  maps  or  U.  S.  Topographical  Survey  maps  should  be 
carefully  studied  with  special  reference  to  the  villages  along  the  route,  the 
proximity  of  roads,  hence  accessibility,  and  the  topography  that  will  permit 
standard  structures  and  spans.  When  the  location  is  roughly  deter  mined,  a 
small  surveying  party  should  go  over  the  route,  make  & profile,  locate  swamps, 
streams,  railroads,  other  power,  telephone  or  telegraph  lines,  and  should  noto 
the  character  of  ground  and  probable  location  of  supports.  Profiles  should 
be  made  100  ft.  on  each  side  of  the  centre  line,  as  well  as  at  the  centre  line, 
since  a supporting  structure  might  be  advantageously  located  a short  distance 
from  the  centre,  if  an  abrupt  change  in  profile  made  an  increased  height  of 
structure  necessary  to  secure  the  proper  clearance. 

1S7.  A private  right  of  way  is  necessaiy  for  most  high-voltage  transmis- 
sion lines,  as  the  risk  to  life  and  property  from  high  voltages  is  too  great  to 
permit  circuits  to  be  carried  along  highways.  The  width  should  be  so 
chosen  that  no  tree  or  other  object  located  outside  the  right  of  way  can  fall 
across  lines.  Where  very  tall  trees  do  occur,  they  should  be  bought  and 
removed.  It  is  advantageous  to  secure  the  right  of  way  near  a highwaj 
the  construction  materials  can  be  easily  hauled  to  the  tower  locations.  The 
line  will  also  be  mare  accessible  for  repairs,  and  patrolling  is  facilitated. 
Where  the  line  must  pass  over  private  property,  if  possible  it  should  follow 
the  division  lines. 
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138.  The  proper  form  of  contract  should  be  executed,  • when  the  con- 
sent of  the  proper  parties  is  obtained.  In  many  rases,  as  in  sparsely  settled 
districts,  the  land  may  be  bought  outright.  The  best  practice,  however,  is  to 
acquire  perpetual  right  under  easement,  or  for  a term  of  years,  with  the  right 
to  renew  the  contract  at  the  expiration  of  this  time.  Legal  question*  of 
importance  should  be  settled  by  counsel. 

139.  The  conductor  material  will  usually  be  copper,  aluminum, 
steel-reinforced  aluminum.  The  relative  advantages  and  disadvantages 
of  these  are  described  in  Par.  61  to  64  incl. 

140.  The  spans  for  any  line  will  usually  vary  in  length.  For  level 
or  undulating  country,  a standard  span  ranging  from  100  to  800  ft.  may  be 
used.  In  hilly  or  broken  country,  the  support  must  be  erected  at  advan- 
tageous points  regardless  of  the  varied  length  of  span  that  mar 
result.  With  increased  length  of  span,  the  number  of  structures  and 
insulators  (hence  maintenance  charges)  is  decreased,  but  the  height  of 
tower  is  increased.  The  cost  of  the  tower  may  vary  as  the  cube  of  the  height. 
Other  things  being  equal,  the  span  should  be  so  selected  that  the  total  line 
cost  is  a minimum.  (See  Par.  236.) 

141.  Extra  long  spans  must  be  anchored  at  each  end.  To  secure 

sufficient  tensile  strength  in  the  insulator,  it  is  often  necessary  to  connect  a 
number  of  strings  of  suspension  insulators  in  parallel.  In  order  that  each 
string  may  take  its  own  share  of  the  load,  a drain  yoke  (Fig.  35)  is  used. 

142.  The  conductor  spacing  should  be  such  that  the  wires  cannot  swing 
within  arcing  distance  of  one  another  in  the  span.  When  suspension  in- 
sulators are  used,  the  wires  at  the  insulators  should  not  be  able  to  swing 

within  arcing  distance  of  the 
pole  or  tower.  Allow  a 45-deg. 
deflection  from  the  vertical  for 
copper  and  60-deg.  deflection 
for  aluminum  under  the  worst 
conditions  of  looding.  Assum- 
ing one  of  the  phase  conductors 
to  hang  vertical  and  the  other 
to  swing  to  the  above  angle,  no 
two  conductors  must  come 
within  arcing  distance  of  each 
other.  Fig.  56  shows  the  usual 
spa  rings  employed.  4*1 

143.  fWeighted  conduc- 
tors. Where  small  conductors 
are  used  with  suspension  in- 
sulators, it  may  be  impractica- 
ble to  increase  the  spacing  by 
an  amount  sufficient  to  prevent 
the  wires  swinging  more  than 
60  deg.  By  hanging  a weight 
on  the  end  of  the  insulaur 
string,  the  maximum  swing  may  bo  kept  within  this  limit.  Such  weights 
tend  to  prevent  the  propagation  of  mechanical  waves  longitudinally. 

144.  The  type  of  line  construction  should  be  decided  upon  after  the 
location  of  the  lino  has  been  determined.  The  choice  lies  between  wooden 
poles,  steel  poles,  concrete  poles,  rigid  steel  towers,  and  the  flexible  tower 
system. 

When  selecting  the  type  of  line,  the  locality  through  which  the  line  passes, 
the  initial  cost,  the  reliability,  the  ultimate  life,  and  the  maintenance  should 
all  be  carefully  considered. 


•Croswell,  S.  G.  “The  Law  Relating  to  Electricity.” 

.loyco,  J.  A.  and  H.  C.  "A  Treatise  of  Electric  Law.” 

Tiffany,  H.  T.  “The  Law'  of  Real  Property.”  Chap.  12  (Easements). 
Chap.  24  (Prescription  for  Incorporeal  Things),  Chap.  30  (Appropriation 
under  Eminent  Domain). 

tBuek,  H.  W.  “Practical  Operation  of  Suspension  Insulators.”  Trent. 
A.  I.  E.  E.,  Vol.  XXXIII  (1914),  p.  131. 
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141.  The  poles  or  towers  should  be  stoked  out  by  the  surveying 
party;  following  should  come  a digging  party  provided  with  a steel  or  wooden 
template  by  which  the  corner  holes  may  be  located.  This  party  should 
be  followed  by  another  to  install  the  concrete  foundations,  if  suoh  are  to 
be  used,  and  then  by  the  erecting  gang. 


POLES 


144.  Wooden  poles,  though  apparently  the  cheapest  form  of  construction, 
should  seldom  be  used,  except  on  short  or  relatively  unimportant  lines.  The 
life  of  untreated  poles  ^Par.  147)  ranges  from  6 to  15  years,  depending  on  the 
type  of  wood  ana  the  climatic  conditions.  When  treated,  their  life  may  reach 
20  years  or  more.  Though  wooden  poles  and  cross  arms  give  better  insula- 
tion (per  pole)  to  the  system,  they  may  be  charred  or  badly  burned  by  leak- 
age currents  or  by  conductors  that  fall  from  insulators.  Although  less  likely 
to  be  struck  by  lightning,  they  are  usually  shattered  or  badly  damaged 
when  struck.  The  large  number  of  poles  required  per  unit  length  of  line, 
decreases  the  (total)  insulation  of  the  system  and  increases  the  number  of 
insulator  troubles  in  direct  proportion. 

Wooden  poles  are  still  used  to  a considerable  extent  in  transmission. 
Sixty  per  cent,  of  the  wooden  poles  used  in  the  United  States  are  cedar  and  20 
per  cent,  are  chestnut.  On  the  western  coast,  redwood  is  used  to  a great 
extent;  other  woods,  such  as  pine,  cypress,  juniper,  Douglass  fir.  tamarack, 
and  oak  are  occasionally  used.  Cedar,  owing  to  its  lightness  and  to  its  long 
life,  which  varies  from  10  to  30  years  depending  on  the  climate  and  soil, 
is  the  most  common  pole  timber,  although  the  supply  in  the  eastern  states 
is  practically  exhausted.  Chestnut,  though  heavy  and  not  as  long-lived  as 
cedar,  is  used  in  the  eastern  and  middle  states.  Redwood  poles  have 
a long  life,  and  are  usually  sawed  from  large  trees.  Pine,  though  heavy  in 
resinous  products,  rots  very  rapidly  and  does  not  last  more  than  4 or  5 
years  unless  treated.  Cypress  stands  very  well  in  its  native  climate,  but  is 
■bort  lived  in  the  north.  The  other  woods  are  used  only  occasionally . 
though  the  present  methods  of  pole  treatment  will  widely  increase  the 
timber  available  for  poles. 

14T.  Average  life  of  untreated  poles. 

Cedar 15  years  Juniper 8.5  years 

Chestnut 12  years  Pine 6.5  years 

Cypress 9 years 

144.  Preservative  treatment  of  poles  is  attracting  much  attention 
among  large  users,  as  the  available  supply  of  timber  is  constantly  decreasing 
and  die  price  rising.  Two  preservatives  are  in  general  use:  creosote 
and  sine  chloride,  though  copper  sulphate  has  also  been  used  to  some  extent. 
Creosote,  though  expensive,  is  the  most  satisfactory  preservative,  as  it 
fees  not  oont&in  water  nor  is  it  affected  by  water,  and  has  valuable  anti- 
septic properties.  Zinc  chloride  is  far  cheaper,  but  as  it  is  carried  into  the 
wood  poles  in  a water  solution,  the  water  must  be  dried  out  again,  and  the 
pole  will  readily  absorb  moisture  later. 

149.  Brush  treatment  of  seasoned  poles  consists  of  two  applications 
of  hot  creosote  (220  deg.  fahr.)  about  24  nr.  apart.  The  treatment  should 
extend  at  least  2 ft.  above  the  ground  line,  and  the  pole  should  be  very 
dry  at  the  time  of  application.  This  is  the  simplest  form  of  treatment;  it 
costs  from  15  to  40  cents  per  pole,  and  increases  the  life  2 to  3 years. 

140.  In  the  open  tank  method  of  pole  treatment  the  dry  pole  butts  are 
placed  in  tanks  containing  hot  creosote  at  220  deg.  fahr.  (105  dog.  rent.),  for 
from  4 to  8 hr.,  and  are  then  allowed  to  stand  in  a “cold"  bath  between  100 
sad  150  de^.  fahr.  (38  and  66  deg.  cent.)  from  2 to  4 hr.  Where  the  top 
of  the  pole  is  subject  to  rot,  as  in  the  south,  the  whole  pole  may  be  treated 
by  this  process.  The  penetration  is  about  three  times  as  great  as  with  the 
brush  treatment.  The  estimated  increase  of  life  is  20  to  25  years. 

141.  In  the  full-cell  (Bethel)  process  of  pole  treatment,  the  poles  are 
placed  in  an  iron  cylinder,  about  125  ft.  long  and  8 or  9 ft.  in  diameter.  Live 
steam  at  20  lb.  pressure  is  admitted  and  maintained  for  several  hours. 
The  steam  is  then  blown  out  of  the  cylinder,  and  pumps  exhaust  as  much  of 
the  air  as  possible.  At  the  end  of  the  vacuum  period,  the  preservative  at 
about  150  aeg.  fahr.  (66  deg.  cent.)  is  admitted  and  iR  forced  into  the  wood 
under  pressure.  This  insures  a deep  penetration  of  the  preservative  and  a 
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long  life  to  the  pole.  No  data  as  to  the  life  of  such  poles  are  available,  but 
poles  in  England  under  similar  treatment  are  still  in  service  at  the  end  of  60 

years. 

152.  The  burnettized  creosoted  butt  process  of  pole  preservation 

is  similar  to  the  full-cell  method,  except  that  sine  chloride  is  always  used  in  the 
tank.  The  butt,  to  a foot  or  two  above  the  ground  line,  is  then  impregnated 
to  a slight  depth  with  creosote  under  pressure.  This  prevents  the  zinc 
chloride  from  leeching  out,  and  is  much  cheaper  than  a complete  treatment 
of  creosote. 

153.  Tabulation  of  pole  cost,  per-annum  pole  cost,  and  cost  of 
butt  treatment — western  red  cedar* 


Based  upon  present  market  prices  (Oct.  1,  1920)  delivered  Central  States 
rate  of  freight 


Size  of  pole 

8 in./ 
35  ft. 

8 in./ 
40  ft. 

8 in./ 
45  ft. 

8 in./ 
50  ft. 

8 in./ 
55  ft. 

8 in./ 
60  ft. 

Price  delivered.  Central 
States 

$17.75 

$18.55 

$27.15 

$28.50 

$34.50 

$39.25 

Cost  in  place,  shaved  but 
not  painted  or  stepped, 
based  on  wholesale  new 
construction 

8.90 

11.10 

12.65 

14.55 

16.55 

18.75 

Total  cost  in  line 

$20.65 

$29 . 65 

$39 . 80 

$43.05 

$51 .05 

$58.00 

Using  average  of  13M  years 
life;  per  annum  cost 

1.97 

2.20 

2.95 

3.19 

3.78 

4.30 

Cost  of  butt-treatment: 
Specification  A 

2.25 

2.70 

3.30 

4.00 

4.80 

5.55 

Specification  A A 

1.90 

2.10 

2 55 

2.90 

3.30 

4.00 

Specification  B ' 

3.45 

4.00 

4.35 

1 480 

6 00 

7 20 

Guaranteed  penetration  | 

process 

3.80 

4.40 

4.80 

5.30 

6.60 

7 90 

Added  life  necessary  to  pay 
entire  cost  of  treatment: 

Years 

Years  1 

Years 

Years 

Years 

! Years 

Specification  .4 

1 14 

1.221 

1 12 

1.25 

1.28 

1 1.3 

Specification  A A 

0.96 

0 95 

0.86 

0.90 

0.87 

0 93 

Specification  B 1 

1.75 

1 .81 1 

1.47 

1.50 

1.58 

1.67 

Guaranteed  penetration 

process 

1 .92 

2 00 

1.62 

1.66 

1.74 

1.83 

Specification  A provides  for  a continuous  submersion  of  that  part  <»f 
the  pole  to  be  treated,  in  high  grade  Carbolineum,  for  a minimum  of  fifteca 
minutes.  Specification  A A provides  for  a continuous  submersion  of  that 

Eart  of  the  pole  to  be  treated,  in  high  grade  Creosote,  for  a minimum  of 
ftecn  minutes.  Specification  B provides  for  an  alternately  hot  and  cold 
submersion  in  Creosote  for  a minimum  of  six  hours.  The  guaranteed  pene- 
tration process  quarantees  one-half  inch  penetration  in  every  portion  of  tbs 
pole  in  that  area  bet  ween  the  plane  designated  as  the  height  of  treatment  to 
a plane  one  and  one-half  feet  below  the  standard  ground  line,  unless  the 
wood  is  less  than  one-half  inch  in  thickness,  in  which  case  the  impregnation 
is  to  the  full  depth  of  the  sap  wood. 

154.  Char  and  tar  the  butts  of  poles  before  setting  if  they  are  not 

creosoted.  This  is  done  by  placing  the  polo  upon  a skid  over  a slow  fire, 
gradually  revolving  it  until  the  butt  to  about  1 ft.  above  ground  level  « 
thoroughly  charred.  While  hot,  it  is  given  two  or  three  coats  of  tar  with* 
stiff  brush  and  is  then  set.  This  will  increase  its  life  perhaps  a year. 

155.  Wooden  pole  specifications.  Each  pole  should  be  of  good  quality  of 
live  growing  timber,  free  from  knots  and  shakes,  and  sound  in  all  respects:  tb« 
grain  should  be  close  and  hard,  with  the  annular  rings  closely  pitched  and 

* Page  & Hill,  Minneapolis,  Minn. 
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with  a sound  heart.  Eaeh  pole  should  be  straight  and  watt  proportioned- 
free  from  all  objectionable  bends;  should  hare  the  natural  butt  of  the  tree 
and  should  be  squarelv  sawn,  without  trimming.  Poles  should  vary  in  ease 
by  lengths  of  about  5ft.;  they  should  be  cut  between  the  first  of  November 
and  the  first  of  March,  and  after  being  felled  they  should  be  carefully  trimmed, 
the  bark  removed  and  the  butt  squared.  The  poles  should  be  piled  with 
open  spaces  between,  raised  from  the  ground  and  allowed  to  season  for  at 
lesst  a year  or  more.  After  seasoning,  the  top  of  each  poleshould  be  roofed 
and  the  suitable  number  of  gains  cut  for  the  cross  arms.  The  specifications 
vary  with  the  kind  of  wood. 


1—.  *Depth  of  woaden  polea  in  the  ground 


Length 
over  all 
(ft) 

Depth  for 
straight 
Uns  (ft) 

Depth,  curves, 
corner*  and 
points  of  extra 
strain  (ft) 

Length 
over  all 
(ft.) 

Depth  for 
straight 
lias  (ft) 

Depth,  curves, 
corners  and 
points  of  extra 
strain  fit.) 

80 

H9SHI 

6.0 

60 

7.0 

7.5 

35 

5.5 

6.0 

65 

7.5 

8.0 

40 

d.O 

6.5 

70 

7.5 

45 

6.5 

7.0 

75 

8.5 

6.5 

7.0 

80 

8.5 

55 

7.5 

] 

197.  Wooden-polo  settings.  All  holes  should  be  dug  large  enough  to 
admit  the  pole  without  forcing,  and  should  have  the  same  diameter  at  the  top 
as  at  the  bottom.  The  pole  may  be  "piked”  into  position,  but  it  is  usually 
much  cheaper  to  employ  a gin  wagon,  and  to  use  the  team  for  raising  the 
pole.  Forty  to  fifty  poles  per  dsy  can  be  thus  raised,  with  only  two  linemen 
and  a teamster. 


Fia.  57. — Pole 
repairing  at 
ground  line. 


198.  Crib-bracing  can  be  used,  where  the  poles  are  set  in  loose,  or  marshy 
toils.  For  further  discussion  see  Sec.  12,  Par.  179. 

199.  The  sand  barrel  is  a useful  expedient  in  digging  holes  or  setting 
poles  in  sandy  or  loose  soils.  See  Sec.  12,  Par.  178. 

190.  A concrete  foundation  may  be  used  for  wooden  poles  where 
exceptional  stability  is  desired.  This  concrete  filling  should  extend  at  least  a 

* Report  of  Committee  on  Overhead  Line  Construction,  N.  E.  L.  A. 
May.  fill,  VoL  II,  p.  874. 
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foot  from  the  pole  on  all  sides,  should  be  earned  above  the  ground  line  sad 
bevelled  to  shed  water,  and  should  consist  of  one  part  Portland  cement,  three 


parts  sand,  and  six  parts  broken  stone  or  clean  gravel,  mixed  wet.  (Scd 
Fig.  47,  Sec.  12.)  ~ 


161.  Special  pole  settings.  In  marshy  ground,  more  elaborate  devices, 
as  shown  in  Fig.  47,  Sec.  12,  are  often  required  for  a satisfactory  foundation. 


Wooden  poles  usually  fail  by  decay  at  the  ground 
„ enough,  they  may  be  sawed  off  and  set  again.  A very 
satisfactory  way  of  repairing  such  poles  without  disturbing 
them  is  to  drive  U-shaped  rods  in  the  poles  at  the  ground 


162.  Pole  repairs. 

line.  If  they  are  long  enough,  th*ey  may  be  sawed  of 
of  i 


line,  as  shown  in  Fig.  67,  and  fill  the  space  with  concrete 
Poles  reinforced  in  this  way  are  said  to  be  stronger  than  whsd 
new,  and  their  life  is  greatly  prolonged.  - 


16S.  Steel  poles  cost  but  little  more  than  wooden  poles, 
when  the  erection  and  labor  costs  are  considered,  require  ns 
assembling  at  the  point  of  erection,  are  not  injured  b^T 


birds  and  insects,  and  are  not  damaged  by  lightning, 
field  is  the  moderate  line,  with  spans  from  250  to  350  ft.  is 
length,  running  along  roadways  or  where  space  is  limits! 
Their  life  is  from  25  to  50  years,  and  even  more  depending 
upon  their  upkeep. 

164.  The  tripartite  stool  polo,  shown  in  Fig.  58,  consists 
of  three  continuous  U parts,  held  together  by  '‘spreaders”  wd 
"oollars”  bolted  together.  The  strength  and  rigidity  of  tk 
pole  can  be  increased  by  increasing  the  number  of  the* 
members,  and  the  pole  is  everywhere  accessible,  so  that  it  ess 
be  readily  painted  and  inspected.  Tripartite  poles  msy  be 
shipped  eitner  assembled  or  “knocked  down.*'  and  are  there- 
fore well  adapted  to  the  lighter  lines,  particularly  where  trsns- 
* They  can  be  assembled  by  unskilled 


portation  is  difficult.  

labor.  In  ordinary  soil,  and  with  a concrete  foundation,  it 


has  been  asserted  that  the  poles  need  only  be  buried  for  one- 
tenth  their  length. 

166.  The  Bates'  expanded  steel  truss  pole.  Fig.  59.  is 
made  from  rolled  //  sections.  The  web  is  sheared  longi- 
tudinally by  a rotary  shear,  leaving  intact  portions  at  fixed 
intervals  throughout  the  length  of  the  web.  The  intact 
portions  are  staggered.  The  section  is  heated  to  a cherry- 
red  color  and  is  then  expanded  by  a special  machine  which 
grips  the  flanges  through  its  entire  length  and  expands  the 
section  to  the  desired  dimension  while  hot.  This  creates  s 
Beries  of  triangles  in  alignment,  thus  forming  a one-piece 
steel  truss.  The  manufacturers  claim  greater  strength,  lower 
cost  and  maintenance,  and  lighter  weight  than  fabricated 
poles,  or  tubular  poles.  These  poles  may  be  used  as  mem- 
bers of  A frames,  anchor  towers,  special  structures,  rtf. 
They  are  also  well  adapted  for  use  as  flexible  towers  is  this 
type  of  transmission  line  design. 

166.  Steel  poles  should  invariably  have  a concrete  foundation, 

in  order  to  obtain  adequate  bearing  area.  Steel-pole  foundations  are  shown  in 
Fig.  59. 


Fia.  59.— 
Bates  ex- 
panded steel 
pole. 


16T.  Concrete  poles  are  coming  to  be  used  for  high-voltage  transmission. 
Their  maintenance  is  very  low,  they  are  not  injured  y the  attacks  of  insects, 
fire,  etc.,  and,  apparently,  are  not  damaged  by  lightning.  They  can  be 
used  in  the  most  accessible  places  only,  as  they  must  be  constructed,  in 
most  cases,  when  erected.  Their  weight  * results  in  high  transportation 
costs.  Though  there  are  as  yet  no  data  regarding  their  fife,  it  is  probably 
long.  Two  poles,  150  ft.  (45.8  m.)  high.  11  in.  (28.0  cm.)  square  at  tbe 
31  in.  (78.7  cm.)  square  at  the  bottom,  and  capable  of  withstanding,  without 
guys,  a 2,000-lb.  horizontal  pull  at  the  top,  have  been  successfully  installed 
by  the  Hamilton  Power,  Light  and  Traction  Co.,  at  the  Welland  Canal 
Crossing. 
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mating  such  towers,  should  this  form  of  protection  be  found  necessary,  will 
e high.  Members  should  never  be  muoh  less  than  Ms  in.  (0.48  cm.)  thick. 
Fig.  60  shows  a standard  tower,  Alabama  Power  Co.,  designed  for  two 
1 1 < ',000-volt  circuits  and  two  ground  wires.  t Members  1 and  2 and  channel  3 
below  the  ground  line  are  part  of  the  foundation  and  are  designed  to  transmit 
the  horisontal  shear.  (See  Par.  181.)  Fig.  61  shows  a flexible  tower. 

1T0.  Protection  against  corrosion  is  obtained  by  painting,  galvan- 
ising and  shsrardising.  For  proper  protection,  paint  must  be  applied 
every  2 or  3 years,  and  if  the  tower  consists  of  a large  number  of  small  mem- 
bers, the  expense  of  painting  may  be  prohibitive.  Where  the  structure 
consist  of  a few  members,  painting  may  b t 
economically  used.  One  coat  of  hot  dip  gal- 
vanising, well  applied,  offers  protection  fcx 
perhaps  30  years,  except  at  the  ground  line 
A shell  of  concrete  at  the  ground  line  mxj 
materially  increase  the  life  of  the  tower 
Sherardising  or  “dry  galvanising,"  give*  i 
uniform  coating  at  a low  coet,  and  offers  i 
high  resistance  to  wear  and  abrasion.  If  tht 
*sinc  is  removed  by  abrasion  or  bending,  tlx 
sine-iron  alloy  still  offers  protection. 

1T1.  Erection  of  the  tower  is  ordinarib 
by  gin  poles  or  by  shear  poles.  The  formei 
device  consists  of  a wooden  mast  or  a frame 
which  must  be  set  outside  the  tower  base. 
The  butt-  must  be  firmly  anchored,  and  tb« 
pole  strongly  guyed,  especially  in  the  dirt* 
tion  of  the  back  line. 


Fiq.  61. — Flexible  tower.  Fio.  62. — Concrete  anchor  for  steel  tower. 

The  shear  pole  supports  the  raising  line  and  affords  a means  of  raieinfi 
the  tower  by  a straight  away  pull.  The  straight  shear  pole  has  a groove 
the  top,  over  which  the  raising  line  passes.  1 he  shear  pole  may  be  lowered 
to  the  ground  when  the  raising  line  clears  the  top. 

Heavy  towers  must  often  be  braced  at  the  base  by  some  form  of  strut, 
to  reinforce  the  tower  against  the  stresses  due  to  erection. 

171.  Special  structures  are  often  required  for  transpositions,  and  »t 
points  where  the  line  crosses  a river,  a bay,  or  a railroad!  They  are  »l*o 
i - u where  the  line  makes  a sharp  angle;  where  the  line  is  dead-ended;  snd 
f ’ allow  the  installation  of  line  switches,  protective  apparatus,  or  outdoor 
sub-stations  or  switching  stations.  Special  structures  are  usually  very  ex- 
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pensive  m compared  with  the  standard  towers,  and  where  one  of  the  latter 
will  answer  the  purpose,  it  should  be  used. 

ITS.  Steel  towers  may  be  set  directly  in  the  ground,  in  which 
caae  the  steel  should  be  well  protected  by  galvanizing.  The  footings  are 
usually  made  by  bolting  an  anple  or  channel  iron  directly  to  the  bases  of 
the  anchor  stubs.  For  the  heavier  structures,  a built-up  grillageis  necessary. 
Fig.  62  shows  a concrete  anchor. 


POLS  ACCS880RIB8 

1T4.  Wooden  eross  arms  may  be  of  either  Norway  or  yellow  pine,  long- 
leaf  yellow  pine,  Washington  fir,  though  other  woods  such  as  cypress,  oak, 
spruce  and  cedar  are  used  to  a limited 


rite*? 


On 


;Cj-> 

1 

h the  initial  'VV| 

is  found  un-  1 | TTfiSSyS  £ 

been  well  sea-  « I j rs.  j 1! 


extent.  Long-leaf  yellow  pine,  and  W ash- 
ington  fir  are  the  best  woods  for  high-class 
construction,  the  average  life  untreated 
being  8 and  11  years.  Wooden  oross  arms 
zre  being  used  in  connection  with  steel  or 
concrete  poles.  In  certain  localities,  cross 
arms  are  being  treated  to  prevent  decay. 

The  full-cell  treatment  (see  Par.  151)  is 
Busily  employed,  although  the  initial 

treatment  by  live  steam  # 1 — 

accessary  if  the  arms  have 
wned.  Cross  arms  should  be  seasoned  for 
tt  least  3 months  and  painted  with  two 
costs  of  white  lead  paint/  unless  properly 
treated  with  a suitable  preservative.  For 
the  voltages  employed  in  transmission 
work,  there  has  been  no  standard  size 
of  cross  arm  adopted.  In  the  lighter  con- 
rtruction,  the  standard  electric  fight  cross 
«nn,  31  in.  X4i  in.  (8.25  cm.  X10.8  cm.) 
often  answers  the  purpose.  For  heavier 
work,  sizes  ranging  from  4 in.  X5  in.  (10.2 
cm.  X 12.7  cmjto  5 in.  X 7 in.  (12.7 
cm.  X 17.8  cm.)  are  used. 

Cross  arms  should  be  snugly  fitted  into 
• 0.75-in.  (1.9cm.)  gain.  Unless  the  pole 
previous  to  erection  has  been  treated  by 
[some  preserving  process,  the  gain  should 
[-W  given  a gooa  coat  of  mineral  paint. 

Xtoaa  arms  may  be  secured  to  the  pole  by 
[bo  lag  bolts,  though  in  the  beat  construc- 
tion the  cross  arm  is  supported  with  a 
through  bolt  and  braces.  The  cross  arms 
_*>  alternate  poles  should  face  in  opposite 
Nirections. 

175.  Gross-arm  braces  are  discussed 
in  Sec.  12.  Par.  177  to  175. 

1T5.  Double  cross  arms  should  be  used  where  very  large  stresses  may 
occur  such  as  at  line  terminals,  corners,  ourvee,  and  where  extra  precautions 
•gainst  life  or  property  hazard  are  reouired,  as  at  railroad,  highway,  or  low- 
voltage  line  crossings.  See  Sec.  12,  Par.  178. 

177.  The  wish-bone  and  bo-arrow  cross  arms,  made  of  angle  iron,  are 
wed  for  wooden-pole,  single-circuit  construction.  The  ground  wire  is 
famed  on  the  bayonet,  at  the  tip  of  the  pole.  See  Fig.  63. 
t . 178.  Insulator  pins  are  made  of  wood,  of  steel  and  of  steel  in  combina- 
tion with  porcelain.  Although  the  wooden  pin  adds  to  the  insulation,  the 
f •fielectric  stress  in  the  insulator  is  so  localized,  especially  in  wet  weather,  that 
little  is  gained;  wood  deteriorates  rapidly,  being  carbonized  by  leakage 
furrents,  and  eaten  by  nitric  acid  which  forms  in  the  presence  of  high  voltages. 
Furthermore,  a wooden  pin  is  weaker  mechanically  than  a steel  pin,  hence 
requires  a larger  hole  in  the  cross  arm,  and  thus  decreases  the  mechanical 
strength  of  the  arm.  Wooden  pins  should  be  used  only  for  the  lightest 
construction,  and  with  voltages  not  exceeding  20,000.  They  are  made  from 


Qnmttd  Wir*  Coll 
it  Bu«  of  PoU 


Fio.  63. — Wish-bone  cross  arm. 
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locust,  oak,  maple,  hickory  and  eucalyptus,  and  should  have  a fine  straight 
grain,  free  from  knots. 

179.  A wooden  pin  with  a centre  bolt  is  common.  The  bolt  serv  e®  as  • 

cross-arm  fastening  and  the  wooden  portion  holds  the  insulator.  The 
advantage  of  this  over  a straight  wooden  pin  is  that  a much  smaller  croee- 
arm  hole  is  required. 

180.  Steel  pins  may  be  of  steel,  malleable  iron,  cast  iron,  cast  steel,  oi 

combinations  of  these.  They  are  much  stronger  than  wood  pins,  and  wher 
well  galvanized  have  a much  longer  life.  They  are  either  cemented  directlj 
into  the  insulator,  with  Portland  oemeut,  or  capped  with  cither  a wooden  or  < 
lead  thimble,  which  is  screwed  into  the  porcelain. 

181.  Clamp  pins  are  designed  to  eliminate  the  weakening  of  the  croa 
arm,  due  to  removal  of  valuable  material  when  holes  are  drilled  for  the  insu 
pins.  Furthermore,  they  reduce  the  concentration  of  leakage  current,  am 
hence  the  burning  and  charring  of  the  wood. 


Twi>  Wires 


-No.iD.ian«wire.  [ i Side  Tie 

or  Holdlnf-down  Tie. 

For  Aluminum  Conductor  UM  Stimuli  of  >14.000  CJL 
Aluminum  Cubit  for  lluMlac  I>o«n  Tie. 

f or  Oop^er  Cond u *ar  uiolfo.  10  Telephone  Wire: 


Mcrshon  Ti< 


Annealed  Strands  of  !fo.0U 


Fiq.  64. — Insulator  ties. 

182.  Insulator  pins  with  a porcelain  base  (lead  or  wood  thimble 

prevent  an  arc  striking  from  the  conductor  to  the  pin,  have  a long  life 
and  are  mechanically  strong.  Even  though  the  porcelain  cracks,  tU 
pin  will  only  bend  and  the  insulator  will  not  fall. 

183.  Method  of  hanging  suspension  insulators.  When  suspension 
insulators  are  used,  the  breaking  of  a conductor  pulls  the  string  into  1 
nearly  horizontal  position.  The  string  should  bo  able  to  swing  frrely  ii 
line  with  the  unbroken  span  and  the  tower  connection  at  the  top  of  the  so* 
pension  st  ri ng  should  be  made  as  snug  as  possible  to  the  under  side  of  the  crai 
arm,  to  avoid  torsion  on  the  arm. 

184.  A tie  wire  or  a clamp  may  be  used  to  fasten  the  conductor  to  th 

insulator.  The  main  function  of  a tie  is  to  hold  the  conductor  securely  U 
the  insulator,  and  prevent  it  from  creeping  from  one  span  to  the  next 
Its  form  depends  largely  on  the  type  of  insulator  used.  Aluminum  t* 
wires  should  be  used  with  aluminum  conductors,  as  contact  with  othe 
metals  may  form  a galvanic  couple  and  produce  corrosion.  Furthermore 
a harder  metal  will  injure  the  soft  aluminum.  A large  bearing  area  mu»! 
be  allowed  w-here  aluminum  is  used,  as  it  is  softer  than  iron  or  copper 
No.  2.  No,  3 and  No.  4 A.W.Q.  have  been  found  most  satisfactory  for  alumi 
mim  ties.  A few  typical  insulator  ties  are  shown  in  Fig.  64,  and  Fig.  6J 
•hows  two  Clarke  insulator  clamps. 
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Owing  to  vibrations  in  the  span,  which  are  ir^tiacted  at  the  point*  ef  support, 
aluminum  strands  tend  ultimately  to  break.*!  the  tie  when  pan-type  insulators 
are  used.  To  prerent  this,  flat  aluminum  armor  wire,  usually  0.30  in. 
(0.76  cm.)  wide  and  0.05  in.  (0. 127  cm.)  thick,  is  first  wrapped  around  the 
conductor  and  the  tie  then  made  outside  the  armor  as  shown  in  Fig.  64. 
Flat  armor  wire  is  also  used  with  suspension  insulators,  but  the  effects  of 
vibration  with  this  type  of  insulator  are  much  less  than  with  the  pin  type. 


Fio.  65. — Insulator  clamps. 


ISf.  Cable  olamps  for  suspension  insulators  may  be  designed  either 
to  allow  the  cable  to  slip  through  and  equalise  the  horisontal  stresses  in 
adjaoent  spans,  or  to  hold  the  cable  to  approximately  breaking  loads,  in  case 
of  a broken  span.  The  damp  should  be  designed  with  a liberal  cable  seat 
and  long,  free,  well-rounded  approaches,  so  that  the  conductor  will  not  be 
permanently  injured  if  a span  breaks,  and  the  string  is  thuB  thrown  tempo- 
rarily into  use  as  a strain  insulator. 

IS#.  Suspension  strain  or  anchorage  clamps  should  admit  the  wire 
from  the  span  without  produoing  any  kinks,  or  sharp  bends,  and  should  have 
s long,  liberal  bearing  surface.  The  cable  should  not  be  held  by  Buch 
devices  as  U or  J bolts,  Dut  rather  by  flat  smooth  surfaces. 

POLS  B SACKS,  OUTS,  AHD  AKGHORS 

1ST.  Polo  braees  consist  of  shorter  and  lighter  poles  bolted  against 
the  main  pole.  They  are  sometime©  preferable  to  guying,  especially  where 
a narrow  right  of  way  does  not  allow  a guy  wire  to  be  used.  The  brace 
can  be  designed  to  take  tension  and  compression;  assist  the  main  pale  to 
resist  the  stresses  in  the  direction  of  the  line,  and  is  not  easily  damaged 
maliciously.  Owing  to  the  increasing  cost  of  poles,  the  cost  of  erection,  and 
the  liability  of  destruction  by  grass  fires,  guys  are  ordinarily  to  be  pre- 
ferred. Fig.  66  shows  standard  methods  of  bracing.  The  bearing  area  of 
the  soil  can  be  increased  by  fastening  planks  to  the  base,  or  by  placing  a 
flat  rock  under  the  butt.  A log  bolted  to  the  butt  also  permits  the  braoe 
to  take  tension.  An  A frame  or  double-pole,  shown  in  Fig.  06b,  may  be 
substituted  for  the  braeed  pole. 

18#.  Guys  are  necessary  to  assist  the  supporting  structure  in  resisting 
such  unbalanced  stresses  as  are  produced  at  angles,  terminals  or  on  sloping 
ground.  They  are  also  used  to  give  the  line  increased  stability  in  places 
where  a failure  is  eery  undesirable,  where  a hasard  to  life  or  property  mus* 
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be  avoided,  as  at  a railroad  crossing,  or  where  a line  runs  parallel  to  or  crosses 
a highway.  Steel  towers  are  seldom  guyed,  their  resistance  to  overtorninf 
beirn  sufficiently  large  (also  see  Par.  ill  and  Sec.  12,  Pars.  174,  179,  171). 

Y\  tll-gal vanised  steel  strand  should  be  used  for  guys.  See  table  Par.  104. 

189.  Straight-line  guying  is  used  to  give  increased  stability  to  the  line. 
Approximately  every  twentieth  pole  should  be  $uyed,  in  the  direction  of 
the  ine,  either  by  head  or  anchor  guys,  and,  if  possible  should  be  aide 
guyed  as  well.  Head  guys  should  be  used  when  aline  runs  over  abruptly 
sloping  ground,  in  order  to  give  the  line  increased  longitudinal  stability. 

19).  Guy  anchors  are  necessary  where  there  are  no  trees,  poles,  or  rocks 
to  which  the  guy  line  may  be  conveniently  attached.  The  simplest  and 
inoel  reliable  form  of  anchor  is  the  so-called  "dead  man,**  which  consists  of 


Fio.  66. — Pole  brace.  A-frame. 

a log,  8 to  15  in.  (20  to  38  cm.)  diameter  and  5 to  12  ft.  (1.5  to  3.7  m.)  long. 
A guy  rod  is  passed  through  and  held  by  a nut  and  washer.  The  log  is 
buried  to  a depth  of  from  4 to  7 ft.  (1.2  to  2.1  m.),  depending  on  the  load  it 
must  carry,  and  the  character  of  the  soil.  Malleable  iron  plates  may  serve 
the  same  purpose. 

191.  Patent  anchors.  The  many  types  of  patent  anchors  depend  for 
theii  holding  power  upon  projections  that  are  brought  into  play  upon 
reversal  of  stress.  The  anchors  are  placed  in  position  by  being  driven, 
screwed,  or  buried  in  the  ground. 

192.  Sock  anchors  are  often  desirable  where  ledges  or  large  boulders 
are  encountered.  They  are  made  by  setting  an  eye-bolt  into  the  rock  *itb 
or  without  cement,  depending  upon  the  character  of  the  rock. 

CONDUCTOR  CONSTRUCTION 

193.  Wire  stringing  may  be  accomplished  either  by  securing  the  end  of 
the  wire  and  oarrying  the  reel  forward,  or  by  maintaining  the  red  stationary 
and  carrying  the  end  of  the  wire  forward.  The  former  method  is  1*** 
adapted  to  light  construction  and  long  lengths,  whereas  the  fixed  reel  » 
best  adapted  to  heavier  construction  and  shorter  lengths.  The  conductors 
are  drawn  up  by  means  of  a team,  and  when  the  proper  sag  and  tension  arc 
obtained,  the  wires  are  attached  to  the  cross  arms  by  snub-gripe,  thus  making 
temporary  dead-ends  which  remain  until  the  lineman  oan  attach  the  clamp* 
or  make  the  tie.  Where  flexible  or  light  structures  are  used,  these  must  be 
guyed  temporarily  until  a permanent  line  anchorage  is  made. 

194.  Phase  wires  may  be  arranged  (Fig.  67)  (a)  in  a horizontal  plant; 
(b)  in  a vertical  plane;  (c)  at  the  vertices  of  an  equilateral  triangle;  id)  at 
the  corners  of  a square  (quarter-phase);  and  (e)  at  the  corners  of  aa  isoscJw 
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truuule.  Only  in  (c)  are  the  conductors  symmetrical  with  respect  to  one 
another.  In  the  other  oases,  exoept  (d),  the  inductive  drop  and  charging 
current  are  unbalanced,  but  these  effects  are  so  slight  that  they  can  be  neg- 
lected. The  arrangement  of  circuits  on  a pole  will  be  determined  by  mecn- 
anical  considerations  and  the  type  of  construction  employed.  When 
making  inductance  and  capacitance  calculations,  the  ossrogs  diMance  between 
wires,  or  the  cube  root  of  the  product  of  all  three  of  the  actual  distances 
may  be  used.  Either  method  intro- 
duces only  a slight  error.  For  spacing 
and  clearances  see  Fig.  56.  P 

Iff.  Cable  splicing.  The  insula-* 
tion  should  be  carefully  removed  from 
the  ends  of  the  oable  to  be  splioed, 
close  attention  being  given  to  getting 
the  copper  perfectly  dean.  A copper 
sleeve  of  the  proper  site  may  be  used 
to  make  the  joint.  The  joint  should 
be  left  smooth  and  free  from  any  little 
points  of  solder  or  sharp  edges,  as 
these  factors  tend  to  produoe  ab- 
normal dieleotrio  stress. 

All  burned  or  imperfect  material  in 
the  insulation  should  be  removed. 

The  braid  and  tapes  should  be  taken 
back  far  enough  to  allow  the  splices  to 
be  completed  without  touching  them; 
this  is  very  necessary  owing  to  their 
low  insulating  properties. 

The  insulation  should  be  beveled 
down  to  a very  thin  edge  until  it  has 
the  appearance  of  a well-sharpened 
lend  pencil;  this  bevel  or  taper  should 
bo  very  gradual.  If  the  taper  is  too 
short,  it  will  be  difficult  to  put  the 
splicing  compound  on  with  sufficient 
density  where  the  insulation  stops  at 
the  joint,  or  at  the  end  of  the  scarf. 

More  high-tension  joints  break  down 

•t  this  point  than  at  any  other  one  — . . 

place.  The  remedy  is  a very  long.  Fia-  «7.— Grouping  of  phase  wires, 
gradual  taper  or  scarf. 

When  possible,  a good  rubber  oement  should  be  used,  smearing  the  taper 
ss  far  up  on  the  insulation  as  the  Bplicing  compound  is  to  go,  keeping  it 
off  the  copper.  The  cement  should  be  allowed  to  dry  out  until  all  moisture 
has  disappeared,  leaving  it  firm  and  sticky.  Enough  pure  rubber  should 
be  put  on  to  cover  the  copper,  running  about  one-third  of  the  way  up  on  the 
taper.  This  should  be  covered  with  a good  rubber  splicing  compound  until 
»t  is  somewhat  larger  than  the  rest  of  the  cable.  Care  should  be  taken  to 
put  as  much  tension  on  the  splicing  compound  as  it  will  stand,  in  order  to 
all  air  and  make  the  whole  a solid,  dense  mass. 


set  it  on  tight,  to  exclude  i 
In  C ... 


In  the  case  of  submarine  cables,  the  vulcanising  of  all  patches  and  splices 
is  recommended. 

On  small  stranded  joints,  which  must  be  kept  flexible  and  which  oannot  be 
soldered,  a layer  of  tin-foil  over  the  joint  is  recommended;  this  should  be  laid 
on  before  the  rubber  is  applied,  and  will  prevent  any  corrosive  action  of  the 
sulphur  in  the  rubber  on  the  unsoldered  joint.  (Also  see  Sec.  12,  Par.  216.) 

Iff.  Joints  In  transmission  lines  are  seldom  made  up  from  the  con- 
ductor itself  but  are  almost  entirely  patented  devices.  Aluminum  is  not 
readily  soldered  and  hard^drawn  copper  becomes  annealed  when  soldered. 
The  western  Union  joint  is  used  only  for  small  wires.  The  so-called  dove- 
tail splice  is  made  by  fitting  the  strands  of  one  cable  between  those  of  the 


rapping  on 

around  the  cable.  The  parallel-groove  cl  amp  Is  used  where  a jumper  con- 
nection or  station  connection  is  to  be  made. 

. It7.  The  M sin  tyre  joint  is  used  chiefly  on  small  sises  of  cable,  although 
it  has  been  used  on  sises  as  large  as  650,000  C.M.  It  is  made  of  seamless 


993 


y Google 


Sec.  11-198 


POWER  TRANSMISSION 


copper  or  aluminum  tubing,  oval  in  section,  into  which  each  conductor  ia 
pushed  from  opposite  ends,  until  the  conductors  project  about  2 in.  beyond 
the  ends  of  the  sleeve.  The  tube  is  then  twisted  three  or  four  complete 
turns  by  special  tools.  This  joint  is  efficient  both  electrically  and 
mechanically. 

198.  For  steel-reinforced  aluminum,  the  simple  McIntyre  j"int 

can  be  used  in  sizes  up  to  4/0,  and  develops  about  80  per  cent,  the  entire 
strength  of  the  cable.  For  larger  sizes,  a 2-piece  compression  joint,  using 
a steel  McIntyre  joint  for  the  core  of  the  cable,  is  recommended.  The 
aluminum  part  is  threaded  together  in  the  middle  and  the  ends  are  com- 
pressed on  to  the  cable  by  means  of  a portable  hydraulic  jack.  Anchors 
should  be  of  thoroughly  galvanized  malleable  iron  clamps,  which  hold  tbr 
aluminum  and  steel  core  separately. 

199.  Ground-wire  construction.  See  Par.  60,  91.  Ground  wire*  are 
designed  primarily  to  protect  the  line  from  lightning  disturbances,  and 
should  be  placed  well  above  the  line  conductors.  With  wooden  pole*,  the 
so-called  “bayonet”  shown  in  Fig.  63  is  commonly  used.  This  may  be 
a piece  of  angle  iron  or  a pipe  properly  drilled  and  fitted  to  be  fastened 
to  the  pole  top  to  receive  the  ground  wire.  Where  steel  towers  or  polea 
and  consequently  long  spans,  are  used,  the  ground  wire  is  often  depended 
upon  to  take  up  some  of  the  unbalanced  stress  due  to  the  breaking  of  a 
line  conductor.  This  is  especially  true  when  flexible*  towers  with  pin 
insulators  are  used.  A ground  wire  is  absolutely  necessary  to  hold 
these  towers  in  the  correct  longitudinal  position,  if  suspension  insulators 
arc  used.  Some  companies  mount  the  ground  wire  on  insulators  as  an  extra 
conductor  during  the  winter.  The  ground  wire  should  be  held  securely  to 
the  pole  top  by  a clamp  which  is  slightly  flexible,  has  a grip  of  several  inchez, 
and  flaring,  well-rounded  approaches.  Taps  to  ground  connections  ahould 
not  be  soldered,  but  rather  fastened  by  well-designed  clamps.  The  wire 
should  be  grounded  at  every  steel  pole  or  tower  by  contact  with  the  metal 
work.  If  the  metal  -work  is  completely  imbedded  in  concrete  at  the  base, 
the  ground  should  be  made  by  driving  an  iron  pipe,  about  6 ft.  (2  m.)  loaf 
and  1 in.  (2.5  cm.)  diameter,  into  the  ground,  and  connecting  it  to  the  metal 
work  with  a copper  wire.*  If  the  soil  is  dry,  the  ground  ran  be  made  more 
permanent  by  pouring  salt  water  around  the  pipe.  When  wooden  pok. 
are  used,  the  ground  connection  should  be  made  at  every  pole,  by  runnings 
copper  wire  down  the  pole  and  grounding  to  a pipe  driven  in  the  ground, 
or  by  coiling  the  wire  (bare)  in  a flat  helix  ana  placing  it  under  the  pok- 
butt. 

200.  Transpositions!  nre  made  to  eliminate  electrostatic  and  electro- 
magnetic unbalancing  of  the  various  phases;  to  eliminate  mutual  induction 
between  parallel  lines;  and  to  prevent  disturbances  in  neighboring  telephone 
and  telegraph  circuits.  When  used  solely  to  improve  operating  condition* 
of  the  power  line,  the  distance  between  transpositions  may  vary  in  different 
lines  from  2 to  40  miles.  WThen  used  to  reduce  disturbances  in  neighboring 
telephone  and  telegraph  circuits,  the  distance  between  transpositions  is 
determined  by  the  irregularities  of  the  parallel,  the  characteristics  of  the 
telephone  lino,  etc.  Generally  it  is  of  the  order  of  magnitude  of  one  mile. 
Fig.  68  shows  the  transposition  of  a section  of  three-phase  line  and  a trie- 
phone  circuit. 

201.  Transpositions  are  commonly  made  by  rotating  the  delta  by 

gradually  changing  the  relative  positions  of  the  wires;  by  dead-ends  aid 
jumpers,  similar  to  the  method  employed  in  telephone  work.  The  first 
method  requires  special  structures  that  are  usually  interspersed  between  the 
standard  towers.  When  the  wires  are  arranged  at  the  corners  of  a triangle, 
the  delta  is  rotated  through  60  deg.  in  one  span,  and  through  another 
60  deg.  in  the  next  span.  This  is  shown  in  Fig.  69  (a).  When  the  wire*zll 
lie  in  the  same  plane,  resort  to  an  intermediate  triangular  arrangement 

‘Creighton,  E.  E.  F.  "Ground  Connections  in  Lightning  Protective 
l Systems.”  G.  E.  Rcvieir,  1912,  pages  12  and  66. 

t Fowlc,  Frank  F.  “ The  Transposition  of  Electrical  Conductors.”  7Voiu. 
A.  I.  E.  E.,  Vol.  XXIII  (1904),  p.  659. 

Osborne,  Harold  S.  “The  Design  of  Transpositions  for  Parallel  Power 
and  Telephone  Circuits.”  Trans.  A.  I.  E.  E.,  Vol.  XXXVII  (1918),  p.  897. 
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must  be  made,  as  shown  in  Fig.  09  (6).  Both  of  the  above  methods  require 
special  structures,  and  the  transposition  spans  are  usually  about,  one-half 
the  length  of  standard  spans,  in  order  that  proper  clearance  between i con- 
ductors may  be  maintained.  The  jumper  method,  shown  in  ut  69  (r), 
requires  only  a standard  strain  tower,  which  may  besllghtly  modified  if  the 

conductors  happen  to  lie  in  a vertical  piano.  It  is  frequently  possible  to 
affect  transpositions  using  only  standard  towers  and  spans. 

SOI.  A telephone  line  is  essential  to  the  satisfactory  operation  of  every 
transmission  system,  as  a means  of  communication  between  generating 
stations,  sub-stations  and  patrolmen.  When  possible,  the  telephone  wires 
should  be  run  on  a separate  pole  line  to  eliminate  disturbances  and  trouble 
caused  by  the  high-tension  circuit.  The  cost  of  an  extra  pole  line  is  often 
prohibitive,  so  it  then  becomes  necessary  to  carry  these  wires  on  the  power 
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( 6 ) Transpoaitiona  to  Eliminate  Mutual  Induction 
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Fia.  08. — Transpositions. 

1 

line  Doles  or  towers.  In  this  ease  they  should  be  nt  I oust  S ft.  (2.44  m.)  be- 
neath  the  nearest  power  wire,  and  in  as  protected  a position  as  possible. 
Otherwise  the  telephone  may  be  rendered  useless  when  trouble  occurs  on  the 
power  line — a time  when  the  telephone  is  most  needed.  Small  telephone 
tires  may  be  unable  to  withstand  the  stresses  in  occasional  long  spans.  In 
this  case  they  may  be  supported  by  a steel  messenger  wire,  and  il  tins  latter 
is  grounded,  it  helps  to  shield  the  telephone  wires  from  inductive  effects. 

20S.  Induced  electrostatic  charge  may  raise  the  potential  of  the  tele- 
phone circuit  to  a dangerous  value.  This  potential  can  be  greatly  reduced  by 
connecting  coils  of  low  reactance  to  ground,  known  as  drainage  coils, 
across  the  telephone  line  at  intervals,  and  grounding  their  middle  points. 
For  further  protection  to  the  user,  vacuum  lightning  arresters,  horn-gaps, 
fuses  and  well-insulated  transformers  are  used.  Some  companies  nave 
found  the  vacuum  gap  arresters  unreliable,  owing  to  the  lose  of  v:V'u.um 'N  ' ,V’,‘ 
in  use,  and  have  replaced  them  by  other  types,  such  as  the  knurled  cyll 
type,*  Fig.  70  shows  the  connections  ordinarily  employed. 

204.  Where  overhead  crossings  are  made,  as  over  railroads  or  high 
ways,  extra  precautions  are  necessary  to  protect  life  amt  th 

the  past,  a grounded  cradle  or  basket-work  beneath  the  lines,  or  * t 

grounding  device,  has  been  used  to  catch  and  ground  the  falling  co  K 
Present-day  practice  rests  on  the  principle  that  the  less  there  is  to  come  . 

the  better,  and  further  assumes  that  there  shall  be  no  bn»k»  n < >i  ■ 

8afety  is  now  procured  by  the  use  of  short,  well-supported  span*.  y 

oang  an  increased  factor  of  safety  for  the  materials  employed.  . 

Electrical  Safety  Code. 

• Gillespie,  F.  M.  Elec.  Wld.,  LX  VI  , 1915,  p,  1315. 
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MC.  Extra  nraeautions  in  overhead-crossing  construction.*  No 
tllowanoe  shall  be  made  for  deformation,  deflection,  or  displacement 
erf  the  supporting  structures.  In  computing  the  longitudinal  stresses 
upon  conductors  and  their  supports,  and  the  sags  corresponding  to  given 
limiting  stresses  in  conductors,  the  loading  shall  be  assumed  as  one  of  the 
following,  according  to  climatic  conditions  of  the  locality:  Heavy  loading; 
conductor  plus  0.5  in.  (1.27  cm.)  radial  thickness  of  ice  and  horisontal 
wind  pressure  of  8 lbs.  per  sq.  ft.  wind  pressure.  Minimum  temp.  0°  F. 
Medium  loading — 2/3  heavy  loading,  but  in  no  case  less  than  25  per  cent, 
in  excess  of  weight  of  conductor.  Minimum  temp.  15°  F.  Light  loading — 
2/3  medium  loading,  but  in  no  case  less  than  25  per  cent,  in  excess  of  weight 
of  conductor.  Minimum  temp.  80°  F. 


(6)  With  Drainage  Coili 


Fio.  70. — Telephone  protection. 


bUnder  the  preceding  loads  assumed,  the  calculated  stresses  in  the  steel 

■embers  and  in  the  guys  shall  not  exceed  the  following  values: 
ftructural  steel 

r Tension 27,000  lbs.  per  sq.  in. 

Shear 24,000  lbs.  per  sq.  in. 

' Compression 27,000  L/r 

Bolts,  rivets,  pins 

Si  ear 24,000  lbs.  per  sq.  in. 

Bearing 48,000  lbs.  per  sq.  in. 

Bending 30,000  lbs.  per  sq.  in. 

Guys One  half  the  ultimate  strength. 


Poles  or  towers  supporting  the  crossover  spans  of  overhead  supply  lines 
*er  railways  shall,  unless  physical  conditions  or  municipal  requirements 
invent,  have  side  clearance  not  less  than  12  feet  from  the  nearest  track  rail, 
fxcept  that  at  sidings  a clearance  not  leas  than  7 feet  may  be  allowed. 

.The  clear  space  between  the  lowest  overhead  supply  line  conductor  or 
*ire  and  the  heads  of  rails  above  which  the  former  cross  shall  not  be  less  than 
he  following  at  60°  F.,  with  no  wind,  where  the  conductor  or  wire  has  fixed 
upports  and  the  span  does  not  exceed  150  feet  and  where  men  are  permitted 
>Q  cars. 

300  volts  to  ground  to  15,000  volts.  28  feet. 

15,000  volts  to  50,000  volts,  30  feet. 


* National  Electrical  8afety  Code,  Third  Edition,  1920,  p.  139. 
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For  longer  spans  they  shall  be  increased  1 inch  for  each  10  feet  of  the  excess 
between  150  and  300  feet  ami  by  1 inch  for  each  20  feet  of  the  excess  beyond 
300  feet. 


HIGH-TENSION  CABLES 

206.  Underground  and  submarine  cables  are  often  used  for  trans- 
mission purposes.  Pressures  up  to  00,000  volts  are  successfully  employed. 


Fio.  71.- 


(6)  Sector  Type 

’ross-sections  of  high-tension  cables. 


207.  There  are  two  common  types  of  high-tension  cables,  the 

round  type,  shown  in  Fig.  71(a),  and  th<  sector  type,  shown  in  Fig.  71(b). 
For  the  same  copper  and  thickness  of  insulation  the  sector  type  has  tie 

smaller  diameter,  as  shown  in 

.96  ‘ ' — 


•2  100,000  200,000  300,000  400.000  600,000  600,000 

£ Copper  Aren  C.M. 

Fio.  72. — Comparison  of  outside  diameters, 
sector  and  round  types  of  high  tension  cables. 


the  plot.  Fig.  72.  The  relation 
of  copper  areas  in  the  two 
types,  for  fixed  diameters  and 
thickness  of  insulation,  i* 
shown  in  Fig.  73  ( Simple 
Wire  and  Cable  Co.). 

208.  The  essential  char 
acteristics  of  high-tension 
cable  insulation  are:  high 
insulation  resistance; 
dielectric  strength;  low'  permit- 


tivity  or  dielectric  constant;  and  low  dielec  trio  loss. 

Insulating  Materials.  Three  types  of  insulation  are  in  common  use: 
(a)  rubber  compounds;  (6)  varnished  cambric;  (c)  impregnated  paper. 

209.  Rubber  compounds  consist  of  Fine  Para  or  Smoked  First  Latex! 

Ilevea  rubber  and  such  *700000 


£ 

mg  600,000 
§ 

600,000 


a 400,000 

5 


3 300,000 
<200,000 


mineral  ingredients  as 
sulphur,  whiting,  talc, 
and  litharge.  A good 
high-tension  rubber 
compound  has  a higher 
dielectric  strength, 
higher  permittivity  or 
dielectric  constant,  and 
greater  dielectric  loss 
than  either  varnished 
cambric  or  paper.  It 
can  be  used  for  sub- 
marine cables  without 
a lead  sheath.  Rubber 
compounds  are  seri- 
ously  affected  by 
ozone.  Rubber-insu- 
lated cables  require 
v.  ry  careful  construction  and  installation  to  prevent  the  formation  of 
corona  and  its  resulting  ozone. 
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Fig.  73. — Comparison  of  copper  areas,  sector  and | 
round  types  of  high  tension  cables  with  same  out' 
side  diameter  and  thickness  of  insulation. 


i 2!°-  v*rnished  cambric  insulation  consists  of  a closely  woven  cotton 
N"t  l'  1111,1  a viscous  filler.  Each  surface  of  the  cloth  has  several  smooth, 
continuous  films  of  insulating  varnish.  The  filler  is  a viscous,  moisture* 
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repeffing,  insulating  compound.  and  has  a dideoiiio  oonitant  practically 
equal  to  that  of  the  varnished  cloth;  it  prevents  the  tapes  from  on  wrapping 
when  cut,  and  is  of  such  a nature  as  to  allow  the  layers  to  slide  upon  one 
another  when  the  cable  is  bent.  The  varnished  cloth  is  applied  in  the  form 
of  tape  wound  on  helically,  the  filler  being  applied  between  layers. 

Varnished  cambric  has  high  dielectric  strength,  is  not  affected  by  osone  or 
corona,  and  is  not  easily  overstressed.  It  is  well  adapted  to  high  tension 
work.  Varnished  cambric  cables  are  more  flexible  than  paper  cables,  more 
easily  jointed  and  can  be  installed  at  lower  temperatures  with  less  risk  of 
injury.  They  can  be  submerged  several  hours  without  absorbing  moisture. 
This  allows  them  to  be  used  extensively  with  a braided  covering  only.  They 
are  well  fitted  for  service  where  the  temperature  is  so  high  as  to  make 
rubber  insulation  unsuitable,  or  where  surges  in  the  voltage  takee  plaoe. 
When  lead-covered  and  armored,  they  make  excellent  submarine  cables. 


Impregnated  paper  insulation  consists  of  m&niia  paper  applied 
~ ‘ the  conductor  and  then  thoroughly  impreg- 

Before  impregnation,  the  paper 


ill. _ _ 

helically,  firmly  and  evenly  to  t 
nated  with  an  insulating  compound, 
insulation  must  be  thoroughly  dried. 

The  value  of  the  paper  as  a dielectric  depends  mostly  upon  the  composition 
of  the  impregnating  compound.  It  should  have  hiqh  dielectric  strength, 
low  dielectric  constant,  low  dielectric  loss,  should  retain  its  insulating  quali- 
ties at  high  temperature,  should  be  sufficiently  viscous  at  high  temperature 
to  prevent  flow  from  one  part  of  the  cable  to  another,  and  sufficiently  fluid 
st  low  temperatures  to  allow  bending  of  the  cable. 

Cables  insulated  with  impregnated  paper  usually  have  high  dielectric 
strength,  and  have  lower  capamtance  and  lower  dielectric  loss  than  cables 
insulated  with  either  cam- 
bric or  rubber  insulations. 

Impregnated  paper  can  be 
operated  safely  at  higher 
temperatures  than  the  other 
types  of  insulations.  Paper 
cables  require  a lead  sheath, 
and  successful  operation  de- 
pends upon  the  integrity  of 
the  sheath. 

212.  Dielectric  loss  is  an 
energy  loss  which  occurs  in 
the  dielectric  of  a cable.  In 
cables  for  voltages  less  than 
7,500  volts,  this  loss  is  negli- 
gible. Fig.  74  shows  the 
effect  of  dielectric  loss  on  the 
eurrent-carrying  capacity  of 
a cable.  The  allowable 
copper  loss  is  the  difference 
between  the  heat  dissipating 
ability  of  the  cable  and  the 
dielectric  loss. 


Fia.  74. — Effect  of  dielectric  *osS  on  allow- 
able copper  loss. 

Below  are  given  what  are  considered  as  normal  values  of  no-load  power- 
factor  and  dielectric  loss  per  foot  of  cable  at  different  temperatures  for  3- 
conduetor  cables  operating  at  13.000  volts  and  higher.  Dielectric  loss  data 
are  meagre  and  little  has  oeen  done  as  yet  in  the  mati 
dielectric  losses  in  cables. 


i matter  of  standardising 


Temperature,  degi 
cent. 

Power-factor 

Dielectric  loss, 
watts  per  foot 

20 

.01  to  .016 

0.04  to  0.05 

40 

.025  to  .07 

0. 10  to  0.15 

60 

.06  to  .10 

0.25  to  0.30 

80 

.15  to  .20 

0.50  to  0.80 

100 

.20  to  .30 

1.00  to  1.60 

The  above  figures  are  for  cables  having  low  dielectric  losses. 
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Sit.  Maximum  temperature.  A a recommended  by  the  A.  I.  E.  E.. 
the  maximum  safe  temperatures  in  degrees  cent,  at  the  surface  of  the  con- 
ductor in  any  cable  is : 


For  impregnated  paper  insulation 52s  “ 5 

For  varnished  < 


l cambric (75  — E) 

For  rubber  insulation (00— E/4) 

where  E is  the  operating  phase  voltage  in  kilovolts. 


514.  Hifh  voltage  cable  testing.  * High  voltage  tests  should  be  applied 
between  conductors,  and  between  conductors  and  sheath.  The  test  voltage 
B is  determined  by  the  formula  B*=  Kd  logio  D/d  where  D is  the  diameter 
over  the  insulation,  d the  diameter  of  the  copper,  and  K a constant  depending 
on  the  dielectrio  strength  of  the  insulating  material. 

515.  Electrical  disadvantages  of  a cable  system.  A cable  system 
differs  from  an  overhead  system  in  that  the  capacitance  is  much  greater 
while  the  linear  inductance  is  negligible.  Hence  the  charging  current 
may  be  equal  to  or  even  greater  than  the  load  current  itself.  Surges  and 
transient  phenomena  are  much  more  common  than  in  an  overhead  line  of 
the  same  length. 

Sit.  Underground  cables  for  high-tension  work  are  ordinarily  installed 
in  standard  ducts  (see  Sec.  12).  All  underground  cables  should  be  lead 
covered.  The  rubber  covering  may  last  for  years  after  the  lead  sheath 
has  been  eaten  away  by  electrolysis  or  has  been  injured  mechanically. 


SUB-STATION«t 


SIT.  The  building  is  intended  to  shield  the  apparatus  and  equipment 
from  the  weather,  as  well  as  to  furnish  a shelter  where  repairs  may  b« 
quickly  made.  A low-voltage  station  may  have  a fairly  low  initial  cost. 
On  the  other  hand,  the  large  clearances  required  by  overhead  bus-bars, 
connecting-leads,  arrester  equipment,  etc.,  make  the  high-voltage  sub-station 
a rather  expensive  affair. 

SIS.  The  transformers  should  bo  installed  in  separate  fireproof 
compartments  which  should  be  of  such  construction  as  to  prevent  burning 
oil  from  flooding  the  station,  in  case  of  trouble.  Provision  should  be  made 
for  easily  moving  the  units,  so  that  repairs  and  replacements  can  be  quickly 
made.  Each  transformer  is  often  installed  on  wheels  and  rails,  and  trucks 
are  provided  in  order  that  the  large  units  may  be  readily  movea. 

919.  Protective  equipment  is  often  placed  indoors.  The  larger 
sizes  of  aluminum  arresters  and  the  large  overhead  clearances  required  for 
the  horn-gaps  often  necessitate  that  these,  as  well  as  the  aluminum  arresters, 
be  placed  out-of-doors.  Where  there  are  no  overhead  busses  or  inflammable 
material,  the  following  clearances  from  the  top  of  the  horns  should  be 
allowed:  for  pressures  up  to  16,100  volts,  3 ft.  (1  m.);  from  16,101  to 
37,900  volts,  4 ft.  (1.2  m.);  from  37,901  to  70,000  volts,  6 ft.  (2  m.).  At 
pressures  above  70,000  volts,  the  horn-gaps  should  never  be  placed  indoors. 
The  auxiliary  charging  gaps  for  the  aluminum  arresters,  when  charging, 
should  always  be  in  sight  of  the  operator. 

S10.  Choke  coils  are  often  mounted  on  post  insulators  on  the  outside 
of  the  building,  especially  where  very  high  voltages  are  employed.  For  the 
lower  voltages  they  may  be  conveniently  installed  on  the  inside  wall,  or 
directly  in  the  switch  leads. 

SSI.  High-tension  bus  bars  are  hung  from  the  ceiling  by  suspension 
insulators,  are  suspended  by  ceiling  insulators,  or  are  mounted  on  poet  in- 
sulators. Owing  to  their  low  cost  it  is  desirable  to  utilize  suspension 
insulators  whenever  possible.  Fig.  75  shows  typical  high-tension  bus 
construction.  (See  Sec.  10,  Par.  869.) 

SSS.  Entrance  and  outlet  for  lower  voltages  are  as  shown  in  Fig  76. 
Plate  glass  with  a central  hole,  slightly  larger  than  the  conductor,  is  often 


• Middleton  and  Dawes.  “Voltage  Testing  of  Cables,”  Prone.  A.  I.  E.  E.. 
Vol.  XXXIII  (1914),  p.  1185. 
t See  Sec.  12,  Par.  91. 
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used,  as  it  keeps  the  weather  out.  Where  high-voltage  must  be  earned  into 
a station,  great  care  should  be  used  in  the  design  and  selection  of  suitable 
bushings.  A simple  entrance  for  a 110,000-volt  line  consists  of  a 5-ft. 
(1.5  m.)  slab  of  glass  or  marble,  with  a small  hole  sufficient  to  admit  the 
conductor  without  undue  corona  discharge.  In  Fig.  77  are  shown  typical 
wall  bushings. 

US.  The  condenser  type  * of  bushing  is  built  up  by  placing  thin  layers  of 
tin  foil  between  concentric  layers  of  insulation,  and  making  tne  areas  of  the 
fop  equal,  irrespective  of  the  diameter,  thus  giving  uniform  potential  dis- 
tribution. Such  a bushing  is  shown  in  Fig.  7 7(c). 


Fra.  75. — Typical  sub-station. 


Z14.  Roof  entrances  and  horn-gap  outlets  require  a petti  coated 
insulator  in  addition  to  a wall  bushing  in  order  to  prevent  trouble  which 
might  arise  from  rain  and  condensed  moisture.  The  ratio  of  wet  to  dry 
flash-over  should  be  very  high.  Fig.  134,  Sec.  10,  shows  a typical  roof  in- 
sulator, and  Fig.  78  shows  standard  roof  construction. 

SSI.  A Sub-station  wiring  diagram  is  shown  in  Fig.  79,  and  Fig.  80 
shows  a typical  instrument  panel.  Instrument  leads  A and  B (Fig.  80)  corre- 
spond to  instrument  transformer  leads  A and  B (Fig.  79). 

SM.  Outdoor  switching  stations  are  often  installed  at  points  where 
the  amount  of  switching  actually  done  does  not  warrant  the  expense  of  a 
building  for  housing  the  equipment.  In  such  oases,  a safe  and  economical 
construction  is  to  erect  a platform  on  a special  structure,  upon  which  the 
switch-handles,  transformers  and  other  equipment  are  placed. 

* Reynders,  A.  B.  "Condenser  Type  of  Insulation  for  High-tension 
Terminals.”  Tram.  A.  I.  £.  E.,  Vol.  XXVIII  (1909X  p.  209. 
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Fio.  79. — Sub-station  wiring. 
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227.  Outdoor  sub-stations  are  rapidly  coming  into  use,  since  the  large 
clearances  necessitated  by  high  voltages  would  require  a very  large  build- 
ing- They  are  also  used  w'here  small  loads  are  tapped  from  the  main  line, 
requiring  only  one  transformation  from  line  to  consumer.  Switches, 
arrester  equipment,  power  and  instru- 
ment transformers  have  been  de-  Potential  Current 


229  A complete  log  should  be  kept,  not  only  by  the  chief  operator,  but 
by  switchboard  operators  as  well,  of  every  transaction,  loads  carried  shut- 
downs, causes  of  trouble,  and  times  of  connecting  or  disconnecting  root-on 
and  generators  on  the  svstem. 

A mult i-r reorder  9 for  lightning  and  switching  phenomena  has  been  devised. 


n /Creighton  El  E.  F.  Nichols,  H.  E.  and  Hoscgood,  P E.  "Mult 
Vol°X^ XXI°r(  1 825 hen°meIla  ^ Switchin«  ” Tratu.  A.  I.  E.  E 
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-whereby  the  exMt  times  of  switching,  shut-downs  and  disturbances  are  auto- 
matically recorded. 

230.  A periodic  line  inspection  should  be  maintained  over  all  lines. 

the  frequency  of  inspection  depending  on  the  country  and  the  importance  of 
the  lines.  A patrolman  should  be  assigned  to  about  20  miles  of  line, 
as  one  man  is  then  always  within  10  miles  of  each  section  of  the  line. 
The  patrolmen  may  cover  the  ground  on  foot,  on  horse-back,  with  a horse 
and  team  or  an  automobile,  depending  entirely  upon  the  nature  of  the  right 
of  way,  his  duties  and  the  distance  he  must  travel.  The  pole  switches  and 
line  sectionalizing  switches  should  be  inspected  at  least  once  a month,  to 
insure  proper  alignment  of  parts  and  proper  operation  in  times  of  need. 
The  patrolman  should  be  held  responsible  for  the  proper  operation  of  his 
particular  section  of  the  line. 

Defective  insulators  which  cannot  be  detected  by  inspection  may  be 
located  by  the  use  of  a megger.  A sound  insulator  should  have  a resistance 
greater  than  1,000  megohms,  whereas,  if  the  porcelain  or  glaze  is  injured  or 
cracked,  the  resistance  will  drop  below  500  megohms.  Other  methods,  such 
as  the  “buzz  stick,”  "spark  stick,"  etc.,  may  be  used  to  locate  defective 
insulators,  even  when  the  line  is  in  service.  (See  Par.  82.) 

231.  Line  repairs  and  replacements  arc  often  made  only  after  the  line 
is  “ dead.”  The  lineman  or  patrolman  should  notify  the  chief  operator  when 
& particular  line  or  section  is  desired.  The  line  should  then  be  cleared,  not 
merely  through  the  oil  switches,  but  should  be  opened  by  disconnection 
switches  as  well.  Before  a lineman  is  allowed  to  work,  the  line  should  be  wet 
grounded,  in  order  to  eliminate  the  electrostatic  charge.  If  the  line  closely 
parallels  another  power  line,  both  ends  should  be  grounded  to  eliminate  any 
dangerous  induced  potential. 

In  order  to  malce  repairs  and  replacements  without  interrupting  the 
service,  special  tools,  mounted  on  the  ends  of  wooden  sticks,  have  been 
devised  whereby  insulators  may  be  replaced,  conductors  spliced,  etc.,  while 
the  line  is  alive. 

232.  Aluminum  arresters*  should  ordinarily  be  charged  at  least  once  a 
day,  under  normal  conditions  of  temperature.  In  hot  weather,  or  if  exposed 
to  a higher  temperature,  they  should  be  charged  two  or  three  times  a day. 
After  passing  a heavy  discharge,  and  undergoing  a high  temperature  rise,  they 
shoula  b©  charged  intermittently  while  cooling,  in  order  to  re-form  the  film, 
which  dissolves  very  auickly  when  the  temperature  is  above  normal.  The 
charging  current  should  be  about  0.4  amp.  The  auxiliary  or  charging  gap 
should  be  closed  three  or  four  times  or  until  the  arc  ceases  to  flare.  Ammeter 
jacks  are  now  available  for  convenience  in  measuring  the  charging  current. 
An  abnormal  charging  current  may  denote  trouble  within  the  arrester,  such 
aa  carbonized  oil  between  the  cones.  It  is  desirable  to  charge  the  arresters  on 
a system,  individually  not  all  at  the  same  time.  (Also  see  Sec.  10,  Par.  862.) 

233.  Short-circuits  may  open  the  line  when  a station  is  provided  with 
automatic  breakers.  Where  non-automatic  switches  are  used,  the  operator 
should  decrease  the  voltage,  rather  than  open  the  circuit,  waiting  for  the 
line  to  clear.  If  the  line  does  not  then  clear,  the  load  should  be  thrown  over 
to  a spare  line  until  repairs  can  be  made.  Where  it  is  essential  that  the  ser- 
vice snail  not  be  interrupted,  resort  may  be  had  to  such  expedients  as 
operating  single  phase,  with  a ground  return,  etc.,  until  the  line  is  again  in 
its  normal  condition. 

TRANSMISSION  ECONOMICS 

234.  Value  of  continuity  of  service.  No  system  should  be  equipped 
with  expensive  automatic  control  devices,  duplicate  lines,  liberal  protective 
equipment,  and  spare  generating  plants  in  order  to  insure  continuity  of  ser- 
vice, unless  the  cost  of  an  interruption  or  a shut  down  justifies  the  expenditure 
of  such  capital.  The  line  should  be  constructed  as  cheaply  as  is  consistent 
with  the  required  standard  of  service,  without  endangering  life  or  property. 
Further,  a system  should  not  be  extended  to  a distance  greater  than  that  at 
which  there  is  a reasonable  prospect  of  selling  sufficient  power  to  pay  the 
development  and  operating  costs  of  the  extension. 

238.  The  type  of  line  must  be  decided  upon  after  considering  the 
reliability  desired,  the  character  of  the  country,  transportation  facilities, 

•Creighton,  E.  E.  F.  "The  Charging  of  Aluminum  Lightning  Arresters.” 
G.  E.  Review,  1913,  p.  248. 
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availability  of  timber,  etc.  Although  steel  construction,  as  an  enmnesrin, 
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Nominal  Rating  Kilovolts 
82. — Cost  of  insulators. 


1*T.  The  choice  of  conductor  material  lies  between  copper  and  alumi- 
num, except  for  a few  special  spans.  Although  aluminum  is  about  10  per 
cen£  cheaper  than  copper  for  the  same  conduetanoe,  its  greater  temperature 
c<  efficient  of  expansion  and  lower  tensile  strength  demand  greater  ««p  hence 
more  expensive  structures. 

M8.  The  sise  of  conductor  is  influenced  by  mechanical  considerations 
and  by  the  amount  of  energy  that  it  is  permissible  to  waste  in  transmission. 
Lme  regulation  may  require  a larger  conductor  than  is  economically  de- 
manded. When  energy  may  be  generated  and  sold  at  a low  rate  per  kw- 
a much  smaller  conductor  is  justified  than  if  the  reverse  be  trueZ 


MO.  The  choice  of  voltage  is  determined  by  the  amount  of  power  and  the 
transmission  distance.  The  conductor  cross-section  varies  inversely  as  the 


square  of  the  voltage,  but  the  coat  of  insulators,  supporting  structures,  sta- 
..  Protective  equipment  and  transformers  increases  as  thevolt age 

11  1??!,  These  last  three  items  are  independent  of  the  length  of  the  Kne, 
ing * l0“?^ne-^n^cally  Arable,  neglect- 


Roughly,  a thousand  volts  per  i 
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the  criterion  adopted  by  engineers.  An  80,000-volt  line  presents  no  greater 
operating  difficulties  than  a 30,000-volt  line.  Surge  voltages  are,  however, 
dependent  upon  the  current  and  systems  have  been  designed  to  operate  at  a 
higher  voltage  than  is  economically  demanded,  in  order  to  secure  greater 
freedom  from  surges. 


Fio.  83. — Cost  of  station  insulators. 


COST  DATA 

. MO.  The  trend  of  construction  costs  from  1914  to  1920  was  con- 
tinuously upward,  and  in  the  latter  year  peak  prices  of  unprecedented 
character  were  reached  for  both  labor  and  materials.  The  peak  has  now 
been  passed  and  the  trend  is  downward,  but  stable  conditions  have  not  yet 
been  established.  These  important  facts  should  be  kept  in  mind  in  making 
use  of  the  figures  which  follow,  acknowledgement  for  which  is  due  to  the 
John  F.  Vaughan,  Engineers,  of  Boston,  Maas. 

Ml.  Estimated  lino  posts  per  mils 

COSTS  PXE  MILS 
Typical  Lines  in  New  Jersey 

Estimate  from  actual  construction  records  for  cost  per  mile  of  13.2  kv. 
wooden  pole  lines  using  1914,  1918  and  1920  prices,  open  country.  No 
special  construction. 


1914 

1918 

March,  1920 

One 

circuit 

One 

add. 

circuit 

One 

circuit 

One 

add. 

circuit 

One 

circuit 

One 

add. 

circuit 

Poles  (45  ft.) 

Cross  arms,  insulators 

SI, 200 

S 1,500 

$2,000 

and  ground  wire 

supports 

900 

500 

1,100 

600 

1,500 

650 

Guying 

400 

500 

600 

Right  of  way 

200 

300 

400 

350  M.e.m.  wire  (3). 

9,500 

2,500 

5,200 

6,200 

4,200 

4,200 

Ground  wire 

300 

500 

500 

Labor  string  wire. . . 

200 

200 

300 

300 

500 

500 

Incidentals 

800 

500 

1,000 

600 

1,000 

500 

Totals 

S6.500 

3,700 

$10,400 

6,700 

$10,700 

5,850 

Google 


242.  Cost  Comparison  of  Typical  Lines  in  Southern  United  States:  per  Mile 
Data  supplied  by  the  John  F.  Vaughan  Engineers, Boston. 
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. Coat  Comparison  of  Typio *1  Lines  in  Southeastern  United  States:  per  Mile 
Data  supplied  by  the  John  F.  Vaughan  Engineers.  Boston. 


POWER  TRANSMISSION 


»«  Coat  of  Typical  Linos  in  Eastern  Canada 

(Furnished  by  Shawinigan  Engineering  Co.  Ltd.,  Montreal,  Quo.) 
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149.  Coat  of  cablet  per  1,990  ft. 

2/0  stranded,  3-conductor — lead  covered 
(Simplex  Wire  4c  Cable  Co.) 


Volts 

Underground 

Submarine 

Rubber 

Cambric 

Paper 

Rubber 

Cambric 

Paper 

6,600 

$1 , 534 

81,458 

81,305 

82,229 

82,062 

81.974 

13,000 

2.373 

2,357 

1,584 

3.260 

3,115 

2.334 

25.000 

3.880 

3,634 

2, 165 

5,008 

4,564 

3,087 
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CLASSIFICATION  OF  8T8TSM8 

1.  Distributing  circuits  may  be  classified  as  to  the  nature  of  the  I 
current — direct  or  alternating;  as  to  method  of  connection — series  or  multiple; 
and  further  as  to  phase,  number  of  conductors,  voltage  and  frequency. 
The  allowing  is  a statement  of  the  field  of  application  of  the  principal  I 
kinds  of  distnbutlbg  circuits. 

2.  Direct  current  is  best  adapted  to  use:  (a)  where  the  distances  are 
small,  (b)  where  there  is  variable-speed  machinery,  and  (c)  where  there 
is  an  area  of  congested  load  for  which  storage-battery  reserve  is  necessary 

to  insure  continuous  servioe. 

3.  Alternating  current  is  best  adapted  to  use  where  the  distances  art 
greater  and  the  density  of  the  load  not  sufficient  to  justify  low-tensioa 
distribution  without  transformation  from  a higher  voltage. 

4.  The  uee  of  series  systems  is  limited  almost  entirely  to  street  and  other 
lighting  which  is  all  in  use  at  the  same  time.  These  systems  are  inherently 
high-tension  in  character  and  are,  therefore,  not  suitable  for  general 
purposes.  They  are  operated  by  direct  current  or  alternating  current  at  a 
constant  current  of  5 amp.  to  10  amp.  in  American  practice.  In  Europe 
there  are  several  direct-current  series  power  transmission  systems  in  opera- 
tion utilising  a series  of  motor  generators  as  the  converting  mediuga  (Sec.  11). 

5.  Multiple  or  parallel  systems  are  used  for  general  purposes  almost 
exclusively.  When  direct  current  is  used  a nominal  voltage  of  110,  220. 
or  550  is  employed,  the  last  named  being  used  only  for  power  distribution. 
The  Kdison  three-wire  system  at  220  and  110  volts  is  common  in  large 
installations. 

When  alternating  current  is  used,  the  primary  mains  are  operated  at  a 
nominal  voltage  of  2,200.  8ingle-phase,  two-phase,  and  three-phase  circuits 
are  in  general  use,  with  frequencies  of  25  or  60  cycles.  In  general,  angle- 
phase  distribution  is  used  for  lighting  and  small  power  service,  and  two-phase 
or  three-phase  distribution  is  used  for  larger  power  loads. 

6.  Frequency.  Twenty-five  cycles  is  standard  where  most  of  the  energy 
is  converted  to  direct  current  for  lighting  and  railway  service  or  other  pur- 
poses. Sixty  cycles  is  standard  where  the  energy  is  delivered  for  nidi 
consumption  as  alternating  current.  Other  frequencies  such  as  30,  33,  40, 
50  and  133  cycles  are  in  use  in  some  of  the  older  installations  in  America 
and  in  Europe.  Sixty-two  and  one-half  cycles  is  used  in  some  modem 
systems  where  the  supply  is  derived  from  a 25-cycle  system,  this  frequency 
giving  a better  design  of  frequency-changer  apparatus. 

GENERAL  APPLICATIONS 

7.  The  tingle-phase  system,  requiring  only  the  simplest  form  of  electric 
circuit,  has  the  advantage  of  a minimum  number  of  conductors,  and  hence 
the  minimum  first  cost  for  distributing  mains.  The  feeders,  however,  re- 
quire 33  per  cent,  more  copper  than  equivalent  three-phase  feeders.  Single- 
phase  motors  are  more  complicated  and  cost  more  than  polyphase  motors, 
and  usually  produce  more  disturbance  of  pressure,  in  starting,  than  three- 
phas.  machines.  The  distribution  of  energy  by  single-phase  circuits  ». 
therefore,  usually  limited  to  motor  units  of  less  than  10  h.p.,  although  motors 
up  to  35  h.p.  are  used  in  single-phase  systems  with  good  success.  This 
system  is  used  very  generally  for  lighting  circuits,  in  both  single-phase  and 
polyphase  systems. 
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8.  Two-phue  Two-phase  diitribution  is  effected  by  the  use 

o I two  single-phase  circuits  in  a quarter-phase  relation,  making  a four -wire 
system;  or  by  means  of  a three-wire  system  in  which  one  conductor  of  each 
phase  is  common. 

The  four- wire  system  is  substantially  the  same  as  a single-phase  system, 
except  that  two-phase  motors  may  be  used.  The  principal  advantages  of 
two-phase  systems  are  that  there  are  only  two  phases  to  keep  balanced  and 
only  two  transformers  are  required  to  supply  polyphase  energy  to  motors. 

m a three- wire,  two-phase  system,  the  current  in  the  common  or 
neutral  conductor  is  1.414  times  the  current  in  the  outer  conductors,  with 
balanced  load.  When  all  conductors  are  the  same  sixe,  the  copper  required 
is  75  per  cent,  of  that  needed  for  a four-wire  system.  When  the  neutral  is 
40  per  cent,  larger  than  the  outer  conductors,  the  amount  of  copper  required 
is  85  per  cent,  of  that  needed  for  a single-phase  system  or  a four- wire,  t wo- 
phaae  system.  In  the  primary  mains,  which  are  all  the  same  sue,  the  three- 
wire  two-phase  system  is  as  economical  of  copper  as  the  three-wire,  three- 

C*e  system.  The  line  drop  in  this  system  is  such  that  even  with  balanced 
the  drop  in  the  two  phases  is  not  the  same,  making  voltage  regulation 
difficult,  unless  line-drop  compensators  are  employed.  The  three- wire 
circuit  cannot  be  used  where  the  mid-points  of  the  quarter-phase  generator 
windings  are  tied  together,  ag  is  the  case  in  some  machines. 

9.  Three-phase,  three- wire  system.  This  system  is  commonly 
employed  for  general  distribution,  since  it  is  readily  derived  from  a three- 
phase  transmission  system;  it  is  also  well  suited  to  power  distribution,  and 
requires  but  75  per  cent,  as  much  copper  in  the  feeder  system  as  an  equivalent 
single-phase  system.  The  three-wire  distributing  mains  are  usually  carried 
only  where  motor  service  is  required,  the  lighting  service  being  taken  on 
single-phase  branches  from  the  three-phase  main.  Users  of  small  motors, 
up  to  about  5 h.p  . are  generally  supplied  from  a single  phase;  while  the  larger 
motors,  up  to  30  h.p.  or  40  h.p.,  are  supplied  from  two  phases  with  the  open- 
delta  connection. 

10.  Three-phase  four-wire  system.  In  primary  distribution  this 
system  is  usually  operated  at  3,800  volts  between  phase  wires  and  2,200  volts 
between  any  phase  wire  and  neutral.  This  gives  the  advantage  of  3,800- 
volt  distribution  in  the  feeder  system  and  permits  the  supply  of  energy  over 
• radius  about  twrice  as  great  as  with  2,200-volt  systems,  with  the  same  regula- 
tion. Standard  2,200-volt  transformers  and  other  accessories  are  used,  and 
the  lighting  branches  are  single-phase.  The  unbalanced  load  is  carried  by 
the  neutral  wrire,  and  with  the  use  of  line-drop  apparatus,  good  pressure  regula- 
tion is  possible  with  any  proportion  of  unbalanced  load. 

The  lour- wire  distributing  mains  are  carried  only  where  there  are  motors 
or  large  loads  to  be  served,  and  but  three  wires  are  needed  for  installations 
of  less  than  30  to  40  h.p.,  which  may  be  served  by  two  transformers  connected 
in  open  delta.  The  wide  range  permissible  has  led  to  the  adoption  of  this 
system  in  many  of  the  larger  cities  of  the  United  States.  It  is  also  well  sui  ted 
to  the  supply  of  suburban  districts  and  rural  communities,  where  double- 
voltage,  4,400-7,600  volts  may  be  used  to  supply  a group  of  towns  and 
villages,  the  pressure  being  regulated  independently  on  each  phase  at  tho 
source  of  supply. 

11.  Direct-current  low-tension  systems  find  their  principal  field  of  ap- 
plication in  important  parts  of  cities  where  the  protection  of  the  storage  bat- 
tery reserve  is  of  great  value,  and  where  there  are  many  elevators,  printing 
presses  and  other  variable-speed  machines,  and  where  space  for  transformers 
would  be  difficult  to  secure  in  public  thoroughfares.  The  principal  limitations 
of  direct-current  distribution  are  the  small  radius  of  distribution,  an<l  the 
necessity  for  rotating  machinery  to  transform  the  energy  from  an  alternufi rig- 
current  source  of  supply.  This  requires  a greater  number  of  substations  to 
cover  a given  area,  and  these  are  more  expenmve  both  in  first  cost  and  opera- 
tion than  alternating-current  substations. 

a 19.  Two- wire,  800-volt,  direct-current  systems  are  operated  in  some 
cities  where  they  were  originated  to  supplement  single-phase  systems  in  tho 
early  period  of  development.  The  duplication  of  mains  necessitated  by  a 
separate  power-service  results  in  an  excessive  investment  and  500- volt 
systems  are  being  eliminated  wherever  possible. 

19.  Combination  systems.  Various  combinations  of  alternating-cur- 
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rent,  and  direct-current,  or  25-eyele  and  60-cyde  ay  atom*,  are  neeeaaary  in  t h* 
larger  cities.  The  direct-current  supply  is  usually  derived  through  syn- 
chronous converters  or  motor-generators  from  an  alternating-current  general- 
ing  Bystem.  The  00-cycle  supply  is  sometimes  derived  from  a 25-cycle  sys- 
tem by  the  use  of  syru  tironous  motor-generators  called  frequency  changed 
In  some  cases  both  2">- cycle  and  60-cyde  generating  systems  are  maintained 
and  the  frequency  changers  are  used  as  a connecting  link  between  the  two 
systems. 

TYPES  OP  CZECUITS 


14.  Series  circuits.  Two  general  types  of  arrangement  are  employed  in 
laying  out  series  circuits,  the  “open  loop,”  and  the  “parallel  loop.’  Is 
the  open-loop  circuit  (Fig.  1)  the  lamps  are  connected  by  following  the 

shortest  available  route,  without  reference  to 
the  separation  from  the  return  conductor. 

This  permits  a minimum  length  of  circuit,  but 
makes  it  difficult  to  test  for  a break,  or  open 
circuit  in  the  line.  In  alternating-current  cir- 
cuits it  also  tends  to  increase  interference  with 
telephone  systems. 


ft 

Fio.  1. — Open-loop 
series  circuit. 


Jr 


Fio  2. — Parallel-loop 
series  circuit. 


0 

Fra.  3. — Tree-system  of 
distribution. 


The  parallel-loop  circuit  (Fig.  2)  is  laid  out  in  such  a way  as  to  be  sear 
the  return  conductor  at  many  points.  This  affords  frequent  opportunity  for 
test  and  minimizes  inductive  disturbances,  but  usually  requires  a greater 
mileage  of  conductor  than  the  open-loop  circuit.  A combination  of  paralM 
loops  with  small  open  loops  may  often  be  used  to  advantage. 

15.  Multiple  circuits.  The  arrangement  of  multiple  circuits  may  take 
any  one  of  a number  of  forms  as  conditions  require.  The  simplest  and  leut 
expensive  circuit  is  that  commonly  known  as  the  "tree”  circuit  (Fig.  3V. 
it  is  thus  named  because  it  is  branched  off  in  various  ways,  and  has  its  heaviest 
branches  nearest  the  source  of  supply.  The  tree  system  is  not  adapted  to 
supplying  a uniform  distribution  pressure  and  is  only  suited  to  short  branches 
and  those  branches  in  which  the  current  values  are  small  as  compared  with 
the  conductor  capacity. 

16.  A system  of  feeders  and  mains  is  the  arrangement  most  commonly 
employed  in  city  distribution  for  lighting  and  power-service.  This  takes  the 
form  of  a network  in  low-tension  systems  (Fig.  4),  and  an  isolated  or  dead- 
ended  main  system  in  primary  distribution  (Fig.  5).  In  the  low-tendon 
network  the  system  of  mains  is  designed  to  be  of  such  capacity  as  to  earry 
the  load  units  which  are  tapped  off  from  house  to  house,  ana  the  feeders 
are  provided  in  such  number,  of  such  rise  and  at  such  points  as  will  maintain 
an  even  distribution  of  pressure,  within  a few  per  cent.,  orer  the  entire 
system  of  mains. 
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17.  Primary- main  ay  a tenia  are  usually  supplied  by  a feeder  at  a cento 
of  distribution,  this  point  being  a junction  from  which  the  load  is  distrib- 
uted in  four  or  more  directions.  These  mains  are  not  interconnected, 
because  it  is  not  practicable  to  provide  fuse  protection, 
and  in  most  cases  not  much  is  to  be  gained  by  such 
connection. 

18.  The  loop  feeder  (Fig.  6),  is  used  where  the  load 
is  distributed  in  a long  continuous  line  with  few  ride 
branches.  This  arrangement  distributee  the  pressure 
more  evenly  along  the  line  than  is  possible  with  other 
types  of  circuit. 

19.  King  feeders.  Where  it  is  desired  to  provide 
emergency  supply  to  units  of  load  in  one  general  direc- 
tion from  the  point  of  supply,  the  most  economical 
means  often  consists  of  the  type  of  feeder  known  •>  a 
ring  circuit  (Fig.  7).  The  capacity  of  the  ring  must  be 
sufficient  to  carry  the  combined  load  of  all  the  units,  is 
case  either  of  the  links  adjacent  to  the  point  of  supply 
should  fail. 

SO.  Urban  transmission  systems.  In  cities  hav- 
ing too  large  an  area  to  permit  an  economical  distri- 
bution of  electrical  energy  from  a single  point,  it  be- 
comes necessary  to  transmit  energy  from  a generating 
station  (located  at  a point  convenient  to  coal  tod 
water  supply)  to  substations  centrally  located  with 
reference  to  the  districts  served.  This  tranamiarioa 
system,  in  the  larger  cities,  becomes  practically  a bulk- 
supply  distribution  system.  The  same  condition  exists 
where  hydroelectric  energy  is  brought  from  a distance 
for  distribution  in  a large  city.  These  urban  transmis- 
sion systems  are  universally  three-phase;  where  two- 
phase  energy  is  generated,  it  is  converted  to  three- 
phase  energy  for  transmission. 

81.  Pressures  and  frequencies  in  urban  trans- 
mission. The  pressures  in  common  use  are  6.600. 
9,000,  12,000,  and  13,200  volts,  and  the  standard  fre- 
quencies are  25  and  60  cycles.  The  use  of  25  cycfee 
is  preferable  where  the  principal  portion  of  the  energy 
is  converted  to  direct  current  for  lighting  and  railway 
service,  because  the  synchronous  converter  is  more 
economical  in  operation  and  in  first  cost,  at  25  cycles,  than  at  60  cycles. 
The  use  of  25-cycle  energy  for  general  lighting  purposes  is  not  satisfactory, 
and  the  transformers,  motors,  etc.,  are  more  expensive;  hence  it  is  necessary 
to  convert  the  retail  supply  of  alternating  cur- 
rent to  60  cycles,  to  put  it  into  form  which  is 
readily  saleable. 

The  use  of  60  cycles  is  desirable  where  the 
major  part  of  the  energy  is  to  be  distributed  as 
alternating  current.  This  permits  the  use  of 
transformer  substations,  instead  of  frequency- 
changing motor-generators  which  are  necessary 
for  securing  60-cycle  energy  from  a 25-cycle 
supply. 

22.  Underground  urban  transmission. 

Urban  transmission  lines  are  necessarily  placed 
underground  to  a large  extent.  This  involves 
the  use  of  paper-insulated  lead-sheathed  cables, 
which  are  made  up  with  the  three  conductors  of 
the  circuit  under  one  sheath.  With  standard 
3.5-in.  ducts,  the  largest  size  of  cable  which 
can  be  drawn  into  the  duct  is  about  3 in.  with 
circular  shaped  conductors  the  largest  sise  of 

conductor,  of  which  three  can  be  placed  within  a 3-in.  lead  sheath,  is  350,000 
cir.  nils  at  6,600  volts,  or  300,000  cir.  mils  at  13,200  volts.  With  sector 
shaped  conductors,  it  is  possible  to  use  three  800,000  cir.  mil  oonducteit  at 
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13,200  volt*  within  a 3-in.  sheath.  This  fixes  the  maximum  load  which  can 
be  carried  continuously  on  such  cables  at  from  4,500  to  8,000  kv-a. 

In  the  larger  cities  where  certain  substations  distribute  loads  of  8,000  to 

15.000  kw.,  several  cables  are  required  to  sup- 
ply each  substation,  and  it  is  desirable  to  have 
cables  of  the  maximum  sise. 

23.  Reserve  cables.  A reserve  cable  must 
be  provided  for  use  in  case  of  the  failure  of  any 
of  the  cables  which  normally  carry  the  load. 

This  reserve  may  be  secured  by  having  a spare 
cable  direct  from  the  power-station,  or  by  means 
of  a tie  line  from  a neighboring  substation,  or 
by  the  use  of  a ring  system.  When  substation 
loads  are  small  as  compared  with  the  cable 
capacity,  the  ring  system  is  often  found  to  be 
the  most  economical  (Fig.  7).  After  the  com- 
bined loads  of  the  substations  exceed  the 
capacity  of  one  side  of  the  ring,  additional 
capacity  may  be  secured  by  adding  radial 
feeders  (Fig.  8).  This  is  the  situation  in  the 
larger  cities  where  substation  loads  run  from  Fio.  8. — Radial  feeder*. 

2.000  kw.  upward. 

DESIGN  Or  CIRCUITS 


24.  General.  The  function  of  a conductor  being  to  convey  electrical 
energy  from  the  source  of  supply  to  the  consuming  device,  it  must  be  of  such 
sire  that  it  will  not  absorb  too  great  a percentage  of  the  energy  or  become 
overheated.  The  problem  of  designing  a circuit  is,  therefore,  one  of  deter- 
mining what  sise  of  conductor  should  be  used  to  limit  the  loss  of  voltage  to  a 
specified  amount,  when  distance  and  current-strength  are  known,  and  also 
determining  whether  the  size  needed  for  the  specified  voltage  drop  is  sufficient 
to  carry  the  current  safely. 

22.  Direct-current  circuits.  In  direct-current  circuits  the  current  and 
the  resistance  are  the  only  factors  affecting  the  drop  in  voltage.  The  re- 
sistance of  a mil-foot  of  pure  annealed  copper  at  68  deg.  fahr.  being 
10.4  ohms,  that  of  a conductor  D ft.  long  and  Af  cir.  mils  in  urea  is 
£ - (Z>  X 10.4)/Af.  The  drop  with  current  I,  therefore,  is 

r_  IXDX  10.4  , u.  ..  IXDX  10.4  .... 

If  — lit  — ^ (volts)  or  Af  — ^ (cir.  mils  1 ) 


If  both  conductors  are  of  the  same  sise  the  total  drop  is  twice  the  drop  in  one 
conductor,  as  found  by  Eq.  1;  if  they  are  not  of  the  same  sise,  the  drops  in 
the  different  aisee  must  be  computed  separately  and  added  together. 

Bxnmpls.  A two-wire  circuit  is  to  carry  a load  of  100  amp.  a distance  of 
300  ft.  with  a drop  of  5 volts.  What  sise  of  conductor  must  be  used? 

w 2DXTX  10.4  2 X 300X100X10.4  . 

Af  — — 124,800  cir.  mils. 

a o 


The  nearest  sise  is  No.  2/0,  A.W.G.,  which  should  be  used. 

26.  The  calculation  of  dlrset-currsnt  drop  at  any  load  is  readily 
determined,  where  the  sise  of  the  conductor  is  already  fixed,  by  the  us<  of  the 
formula,  E — 2IDR/ 1,000,  in  which  R is  the  resistance  per  1,000  ft.  of  con- 
ductor. The  formula  givee  the  total  drop  in  the  two  wires  of  the  circuit. 

Example.  A circuit  of  4/0  cable,  500  ft.  in  length,  is  to  carry  a 1 oad  of 
190  amp.;  what  will  be  the  line  drop?  The  resistance  of  No.  4/0  conductor 
is  0.049  ohm  per  1,000  ft.  {Par.  21) ; D - 500  ft.  The  drop  is 


Jff, 


2X190  X 500  X 0.049 


— 9.3  volts. 


1,000 

27.  Thrss-wirs  dirsct-currenfc  circuits.  In  making  calculation-  for  a 
three- wire  Edison  circuit,  separate  computations  are  made  for  each  con- 
ductor if  the  load  is  appreciably  unbalanced. 


temple.  A circuit  having  two  No.  4/0  A.  W.  G.  outer  wires  and  a No. 
0 neutral,  1,000  ft.  long,  ogrries  a load  of  150  amp.  on  the  positive  side  and 
110  amp.  on  the  negative  side;  what  is  ths  drop  on  eaoh  side  of  the  circuit? 
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The  resistance  of  1,000  ft.  of  No.  4/0  — 0.049  ohm,  and  that  of  No.  0- 
0.098  ohm,  per  1,000  ft.  (Par.  tl). 

E - - 150  X 0.049  - 7.35  volts  drop  on  positive  wire; 

E -IR  - 1 10  X 0.049  - 5.4  volts  drop  on  negative  wire; 

E — IR  — 40  X 0.098  — 3.92  volts  drop  on  neutral  wire. 

The  drop  in  the  neutral  wire  is  added  to  the  drop  on  the  “ heavy  ” aide  and  sub- 
tracted from  that  on  the  “lighter”  side,  making  the  total  drop  7.35+3.92 - 
1 1 .27  volts  on  the  “ heavy”  side,  and  5.4—3.92  — 1.48  volts  on  the  other  side. 

28.  Alternating-current  circuits.  In  an  alternating-current  circuit, 
voltage  drop  is  caused  by  the  combined  effect  of  (a)  resistance,  (b)  indue 
tan  cc.  and  (c)  capacity.  The  component  of  drop  duo  to  resistance  a 
governed  by  the  same  laws  which  govern  direct-current  circuits,  and  is  in 
phase  with  the  current.  The  component  due  to  inductance  (react- 
ance drop)  is  a counter  e.m.f.  set  up  by  the  magnetic  field  and  is  a quarter 
cycle  behind  the  current  wave.  The  resistance  drop  and  the  reactance  drop 
may  be  represented,  therefore,  by  two  sides  of  a right  triangle.  The  capacity 
of  a circuit  causes  a charging  current  which  is  however  of  importance  only  at 
the  higher  voltages.  See  Sec.  11. 

The  inductive  reactance  of  a circuit  is  «L,  where  » — 2 vn  and  » - 
frequency  in  cycles  per  second;  L — inductance  in  henrys.  The  inductance 
L a measure  of  the  number  of  lines  of  force  per  ampere  linked  with  the  circuit; 
It  increases,  therefore,  as  the  separation  of  the  conductors  of  the  circuit  is 
increased,  or  with  the  introduction  of  iron  into  the  magnetic  field,  since  either 
of  t hese  increases  the  number  of  lines  of  force  linked  with  the  circuit. 

29.  Table  of  wire  resistance  and  reactance.  The  table  in  Par.  tl 
given  the  reactance  drop  in  volts  per  ampere,  for  1,000  ft.  of  conductor,  for 
the  distances  of  separation  and  sizes  of  wire  commonly  used  in  transmiaake 
and  distribution  work.  It  should  be  noted  that  the  reactance  increases  « 
the  separation  is  increased. 

30.  Example  of  calculation  of  resistance  and  reactance  drops.  A 

mih;I  -phase  circuit  10,000  ft.  long  operates  at  60  cycles  and  carries  a load  of 
100  amp.,  with  No.  0 wires  12  in.  apart.  What  are  the  values  of  the  inductive 
and  the  ohmic  components  of  drop,  and  the  impedance  drop?  The  react- 
ance per  1 ,000  ft.,  per  amp.  per  wire,  for  No.  0 wires  12  in.  apart  is  X — 0. 1043. 
The  resistance  is  0.098  ohm.  per  1,000  ft.  The  inductive  component  erf  the 
impedance  of  the  circuit  is 

A’  = 2D  X 7 X 0.1043/ 1,000  = 2X10, 000X100X  0.1043/ 1,000  - 208.6  volts. 
The  ohmic  component  is  R — 2X 10.000X  100X  0.0981/1,000—  196.2  volta 
The  i npedance  drop  in  the  circuit  is 

V(209)*  + (196)*-286  volts. 

The  length  of  the  line  OA  in  Fig.  9 is  proportional  to  the  resistance  compo- 
nent. that  of  AB  represents  the  inductive  component  and  OB  the  resultant 
of  the  two.  If  the  circuit  consisted  of  two  No.  6 wires  the  resistance  com- 
ponent would  be  788  volte,  the  inductive  component  241  volts,  and  the 
impedance  drop  would  be 

y/ (788)  *+(241)*  — 824  volts. 

S' 


® - 

V 

Sj  £ 

IRm  788  V. 

W /fl- 196  V.. 

k a* 

Fia.  9. — Resolution  of  ohmic  drop  and  inductive  drop  to  obtain  total  or 
impedance  drop. 

The  e.m.f.  diagram  for  the  latter  case,  in  Fig.  9,  is  OA'B'.  It  is  sppment 
that  the  ratio  of  resistance  to  inductance  decreases  as  the  sise  of  wire  is 
increased,  so  that  increasing  the  sise  for  the  purpose  of  reducing  the  pressure- 
drop  becomes  less  effective  in  the  larger  rises,  It  is  prefer*))!®  to  install  as 
additional  circuit  If  facilities  will  permit. 
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Volts  drop  per  amp.  per  1,000  ft.  of  (one)  wire  at  60  cycles 
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32.  Resistance  and  inductance  factors.  The  resistance  factor  of 

a circuit  is  the  ratio  of  its  resistance  to  its  impedance.  Likewise  the  induct- 
ance factor  is  the  ratio  of  the  inductive  reactance  to  the  impedance.  The 
square  root  of  the  sum  of  the  squares  of  these  two  factors  is  equal  to  unity. 
The  values  of  inductance  factor  which  correspond  to  various  common  value* 
of  resistance  (or  power)  factor  appear  in  the  following  table: 


Resistance  (or  power)  fac- 
tor, per  cent 

50 

60 

65 

70 

75 

80 

85 

90 

95 

97.5  100 

Inductanco  factor,  per] 
cent 1 

86.  G 

80 

76 

71 

A 

60 

53 

44 

31 

22. 2|  0 

33.  Single-phase  line  drop.  In  an  alternating-current  circuit  the  pres- 
sure-drop is  determined  from  the  resistance  and  the  inductance  components 
in  conjunction  with  the  power-factor  of  the  load  which  the  circuit  ia 
carrying.  The  line  drop  is  a maximum  when  the  power-factor  of  the 
load  equals  the  resistance  factor  of  the  line. 

Referring  to  Fig.  10.  the  line  OE  represents  the  pressure  delivered.  OR 
is  the  component  of  OE,  which  is  doing  useful  work;  ER  is  the  component  of 

self-induction,  or  inductive 
component,  which  causes  the 
current  to  be  out  of  phase  with 
the  impressed  voltage  at  the 
load.  EL  is  the  resistance 
component  of  the  line  drop, 
and  LP  is  the  inductive  com- 
ponent. The  resistance  com- 
ponent of  the  line  drop,  EL, 
and  the  power  component  of 
the  impressed  load  voltage. 
OR,  are  in  phase  with  each 
other;  and  the  inductive  com- 
ponents ER  and  LP  are  in 
phase.  The  resultant  OP  is 
the  bus  pressure,  or  impressed 
line  voltage,  necessary  to  de- 
liver a pressure  OE  at  the  end 
of  the  line.  The  net  line 
drop  i9  the  numerical  differ- 
ence between  OP  and  OE.  In 
the  case  of  rmn-inductive  load,  such  as  incandescent  lamps,  the  inductive 
component  ER  disappears,  and  the  impressed  voltage  at  the  lamps  takes  the 
posit  ion  of  OF  ( = OE).  The  impressed  line  pressure  necessary  to  deliver  OF 
at  the  lamps  is  OX,  or  the  resultant  of  OM  («=0F-+-£L)  and  MN  ( — LP ),  and 
the  drop  is  the  numerical  difference  between  ON  and  OF. 

34.  Example  of  calculation  of  single-phase  line  drop.  Given  a load 
of  100  amp.  of  2,200  volts,  single-phase,  delivered  at  the  end  of  a two- wire 
line  of  No.  0 copper  wire,  4,500  ft.  long,  with  wires  12  in.  apart,  a frequency  of 
60  cycles  and  a power-factor  of  80  per  cent.,  what  is  the  line  drop? 

The  power-factor  being  80  per  cent.,  the  corresponding  inductance  factor 
is  60  per  cent.,  from  the  table  in  Par.  32.  Using  the  notation  of  Fig.  10: 
OR  = 0.80X2,200=*  1,760  vol ts. 

ER  = 0.6  X 2,200  = 1,320  volts. 

The  line  resistance  drop  per  1,000  ft.,  per  ampere,  for  No.  0 wire  (Par.  31)  is 
0.09S  volt.  Hence  the  total  line  resistance  drop  is 

LL  = 2X0.0981  X 4.5X100  = 88  volts. 

The  line  inductive  drop  per  1,000  ft.,  per  ampere,  for  12-in.  centres,  is  0.104 

volt,  and  therefore 

LP  = 2 X 0.1043  X 4.5X100  = 94  volts. 

Tim  total  power  (resistance)  component  is  OR+EL,  or  1.760  + 8S  — 1.S4S 
volts,  and  the  total  inductive  component  is  ER-\-LP,  or  1 ,320+94  =■  1,414 
volts.  The  resultant  of  these  two  is 


P 


0P=  \/(l,84S)*-f  (1,4 14) * = 2,327  volts, 
his  is  the  pressure  necessary  to  deliver  2,200  volts  at  the  end  of  the  line. 
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The  net  line  drop  is,  therefore,  127  volta  or  5.8  per  cent,  of  the  reoeivet 

voltage. 

If  a lighting  load  of  100  amp.  at  100  per  cent,  power-factor  were  being 
carried,  the  inductance  factor  ER  would  be  sera  and  ON  would  be 

V(2,288)»+(94)*~ 2,290  volta. 

At  100  per  cent,  power-factor,  therefore,  the  drop  is  90  volts. 

35.  Mershon  diagram.  R.  D.  Mershon  has  devised  a diagram  by  mean* 
of  which  line-drop  calculations,  which  do  not  involve  charging-current 
effects  may  be  made  with  facility  and  yet  with  sufficient  accuracy  for  *11 
ordinary  purposes.  This  diagram,*  Fig.  11,  is  based  on  the  principles  of  the 
of  Fig.  10.  The  concentric  circles  are  described  about  a centre, 
to  the  loft  of  the  diagram,  which  corresponds  to  the  point  O in  Fig.  10.  The 
divisions  are  made  in  percentages  so  that  the  scale  may  be  applicable  to  any 
voltage.  The  use  of  the  chart  may  be  illustrated  by  the  example  of  the  cir- 
cuit of  No.  0 wire  carrying  a load  of  100  amp.  at  a distance  of  4,500  ft. 
(Par.  34).  The  ohmic  drop  is  88  volts,  or  4 per  cent.,  while  the  inductive 
drop  is  4.3  per  cent.  The  power-factor  is  0.8.  The  base  of  the  0.8  power- 
factor  line  m Fig.  11  is  the  point  R in  Fig.  10.  The  point  where  the 04 
power*  t actor  line  intersects  the  first  circle  is  the  point  E in  Fig.  10.  Passing 
from  this  point  to  the  right,  4 divisions,  and  then  upward.  4.3  divisions,* 
point  is  reached  which  is  a little  below  the  6-per-cent,  circle;  this  point  is 
equivalent  to  the  point  P in  Fig.  10.  The  net  line  drop  is  5.8  per  cent,  of 
2,2<mi  128  volts,  compared  with  127  volta  by  calculation. 

If  the  load  on  the  circuit  has  a power-factor  of  100  per  cent.,  one  begiss 
at  the  base  of  the  100-per-cent,  power-factor  line,  passes  to  the  right  4 aim- 

si  one  and  then  up  4.3  divisions.  The 
drop  is  found  to  be  about  4.1  peroent, 
\ y or  90  volts,  as  compared  with  90  volts 

\ 7 calculated. 

yX  16.  Two-phase  line  drop.  In  the 

case  of  a two-phase  four-wire  circuit 
sv  the  drop  is  computed  for  each  phase  in- 

/ dependency,  using  the  method  given  in 

j Par.  11  and  Par.  14,  or  the  Mershon  dia- 

/ gram.  Par.  16. 

/ In  a two-phase  three-wire  system 

/ having  the  load  connected  between  the 

/ outer  phase  wires  and  the  neutral  or 

' N common  phase  wire,  the  inductive  drop 

ft  on  the  neutral  produces  an  unbalanced 

i R pressure  at  the  load  or  receiver  end. 

— 1 This  condition  is  illustrated  in  the  dia- 

/ \ ^ gram  in  Fig.  12.  The  ohmic  and  ifcdue- 

(C  ; / tive  drops  on  the  outer  wires  are  Kepre- 

\ / sented  by  the  triangles  XYZ  and  EST. 

ON  represents  the  phase  of  the  neutrsi 
D current  and  OCD  represents  the  ohmic 

_ . . ...  and  inductive  drops  on  the  neutral  eon- 

Fia.  12  — Diagram  of  potential  drop  ductor.  The  power-factor  is  assumed 
on  two-phase  three-wire  circuit.  at  90  per  cent.  The  voltage  necessary 

to  maintain  normal  pressure  at  the 
feeder  < nd  is  represented  by  line  DZ  on  one  phase  and  by  DT  on  the  other 
phase*  The  net  line  drop  is  the  difference  between  DZ  ana  OX  in  one  phase* 
and  between  DT  and  OR  in  the  other.  It  is  evident  from  the  diagram  that 
the  drop  on  one  phase  is  considerably  greater  than  on  the  other.  The  differ- 
ence varies  with  the  power-factor  and  the  sise  of  the  wire,  being  greater 
with  la  rger  sizes  of  wire.  No  simple  rule  can  be  laid  down  for  calculating 
such  problems,  when  the  load  is  not  equally  balanced  between  phases,  and 
a graphical  solution  is  usually  the  most  practical. 

37  Drop  in  three-phase  throe-wire  symmetrical  circuits.  In  a 
three-phase  three-wire  circuit  with  conductors  symmetrically  arranged  and 
carrying  a balanced  load,  the  inductive  effect  is  the  same  In  each  wire  and 
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the  calculation  of  drop  may  be  made  exaotly  ae  it  would  be  for  a single- 
phase  circuit  carrying  one-half  the  load. 

Aa  the  currents  in  the  three  wires  are  120  deg.  apart  in  time  phase,  the 
ohmic  drop  for  the  two  wires  making  up  an y one  phase  is  not  twice  that  of  one 
wire,  as  it  is  in  a single-phase  two-wire  circuit,  but  is  1.73  times  this  drop. 
The  inductive  component  of  drop  is  also  1.73  times  that  of  a single  wire,  for 
the  loop.  If  the  load  on  a three-phase  circuit  were  the  same  as  on  the  si  ngle- 
phase  circuit  in  the  previous  example  (Par.  34),  the  current  per  wire  in  the 
three-phase  circuit  would  be 


100X1.732 

3 


57.7  amp. 


The  drop  at  100  amp.  on  the  three-phase  circuit  would  be  (5.8/2)  XI  73  — 
5.0  per  cent.,  and  at  58  amp.  the  drop  would  be  58/100  of  5 per  cent.,  or 
2.9  per  cent.  The  single-phase  drop  at  the  same  load  was  found  to  be  5.8 
per  cent.,  or  twice  the  three-phase  drop. 

Therefore,  for  the  same  load  and  equal  line  drop,  the  sise  of  the  con- 
ductor in  a three-phase  circuit  may  be  one-half  that  of  a single-phase  circuit. 
There  being  throe  wires  in  the  three-phase  circuit,  it  follows  that  the  weight 
of  copper  which  is  required  for  a three-phase  circuit  is  three-quarters  of  that 
required  for  single-phase  transmission,  with  equal  pressures  between  phase- 
wires,  equal  loads  and  equal  line  drops. 

33.  Drop  In  three-phase  three-wire  unsymmotrical  circuits.  When 
the  arrangement  of  conductors  is  not  symmetrical,  the  inductive  component 
of  drop  is  different  among  the  different  pairs  of  wires,  on  acoount  of  the  differ- 
ent distances  between  centres.  The  most  common  case  is  that  in  which  the 
wires  are  arranged  on  a cross-arm  in  the  same  horizontal  plane.  In  such 
esses  the  equivalent  of  a symmetrical  arrangement  can  be  secured  by  trans- 
posing’ the  conductors  at  proper  intervals.  This  is  not  necessary  in  2,200- 
volt  distributing  feeders  which  are  equipped  with  line-drop  compensators, 
as  they  can  easily  be  adjusted  to  correct  the  unbalanced  conditions. 

The  calculation  of  drop  in  an  unbalanced  three-wire  three-phas  cir- 
cuit is  somewhat  complicated  and  such  problems  are  most  readily  solved 
graphically.  Loads  which  are  not  unbalanced  more  than  10  per  cent,  to 
15  per  cent,  may  usually  be  averaged  and  considered  as  balanced  for  practical 
purposes.  In  systems  where  the  lighting  service  is  all  on  one  phase,  and  the 
third  phase  wire  carries  a small  scattered  load  of  three-phase  motors,  the 
lighting  phase  may  be  considered  as  a* single-phase  circuit  in  computing  the 
drop.  However,  as  the  motor  load  increases,  the  drop  in  the  lighting  phase 
becomes  less  for  a given  current  value,  until,  when  the  current  in  the  other 
phases  equals  that  m the  lighting  phase,  the  drop  in  the  latter  is  but  8G.6 
per  cent,  of  what  it  would  be  with  the  same  current  carried  for  lighting  ser- 
vice only. 


39.  Drop  in  three-phase  four-wire  circuits.  The  pressure  at  the 
transformer, on  such  systems, is  the  pressure  between  phase  wires  and  neutral; 
when  the  latter  is  2,200  volts,  the  pressure  across  phase  wires  is  2.200X  1 -732 
— 3,810  volts.  With  balanced  load  the  neutral  conductor  carries  no  cur- 
rent and  the  drop  is  that  in  the  phase  wires  only.  The  resistance  drop  at 
100  amp.  on  a No.  0 circuit  9,000  ft.  long  is  100X  9 X 0.0981  — 88  volts. 
This  is  4 per  cent,  of  2,200  volts.  Assuming  a 12-in.  spacing,  single-phase, 
the  inductive  component  of  drop  is  100  X 9 X 0.1043  — 94  volts,  or  4.3  per 
cent.  At  80  per  cent,  power-factor,  by  the  Mershon  diagram  (Fig.  11),  the 
total  drop  is  5.8  per  cent.  The  size  of  wire  for  a given  load  and  drop,  three- 
phase,  is  one-half  what  it  would  be  for  a single-phase  circuit,  or,  assuming 
wires  of  equal  size,  the  distance  may  be  doubled  for  the  same  drop  as  com- 
pared with  a single-phase  circuit. 

In  the  case  of  an  unbalanced  four-wire  circuit,  which  is  the  more  usual 
condition,  the  effect  of  the  drop  on  the  neutral  wire  must  be  taken  into  con- 
sideration. In  general,  the  effect  of  the  unbalance  is  to  increase  the  drop 
on  the  more  heavily  loaded  phases  and  decrease  it  on  the  lightly  loaded 
phases,  in  comparison  with  the  drops  at  balanced  load,  as  shown  in  the  case 
of  the  three-wire  two-phase  circuit  above.  A graphical  solution  of  the 
problem  of  determining  line  drop  in  unbalanced  three-phase  four- wire  circuits 
is  shown  in  Fig.  13.  This  diagram  is  constructed  on  a principle  similar  to 
that  used  in  Fig.  12  for  a two-phase  circuit. 

The  load  on  A phase  is  heavier  than  that  on  B and  C,  and  the  drop  OE  due 
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to  the  neutral  current  is  added  almost  directly  to  the  drop  XZ  on  the  d -phase 

conductor. 

The  net  drop  on  A phase  is  BZ-OX%  that  on  B phase  is  BT-OR  and  on  l 
phase  it  is  EW-OU.  „ 

Where  line-drop  compensators 
are  employed  in  each  conductor,  VJ7  _ 
only  the  individual  calculations  for  * 

the  four  conductors  are  required,  as  \\  J 

the  compensator  corrects  for  the  y\ 

effect  of  the  neutral  drop.  C \ \ • 

40.  Skin  effect  is  an  alternating-  \ \ \ 

current  phenomenon  (Sec.  2,  and  \\  i 

Sec.  4),  which  materially  affects  \ \ I 

cables  of  large  cross-section,  due  to  yA  \ 

the  fact  that  the  currents  passing 

through  the  strands  around  the  A 

outer  surface  of  the  cable  encounter  ^ 

less  inductance  and  impedance  than  f / I 

the  strands  near  the  centre,  thus  //  / 

causing  the  outer  strands  to  carry  / //  v 

more  current,  proportionately,  than  \ /Jr 

the  inner  Btrands.  It  is  desirable,  \ J/J 

therefore,  to  build  up  large  cables  \ // R 

about  a core  of  non-conducting  X//  ** 

material.  Cables  of  over  500,000  &/W 

cir.  mils  are  often  made  in  this 

manner  where  they  are  to  be  used  x 

in  60-cycle  systems,  and  cables  Fio.  13. — Diagram  of  drops  in  a three 
of  more' than  1,000,000  cir.  mils  for  phase  four-wire  circuit. 

25-cycle  systems. 

The  increase  in  effective  resistance  due  to  skin  effect  is  approximately 
proportional  to  the  product  of  the  frequency  and  the  circular  mils,  as  shows  is 
the  following  table  m Par.  41. 

41.  Table  of  Skin-effect  Coefficient* 


Coefficient 


Cir.  mils  X 

frequency 

10,000,000 

20,000,000 

30.000. 000 

40.000. 000 

50.000. 000 

60.000. 000 

70.000. 000 

80.000. 000 

90,000,000 

100,000,000 

125.000. 000 

150.000. 000 

175.000. 000 

200.000. 000 


To  determine  the  skin  effect  of  a copper  cable  having  an  area  of  1.000,000 
cir.  mils,  carrying  current  at  60  cycles^refer  to  the  table, 
produ.  t 60,000,000.  The  coefficients  1.096.  The  resistance  of  a 1.000,000- 
cir.  mils  cable  per  1,000  ft.  being  0.01035,  the  effective  resistance  st  60 
cycles  is  0.01035  X 1.096  - 0.01134,  or  9.6  per  cent,  more  than  with  continu- 
ous current.  The  resistance  of  a 1,500,000-cir.  mils  cable  is  *ncre#s®~ 
19.5  per  cent,  at  60  cycles.  The  current-carrying  capacity  of  large  csbw 
is  reduced  in  proportion  to  the  reciprocal  of  the  skin-effect  coefficient;  tn*» 
is,  if  the  coefficient  is  1.096,  the  capacity  is  only  1/1.096  ■■  91.2  per  oeni.  w 
that  with  continuous  currents. 
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41.  Ifleet  of  electrostatic  capacity.  At  ordinary  distributing  voltages 
and  frequencies  the  capacity  effect  is  too  small  to  be  of  any  consequence  in 
the  solution  of  line-drop  problems  and  need  not  be  considered.  At  the 
higher  transmission  voltages  it  is  a matter  of  considerable  importance  in 
many  cases  (Sec.  11).  The  electrostatic  capacity  of  an  overhead  circuit  is 
fixed  by  the  distance  between  the  conductors  and  by  their  sixe;  with  insulated 
conductors  (aerial  or  in  cable),  the  capacity  is  further  affected  by  the  die- 
lectric constant  (Sec.  4),  of  the  insulating  material.  The  mutual  capacity 
of  a single-phase  uninsulated  circuit  strung  in  the  open  air,  per  1,000 
ft.  of  circuit,  is  given  by 

c_  0003877  / (micro(Rrad<)  (2) 


where  d is  the  distance  between  centres  of  conductors  and  r is  half  the  diam- 
eter (radius)  of  the  conductor.  The  logarithm  used  is  the  common  logarithm. 

43.  Gharging  current.  The  charging  current  of  a single-phase  circuit 
is  given  by 

r 6.284 DnCB 

J-  1,000,000  (*mp-)  (3) 


where  D is  the  length  of  circuit  in  thousands  of  feet,  n is  the  frequency. 
C is  the  capacity  in  microfarads,  and  E is  the  effective  voltage  between  con- 
ductors. The  charging  current  of  a symmetrical  three-phase  circuit,  between 
phase  wires,  is  2/\^3“  1.155  times  that  of  a single-phase  circuit  with  equal 
spacing  between  phase  wires. 

When  an  inductive  load  is  carried  on  the  line,  the  lagging  component  of 
the  load  current  tends  to  offset  the  leading  current  required  to  charge  the  line. 
The  tendency  of  the  charging  current  to  raise  the  power-factor  of  the  line 
current  thus  results  in  a corresponding  tendency  to  reduce  the  line  drop  where 
the  load  is  of  an  inductive  character.  (For  full  treatment  of  the  effect  of 
capacity  on  line  drop,  see  Sec.  11.) 


44.  Electrostatic  capacity  of  cables.  In  underground  cable  work 
the  effect  of  charging  current  is  greatly  increased  by  the  reduced  separation 
of  the  conductors.  The  charging  current  cannot  be  determined  by  direct 
calculation,  however,  since  the  dielectric  constant  of  the  insulation  must  be 
taken  into  account.  The  mutual  capacity  of  a three-phase  three-conductor 
cable  between  conductors,  per  1,000  ft., 'is  given  by 

_ 0.00735  K , . , . . 

c-  — rrri  (microfarads)  (4) 


log 


3a*  (fl*-a*)» 
r*  (£•-«•) 


When  K is  the  dielectric  constant,  a is  the  distance  from  the  centre  of  the 
cross-section  of  the  cable  to  the  centre  of  the  conductors,  R is  the  radius  of 
tbe  inside  of  the  lead  sheath,  and  r is  the  radius  of  the  conductors.  The 
common  logarithm  should  be  used. 

43.  Dielectric  constant.  The  value  of  K,  the  dielectric  constant,  varies 
with  the  character  of  the  paper  and  oils  used  and  increases  as  the  temper- 
ature increases.  It  must  therefore  be  determined  for  each  cable  by  measure- 
ment at  the  various  temperatures  of  operation.  The  charging  current  is 
also  affected  by  the  dielectric  loss  in  the  cable  insulation,  and  with  < 
designed  for  operation  at  voltages  above  13,200,  this  becomes  an  important 
factor  since  it  tends  to  reduce  the  current-carrying  capacity  of  the  cable 
by  adding  heat,  which  contributes  to  the  temperature  rise.  Also  see  Pur  48 

43.  Current-carrying  capacity  of  conductors.  The  energy  absorbed 
by  a circuit,  I*R,  is  dissipated  in  the  form  of  heat,  and  tends  to  raine  the 
temperature  of  the  conductor.  The  maximum  current-carrying  capac  i tv  of 
a conductor  is  dependent  upon  whether  it  is  installed  in  open  air,  in  conduit 
or  underground.  The  character  of  the  insulation  is  also  a factor,  since  certain 
kinds  of  insulation  may  be  safely  operated  at  higher  temperatures  than 

The  insulation  of  rubber-covered  conductors  should  not  be  operated  regu- 
larly at  temperatures  above  about  50  deg.  cent.  (122  deg.  fahr.).  Weather- 
proof and  other  fibrous  types  of  insulation  may  be  operated  at  tempera  t urea 
as  high  as  65  deg.  to  70  deg.  cent.  (149  deg.  to  158  deg.  fahr.).  Conductors 
used  iraid*  of  buddings  are  subject  to  the  requirements  of  the  National 
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Electrical  Code,  which  limits  the  current  in  rubber-covered  cables  to  values 
such  that  the  temperature  rise  will  not  exceed  about  15  deg.  cent.  (27  deg. 
fahr.).  This  represents  a temperature  of  about  40  deg.  cent.  (104  deg.  fahr.) 
during  summer  months,  or  in  parts  of  buildings  such  as  engine  rooms  which 
are  normally  above  outside  air  temperature.  Slow-burning  insulation  u 
accordingly  required  in  places  where  the  temperature  is  likely  to  be  above 
45  deg.  cent.  (1 13  deg.  fahr.). 

47.  Table  of  Current-carrying  Capacity  of  Wires  and  Cables  Under 
Various  Conditions 


8ise, 

A.W.Q.or 
cir.  mils 

National  electrical 
code 

Lead-covered 

Single  conductor 

cables 

Three  con- 
ductor paper 
ins.  45  deg. 
oent.  rise, 
(amp.) 

Rubber 

ins. 

(amp.) 

Slow- 

burning 

ins. 

(amp.) 

Rubber 
30  deg. 
cent,  nse 
(amp.) 

Paper  or 
cambric, 
40  deg. 

cent,  nse 
(amp.) 

14 

15 

20 

12 

20 

25 

10 

25 

30 

20 

22 

8 

35 

50 

30 

34 

26 

6 

50 

70 

50 

56 

48 

4 

70 

90 

78 

87 

68 

8 

80 

100 

98 

110 

81 

2 

90 

125 

121 

134 

93  ' 

1 

100 

150 

145 

160 

110 

0 

125 

200 

169 

187 

132 

00 

150 

225 

192 

210 

150 

000 

175 

275 

245 

270 

190 

0000 

225 

325 

1 285 

315 

225 

250,000 

235 

350 

320 

360 

255 

300,000 

275 

400 

370 

415 

300 

400,000 

325 

500 

460 

515 

370 

500,000 

400 

600 

550 

605 

750,000 

525 

800 

750 

830 

1,000,000 

650 

1,000 

900  ! 

1,030 

1,500,000 

850 

1,360 

1,200 

1,450 

2,000,000 

1,050 

1,670 

1,400 

1,590 

48.  Underground  cables.  The  carrying  capacity  of  lead-covered  cables 
in  underground  conduit  has  been  studied  bv  various  investigators  but 
no  complete  study  has  been  made  of  the  various  factors  involved.  Tbe 
radiation  from  a duct  line  varies  with  the  character  of  the  soil,  site  and  shspe 
of  duct  line  and  with  the  presence  of  other  heat  producing  elements  such  m 
steam  heating  mains  ana  other  conduit  lines.  The  radiation  from  tbe 
cables  in  the  inside  ducts  is  materially  less  than  from  those  in  the  peripheral 
ducts,  a difference  of  15  per  cent,  having  been  noted  by  Fisher  in  a 9-duct 
line  and  40  per  cent,  in  a 16-duct  line  when  all  ducts  are  occupied  by  loaded 
cables. 

With  oiled  paper  cables  the  maximum  temperature  is  limited,  by  the 
Standardization  Rules  of  the  A.  I.  E.  E.,  to  85  — E deg.  cent.,  where  B is 
the  pressure  in  kilovolts. 

This  limit  is  fixed  as  a basis  of  continuous  operation,  but  low-tension 
direct-current  cables  have  been  operated  at  temperatures  of  100  to  120 
deg.  cent,  for  several  hundred  hours  without  showing  perceptible  damage. 

# With  high-tension  cables  the  limit  should  not  be  exceeded  materiaUy 
since  the  dielectric  loss  increases  with  the  temperature  and  adds  to  the  heat 
generated  as  the  temperature  increases.  At  voltages  above  10,000  the  die- 
lectric loss  may  be  sufficient  to  reduce  the  carrying  capacity  of  the  cable. 
Attention  has  been  given  in  recent  years  to  the  compounds  used  in  wch 
cables,  and  it  vs  found  that  the  use  of  resin  oil,  the  predominant  dement  beinf 
made  up  of  mineral  compounds,  should  be  limited  if  the  dielectric  lorn  » 

Atkinson  and  Fisher.  Tran*.  A.  I.  E.  E.;  VqL XXXII,  1913,  p.  327. 
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si,  xn«  luncuon  m a gtaosuaon  1 
bulk-supply  system,  At  the  transmissioi 
suitable  lor  distributing  purposes, 
in  the  form  of  direct  current  at  the  volt 


to  be  kept  within  safe  limits.  The  tendency  of  the  lose  to  increase  as  the 
temperature  rises  produces  a condition  of  cumulative  beating  which  may 
progress  in  a few  hours  to  a point  where  the  cable  is  destroyed. 

49.  Temperature  of  conductors.  The  temperature  of  the  conductor 
may  be  determined  from  observation  of  the  temperature  of  the  cable  sheath 
by  a formula  derived  by  Atkinson  and  Fisher,  which  is  of  value  since  it  can 
be  easily  applied  to  working  cables,  without  taking  them  out  of  service. 
The  fall  of  temperature  from  conductor  to  sheath  is 

<-JClo«(^(^^)(deg.°ent.)  (5) 

in  which  D is  the  diameter  (in.),  outside  the  insulation,  d is  the  diameter 
(in.)  of  the  conductor,  / is  the  current  (amp.)  and  K is  a oonstant  which  is 
determined  for  each  type  of  cable.  The  common  logarithm,  base  10,  should 
be  used.  The  values  of  K are  as  follows:  for  single  conductor  cable,  0.15; 
for  two-conductor  cable,  0.35;  and  for  three-conductor  cable,  0.52. 

With  multiple  conductor  cable  the  value  of  D is  taken  over  the  outer  belt 
of  insulation  and  d is  that  of  the  individual  conductors. 

M.  Multiple  conductor  cables.  The  earrying  capacity  of  multiple 
conductor  cables  is  less  than  that  of  single  conductor  cables  of  the  same 
rise  of  conductor,  since  heat  is  generated  in  two  or  more  conductors  and  the 
increase  in  radiating  surface  is  not  proportionally  greater.  This  effect  is 
such  that  for  duplex  cable  the  temperature  rise  is  about  10  per  cent,  greater 
than  for  a single  conductor  cable,  making  its  carrying  capacity  about  10  per 
cent.  less.  For  three-conductor  cable  the  carrying  capacity  is  about  75 
per  cent,  of  that  of  a single  conductor  cable. 

SUBSTATIONS 

91.  The  function  of  a substation  is  to  convert  energy  received  from  a 
transmission  voltage  and  frequency,  to  energy 
The  energy  distributed  may  be 

«U  VUC  IUIU1  IM  UUCVV  UUI1CUV  CSV  NIC  y oltage  at  which  it  is  utilised,  or  in  the 
form  of  alternating  current  at  a voltage  suitable  for  general  distribution 
through  step-down  transformers  located  at  suitable  points  in  the  district 
served.  The  expense  of  installing  and  operating  a substation  must  be 
justified  by  the  saving  made  by  the  shortening  of  distributing  feeders  and 
the  reduction  in  feeder  losses  incident  thereto. 

99.  Substation  location.  The  distance  between  substations 
depends  upon  the  voltage  of  distribution  and  the  density  of  the  load.  The 
average  length  of  the  distributing  feeders  should  be  such  that  the  total  invest- 
ment in  feeder  conductors  and  substation  equipment  is  a minimum. 
a In  low-tension  systems  it  is  usually  found  desirable  to  locate  substa- 
tions approximately  I mile  apart,  except  in  very  congested  districts  where 
they  are  sometimes  located  less  than  0.5  mile  apart,  on  account  of  the  very 
large  loads  to  be  carried. 

In  9900-volt  alternating-current  distribution,  substations  may  be 
spaced  from  2 to  3 miles;  in  four-wire  systems  operating  at  2,300-4,000  volts, 
they  may  be  located  from  4 to  6 miles  apart,  in  scattered  districts.  In  the 
outlying  parte  of  the  larger  cities  they  are  usually  found  from  2 to  3 miles 
apart  on  account  of  the  density  of  the  load. 

99.  Substation  classification.  Substations  may  be  divided  into  three 
principal  classes:  (a)  those  in  which  transformers  change  the  pressure  from 
that  used  in  transmission  to  the  distribution  voltage;  (b)  those  in  whieh 
frequency  changers  convert  energy  from  one  frequency  to  another  and 
from  the  transmission  voltage  to  the  distributing  voltage;  and  (c)  those  in 
which  the  transmitted  energy  is  converted  by  synchronous  converters  to 
continuous  current  at  low  voltage. 

94.  General  features.  Each  of  these  classes  of  substations  (Par.  99) 
has  certain  elements  which  are  common  to  all.  Each  is  served  by  incoming 
transmission  lines  which  are  terminated  in  oil  switches  and  connected  thenoe 
to  a high-tension  bus  system.  One  aide  of  the  converting  apparatus  is  con- 
nected to  the  high-tension  bus  and  the  other  side  to  two  or  more  distributing 
busses.  From  these  busses  the  outgoing  feeders  are  taken  off  through  suit- 
able feeder  switches,  in  conjunction  with  regulating  apparatus. 

IS.  Substation  building.  Tbs  size  of  the  lot  and  the  dimensions  of 
tho  building  should  be  such  as  to  permit  an  arrangement  of  apparatus 
which  will  not  be  unduly  crowded,  and  which  will  permit  the  installation, 


• Fisher.  H.  W. 
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repair  and  maintenance  of  the  equipment  at  minimum  cost.  Where  further 
growth  is  probable,  due  regard  must  be  had  for  subsequent  extensions 
of  building  and  equipment.  Fireproof  construction  is  warranted  where 
continuous  service  is  important. 

It.  Bus-bar  arrangement.  Fig.  14  shows  a simple  arrangement  for  a 

substation  having  one  main 
line  and  one  reserve  line. 
Where  the  load  is  sueh  that 
several  direct  lines  are  re- 
quired, a transfer  bus  (Fig. 
15)  is  very  desirable.  This 
permits  the  operation  of  soy 
machine  from  any  line  aim 
makes  the  reserve  line  avail- 
able in  case  of  the  failure  of 
any  of  the  main  lines. 

•7.  Duplicate  distribut- 
ing busses  are  provided 
both  as  a means  of  operating 
the  longer  feeders  at  a higher 
bus  pressure,  and  as  a means 
of  facilitating  repair  and 
maintenance  work  without 
interrupting  service. 

M.  In  continuous-cur- 
rent systems,  two  bums* 
are  required  in  practically 
all  cases  for  prassurs  con- 
trol during  the  heavy-load 
period,  and  in  the  larger 
substations  it  is  sometimes 
necessary  to  provide  three  busses  to  take  care  of  certain  feeders  which  are 
exceptionally  long  or  very  short. 

Sf . Transformer  substations.  The  simplest  type  of  substation  it 
that  which  transforms  alternating-current  energy  from  one  voltage  to  another 


Main 


, Transformers 

Transformer 
Switch 

.High-Tension 
Line  Bos 

3 Line  Switch 


Beserre  (Tie-lias) 


Fra.  14. — High-tension  bus  arrangement 
in  a small  substation. 


Transformers 


and  requires,  therefore,  only  transformers  for  the  converting  equipment. 
Both  oil-cooled  and  air-cooled  types  of  transformers  are  used  for  this  purpose, 
with  either  single-phase  or  three-phase  units.  Oil-cooled  units  are  preferable 
where  the  substation  may  be  left  without  attendance  during  certain  hoars 
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of  the  day.  Oil-insulated,  water-cooled  transformers  are  used  quite  generally 
where  there  is  an  ample  supply  of  oooling  water. 

Single-phase  units  are  commonly  employed  where  capacities  of  less  than 
1,000  kw.  are  required,  although  there  is  no  settled  practioe  in  this  regard. 

Three-phase  units  are  less  expensive  than  single-phase  units,  particu- 
larly in  the  larger  sixes,  and  require  considerably  less  floor  space. 

CO.  Frequency-changer  substations.  Where  the  transmitted  energy 
is  converted  to  another  frequency,  the  equipment  consists  of  a motor 
generator,  usually  of  the  synchronous  type;  the  motor  is  usually  wound  for 
the  transmission  voltage,  to  avoid  the  investment  in  transformers,  where  tho 
volUige  is  less  than  15,000  volts.  This  type  of  apparatus  requires  an  exciter 
equipment,  which  may  be  driven  by  the  machine  itself,  or  by  a separate 
motor.  There  should  be  at  least  one  separately  driven  exciter  equipment 
in  a station  where  the  exciters  are  direct  connected. 


Section  A-A  Incoming  Line 
Fra.  16.— Synchronous  converter  substation. 

61.  The  synchronising  equipment  of  frequency-changer  sets  must  be 
so  arranged  that  synchronising  can  be  done  at  both  frequencies.  When  the 
machine  is  brought  into  step  on  the  transmission  side,  the  arrangement  of 
the  poles  is  such  that  the  generator  end  is  held  with  a fixed  angle  of  phase 
displacement  from  the  supply  system,  except  for  one  particular  (and  correct) 

Esition  of  the  motor  fields.  In  a 25-cycle  to  60-cycle  frequency  changer 
ving  ten  and  twenty-four  poles  respectively,  there  are  five  positions  in 
which  the.  25-cycle  machine  may  come  into  synchronism,  only  one  of  which 
will  permit  the  0O-cycle  (generator)  end  to  be  synchronised  with  another 
frequency  changer  already  in  operation.  The  60-cyde  end  must  be  syn- 
-ehronised  by  slipping  poles  until  it  comes  into  phase.  Where  the  frequency 
changer  is  being  synchronised  with  a generating  system,  it  is  necessary  to 
advance  or  retard  the  phase  of  the  60-cycle  generators. 
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•8.  Continuous-current  substations.  A continuous-current  suppl 
is  usually  derived  from  transmission  systems  by  the  use  of  synchronous  coi 
verters,  or  motor-generators.  The  synchronous  converter  is  universal! 
employed  where  the  transmission  system  is  operated  at  25  cycles,  as  th 
converter  is  less  expensive  in  first  cost  and  more  efficient  in  operation  than 
motor-generator.  Converters  have  been  little  used  in  60-cycle  systems  unt 
recent  years.  The  development  of  the  interpole  converter  has  mini  min 
the  tendency  of  60-cycle  converters  to  hunt  and  flash  over. 

Where  motor-generators  are  employed  both  synchronous  and  indtn 
tion  types  of  motors  are  in  use.  The  induction  motor  has  the  advantai 
of  greater  stability  than  the  synchronous  motor  in  times  of  disturbance  1 
the  frequency  or  the  voltage  of  the  system.  The  induction  motor,  hoi 
ever,  has  a power-factor  (lagging)  of  about  85  per  cent.,  whereas  the  syi 
chronous  motor  has  an  adjustable  field  and  may  be  operated  (overexcite< 
with  a leading  power-factor,  thus  raising  the  power-factor  of  the  genera  tic 
system.  It  has  become  oustomary,  therefore,  to  employ  both  synchronoi 
and  induction  types  of  motors  in  converting  60-cycle  energy  to  continuoui 
current  energy,  in  order  to  secure  the  advantages  of  both. 

Efficiencies  and  first  costs  of  motor-generators  and  ayncbronou 
converters  at  one-half,  three-quarters,  and  full  load  appear  in  the  followin 
table  (Par.  68),  compiled  from  a paper  read  by  £.  W.  Allen  before  the  Asst 
oiation  of  Edison  Illuminating  Companies,  1008. 

68.  Tables  of  Kfflciencles,  Cost  and  Floor  Space  of  Synchronou 
Converters  and  Motor-generators 
Efficiencies 


Rating, 

kw. 

Per 

cent. 

load 

25  cycles 

60  cycles 

Syn. 

mot.- 

gen. 

per  cent. 

Ind. 

mot.- 

gen 

per  cent. 

Syn. 
mot.- 
gen., 
per  cent. 

Ind. 
mot.- 
gen., 
per  cent. 

Syn. 

con- 

verter, 

percent 

300 

ihhb 

84 

85.3 

89.5 

86.7 

84.8 

88 

300 

75 

82.3 

83.3 

88.5 

85 

82.3 

86.7 

300 

77 

79.8 

88.5 

81.7 

79 

SSL  5 

500 

100 

85.5 

86.8 

87.8 

86.3 

89 

500 

75 

83.7 

84.8 

86 

84.3 

87 

500 

50 

82 

88.3 

83 

81 

83 

■njjM 

100 

87.5 

87 

91.8 

87.8 

87 

1000 

75 

86 

85.8 

86 

85.3 

50 

82.2 

82.3 

83 

82 

Approximate  Cost  per  Kilowatt 


300 

$26.35 

$25.15 

$25.75 

$25.85 

$25.00 

24.70 

24.35 

22.00 

22.70 

20.25 

19.85 

19.80 

19.45 

Floor  Space,  Square  Feet 


300 

80 

80 

91 

67 

67 

96 

500 

122 

122 

131 

110 

110 

150 

1000 

| 136 

136 

170 

140 

140 

64.  Motor-generator  sets  are  commonly  wound  for  the  transnn.ssior 
voltage,  and  arc  started  by  the  use  of  a compensator  at  fractional  voltage 
A single  compensator  is  sufficient  for  a substation  if  a starting  bus  is  provide 
through  which  the  same  compensator  can  be  used  to  start  any  of  the  unite;  « 
spare  compensator  should  be  in  reserve. 

66.  The  synchronous-converter  substation,  Fig.  16,  as  provided  witfc 
transformers  stepping  down  to  the  proper  voltage  for  the  alternating^currenl 
side  of  the  converter.  The  transformers  are  commonly  of  the  air-blast 
three-phase  type,  as  this  form  of  equipment  can  be  placed  in  a minimum  of 
spaoe. 
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M.  Connection  of  neutral  for  three-wire  oontinuoui-current 

system. — The  six-phase  type  of  converter,  wound  for  250  volts,  with  a 
diametrical  connection  in  order  to  provide  for  the  neutral  conductor,  Fig.  17, 
is  commonly  employed  for  machines  of  1,000  kw.  and  larger.  a Motor- 
generators  are  also  designed  for  250  volts,  a small  balancer-set  being  used 
to  take  care  of  the  unbalanced  load. 


<7.  The  regulation  of  pressure  on  the  bus  supplied  by  a synchro- 
nous converter  is  accomplished  by  the  use  of  an  induction  regulator  placed 
between  the  transformers  and  the  converter.  Some  variation  in  pressure 
can  be  secured  by  manipula- 
tion of  the  converter  field- 
rheostat,  but  this  affects  the 
power-factor  and  it  is  not 
depended  upon  for  pressure  [ 

►control. 

68.  In  the  split-pole  type 


/ 

\ 

_ 

uUUUllti- 

uiuirn 

MmmsJ 

of  converter,  which  has  been 
introduced  in  recent  years, 
considerable  range  of  pressure 
regulation  may  be  secured 
by  variation  of  the  field  rheostat 
without  serious  interference 
with  the  power-factor,  and 
with  this  type  of  machine  reg- 
ulators are  sometimes  omitted. 

69.  Synchronous  con- 
verters may  be  started  in 
various  ways,  and  it  is  usual  to 
provide  for  at  least  one  method 
of  starting  from  both  the  alter- 
nating-current and  the  con- 
tinuous-current sides.  The 
converter  may  be  started  from 
the  continuous-current  side  by  pIQ 
the  use  of  a starting  rheostat 
in  practically  the  same  man- 
ner as  that  used  in  starting  a continuous-current  motor. 

The  converter  may  be  started  from  the  alternating-current  side  with 
the  field  open,  by  impressing  approximately  half  the  normal  pressure,  derived 
from  a starting  compensator  or  half- taps  on  the  secondary  of  the  transformer. 
The  latter  method  is  usually  preferable.  After  the  machine  has  come  up 
to  speed,  the  fields  are  excited  and  the  polarity  corrected,  if  necessary,  by 
reversing  the  field,  and  slipping  back  one  pole. 

The  current  required  in  starting  from  the  alternating-current  side  is 
from  ode  and  one-half  to  twice  full-load  current,  while  25  per  cent,  to  30 
per  cent,  of  full-load  current  is  sufficient  for. starting  from  the  oontinuous- 
current  side.  The  normal  method  of  starting  is,  therefore,  preferably  from 
the  continuous-current  side. 


17. — Six-phase  diametrical  connection 
for  synchronous  converter. 


70.  Low-tension  switchboards.  The  operation  of  distributing  systems 
at  low  pressure  involves  very  lar^e  currents  and  for  that  reason  the  most 
important  part  of  a low-tension  switchboard  is  the  arrangement  of  heavy  bars 
of  copper,  3 in.  to  6 in.  wide  and  0.25  in.  to  0.5  in.  thick,  required  for  the 
safe  handling  of  such  currents.  The  important  features  of  the  design  are  to 
maintain  sufficient  clearance  between  bars  of  opposite  polarity  and  to  make 
the  connections  as  short  as  possible  consistent  with  accessibility  for  repair 
and  maintenance  work. 

71.  Feeder  panels.  The  switchboard  shown  in  Fig.  18  is  based  upon  a 
vertical  arrangement  which  permits  ample  separation  of  opposite  polarities 
and  minimum  length  of  the  bus-bar  copper  per  feeder.  Each  vertical  section 
comprises  a set  of  switches  and  instruments  for  one  three- wire  feeder,  the 
neutral  not  being  brought  into  the  main  board.  The  neutrals  are  commonly 
carried  to  a separate  bus  in  the  basement,  where  they  are  connected  without 
disconnecting  switches  other  than  removable  copper  links. 

71.  Switchboard  voltmeters.  It  is  customary  to  provide  a single 
voltmeter  with  a multiple-point  switch  so  arranged  that  one  voltmeter  can 
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be  used  to  take  the  (treasure  readings  on  the  pressure  wires  of  any  of  the 
feeders.  Separate  voltmeters  are  provided  to  give  continuous  indications  of 
the  pressure  on  each  bus. 

73.  Switchboard  ammeters  are  provided  in  each  side  of  outgoing  feeders 
in  order  to  give  an  indication  of  any  excessive  unbalance  of  the  load.  These 
are  also  required  for  each  machine. 

74.  Number  of  sets  of  busses.  Two  sets  are  commonly  required  for 
proper  distribution,  one  bus  being  operated  at  a higher  pressure  than  the 
other.  In  the  large  substations  it  is  sometimes  desirable  to  operate  as  many 
as  three  busses. 


Fio.  18. — Low-tension  feeder  bus. 


79.  Knife  switches.  Single-pole,  double-throw  knife  switches  are  pro- 
vided for  the  control  of  the  feeders,  each  feeder  being  so  arranged  that  it 
can  be  thrown  to  either  of  two  busses.  This  permits  the  longer  feeders  to 
be  put  on  a higher-voltage  bus  at  tho  time  of  the  heavy  load,  thus  maintaining 
an  even  pressure  throughout  the  network. 

79.  Boosters.  It  is  often  necessary,  in  substations  near  the  edge  of  the 
system,  to  maintain  booster-sets  which  can  be  put  in  series  with  extra 
long  feeders  in  order  to  maintain  pressure  at  the  distant  end.  Similarly, 
very  short  feeders  are  sometimes  provided  with  resistances  (equivalent  to 
negative  boost)  to  absorb  part  of  the  pressure.  These  resistances  are  made 
adjustable  for  two  or  three  values,  and  must  have  ample  radiating  capacity 
to  avoid  overheating  at  full  load.  8trips  of  galvanised  sheet-ironnave  been 
found  very  satisfactory  for  this  purpose. 

77.  Storage-battery  reserve.  One  of  the  principal  advantages  of  con- 
tinuous-current distribution  is  the  possibility  of  having  a storage-battery 
reserve.  In  order  to  be  of  the  greatest  value,  the  battery  reserve  should 
be  distributed  in  a number  of  individual  units  located  at  central  points  in  the 
system,  so  that  it  can  act  as  a reserve  in  case  of  the  failure  of  the  supply  in 
any  part  of  the  system. 

78.  Battery  rooms.  On  account  of  the  evolution  of  gases,  and  the 
presence  of  acid  vapor,  it  is  necessary  that  the  portion  of  the  building  occu- 
pied by  the  battery  be  provided  with  ample  ventilating  facilities  and  that  all 
metal  work  be  covered  or  painted  as  well  as  possible. 
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T9.  Ind-eell  switches  for  battery  reserve.  The  tendency  of  the 
battery  pressure  to  fall  off  at  the  time  of  discharge  is  provided  for  by  the 
use  of  end-cell  switches  which  are  under  the  control  of  the  operator,  so  that 
additional  cells  can  be  connected  in  series  in  sufficient  number  to  hold  the 
pressure  up  to  the  desired  value.  Normally,  the  end-cell  switches  are  set 
so  that  the  battery  floats  on  the  system.  In  any  emergency  which  causes 
the  bus  pressure  to  drop,  the  battery  immediately  begins  to  supply  energy, 
thus  tending  to  main- 
tain the  bus  pressure. 

A diagram  of  abattery, 
equipped  to  act  as  a 
reserve  on  two  sets  of 
busses,  is  shown  in 
Fig.  19. 

80.  High-tension 
switchboards  (up  to 
18,000  volts).  In  the 
design  of  high-tension 
switchboards,  the 
space  required  for 
proper  separation  and 
insulation  of  ^he  bus 
ban,  and  for  the  in- 
stallation  of  oil- 
switches,  necessitates 
an  arrangement  in 
which  the  busses  and 
oil-switches  are  in- 
stalled in  some  remote 
location  such  as  a 
basement,  the  control 


Fia.  19. — Arrangement  of  battery  end-cells. 


l»UU  tUUUUi 

panels  being  located  at  a point  convenient  to  the  operator. 

Ammeters,  voltmeters  and  wattmeters  are  operated  with  series 
(current)  and  shunt  (potential)  transformers,  and  oil-switches  are  usually 
of  the  remote-control  type,  so  that  the  switchboard  panel  carries  only  low- 
tension  apparatus.  In  smaller  substations  and  in  cases  where  only  a few 
switches  are  installed,  hand  control  is  sometimes  employed  for  the  oil- 
switches  on  outgoing  feeders. 


Fw.  20. — Tank-type  of  oil- switch. 


81.  High-tension  bus  bars  com- 
monly consist  of  cable  or  copper 
tubing  mounted  on  suitable  insulating 
supports,  carried  on  a skeleton  frame 
of  pipe  or  angle  iron.  Oil-switches  for 
distributing  feeders  are  comjnonly 
mounted  on  the  same  framework  in  such 
a way  as  to  provide  an  orderly  system 
of  connections  from  the  busses  to  the 
switch  terminals.  Bus  bars  operating 
at  voltages  of  6,600  and  upward  are 
commonly  installed  in  compartments, 
so  arranged  as  to  reduce  to  a minimum 
the  probability  of  an  arc  between  con- 
ductors of  opposite  polarity;  this  is 
very  important  where  large  amounts  of 
energy  are  available  to  supply  a short- 
circuit  in  case  it  should  occur. 

89.  Diseonnect-awitches  should  be 
provided  to  permit  oil-switches  to  be 
taken  out  of  service  during  repair  and 
maintenance  work. 


88.  Two  general  types  of  oil-switches  are  employed,  the  tank  type 
(Par.  84)  for  distributing-feeders  and  for  the  control  of  converters  or  trans- 
formers, and  the  oompartment  type  (Par.  88)  which  is  used  for  the  control 
of  transmission  lines  and  at  other  points  in  the  transmission  system  where 
the  switch  may  be  called  upon  to  open  automatically  under  short-circuit. 
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S4.  Tht  *****  typt  of  oil-switch,  Fig.  20,  is  made  in  single-pole,  two- 
pole,  or  three-pole  construction,  with  individual  tanks  which  separate  the 
opposite  polarities. 

85.  Tht  compartment  type  of  oil-switch,  Fig.  21,  is  made  on  a very 
much  larger  scale,  each  pole  of  the  switch  being  enclosed  in  a separate 
* compartment  of  bnck  or  con- 

crete. The  front  of  the  com- 
partment is  dosed  by  fire- 
proof doors  which  are  hinged 
at  the  top  to  permit  heated 
gases  to  escape  readily,  in  case 
they  should  be  liberated  in 
connection  with  the  operation 
of  the  switch  on  a very  heavy 
short-circuit. 


Fia.  21. — Compartment  type  of  oil-switch. 


PRESSURE  REGULATION 

85.  Potential  regulators. 

The  distributing  feeders  should 
be  equipped  with  potential 
regulators  in  order  to  provide 
proper  distribution  of  pres- 
sure. Two  types  of  potential 
regulators  are  in  general  use, 
one  of  which  consists  of  a 
transformer  with  a switch  m 
the  secondary  so  arranged  that 
approximately  10  per  cent,  of 
the  bus  pressure  may  be  added 
to,  or  subtracted  from  (step  by 
step),  the  bus  pressure.  In 
another  type,  the  secondary  of 
a transformer  is  mounted  on  a 
movable  core  (Sec.  6),  so 
arranged  that  more  or  leas  of 
the  magnetic  flux  may  be 
passed  through  the  secondary 
winding,  and  the  pressure  thus 
raised  or  lowered  by  inductive 
action.  The  latter  is  called 
the  induction  regulator  and 
is  preferable  to  the  other  type 
on  account  of  the  absence  of  sliding  contacts,  which  are  disposed  to  be 
troublesome  in  operation.  , . . , . . . . 

Regulators  may  be  controlled  by  hand,  by  motor-drive  from  hand- 
operated  switches,  or  by  motor-drive  from  automatically  operated  switches. 
The  extra  expense  of  automatic  control  is  justified,  in  important  substations, 
by  the  improved  service  given. 

87  Line-drop  compensators.  The  use  of  pressure  wires  to  indicate 

the  pressure  at  the  end  of  a feeder  is  not  necessary  on  alternating-current 
feeders,  since  they  can  be  regulated  by  the  use  of  line-drop  compensator* 
The  length  of  alternating-current  feeders  is  usually  so  great  that  the  cost  ot 
pressure  wires  is  more  than  the  cost  of  the  compensator  equipment. 
In  principle,  it  consists  of  a miniature  circuit  containing  the  same  propor- 
tion of  resistance  and  inductance  as  the  feeder  circuit  which  it  rcaulates. 
The  drop  in  this  resistance  and  inductance  is  inserted  in  the  voltmeter 
circuit  in  such  a manner  as  to  reduce  the  voltmeter  reading  by  the  amount 
of  the  feeder  drop.  The  amount  subtracted  from  the  voltmeter  reading 
the  line-drop  compensator  is  directly  proportional  to  the  load  earned  by 
the  circuit  and  to  the  power-factor,  so  that  the  voltmeter  gives  s correct 
indication  of  the  pressure  at  the  feeder-end  at  all  loads,  when  the  line- 
drop  compensator  is  once  properly  adjusted. 

88.  The  Westinghouse  line-drop  compensator,  Fig.  22,  is  designed 
to  provide  for  a drop  of  24  volts  with  a load  of  100  amp.  The  current  from 
the  secondary  of  the  series  (current)  transformer  S passes  through  the  indue- 
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tire  section  B and  the  non-inductive  section  A in  proportion  to*the  load  on 
the  feeder.  The  secondary  winding  is  divided  into  four  sections  of  5 volts 
each,  and  four  sections  of  1 volt  each.  The  5-volt  terminals  are  connected 
to  the  contacts  numbered  1,  2,  3,  4,  and  5,  and  the  one-volt  terminals  to  the 
contacts  numbered  6,  7,  8,  9,  and  10.  The  arms  may  be  independently 
adjusted,  thus  permitting  any  setting  from  1 volt  to  24  volts.  The  current 
from  the  shunt  (potential)  transformer  C passes  through  the  feeder  voltmeter 
and  the  two  movable  arms  to  3,  thence  through  the  portion  of  the  non- 
inductive  section,  which  is  included  between  3 and  5,  and  the  portions  of  the 
inductive  section  between  6 and  9 and  between  4 and  5,  back  to  the  trans- 
former C.  In  completing  this  circuit,  the  impressed  pressure  has  been  op- 
posed by  a counter-e.m.f.  of  10  volts  in  the  non-inductive  section  and  by 
8 volts  in  the  inductive  section.  The  reading  of  the  voltmeter  is  thus  made 


Fio.  22. — Circuits  of  Wes  ting  house  line-drop  compensator. 


the  same  as  it  would  be  at  the  end  of  a feeder  (in  the  secondary)  having  a 
resistance-drop  of  10  volts  (secondary)  and  a reactanoe-drop  of  8 volts 
(secondary)  at  100-amp.  load. 

89.  In  the  General  Electric  line-drop  compensator,  Fig.  23,  there 
is  bat  one  movable  arm  on  each  section,  with  eight  points  per  section. 
Each  point  represents  3 volts  when  1 amp.  is  flowing  in  the  compensator 
circuit.  The  compensator  shown  (Fig.  23)  is  set  so  as  to  introduce  in  the 
voltmeter  circuit  an  inductive  counter-e.m.f.  of  9 volts  and  a non-inductive 
counter-e.m.f.  of  12  volts,  when  the  feeder  is  carrying  100  amp. 

•0.  Calculation  of  compensator  setting  for  a single-phase  feeder. 
Given  a 60-cycle  feeder  of  No.  0 A.W.G.  copper  wire,  5,000  ft.  long,  single- 
phase, wires  12  in.  apart,  series  (current)  transformer  ratio  100  amp.  to  5 
amp.,  shunt  (potential)  transformer  ratio  2,200  volts  to  1 10  volts,  how  should 
the  compensator  be  set? 

The  resistance  drop  on  No.  0 wire,  from  Par.  81,  is  0.0981  volt  per  amp. 
per  1,000  ft.;  hence  the  drop  at  100  amp.,  for  5,000  ft.,  will  be  2X  100X5X 
0.0981  — 98  volts  — 4.5  per  cent.  The  inductive  drop  of  No.  0,  at  12-in. 
spacing,  being  0.1043  volt  per  amp.  per  1,000  ft.,  the  drop  at  100  amp.  will 
be  2X100X5X0.1043  — 104  volts  — 4.7  per  cent.  The  resistance  and  the 
reactance  should  each  be  set  at  5 volts  ( — 0.045X110),  to  give  constant 
pressure  at  the  end  of  the  feeder  at  all  loads. 

91.  Calculation  of  compensator  setting  for  two-phase  feeders.  In 
the  ease  of  a two-phase,  four-wire  feeder,  the  method  of  connection  is 
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similar  to  that  used  for  a single-phase  feeder,  exoept  that  separate  equipment 
is  required  for  each  phase,  and  hence  the  calculations  are  similar. 

A two-phase,  three-wire  feeder,  with  unbalanced  load  requires  one 
compensator  in  each  wire,  with  connections  as  shown  in  Fig.  24.  The  values 
of  resistance  and  induotance  per  1,000  ft.  used  in  the  case  of  a single-phase 
feeder  are  based  on  the  use  of  two  wires,  whereas  in  a three-wire  feeder  each 
compensator  corrects  the  drop  in  one  wire  only. 


100  Anp. 


Fia.  23. — Circuits  of  General  Electric  line-drop  compensator. 

92.  Calculation  of  compensator  setting  for  three-phase  feeders. 
In  the  case  of  a three-phase,  three-wire  feeder  carrying  unbalanced  load, 
a compensator  is  required  in  each  wire.  For  instance,  if  the  feeder  previously 
used  for  illustration  were  a three-phase,  three-wire  feeder  (with  symmetrical 
spacing  of  phase  wires)  carrying  100  amp.  per  wire,  the  ohmic  drop  in  each 
wire  would  be  5X100  X 0.0981  - 49  volts,  and  the  inductive  drop  52  volts. 


Fia.  24. — Compensator  connections  for  two-phase  three-wire  system. 

These  values  are  respectively  3.8  per  cent,  and  4.1  per  cent,  of  the  pressure 
to  neutral,  1.270  volts  («■  0.577  X 2,200). 

In  a three-phase,  four-wire  feeder  operating  at  2,200  volts  between 
phase  wires  and  neutral,  the  method  of  calculating  the  drop  is  as  follows: 
Given  a feeder  of  four  No.  0 wires  (12-in.  spacing)  running  5,000  ft.  from  the 
station  as  a three-phase  feeder,  the  drop  m each  phase  wire  at  100  amp. 
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will  be  49  volte*  ohmic,  and  52  volte,  inductive.  The  working  pressure  being 
2,200  volte,  this  is  about  2.5  per  cent.  If  the  entire  load  of  the  feeder  is  de- 
livered from  this  centre  of  distribution,  the  compensator  on  each  phase  wire 


Phase  A 


Fio.  25. — Compensator  connections  for  three-phase  four-wire  system. 


should  be  set  at  2.5  per  cent,  on  each  dial;  that  on  the  neutral  should  be  set 
at  2 per  cent,  on  each  dial,  to  take  care  of  unbalanced  load.  If,  however, 
the  A -phase  branches  off  with  a E«urn*i  juaiataaw 

neutral  to  a single-phase  centre  mwwwwvnwyws 

of  a distribution  2,500  ft.  be-  iTlTl  II  1 

yond,  there  must  be  added  to  CO  I M M H 

thcr  A -phase  setting,  2X100X  "uui.t^ 

2.5X0.098—49  volts -2.2  per  --A 

cent.,  making  the  new  setting  _Ai  JLs 

2.S+2.2 -4.7  per  cent.  If  the  [ Y n 

other  phases  branch  to  similar  «=azc^  1 1 

centres  of  distribution,  at  differ-  = ALhnl-iH-, 

ent  distances,  the  drops  must  L^ar^J  wiudin* 

be  computed  similarly,  and  § jg-L  . 

added  to  the  three-phase  drop.  J \ ( _ | Compwu^iaj 

The  connections  of  the  compen-  1 1 nr  ! I winding 


The  connections  of  the  compen-  | I | nr  E winding 

sators  for  a three-phase,  four-  / Of!  7lllllf^^ : 
wire  feeder  are  shown  in  Fig.  25.  ' 

93.  Automatic  regulation  ° JU 

of  feeder  voltage.  In  oonnec-  a«gnuu»*  J 

tion  with  automatic  regulation  L_ 

the  General  Electric  Co.  has  de-  t / A 

veloped  a device  which  serves  as  O'©# 

a line-drop  compensator  com-  r _)  1 

bined  with  a relav  This  t«b«i«  — 

device,  known  as  a “contact-  (Owmtn  I _ av  I.  . , 

making  roltmeter.”  is  shown  “ ^ 

in  Fin.  26.  It  consists  of  a sole. 

noid  having  windings  which  are  Fig.  20. — Automatic  regulators  for  con- 
tapped  at  various  points  and  trolling  feeder  voltage, 

brought  out  to  adj  eatable 

switches,  as  in  the  line-drop  compensator.  One  winding  produces  a mag- 
netic flux  proportional  to  the  pressure;  another  carries  current  in  proportion 
to  the  load  and  opposes  the  flux  due  to  the  feeder  pressure.  This  counter- 


(Owrmtr 

Trnntformar 


To  Shunt (Potentlml)TnxiafonMr 
n Prwiuii  Wins 
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magnetomotive  force  may  be  adjusted  roughly  by  setting  the  proper  switch 
on  the  points  A,  B,  or  C,  and  the  finer  adjustments  are  made bv  the  points 
D to  L.  The  pivoted  bar  carries  the  oontacts  which  control  the  supply  of 
energy  to  the  feeder  regulator. 

As  the  load  increases,  the  plunger  falls  until  the  contact  is  made  which 
raises  the  pressure  on  the  feeder.  This  increases  the  flux  due  to  the  pressure 
and  the  plunger  rises  sufficiently  to  stop  the  movement  of  the  regulator 
until  a further  change  in  load  or  bus  pressure  occurs.  This  device  gives 
very  satisfactory  results  at  all  power-factors  from  .75  per  cent,  to  100  per  cent. 

94.  Bus-bar  voltage  regulation.  Where  there  is  a variable  motor 
load  supplied  by  motor-generator  converting  equipment,  it  is  desirable  to 
maintain  a constant  bus  pressure,  in  order  to  prevent  the  load  variations 
from  affecting  the  bus  pressure  and  thus  impainngthe  steadiness  of  voltage 
on  the  feeders  supplying  the  lighting  service.  The  automatic  regulator 
devised  by  Tirrill  has  been  successful  m accomplishing  this  purpose. 


Fio.  27. — Connections  of  Tirrill  regulator. 


94.  Tirrill  regulator.  The  general  scheme  of  connections  is  shown  in 
Fig.  27.  The  secondary  circuits  of  the  shunt  (potential)  and  series  (current) 
transformers  in  the  generator  leads  are  connected  through  a solenoid  in  a 
compounding  relation.  The  series  section  is  subdivided  so  that  different 
rates  of  compounding  may  be  secured.  A movable  plunger  is  actuated  by 
this  solenoid,  which  in  turn  actuates  a counterweighted  lever,  the  opposite 
end  of  which  is  equipped  to  make  electrical  contact  in  a relay  circuit.  The 
other  contact  terminal  of  this  relay  circuit  is  carried  on  a similar  lever  which 
is  actuated  by  the  plunger  of  a direct-current  solenoid.  This  solenoid  re- 
ceives current  in  proportion  to  the  pressure  at  the  exciter  terminals.  The 
relation  of  these  contact-making  levers  is  such  that  increased  pressure  at  the 
exciter  brushes  tends  to  open  the  relay  circuit,  while  increased  pressure  at  the 
main  generator  terminals  tends  to  close  it. 

This  closing  of  the  circuit  demagnetises  the  relay,  which  is  differentially 
wound,  and  its  armature  is  withdrawn  by  a spring.  This  shunts  the  field 
rheostat  of  the  exciter,  increases  its  terminal  pressure,  and  opens  the  relay 
circuit,  thus  weakening  its  pull. 

Where  there  are  several  units  in  parallel  in  a station,  the  regulator  may  be 
applied  to  the  exciter  for  a portion  of  them  and  the  bus  regulated  for 
constant  pressure  with  the  series  coil  of  the  alternating  solenoid  cut 
out.  Witn  this  arrangement,  the  bus  pressure  may  be  maintained 
constant  at  any  desired  value  by  the  insertion  of  an  adjustable  resistance 
in  the  pressure  oircuit  of  the  alternating  solenoid. 

8BCONDA&T  DISTRIBUTION 

94.  The  secondary  mains  of  an  alternating- current  system  serve 
users  in  a local  area,  while  the  primary  mains  supply  larger  areas.  The 
standard  system  of  secondary  distribution  in  America  is  the  single-phMe, 
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three- wire  Edison  system  at  approximately  110-220  volte  for  lighting 
and  small  motor  service,  and  220-volt  two-phase  or  three-phase  for 
general  motor  service;  440  volts  and  550  volts  are  also  used  to  some  extent 
for  power  systems  in  industrial  plants.  For  the  supply  of  mixed  service 
of  lighting  and  motors  from  a secondary  network,  the  four-wire,  three- 
phase  system  at  115-200  volts  or  120-208  volts,  approximately,  is  some- 
times used. 

97.  The  voltage  of  general  distribution  systems  must  be  low  enough 
to  be  adapted  to  incandescent  lamps,  fans,  heating  devices  and  other  small 
accessories,  which  are  preferably  made  for  the  voltages  around  1 10.  Motor 
voltages  are  higher  in  order  to  secure  economy  of  conductor  investment; 
this  is  especially  true  with  large  installations. 

98.  Transformers  are  usually  wound  for  a ratio  of  2,800  to  110-880 
volts,  though  some  of  the  systems  where  115-230  volts  are  standard  are 
usinf  a ratio  of  2,080  to  115-230  volts.  This  secondary  voltage  permits  a 
spacing  between  transformers  of  600  ft.  to  800  ft. 

99.  In  laying  out  secondary  systems  for  lighting  service,  it  is  usual 
to  limit  the  drop  from  transformer  to  consumer  to  about  8 per  cent, 
where  first-class  service  is  required.  In  scattered  districts  where  secondaries 
are  too  small  and  remote  to  warrant  interconnection,  the  problem  of  design 
consists  in  striking  a balance  between  the  cost  of  conductors,  and  the  cost  of 
transformers  and  their  losses. 

By  reaching  out  farther  from  the  transformer  with  the  secondary  mains, 
the  number  of  transformers  is  reduced,  and,  their  average  sise  being  larger, 
their  total  cost  is  smaller.  This  is  true  because  the  cost  per  kilowatt  is  less 
for  the  larger  sixes,  and  because  the  kilowatt  capacity  required  per  kilowatt 
oonnected  is  less  for  a large  number  of  users  than  for  a few. 

100.  Minimum  annual  cost.  As  the  radius  of  distribution  from  the 
transformer  becomes  more  than  500  to  600  ft.,  the  cost  of  conductors  increases 
very  rapidly,  and  it  becomes  more  economical  to  provide  additional  trans- 
formers. On  the  other  hand,  if  too  many  transformers  are  used,  the  iron 
loss  which  goes  on  24  hr.  a day  becomes  excessive,  and  the  investment  per 
kilowatt  in  transformers  is  high.  The  minimum  annual  cost  of  a secondary 
system  is  that  at  which  the  fixed  charges  on  conductors  and  transformers, 
plus  the  value  of  the  iron  loss,  is  a minimum.  The  iron  and  copper  losses 
of  standard  American  transformers  appear  in  the  table  in  Par.  101  (also  see 
8ec,6). 

101.  Losses  and  Efficiencies  of  Standard  Transformers  for 
Alternating-current  Distribution 

2,200  to  110-220  volts,  60  cycles 


Bating 

kv-a. 

Watts  loss 

Per  cent, 
efficiency, 
full  load 

Per  cent, 
regulation 

Per  cent, 
charging 
current. 

Coro 

Copper 
at  125 
deg.  fahr. 

100 

per  cent, 
p-f. 

80 

per  cent, 
p-f. 

1 

20 

26 

95.8 

2.61 

3.18 

5.5 

1 1/2 

25 

37 

96.2 

2.47 

3.10 

4.0 

2 

30 

46 

96.5 

2.33 

3.00 

3.6 

3 

34 

70 

96.8 

2.36 

3.01 

3.0 

5 

40 

82 

97.2 

2.08 

3.12 

2.5 

5 

45 

102 

97.3 

2.08 

3.10 

2.3 

7 1/2 

62 

137 

97.6 

1.84 

2.93 

2.2 

10 

80 

163 

97.8 

1.66 

2.85 

1.9 

15 

105 

233 

97.9 

1.58 

2.80 

1.6 

20 

131 

295 

98.0 

1.52 

2.96 

1.5 

25 

147 

351 

98.2 

1.47 

2.90 

1.3 

30 

163 

411 

98.2 

1.46 

2.90 

1.2. 

40 

205 

476 

98.3 

1.30 

2.80 

1.2 

50 

240 

605 

98.4  ; 

1.20 

2.70 

1.0 

Also  see  Sec.  6. 
66 
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lot.  All-toy  efficiency  of  transformers.  In  m distribution  trans- 
former, the  iron  loss  may  reach  a considerable  percentage  of  the  daily  con- 
sumption of  energy.  A 5-kw.  transformer  whion  carries  full-load  4 hr.  a day 
delivers  20  kw-hr.  per  day,  and  has  a copper  loss  of  about  102  watte  at  full- 
load,  while  the  iron  loss  would  be  about  45  watts.  The  copper  loss  per  day 
would  be  about  410  watt-hr.,  while  the  iron  loss  would  be  24X45—1,000 
watt-hr.  The  total  loss  being  1.5  kw-hr.,  the  all-day  efficiency  is  20/21.5  — 
03.0  per  cent.,  and  the  full-load  efficiency  is  5,000/5,150  — 97.1  per  cent.  It 
is  apparent  that  the  all-day  efficiency  varies  with  the  load  factor  or  hours' 
use  of  the  maximum  load. 


103.  Calculation  of  secondary  mains.  The  most  economical  rise  of 
conductor  and  spacing  between  transformers  for  secondary  mains  may  be 
determined  approximately  as  follows:*  assuming  a load  density  per  1,000  ft. 
and  an  allowable  psessure  drop,  determine  the  distance  between  transform- 
ers whioh  will  result  in  that  drop  with  several  rises  of  conductor. 

The  investment  in  wire  and  transformers  may  then  be  found.  The  fixed 
charges  on  the  investment  plus  the  annual  value  of  the  iron  losses  in  the 
transformer  constitute  the  annual  cost  of  this  secondary  main  (exclusive  of 
pole  line  or  conduit).  The  minimum  annual  cost  will  be  found  to  work  out 
approximately  as  in  the  curves  shown  in  Fig.  28. 


104.  Curves  of  cost  variation,  overhead  distribution.  The  varia- 
tion of  the  elements  of  cost  as  the  spacings  between  transformers  and  the 
sice  of  wire  are  changed,  is  illustrated  by  the  curves  in  Fig.  28,  which  are 
based  upon  a load  density  of  50  kw.  per  1,000  ft.,  with  overhead  lines.  It 
is  apparent  from  this  curve  that  the  minimum  cost  is  found  with  No.  2 
wire  at  a spacing  of  600  ft.  between  transformers.  The  curves  of  total  cost 
at  other  load  densities  are  shown  in  Fig.  29.  These  figures  are  based  on 
10,000  ft.  of  secondary  main. 
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Flo.  28. — Elements  of  cost  of 
secondary  main. 


Fio.  29. — Economical  spacing 
of  transformers. 


Where  energy  may  be  charged  at  less  than  1 cent  per  kw-hr.,  or  with 
water  power,  the  decreased  value  of  core  loss  tends  to  permit  the  use  of 
smaller  transformers,  shorter  spacings  and  a smaller  rise  of  wire. 

105.  Curves  of  cost  variation,  underground  distribution.  The 

curves  for  underground  lines  also  appear  in  Fig.  29.  The  spacing  for 
minimum  cost  is  not  materially  changed,  being  about  500  ft.  for  each 
load  density. 

The  flatness  of  the  curve  of  total  cost  allows  considerable  flexibility  in 
spacing,  and  it  is  generally  preferable  to  use  as  few  transformers  as  posri* 


•Gear  and  Williams.  “Electric  Central  Station  Distributing  System," 

p.  108. 
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ble  with  the  larger  sixes  of  conductor,  so  as  to  reduce  the  number  of  units 
to  a minimum.  Furthermore,  it  is  usually  desirable  to  anticipate  an 
increase  in  load  by  installing  » larger  conductor  than  is  required  for 
immediate  needs.  The  size  of  transformers  is  then  gradually  increased, 
from  time  to  time,  as  the  load  increases. 

106.  Uneven  load  density.  The  curves  (Figs.  28  and  29)  are  based 
on  an  assumption  that  the  load  is  uniformly  evenly  distributed  along  the 
line  throughout  its  length,  but  such  is  rarely  the  case  in  practice.  At 
occasional  intervals,  department  stores,  churches  or  other  large  customers 
of  energy  throw  heavy  loads  upon  the  line.  It  is  necessary,  therefore,  to 
locate  transformers  near  such  large  consumers’  premises  and  design  the 
mains  between  them  to  carry  the  scattered  load. 

10T.  Secondary  networks.  The  gradual  extension  of  mains  on  all  streets 
results  in  a system  of  lines  which  is  interconnected  and  becomes  a network. 
Transformers  are  preferably  located  at  intersections  where  they  feed  in 
all  directions  with  the  best  economy  of  copper.  In  the  design  of  such  net- 
works the  sixes  of  secondary  cable  are  fixed  by  the  local  conditions.  The 
smaller  consumers  distributed  along  the  routes  are  carried  from  mains  of 
proper  sixe,  and  the  larger  consumers  such  as  theatres  and  department 
stores  are  cared  for  by  a separate  installation  of  transformers  in  the  immediate 
vicinity  of  the  consumers*  premises. 


ft^ 


106.  Underground  construction  is  often  required  in  networks 

and  this  necessitates  manholes  of  ample  size  for  large  transformers  and 
such  junction  boxes  as  are  necessary  for  operation.  The  space  required 
is  somewhat  difficult  to  secure  on  account  of  pipes  and  other  underground 
systems  which  limit  the  available  space.  In  some  cases  it  has  been  found 
desirable  to  install  the  transformers  in  a substation,  supplying  the  network 
through  low-tension  feeders;  this  arrangement  permits  a saving  in 
former  investment  and  iron  losses,  as  the  diversity  factor  is  better  and  the 
units  are  larger,  but  the  cable  investment  is  considerably  greater. 

109.  Separate  transformer!  for  large  motor  loads.  The  design  of 

secondary  systems  is  subject  to  restrictions  when  inductive  loads,  such  M 
arc  lamps  and  motors,  must  be  served  along  with  incandescent  lighting. 
The  heavy  starting-current  required  by  induction  motors  may  momentarily 
overload  the  transformer  and  the  secondary  main.  This  causes  a flickering 
of  incandescent  lamps  served . t - . - 

in  the  vicinity.  It  is  neces-  t f i -f"  — 

sary,  therefore,  to  install  sep-  1 — H 

arate  transformers  for  installa- 
tions of  motors  if  the  best 
regulation  is  required  for  in- 
candescent lighting.  Motors 
larger  than  10  h.p.  can  not 
usually  be  supplied  from  a 
lighting  network  without  in- 
terfering with  the  service. 

110.  Three-phase  supply 
for  mixed  loads.  In  three- 
phase  systems  several 
methods  of  carrying  mixed 
lighting  and  motor  loads  are 
in  use.  The  most  common 
method  consists  of  star-connected  transformers  supplying  a four-wire 
main  operated  at  about  115  volts  from  phase  to  neutral  and  200  volts 
across  phase  wires.  The  smaller  lighting  services  are  made  three-wire 
and  connected  to  two  phases  and  neutral,  and  large  services  are  balanced  on 
three  phases.  Four-wire  service  is  required  wherever  both  lighting  and 
motor  service  are  supplied. 

. In  another  method,  illustrated  in  Fig.  30,  all  the  lighting  is  carried 
single-phase  from  a three-wire  Edison  main.  Motors  are  served  by  the 
installation  of  additional  smaller  transformers  and  a fourth  secondary 
(phase)  wire.  The  lighting  load  is  easier  to  keep  balanced,  and  the  higher 
diversity  factor  requires  somewhat  less  transformer  capacity  for  lighting. 
.111.  Determination  of  transformer  capacity.  The  selection  of  the 
aixe  of  transformers  for  various  classes  of  consumers  is  important,  since 


Lighting 


MOVdt, 

ThrM-phnM 


Fio.  30. — Three-phase  secondary  system, 
with  single-phase  lighting  service. 
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excess  capacity  involves  idle  investment  and  unnecessary  core  losses.'  Very 
few  consumers  use  their  entire  connected  loads  at  any  one  time.  Where  a 
number  of  consumers  are  served  by  one  transformer,  the  various  maximum 
demand*  do  not  occur  eimuUaneouely  and  therefore  the  resultant  maximum 
demand  is  less  than  the  sum  of  the  individual  demands.  The  demand 
must  be  ascertained  by  measurements  which  may  be  made  by  means  of  an 
ammeter  or  by  a Wright  demand  indicator  (Sec.  3). 

Certain  ratios  of  maximum  demand  to  connected  load  may  be 
established  by  a series  of  such  measurements  for  the  various  classes  of  con- 
sumers for  which  it  is  necessary  to  select  transformers.  These  ratios  or 
demand  factors  (Par.  113  to  118)  may  then  be  applied  with  reasonable 
accuracy  to  the  transformers  for  new  consumers.  The  results  of  tests 
made  on  various  groups  of  consumers  in  Chicago  appear  in  Par.  111. 


111.  Table  of  Demand  Factors  in  Lighting  Service 

(Based  on  Chicago  Experience) 


Description  of  load 

Number 
of  cus- 
tomers 

Kilo- 

watts 

con- 

nected 

Kilo- 

watts 

demand 

Demand 

factor 

(%) 

Residence 

137 

84.7 

18.9 

22.3 

Residence 

68 

126.6 

15.75 

12.4 

Residence  (119  kw.;  stores  11  kw.). 

196 

129.5 

28.85 

22.3 

Residence  (1  customer,  7.5  kw.).. . 

5 

10.3 

9.45 

■IIvViW 

1 ■ Uhl j IrJTW 

77 

77.0 

21.0 

27.3 

Residence  (59.7  kw.;  hotel  48  kw.). 

66 

107 .7 

26.25 

24.3 

Residence  (1  30-amp.  rectifier) 

121 

183.5 

30.5 

16.6 

Residence 

34 

47.5 

10.5 

22.2 

Residence  (2  30-amp.  rectifiers).. . 

19 

79.2 

15.7 

19.8 

Residence  (1  30-amp.  rectifier) 

• 21 

67.7 

13.6 

20.2 

Residence  (1  30-amp.  rectifier) 

21 

54.1 

13.1 

24.3 

Residence 

47 

68.7 

8.4 

12.2 

Residence 

144 

22.6 

17.4 

43 

59.0 

26.6 

42.0 

Residence 

85 

16.1 

16.1 

Residence 

84 

112.5 

14.7 

13.2 

38 

60.7 

27.3 

45.0 

99 

59.0 

8.4 

14.2 

89 

13.7 

13.6 

113.  In  store  lighting  the  maximum  demand  for  window'  lighting, 
signs  and  other  dismay  lighting  is  from  90  per  cent,  to  100  per  cent,  of  the 
connected  load.  The  demand  on  interior  store  lighting  is  from  50  per  oent. 
to  70  per  cent. 

114.  In  residence  lighting  where  the  connected  load  is  fifty  lamps  or 
less,  the  average  demand  factor  of  a group  of  residences  is  from  15  per  cent, 
to  20  per  cent,  of  the  connected  load;  small  residences  and  apartments  having 
connected  loads  of  forty  lamps  or  less,  average  about  20  per  cent,  of  the  con- 
nected load. 

115.  In  theatre  lighting  the  border  lamps  and  foot  lamps,  of  several 
colors,  are  not  used  simultaneously;  and  the  stage  and  the  auditorium  are 
not  lighted  simultaneously  except  for  a very  few  minutes  at  a time,  in 
a small  theatre  the  demand  factor  may  be  from  70  per  cent,  to  85  per  cent., 
while  in  a large  theatre  it  frequently  runs  as  low  as  50  per  oent. 

116.  Influence  of  number  of  consumers  on  demand  factor.  In 

?:eneral,  a higher  ratio  must  be  used  where  but  few  consumers  are  served 
rom  one  transformer,  than  where  there  are  more,  as  the  occasional  maximum 
demands  of  individual  consumers  are  proportionately  much  larger. 

117.  The  selection  of  transformers  for  motor  loads  is  more  difficult, 
as  the  maximum  load  may  vary  greatly  from  day  to  day  or  from  month  to 
month.  Elevator  and  crane  motors  require  transformers' having  100  per  cent, 
to  125  per  cent,  of  the  rated  motor  capacity,  unless  there  are  several  motors 
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supplied  by  one  unit.  Thia  is  necessary  in  order  to  hold  up  the  pressure  in 
starting.  The  average  demand  factors  in  motor  service  in  Chicago  are 
given  in  Par.  118.  These  figures  were  made  up  from  several  thousand 
installations  of  continuous* current  motors  in  Chicago,  which  were  equipped 
with  maximum-demand  meters. 

118.  Table  of  Demand  factors  in  Motor  Service 

(Based  on  Chicago  Experience) 


Total  installation 
in  h.p. 

Number 
of  customers 

Total  h.p. 
connected 

Average 

maximum 

h.p. 

Ratio  of 
max.  to 
conn.  h.p. 

1 motor, 

1 to  5 

1177 

2165 

1862 

86.1 

6 to  10 

124 

1036 

676 

65.3 

11  to  20 

32 

492 

303 

61.6 

17 

686 

366 

53.2 

Total 

1350 

4379 

3207 

73.3 

9 motors, 

1 to  5 

177 

412 

286 

60.1 

6 to  10 

51 

387 

261 

67.4 

11  to  20 

30 

438 

288 

65.9 

6 

203 

74 

36.6 

Total 

264 

1440 

908 

63.0 

8 to  5 motors, 

1 to  A 

150 

381 

314 

82.5 

42 

290 

238 

82.1 

11  to  20 

33 

475 

329 

69.3 

14 

1245 

657 

52.7 

239 

2391 

1538 

64.3 

8 to  10  motors, 

1 to  5 

42 

121 

80 

66.0 

ft  to  io 

21 

157 

98 

62.4 

11  to  20 

10 

155 

98 

63.1 

19 

931 

417 

44.7 

02 

1364 

693 

50.8, 

SPECIAL  METHODS  OF  TRANSFORMATION 

119.  General.  The  use  of  various  primary  and  secondary  voltages  and 
systems  gives  rise  to  situations,  at  times,  which  require  the  distribution 
engineer  to  make  use  of  special  methods  of  transformation.  Some  of  the 
combinations  of  apparatus  and  connections  which  are  most  likely  to  be  used 
are  presented  herewith. 

ISO.  The  connections  of  standard  transformers  are  made  with  two 
primary  and  two  secondary  coils,  which  permits  their  use  on  2,200-volt  or 
1,100-volt  circuits.  The  secondary  may  be  connected  for  110  volts  or 
220  volte,  or  on  the  three-wire  Edison  system  at  110-220  volts.  Some 
systems  use  a transformer  having  windings  for  1,040-2,080  to  115-230  volts. 

181.  Booster  transformers.  Where  it  is  desired  to  raise  or  lower  the 
pressure  by  a fixed  percentage,  as  when  line  drop  is  excessive,  this  may  be 
accomplished  by  a transformer  used  as  a booster.  This  is  a transformer  so 
connected  that  the  secondary  is  in  series  and  in  phase  with  the  main  line 
and  thus  the  primary  pressure  is  raised  by  the  amount  of  the  secondary 
voltage,  as  shown  in  Fig.  31. 

When  the  secondary  is  reversed,  the  transformer  becomes  a "choke,”  or 
negative  booster  depressing  the  line  pressure  instead  of  raising  it.  The 
connections  for  5 per  cent,  and  10  per  cent,  "boost"  are  shown  in  Fig. 
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(o)  (6) 

Fio.  32. — Boob  ter  transformer  connections  for  negative  boost  or  choking. 

81,  at  a and  b respectively.  The  corresponding  connections  for  5 per  oent 
and  10  per  cent,  cnoke  (negative  boost)  are  shown  in  Fig.  32. 

To  Load  It  is  to  be  noted  that  the  tram 

r formers  used  in  these  illustrations 

J have  a ratio  of  10  to  1 or  20  to  1. 

> £ — and  these  percentages  apply  only 

£ > to  boosters  having  this  ratio  of 

> >2  transformation.  If  boosters  hav- 

v— 9 « ^ inga  ratio  of  2,080  to  115-230  are 

Uut-outl  l S < < 5 used,  the  percentages  are  in- 

| £ < > © creased  to  about  5.5  per  cent,  and 

/ 11  per  cent.,  respectively. 

— ^ I To  Load  ltl.  Precautions  when  in- 

1_ L — ► stalling  boosters.  If  the  pn- 

I mary  of  the  booster  is  opened 

_ "T"*"T  “ , 7 . . _ . while  the  secondary  is  carrying 

Fio.  33. — Connections  of  booster  cut-out.  ^ ourrentt  the  booster  acts 

as  a series  transformer.  The 
primary  coils  then  generate  a potential  of  10,000  volts  to  20,000  volts,  or 
more,  depending  upon  the  load  carried  by  the  main  circuit  at  the  time.  If 
a fuse  is  used  in  the  primary, 
the  blowing  of  the  fuse  will  1 f 

create  this  condition  and  the  < c 

arc  will  hold  across  the  termi-  > > 

nals  of  the  block,  and  is  quite  f > 

sure  to  break  down  the  insula- — - — V I — I j — j. . .. 

tion  of  the  primary  coil.  t ' \ J H IT  1 

The  safest  method  of  con-  ^ > S IS  J 

nee  ting  or  disconnecting  a IS  < < IB  I 

booster  is  to  have  the  main  y 5 5 J | I 

line  open  while  connecting  it  ! : r r ' W l lb 

in  or  out  of  circuit.  If  the +■— + — — 1 — 1 4- — J / 

service  cannot  be  interrupted,  S T I i S T Ijaui 

or  if  it  is  desired  to  switch  the  v i < 5 ft  4 

booster  in  or  out  at  certain  IS  > S lx 

times,  this  may  be  accom-  j y <5  ■ T 

plished  by  the  use  of  a series  I i f f 1 i , 

cut-out,  connected  as  shown 1 — 1 — L— 1 — L-  - J 

in  Fig.  33.  The  cut-out  sim-  Fio.  34. — Connections  of  boosters  in 


in  Fig.  33.  The  cut-out  sim-  Fia.  34 — Connections  of  boosters  in 
ultaneously  opens  the  pnmaiy  three-phase  circuit, 

and  short-circuits  the  second- 
ary of  the  booster.  Standard  series-arc  cut-outs  should  not  be  used  where 
the  line  current  is  likely  to  be  over  25  amp. 
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Fro.  35. — Effect  of  booster  in  one  Fra.  36. — Effect  of  boosters  in  each 
phase  of  three-phase  circuit.  phase  of  a three-phase  circuit. 


mi  W * 


Fio.  37. — Connections  of  auto-transformers  for  110-volt  lighting. 


Fio.  38. — Open-delta  connection  Fro.  30. — Transformation  from 

of  two  transformers  supplied  from  three-phase  to  two-phase,  or  vice 
a three-phase  four-wire  system.  verva,  with  tee-connection. 
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123.  The  use  of  boosters  in  a delta-connected  three-phase  system 

is  not  so  simple  as  in  single-phase  circuits.  The  booster  secondary  is  looped 
into  the  line  and  pressure  is  taken  for  the  primary  from  an  adjoining  phase, 
as  in  Fig.  34.  The  insertion  of  a booster  on  one  phase  affects  the  pressure 
on  two  phases,  as  shown  diagrammatically  in  Fig.  35.  The  effect  of  a booster 
in  each  phase  iB  shown  in  Fig.  36.  Three  boosters  are  rewired,  therefore,  to 
keep  conditions  in  balance,  in  a three-phase  three- wire  circuit. 

124.  Auto-transformers.  The  use  of  110-volt  incandescent  lamps 
in  a 220-volt  or  440-volt  alternating-current  system  may  be  accomplished 
quite  readily  by  the  use  of  standard  transformers  used  as  auto-transformers. 
The  connections  in  Fig.  37  show  the  methods  of  deriving  two-wire  and  three- 

wire  110-volt  distribution  from  a 220- 
volt  system.  When  the  lighting  service 
is  handled  on  a three-wire  basis  at  1 10- 
220  volts,  the  transformer  carries  only 
the  unbalance  of  current;  the  primary 
winding  is  not  used.  Where  llO-voH 
service  is  desired  from  a 440- volt  plant, 
it  may  be  secured  from  two  transformers 
connected  in  series  on  the  220- volt  side 
and  in  parallel  on  the  primary  aide. 


mm  a Avi  (wna  fvwi  126.  Three  phase  conversion  with 

tttol  127^ U, two  transformers.  Service  may  be 

y#  9 to  1 given  from  two  transformers  to  thrce- 

CJ  . 1 phase  power  users  by  the  open  delta  or 

1 by  the  tee  (T)  connection,  thus  reducii* 

- rwv  rl  ■ cm  v.  ■ inveatment  transformers  for  the 

— w Y.  |«  cm  Y%  i 8maiier  users. 

The  open  delta  connection  from  s 
C b)  three-wire  system  is  the  usual  delta  eoo- 

N nection  (Sec.  6)  with  one  transformer 

omitted.  The  connection  from  a four- 
wire  system  is  shown  in  Fig.  38,  two  of 
the  phase  wires  and  the  neutral  bring 
o used  on  the  primary  side  of  the  trans- 

" r n formers.  With  the  open  delta  conseo- 

\t*)  tion  the  current  in  the  transformer  coils 
is  15.4  per  cent,  greater  than  with  three 
k , transformers  for  the  same  load  and  the 

capacity  of  the  transformers  must  be 
V'  \ sufficient  to  carry  the  extra  current.  For 

— — - ^ instance,  if  three  10-kw.  transformers 

220  »•  are  fully  loaded,  the  line  current  is  1.73 

Fia.  40. — Two-phase  service  de-  times  the  current  in  the  transformer 
rived  from  a three-phase  four-wire  coils.  If  two  15-kw.  transformers  are 
system  with  three  transformers.  substituted  for  the  three  10-kw.  units, 

the  capacity  of  the  ©oik  is  1.5  times 
greater  than  in  the  10-kw.  unit  but  the  line  current  is  1.73  times  greater. 

and  the  coils  of  the  15-kw.  unit  are  therefore  overloaded  in  the  ratio  y~r 

■»  1.154  or  15.4  per  cent. ; or  the  two  15-kw.  units  have  but  86.7  per  cent,  of 
their  normal  capacity. 

In  the  three-phase  three-wire  system,  service  may  be  given  from  two 
transformers  with  the  tee  (T)  connection  (Sec.  6).  The  current  over- 
load is  15.4  per  cent.;  as  with  the  open-delta  connection.  This  scheme  can- 
not be  used  with  standard  2,200-volt  transformers  on  a four-wire  system,  as 
the  principle  of  operation  requires  that  the  current  divide  and  pass  each  way 
from  the  midpoint  of  the  winding  of  one  of  the  transformers,  so  that  the 
magnetic  fiela  of  one  part  balances  the  other. 

126.  Conversion  from  three-phase  to  two-phase,  or  vice  versa. 
The  tee-connection  may  be  used  in  transforming  from  three-phase  to  two- 
phase,  or  vice  versa,  as  shown  in  Fig.  39.  with  standard  transformers  having 
ratios  of  9 to  1 and  10  to  1 respectively.  If  transformers  having  a ratio 
of  10  to  1 are  available  only,  the  right-nand  transformer  (Fig.  39;  should 
be  given  a positive  boost  of  15  per  cent,  instead  of  5 per  cent.  When 
using  transformers  having  ratios  of9  to  1,  the  left-hand  unit  should  be  given 
a 10  per  cent,  negative  boost,  and  the  right-hand  unit  a 5 per  cent,  positive 
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boost,  in  order  to  sire  220-volt  two-phase  service  from  2,200-volt  primary 
mains. 

1ST.  Two-phase  120-volt  service  from  a three-phase  four-wire 
system  may  be  secured  with  throo  standard  transformers,  connected 
as  shown  in  Fir.  40.  The  unit  at  the  left  has  a ratio  of  10  to  1,  and  is 
connected  from  phase  to  neutral.  The  other  two  have  ratios  of  0 to  1,  with 
their  secondary  coils  in  multiple,  and  are  arranged  as  two  limbs  of  a star-con- 
nection (Y),  to  give  220  volts  across  the  outer  wires.  The  three-phase 
system  is  therefore  unbalanced  by  this  arrangement,  since  half  the  energy  is 
taken  from  one  phase.  The  capacities  of  the  transformers  should  be 
selected  accordingly. 

It  is  possible  to  use  transformers  with  ratios  of  10  to  1,  but  if  this  is  done 
each  of  the  phases  supplying  the  right-hand  transformer  must  be  provided 
with  a boost  of  15  per  cent. 
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Fw.  41. — Conversion  from  three-phase  to  single-phase,  with  balanced  load. 

118.  Conversion  from  three-phase  to  single-phase.  When  single- 
phase  energy  is  required  for  a relatively  large  unit  of  load  such  as  a welder  or 
brass  furnace,  it  is  undesirable  to  supply  it  from  one  phase  of  a three-phase 
supply,  as  the  unbalanced  load  interferes  with  pressure  regulation  ana  may 
overload  one  phase  before  the  line,  as  a whole,  is  fully  loaded. 

The  load  can  be  distributed  between  the  phases  in  the  ratio  of  50,  33  and 
33  approximately,  by  connecting  the  single  phase  load  to  one  phase  of  a 
delta-connected  three-phase  transformer  installation.  This  is  applicable 
in  a 3- wire  or  in  a 4- wire  primary  system.  With  a 4- wire  system  the  method 
of  connection  in  Fig.  41  is  sometimes  used.  This  requires  capacities  in  the 
ratio  50,  50  and  50  and  gives  poor  regulation  of  pressure.  The  current 
drawn  from  the  three  phases  is  equal  but  the  power  factor  on  two  of  the 
phases  is  low  and  the  energy  is  not  balanced  equally  on  the  phases. 

PROTECTIVE  APPARATUS 

119.  Tire  insertion  of  fuses  for  protection  in  low-tension  lighting 

systems  has  become  universal,  because  of  the  low  cost  of  fuses  as  compared 
with  circuit  breakers.  In  power  systems  where  the  circuits  are  opened  fre- 
quently, the  circuit-breaker  is  found  preferable. 

110.  Plug-fuses.  The  fire  hasard  from  the  flash  which  occurs  at  the 
melting  of  a fuse  led  to  the  development  of  enclosed  fuses,  the  earliest  of 
which  was  the  Edison  plug-fuser,  which  is  used  very  generally  on  circuits  up 
to  20  amp. 

181.  Cartridge  fuses.  Cartridge  fuses,  consisting  of  a tube  of  fibrous 
material  in  which  the  fuse  is  mounted,  with  a filler  of  fire-resisting  powders 
are  used  largely  on  circuit  operating  at  250  to  600  volts.  Cartridge  fuses 
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have*  been  fully  standardised  by  the  National  Electrical  Code  as  to  voltage 
and  current  as  follows:  250-volt:  0-30  amp.,  31-60  amp.,  61-100  amp.. 
101-200  amp.,  and  201-500  amp.;  600-volt:  0-30  amp.,  31-60  amp., 
61-100  amp.,  and  101-200  amp. 

13t.  The  law  of  the  operation  of  fuses  was  discovered  by  Preece  in 
1888.  It  may  be  stated  in  the  form,  __ 

Current  — ay/d*  (6) 

d being  the  diameter  of  the  wire  expressed  in  inches.  The  value  of  the  con- 
stant "o”  varies  with  the  kind  of  metal  used.  For  copper  it  is  10,244;  for 
aluminum  7,585,  for  lead  1,379,  for  tin  1,642  and  for  iron  3,148. 

133.  Fusing  Currents  of  Copper  and  Aluminum  Wires 


Sise  of  wire,  A.W.G. 
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184.  The  protection  of  a distributing  system  is  necessarily  a com- 
promise among  conflicting  conditions.  Location  of  fuses  should  be 
such  that  the  area  affected  by  the  operation  of  a fuse  is  os  small  as  possible. 
On  the  other  hand  a fuse  is  prone  to  operate  when  it  should  not;  therefore 
fuses  should  not  be  multiplied  unnecessarily. 

186.  Fuses  in  overhead  alternating-current  lines.  Where  the  maim 
are  not  interconnected,  experience  has  demonstrated  that  very  few  fuses 
should  be  used.  The  principal  branches  should  be  provided  with  discon- 
nect-switches  which  can  be  readily  used  in  locating  trouble,  and  the  use 
of  fuses  should  be  limited  to  branches  where  there  is  a continuous  hasardsucb 
as  trees,  or  a very  long  run  which  is  otherwise  exposed.  When  a branch  or 
feeder  is  in  trouble,  it  is  isolated  by  the  use  of  disconnect-switches  and  all 
dependent  branches  affected  are  transferred  to  adjoining  circuits  through 
emergency  disconnect-switches  provided  for  the  purpose. 

136.  In  underground  low-tension  networks,  the  sectionallsing 
(with  fuses)  must  be  done  with  great  thoroughness  owing  to  the  density  of  the 
load,  the  length  of  time  required  to  make  repairs  and  the  importance  of  the 
service.  Trouble  on  a distributing  main  should  be  limited  to  the  block  in 
which  it  occurs,  and  if  lines  are  carried  on  both  sides  of  the  street,  to  one 
side  of  the  street.  It  is  practice  to  place  fuses  at  all  junction  points  in  net- 
works. Sheet-copper  fuses  are  generally  used  for  this  purpose.  The  sec- 
tion of  the  copper  where  fusion  takes  place  is  designed  to  fuse  at  about 
twice  its  normal  load. 

137.  The  feeders  are  fused  at  the  point  where  they  connect  into 
the  network,  to  protect  the  network  against  trouble  on  the  feeder.  It  is 
not  usual  to  provide  fuses  on  low-tension  feeders  at  the  station,  as  the  opera- 
tor on  duty  can  open  the  switch  in  case  it  is  necessary. 

138.  Fuses  at  subway  transformers.  When  the  network  is  fed  by 
subway  transformers,  an  additional  link  is  introduced  in  the  system.  Both 
sides  of  the  transformer  should  be  connected  to  the  system  through  Junc- 
tion boxesso  that  the  unit  can  be  easily  cut  off  from  the  system  if  it  burns  out. 

189.  Line  transformers  should  be  provided  with  primary  fuses  of 
such  site  that  they  will  not  blow  unnecessarily.  The  porcelain  type  of 
fuse  furnished  with  the  transformer  has  proven  very  satisfactory  for  trans-  < 
formers  up  to  20  kw.  Aluminum  is  used  as  the  fuse  metal  up\o  15  amp. 
or  20  amp,  at  2,200  volts.  Above  25  amp.  various  types  of  fuse  have  been 
tried,  but  the  amount  of  energy  concentrated  at  the  arc  makes  the  prob- 
lem difficult.  Some  of  these  give  promise  of  success,  but  practice  is  not  at  all 
standardised.  The  cartridge  fuse  is  effective  to  50  amp.,  but  it  is  difficult 
to  keep  it  dry  enough  to  prevent  the  filler  from  absorbing  moisture  when 
used  out  of  doors. 
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140.  Circuit-breakers  are  the  preferable  mean*  of  protection  where 
automatic  cut-outs  operate  at  frequent  intervals,  and  also  for  circuits  operat- 
ing at  high  voltages,  controlling  loads  of  100  kw.  and  upward.  In  general, 
the  circuit-breaker  is  expensive  in  first  cost  but  inexpensive  in  operation, 
while  the  use  of  fuses  involves  a considerable  maintenance  charge,  but  small 
first  cost. 

On  low-potential  circuits  the  circuit-breaker  consists  of  a switch  of 
suitable  design,  with  which  is  combined  a series  coil  so  arranged  that  it 
liite  a movable  core  and  releases  a spring-actuated  mechanism  which  opens 
the  switch.  Circuit-breakers  are  designed  so  that  they  may  be  adjusted 
to  operate  at  any  point  between  80  per  cent,  and  150  per  cent,  of  their 
rated  capacity. 

In  high-potential  systems  a series  transformer  may  be  installed  at  a 
convenient  point  to  operate  the  tripping-coil  of  the  circuit-breaker.  On 
circuits  operating  at  pressures  above  600  volts  the  switch  is  designed  to 
break  in  oil. 

141.  The  operating  mechanism  of  the  circuit-breaker  may  be 

controlled  by  hand,  or  electrically  by  means  of  solenoids.  In  hand- 
operated  breakers  the  energy  required  to  open  the  circuit  is  stored  in  springs 
compressed  during  the  act  of  closing.  In  electrically  operated  breakers 
the  power  for  both  closing  and  opening  the  circuit  is  supplied  through 
solenoids  or  motors. 

The  larger  sixes  of  circuit-breakers  and  * those  operating  at  the  higher 
voltages  are  usually  controlled  electrically,  on  account  of  the  power  re- 
quired. and  because  of  the  greater  facility  of  operation.  Continuous 
current  is  usually  available  in  generating  stations  and  substations,  from  the 
exciter  system,  and  is  therefore  used  for  the  operation  of  solenoid-controlled 
breakers  where  possible.  Motor-operated  breakers  are  often  equipped  with 
alternating-current  motors. 

14S.  Belays.  It  is  usual  to  design  relays  for  operation  with  an  inverse 
time  element;  that  is,  with  & relay  set  to  operate  at  100  amp.  after  10 
sec.,  it  will  operate  at  about  300  amp.  in  5 sec.  and  almost  instan- 
taneously at  1 ,000  amp.  This  characteristic  gives  prompt  action  in  open- 
ing the  Une  under  short-circuit,  while  reducing  the  likelihood  of  unneces- 
sary interruption  under  brief  overloads. 
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144.  Belays  on  three-phase  transmission  lines.  It  is  customary  to 
provide  relays  at  the  point  of  supply,  oommonly  called  overload  relays. 
Where  several  lines  are  operated  in  parallel,  further  protection  is  necessary. 
When  the  lines  are  connected  to  the  same  bus  at  each  end,  a short-circuit 
will  draw  energy  from  both  ends  and  circuit-breakers  must  be  provided  at 
both  busses.  The  relays  at  the  receiving  end  must,  however,  be  of  a type 
which  will  operate  only  on  reversal  of  the  flow  of 
— M energy.  The  converting  equipment  is  provided 
with  reverse-power  relays  on  the  secondary  side. 

146.  Speed-limiting  devices.  It  is  important 
that  synchronous  converters  be  protected  by  speed- 
limiting  devices  designed  to  operate  the  direct-cur- 
rent circuit-breaker  when  the  speed  exceeds  a safe 
value. 

146.  Lightning  Protection.  Overhead  dis- 
tributing lines  are  suaoeptible  to  the  effects  of 
lightning.  A discharge  among  the  clouds  causes  an 
abrupt  discharge  of  potential  on  the  wires,  which 
must  be  given  an  opportunity  to  escape  to  earth 
without  injuring  the  insulation  of  the  apparatus. 

147.  The  function  of  lightning-arresters  it 

to  protect  apparatus  bv  passing  the  discharge  of 
lightning  to  ground,  without  permitting  the  arc  thu» 
established  to  be  maintained.  This  may  be  accom- 
plished on  potentials  up  to  600  volts  by  a short  gap 
of  non-nrcing  metal.  At  2,200  volts  or  higher, 
several  ^apa  in  series  are  necessary,  with  a mrnst- 


Fia.  43. — Solenoid  type 
of  lightning-arrester. 


To  Line 


shunted  gaps  to  groum 
tance  of  the  solenoid. 


ance  to  Limit  the  current.  8ince  each  wire  of  the 
circuit  is  affected,  discharge  gaps  must  be  provided 
between  each  wire  and  ground. 

In  systems  having  one  side  grounded,  every 
discharge  is  likely  to  be  followed  by  the  generator 
current,  as  there  is  a fixed  difference  of  potential  between  the  circuit  and 
earth.  Arresters  on  grounded  systems  must,  therefore,  meet  more  severe 
requirements  than  those  on  ungrounded  systems. 

The  problem  of  protection  of  transmission 
lines  becomes  more  complex  as  the  voltage  is 
increased,  and  the  study  of  protective  methods 
for  lines  operating  at  20,000  volts  and  up- 
ward is  leading  to  new  developments  every 
year.  The  discussion  in  thiB  Section  will  be- 
restricted  to  alternating-current  distributing 
systems  operating  at  less  than  6,000  volts. 

148.  Types  of  Arresters.  The  wide  range 
in  severity  of  lightning  flashes  makes  it  well- 
nigh  impossible  to  design  an  arrester  which 
will  protect  apparatus  and  yet  withstand  the 
effects  of  a direct  stroke  at  any  point  nearby. 

The  arresters  described  in  the  succeeding  para- 
graphs (Par.  149  to  16B)  include  the  leading 
commercial  types  which  have  been  used  in 
distribution  work. 

149.  The  O&rton-Daniels  arrester,  Fig. 

43,  consists  of  air  gaps  and  resistances,  with  a 
solenoid  so  arranged  that  the  plunger  is  raised 
by  the  passage  of  the  generator  current,  thus 
placing  additional  gaps  in  series  and  rapidly 
diminishing  or  stopping  the  flow  of  energy. 


The  lightning  discharge  passes  across  the 
nd  owing  to  the  induo- 
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180.  Multi-gap  arrester.  A modification 
of  thd  spark-gap  and  resistance  type  of  ar- 
rester has  been  employed  quite  extensively. 

This  is  illustrated  in  Fig.  44,  as  made  for  2,300 
volts,  and  consists  of  three  paths  of  discharge,  one  of  which  has  a high 
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nautoDee  (100.000  ohms),  another  a resistance  of  aboat  300  ohms,  and  a 
third  which  consists  of  13  or  14  gaps  without  resistance.  The  imwxianoe 
of  the  umt  is  such  that  discharges  of  very  high  frequency  pass  over  the  13 
saps,  while  those  of  lower  frequency  pass  over  the  smaller  number  of  csds 
through  one  of  the  resistances.  A slightly  modified  form  is  shown  in  Fig?46! 

aluminum-cell  arrester  has  given  good  results  because  of 
its  ability  to  stop  the  flow  of  current  promptly  and  safely. 

It  has  been  found  especially  valuable  at  transmission 
voltages  where  ito  expense  is  justified  by  the  importance 
of  the  service.  It  is  not  suited  for  outdoor  distribution 
work,  since  it  requires  daily  charging  and  supervision 
and  cannot  be  left  oontinudusly  in  circuit. 

1M.  The  compression  type  of  arrester,  Fig.  46, 
consists  of  a senes  resistance  with  air-gaps,  assembled 
inside  of  a porcelain  tube,  the  top  of  which  is  capped  and 
sealed.  The  air-gaps  are  surrounded  by  a grounded  strip 
of  iron  outside  of  the  tube,  which  acts  as  a means  of 
equalising  the  potential  gradient.  The  discharge  of 
the  arrester  expands  the  air  and  compresses  it,  since  the 
tube  is  sealed;  hence  the  name  compression  type.  This 
arrester,  having  but  one  path  to  ground,  is  of  limited 
capacity. 

1*3.  Locution  of  arresters.  All  of  the  above-de- 
scribed type*  of  arresters  are  in  general  use  on  distributing 
systems  in  America,  and  each  gives  reasonably  good  pro- 
tection to  apparatus  when  placed  in  its  immediate  vicinity.  Experience  has 
fully  demonstrated  that  lightning  discharges  do  not  travel  any  great  dis- 
tance along  a line,  owing  to  the  very  high  frequencies  of  this  form  of  energy. 
The  arrester  must,  then,  be  located  as  near  the  apparatus  as  practicable,  and 

preferably  on  the  same  pole.  Complete 
protection  of  distributing  transformers 
would  require  that  an  arrester  be  placed 
on  every  transformer  pole. 

The  experience  of  large  companies, 
however,  has  been  that  the  cost  of  the 
damage  to  apparatus  from  lightning  is 
not  as  large  as  the  fixed  chargee  on  the 
arrester  equipment,  when  complete  pro- 
tection is  provided.  The  exact  point  at 
which  these  two  elements  of  cost  be- 
come a minimum  varies  with  the  value 
and  the  size  of  the  transformers,  since 
it  costs  as  much  to  protect  a 1-kw.  unit 
as  a 50- k w.  unit.  The  tendency  is  to- 
ward the  use  of  arresters  on  all  trans- 
formers since  the  interruption  of  service 
in  time  of  storm  is  greatly  reduced  by 
the  presence  of  arresters 


Fro.  45.— Wen t- 
inghouse  low 
equivalent  ar- 
rester. 


134.  The  use  of  lightning-arrest- 
ers on  transformer  poles  naa  been 

found  to  materially  diminish  the  number 
of  interruptions  of  service  due  to  blow- 
ing of  transformer  fuses,  and  this  tends 
to  make  the  more  liberal  use  of  arrest- 
ers desirable. 

OVERHEAD  CONSTRUCTION 
. Nf  Oeneral.  Overhead  construc- 
tion is  an  economic  necessity  in  a large 
part  of  every  city.  The  investment 
for  overhead  lines  in  outlying  districts 
t * j usually  is  from  15  per  cent,  to  30  per 

cent,  of  that  required  for  underground  construction,  and  it  is  obviotis  that 
overhead  construction  must  be  used  wherever  feasible,  to  keep  the  invest- 
ment within  profitable  limits. 


Fio.  46. — Compression  lightning- 
arrester, 
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In  many  oases  the  objection  to  overhead  lines  is  minimised  by  locating 
them  in  alleys. 

15ft.  Poles.  Distribution  lines  are  necessarily  carried  on  wooden  poles. 
Iron  poles  are  objectionable  on  account  of  the  nek  to  linemen  in  handling 
"live*  primary  circuits.  Iron  poles  are  used  in  some  cases  for  street- 
lighting  circuits  which  are  so  operatedjbhat  it  is  not  necessary  to  do  any  work 
on  them  while  they  are  "alive.”  The  cost  of  iron  poles  is  about  twice 
that  of  wooden  poles. 

157.  Concrete  poles  are  being  used  increasingly  in  sections  where  the 
ravages  of  insects  and  the  nature  of  the  soil  make  the  life  of  wooden  poles 
very  short.  They  are  also  bring  introduced  for  transmission  work  in  places 
where  iron  poles  would  otherwise  be  required. 

158.  The  woods  which  are  best  suited  for  pole  work  are  Michigan 
cedar,  Western  cedar,  chestnut,  pine,  and  cypress. 

159.  The  Michigan  cedar  grows  with  a natural  taper  of  about  1 in.  in 
diameter  to  every  5 ft.  or  6 ft.  of  length,  making  a very  substantial  and 
rigid  pole. 

150.  The  Western  cedar,  which  grows  in  Idaho  and  Oregon,  has  a 
natural  taper  of  about  1 in.  in  8 ft.  to  10  ft.  of  length.  For  the  same  rise  of 
top  the  diameter  of  the  butt  is,  therefore,  smaller  than  that  of  the  Michigan 
cedar.  The  surface  of  Western  cedar  is  smoother  than  that  of  the  Michigan 
cedar  and  the  poles  are  very  straight  and  neat  in  appearance.  It  is  neces- 
sary on  important  lines  to  use  nothing  smaller  than  8-in.  tops  with  these 
poles,  in  order  to  secure  adequate  diameter  at  the  ground  line. 

181.  The  chestnut  pole  is  quite  different  from  the  cedar  poles.  The 
specific  gravity  of  the  wood  is  high  and  the  surface  is  irregular  and  knotted, 
making  the  appearance  of  the  chestnut  pole  not  as  good  as  that  of  cedar. 

161.  Pine  and  cypress  poles  are  more  like  oedar  in  their  general  char- 
acteristics of  weight  and  strength.  Their  use  is  limited  to  sections  of  the 
country  where  the  timber  is  native,  as  their  life  is  comparatively  short. 

168.  On  the  Pacific  coast,  California  redwood  and  some  other  native 
woods  are  used  very  generally. 

164.  Strength  of  wood  poles.  The  strength  of  a wood  pole  must  be 
sufficient  to  withstand  the  transversely  acting  forces,  such  as  wind  pressure, 
on  the  pole  and  conductors,  the  unbalanced  pull  on  the  conductors  wnen  they 
are  broken  and  the  ride  pull  on  curves  and  oorners  where  guys  cannot  be 

Kovided.  These  forces  place  the  fibre  of  the  wood  under  tension  and  the 
id  which  a given  pole  will  carry  is  determined  by  the  inherent  strength  of 
the  wood  fibre  under  tension  and  the  moment  of  the  forces  acting  on  the 
pole.  The  moment  is 

M -PZ,  +PiLx  +PtL*  etc. , (7) 

in  which  P represents  the  force  acting  at  one  cross  arm  in  pounds,  L is  the 
height  at  which  the  arm  is  attached  in  feet,  Pi  and  Pi  etc.,  are  the  forces 
acting  on  other  arms  and  Li,  In  etc.,  are  the  respective  heights.  If  s is  the 
fibre  stress  in  pounds  per  square  inch,  and  c is  the  circumference  at  the  ground 
in  inches,  the  allowable  moment  of  a pole  of  given  rise  is 

M — 0.0002638ac*  (8) 

Thus  for  a pole  having  a ground-line  circumference  of  40  inches  and  an 
allowable  fibre  stress  in  an  emergency  of  2500  lbs.  per  sq.  in.,  the  maximum 
allowable  moment  is  M -0.0002638 X 2,500 X (40) «- 42,200  lb.-ft.  If  the 
average  height  of  the  attachments  is  30  ft.  the  total  force  is  42,200/30  ■* 
1406  fee. 

The  breaking  stress  for  western  cedar  or  chestnut  is  from  5,000  to  6,000 
lbs.  per  sq.  in.  and  for  Northern  cedar  3,500  to  4,000  lbs.  per  sq.  in. 

For  the  normal  unbalanced  forces  such  as  those  due  to  an  unguyed  oorner 
the  fibre  stress  should  not  exceed  about  15  per  cent,  of  that  at  the  breaking 
point,  but  for  wind  pressures  and  the  unbalanced  force  due  to  broken  wiree 
which  are  abnormal  and  do  not  persist  long,  the  stress  is  usually  taken  at 
about  50  per  cent,  of  that  at  the  breaking  point.  Hence  the/working  fibre 
stresses  for  normal  conditions  may  be  taken  at  800  lbs.  per  sq.  in.  for  western 
cedar  or  chestnut  and  at  550  lbs.  for  northern  cedar.  For  abnormal  con- 
ditions a stress  of  2,500  lbs.  for  western  cedar  or  chestnut  and  1,800  lba.  for 
northern  oedar  may  be  assumed. 
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The  above  formula  for  allowable  moment  is  based  on  the  assumption  that 
the  ground  line  is  at  or  near  the  weakest  point  of  the  pole.  This  is  not  always 
the  caae  with  northern  cedar  or  other  woods  having  a taper  of  1 inch  in  5 
to  6 feet  of  length.  The  point  of  greatest  fibre  Btress  is  that  at  which  the 
diameter  is  1.5  times  the  diameter  at  the  point  where  the  load  is  attached. 
That  is  with  a pole  having  a diameter  at  the  cross  arm  of  8 inches  the  greatest 
stress  is  at  the  point  where  the  diameter  is  12  inches.  With  a northern 
cedar  pole  this  would  be  at  a point  5X  (12  — 8)  — 20 feet  below  the  cross  arms, 
and  with  the  usual  sises  of  poles  about  10  feet  above  ground. 

When  the  point  of  maximum  stress  is  above  the  ground  line  the  allowable 
moment  is  determined  from  the  formula 


M *=0.001781  gcKci-c)  (9) 

in  which  c is  the  circumference  at  the  point  of  attachment  and  ei  is  that  at 
the  point  of  maximum  stress.  It  is  usually  found  however  that  decay  occurs 
at  the  ground  line  and  as  the  age  of  the  pole  increases  the  ground  line  circum- 
ference is  reduced  to  such  a value  as  to  make  the  ground  line  the  point  of 
greatest  stress. 

1M.  Example  of  calculation  of  pole  else.  Assume  a Western  cedar 
pble  carries  two  cross  arms,  one  of  which  carries  a normal  transverse  pull  of 
400  lba.  at  a height  of  33  feet  and  the  other  200  lbs.  at  31  feet.  What  should 
be  the  ground -line  circumference  of  the  pole?  M —PL XPiLi  - 400  X 33 
X 200X31  - 19,400  lb. -ft.,  and  19,400  - 0.0002638  X 800c*  whence  c*-  19,400/ 
0.211  and  c- ^92,000 -45.2  in.  With  a decrease  of  3 inches  in  circum- 
ference for  each  8 ft.  in  length  the  circumference  at  a point  32  feet  above 
ground  would  be  (32/8)  X3  — 12  inches  less  than  at  the  ground  or  45.2  — 
12  — 33.2  in.  This  would  require  a pole  having  a top  diameter  of  about  1 1 
inches. 

If  the  allowable  fibre  stress  were  increased  to  2,500  lbs.  instead  of  800,  as 
under  storm  conditions,  the  moment  could  be  increased  to  Af  — 0.0002638 
X2.500e»- 60,700  lb-ft. 

If  this  were  a Northern  cedar  pole  the  ground  line  circumference  would  be 


1M00 

550  X .0002038 


133,600 


c-  ^133,600  -51.2  in. 

With  a decrease  of  3 inches  in  circumference  for  each  5 ft.  in  length,  the 
circumference  at  a point  32  ft.  above  ground  would  be  (32/5)  X3—  19.2  in. 
less  than  at  the  ground. 

e at  top  —51.2-19.2  — 32  inches. 

166.  Wind  pressure.  The  design  of  pole  lines  to  withstand  wind  pres- 
sure must  be  considered  when  they  are  in  exposed  positions.  The  pressure 
on  flat  surfaces  normal  to  the  direction  of  the  wind  may  be  calculated  from 
the  formula 

P-0.004  V * (10) 

in  which  P is  in  lb.  per  sq.  ft.  and  V is  the  velocity  in  miles  per  hour.  For 
cylindrical  surfaces  such  as  wires  and  wood  poles 

P-0.0025  V*  (11) 

In  using  the  values  of  V taken  from  weather  bureau  reports  it  must  be 
noted  that  the  observed  values  are  taken  at  elevations  considerably  above 
those  at  which  wires  are  usually  carried.  The  following  correction*  should 
therefore  be  made  before  using  the  bureau  values  in  most  oases. 


Indicated  velocity,  miles  per  hour. 

30 

40 

50 

60 

El 

o 

□ 

100 

Actual  velocity,  miles  per  hour. . . 

26 

33 

41 

48 

55 

62 

69 

76 

In  closely  built  up  districts  in  cities  these  "actual"  values  are  still  some* 
what  high.  Where  lines  are  in  exceptionally  exposed  locations,  as  in  passing 
over  hills  where  there  are  no  trees,  the  full  indicated  values  may  exist. 

* Fowle.  F.  F.  "A  Study  of  Sleet  Loads  and  Wind  Velocities;"  Electrical 
World . Vol.  LVI,  1910,  p.  995. 
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The  wind  pressure  on  a 40-ft.  pole,  of  which  34  ft.  is  above  ground,  with  I 
7-in.  top  ana  14-in.  butt,  would  be  calculated  as  follows.  Projected  area* 

{ (7  + 14)/2)  X 34X12 -4,284  sq.  in.  *29.75  sq.  ft.  Assuming  a wind 
velocity  of  60  miles  per  hr.,  p *0.002  X (60J)1  — 7.2  lb.  per  sq.  ft.  Total 
pressure  on  pole  *29.75X7.2  *2 14  lb.  This  force  acts  at  tbe  oentre  of 
gravity  of  the  projected  area,  which  is  a long  narrow  trapesoid;  or  15.1  ft 
from  the  ground-line.  The  moment  of  this  force  about  the  ground-line  is 
therefore  214X15.1*3,230  lb-ft.  Taking  the  diameter  of  No.  6 A.W.G. 
triple-braid  weather-proof  wire  as  0.32  in.,  the  total  wind  pressure  at  60 

cs per  hr.,  on  a 120-ft.  span,  would  be  23  lb.  and  on  twenty  wires  it  would 
i»'  460  lb.;  this  resultant  force  would  act  at  apoint  about  3 ft.  below  the  top 
of  the  pole,  or  31  ft.  from  the  ground-line.  The  resulting  moment  would  be 
14,260  lb-ft.  The  sum  of  the  wind  pressures  on  pole  and  wires  would  be 
3.230+14,260  - 17,490  lb-ft. 

167.  Selection  of  poles.  It  is  usual  to  select  poles  with  7-in.  tops  for 
important  distributing  lines. 

The  height  of  the  poles  selected  for  distribution  purposes  must  be 
governed  by  the  clearance  over  local  obstructions  and  also  by  the  number  of 
cross-arms  to  be  carried  on  the  poles.  Clearance  over  trees  is  especially 
troublesome  in  residence  sections  where  trimming  will  not  be  permitted 
Id  general  it  is  desirable  to  use  poles  not  less  than  30  ft.  long  when 
primary  lines  are  carried,  and  in  built-up  sections  a minimum  sise  of  35  ft 
is  preferable. 

168.  Poles  for  joint- line  construction.  Where  joint-line  conatructioe 
with  standard  cross-arms  is  used,  it  is  not  usually  possible  to  employ  poki 
shorter  than  35  ft.  In  a few  oases  the  lines  have  been  placed  in  cable  and 
carried  on  25-ft.  poles  on  rear-lot  lines.  The  use  of  poles  over  40  ft.  long 
is  to  be  avoided  wherever  possible,  on  account  of  the  cost,  the  increased 
danger  in  storms  and  the  difficulty  of  handling  transformers  and  service 
connections. 

169.  Poles  should  be  spaced  in  approximately  equal  span  lengths  of 
about  100  ft.  to  125  ft.,  to  keep  the  sag  within  safe  limits  ana  to  provide  s 
sufficient  number  of  points  at  which  service  drops  may  be  taken  off.  Tbs 
spans  near  self-supporting  corner  poles  should  be  about  75  ft.  long  in  order 
to  relieve  the  strain  on  the  corner  pole.  The  poles  should  be  placed  oppo- 
site lot-lines  to  avoid  interference  with  tne  rights  of  abutting-property 
owners. 

170.  Shaving  and  painting.  It  is  considered  good  policy  to  carefully 
shave  all  poles,  trim  the  knots,  and  give  them  two  coats  of  paint.  A 
dark  green  color  is  very  commonly  used  because  of  its  harmony  with 
foliage  in  residence  districts. 

171.  Stepping.  Transformer  poles  and  others  which  are  climbed  at 
frequent  intervals  should,  be  provided  with  pole  steps.  It  is  the  practice 
in  many  of  the  large  city  systems  to  provide  steps  on  all  poles. 

178.  Gaining.  The  gains  should  be  cut  for  the  cross-arms  before  the 
poles  are  erected.  The  distance  between  cross-arm  centres  must  be  suffi- 
cient to  give  clearance  for  service  drops  and  allow  a safe  working  space  for 
linemen.  The  space  usually  allowed  is  about  24  in. 

178.  Pole  setting.  Experience  has  proven  that  the  following  practice 
is  conservative,  as  regards  the  depth  of  setting. 


Sise  pole  (ft.) 

30 

35 

40 

45 

50 

55 

60 

70 

Depth  (ft.) 

5 1 

5.5 

6 

6.5 

6.5 

7 

7 

7.5 

Corner  poles  should  be  set  about  6 in.  deeper  than  the  above.  In  rocky 
where  boulders  may  be  tamped  about  the  poles,  they  need  not  be  set 

as  deep. 

The  poles  should  be  placed  so  as  to  bring  their  natural  curvature  into  the 
plane  of  the  line.  At  corners  a slight  rske  may  be  given  in  a direction 
opposite  to  the  pull  of  the  load.  Several  tampers  should  be  employed  to 
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Fig.  47. — Methods  of  setting  self-sustained  poles. 


one  shoveler,  in  bank- filling,  in  order  to  insure  the.  stability  of  the  pole. 
Water  may  be  used  to  advantage,  where  available,  in  settling  the  bark- 
fill.  In  swampy  soil,  the  digging  of  holes  is  greatly  facilitated  by  the 
of  a aand-barrel.  This  consists  of  a sheet-iron  cylinder  about  30  in.  in 
diameter  and  3 ft.  long,  which  is  separable  into  two  parts  lengthwise,  and 

is  readily  removal 
after  the  pole  is  in 
place.  V ario  us 
methods  of  setting  are 
shown  in  Fig.  47. 

174.  Guying  and 
bracing,  where  the 
direction  of  a line 
changes,  the  tension  of 
the  wire  should  bo 
supported  by  guying  or 
bracing.  The  bracing 
method  requires  con- 
siderable space,  and  is 
more  unsightly  than  a 
guy.  Guy  a are  secun-d 
in  various  ways,  de- 
pending upon  the 
space  and  the  clear- 
ance required.  Where  nothing  prevents,  the  guy  cable  may  be  secured  to 
an  anchor  of  timber  or  some  form  of  patent  anchor  (Fig.  48).  On  public 
thoroughfares  guys  cannot  be  run  directly  to  anchors  without  interfering 
with  traffic, . and  the  guys  must  be  run  to  stubs  at  such  height  as  to 
permit  free  passage  of 
traffic  beneath  Guys 


over  roadways  should  clear 
about  26  ft.,  and  those 
.over  pathways  about  12 
ft.  (Fig.  48). 

Where  side-arm  . con- 
struction is  used  it  is 
necessary  at  corners  to  guy 
the  cross-arms  as  well  as 
the  poles.  At  heaver  cor- 
ners a “head”  guy  is  run 
from  the  base  of  the  corner 
pole  to  the  upper  part  of 
the  next  pole  in  the  line. 

The  tension  in  the  oorner 
spans  may  thus  be 
duced,  relieving  the  strain  on  the  corner  pole.  In  straight-away  lines  the 
bead  guy  is  used  to  limit  the  extent  of  damage  in  case  several  poles  go 
down;  this  is  sometimes  called  “storm guying.” 


Fig.  48. — Anchor  and  stub  guy. 
relieving  the  strain  on  the  corner  pole. 


ITS.  Galvanised  steel  cable  is  generally  employed  for  guying  pur- 
poses because  of  its  high  tensile  strength.  Such  cable  is  made  in  sixes  van 
ing  in  diameter  by  steps  of  A-in. , from  |-in.  up.  The  ultimate  break 
ing  strength  of  f-in.  cable  is  about  3,000  lb.;  A-in.,  4,500  lb.;  f-in.,  6,000 
lb.;  and  4-in.,  12,000  lb.  Having  calculated  the  tension,  the  sise  of  guy 
cables  should  be  such  that  the  strain  will  be  from  one-fourth  to  one-fifth  the 
ultimate  breaking  strength  of  the  cable,  or  the  factor  of  safety  of  the 
steel  cable,  from  4 to  5.  Anchors  should  be  placed  at  a distance  from 
the  pole  not  lees  than  one-quarter  the  height  of  the  guy  attachment, 
general,  4-in.  cable  is  used  for  the  smaller  loads,  while  the  f-in.  size 
standard  for  corner  poles  where  the  load  of  the  ordinary  two-arm  to  three- 
arm  distribution  line  is  to  be  supported. 

lTt.  Strain  insulators.  It  is  important  that  guy  cables  attached  to 
■tube  be  equipped  eith  strain  insulators  not  less  than  8 ft.  from  the  ground 
This  precaution  is  advisable  for  the  protection  of  the  public  and  of  linemen. 

177.  Cross-arms.  Southern  pine  and  Oregon  fir  are  the  best  wood* 
for  croee-arms  because  of  their  straight  grain,  high  tensile  strength,  and 
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durability.  The  cross-section  should  be  such  that  the  arm  will  safely  bear 
the  weight  of  a lineman  in  addition  to  that  of  the  wires.  Experience  indi- 


4 Pi  a Ana 

Flo.  4®. — Dimensions  of  standard  cross-arms. 

cates  that  a cross-section  3.5  in.  wide  by  4.5  in.  high  is  ample  for  the  average 
requirements  of  distributing  lines.  For  transformers  of  20  kw.  and  largerit 
„ . _ „ is  usual  to  provide  arms 

u^Qu,  t'OrouA mOv  ^ - of  a larger  crosa-section. 

Main  lines  are  commonly, 
built  of  six-pin  arms,  with 
four-pin  arms  on  the 
smaller  distributing  lines. 
Where  secondaries  for  both 
lighting  and  motor  service 
must  be 
.me 


PM  m<  u Ennl 


ex3  M i 1 Where  m 
n lighting 
— 1 -n  — must  b 
— , *4  — same  ai 
* *4  > neoesaar 
vitf  pin  arm 

H Juldr 


Fia.  50. — Reinforcement 
of  corner  poles  by  double 
cross-arms  on  adjacent 
poles. 


carried  on  the 
arm,  it  is  usually 
ry  to  employ  six- 
pin  arms. 

The  spacing  of  pins 
should  provide  safe  work- 
ing room  for  linemen  and  should  take  into  ac- 
count the  average  sag  of  the  wires.  Under  the 
usual  working  conditions  of  distributing  lines, 
it  is  not  safe  to  attempt  to  use  spacings  leas 
than  12  in.  The  spacing  of  the  pgJe<ptns  must 
give  sufficient  room  for  the  men  to  climb  to  the 
upper  arms,  at  least  30  in.  being  required  for 
safety.  The  dimensions  and  spaoings  of 
standard  cross-arms  are  shown  in  Fig.  49. 

ITS.  Double  cross-arms.  At  corners, 
terminals,  and  other  points  where  any  unusual 
load  is  to  be  supported,  the  poles  should  be 
fitted  with  double  arms.  In  turning  corners  on 
a single  pole,  the  double-arming  of  both  sets 
of  arms  makes  the  pole  difficult  of  access  to 
linemen.  It  is  preferable,  in  case  there  are 
more  than  two  cross-arms,  to  double-arm  the 
first  pole  away  from  the  corner  in  each  direc- 
tion, as  shown  in  Fig.  50. 

179.  Cross-arm  fittings.  Cross-arms  are 
fastened  to  the  pole  by  through-bolts  which 
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should  be  f in.  in  diameter  and  from  12  in.  to  16  in.  long.  The  aide  on 
which  the  arm  is  attached  is  known  as  the  face  of  the  pole.  Croaa-arm 
braces  are  usually  made  of  strap  iron  about  $ in.  by  1 in.  and  26  in.  to  30 
in.  long,  and  are  attached  to  the  pole  by  means  of  lag  screws  and  to  the 
croae-arms  by  stove  bolts.  For  side-arms  it  is  usual  to  use  a brace  of 
angle  iron.  This  is  rigid  enough  to  bear  the  weight  of  a lineman  on  the 
step. 

180.  Cross-arm  pins.  Wooden  pins  are  preferred  for  distribution 
work  on  account  of  their  low  cost  ana  insulating  qualities.  Locust,  elm. 
oak  and  some  other  woods  are  common,  but  locust  is  superior  to  all  in 
strength  and  durability.  Iron  pins  are  commonly  used  for  transmission 
lines  where  the  sise  of  the  insulator  necessitates  a pin  so  long  that  wooden 
pins  are  not  strong  enough  unless  made  undesirably  large. 

181.  Insulators.  The  common  type  of  insulator  for  distributing  lines  is 
that  known  as  the  deep-groove  double-petticoat  insulator,  shown  in  Fig. 
51.  The  dimensions  are  sufficient  to  carry  4, 000-volt  circuits  safely.  Tin- 
point  of  support  is  low  and  the  side  strain  on  the  pin  is  a minimum  These 
insulators  are  made  in  glass  and  porcelain.  The  glass  insulator  is  slightly 
less  expensive  than  the  porcelain  in  the  deep-groove  double-petticoat  typo, 
as  is  moat  commonly  used.  Borne  companies  are  using  porcelain  for  pri- 
mary wires  and  glass  for  secondaries,  as  a means  of  assisting  linemen  in 
the  identification  of  circuits.  Other  porcelain  types  for  higher  voltages  are 
also  shown  in  Fig.  51. 

189.  Wire  stringing.  In  erecting  wire,  the  tension  should  be  made  suffi- 
cient to  prevent  too  much  sag  in  the  spans,  and  yet  not  so  great  as  to  unduly 


Fig.  51. — Standard  types  of  insulators. 


stress  the  wire.  For  practical  purposes  the  approximate  formula  for  sag  and 
tension  given  by  Rankine  may  be  used: 

T-L'W„  (lb.)  (12) 


in  which  T is  the  tension  in  pounds,  L is  the  span  length  in  feet,  to  is  the 
weight  per  foot  of  conductor  and  8 is  the  sag  in  feet  at  the  centre  of  a 
horizontal  span.  If  the  span  length  is  doubled,  the  tension  rnqst  bo 
quadrupled  in  order  to  keep  the  sag  the  same.  If  the  tension  is  the 
same  on  several  spans  of  different  lengths,  the  sag  is  different  in  each 
span.  The  sag  of  any  span  when  the  tension  is  known  is  found  by  changing 
fcq.  11  to  the  form,  •— L*w/ST. 

US.  Bag  tables.  The  maximum  tension  in  a span  is  limited  by  the 
strength  of  the  wire  and  supports.  The  ultimate  breaking  strength  of  an- 
nealed copper  wire  is  about  34,000  lb.  per  sq.  in.,  but  the  working  strep* 
should  not  be  over  one-fourth  of  this.  The  ultimate  tensile  strength  of  hnrd- 
drawn  wire  is  about  60,000  lb.  per  sq.  in.  See  Sec.  11  for  a detailed  treat- 
ment of  sag  and  tension  problems.  The  following  table  of  sags  for  copper 
wire  is  taken  from  the  Rational  Electrical  Safety  Code,  third  (1920)  edition 
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184.  Sags  for  Hard  and  Medium-drawn  Bare  Copper  Wire  for  Di 
ferent  Span  Lengths 

Heavy  Loading  Districts 


(Sags  are  given  in  inches) 


Size 

A.W.G. 

No. 

Grade  of 
construction 

Temper- 

ature 

(deg. 

fahr.) 

Length  ol 

l span 

(ft.) 

lOoj  125 

150 

175 

200 

250 

300 

400 

at 

8 

C 

30 

8 

11.0 

22.0 

1 

60 

12 

18.0 

27.0 

90 

16 

22.0 

32.0 

0 

A 

30 

8 

11.0 

22.0 

60 

12 

18.0 

27.0 

90 

16 

22.0 

32.0 

6 

B 

30 

6 

10.5 

16.0 

60 

10 

15.0 

22.0 

90 

14 

19.5 

27.0 

6 

C 

30 

6 

10.5 

16.0 

28 

60 

10 

15.0 

22.0 

33 

90 

14 

19.5 

27.0 

39 

4 

All 

30 

6 

10.5 

16.0 

22 

32.  0 

64 

109 

60 

10 

15.0 

21  0 

28 

38.0 

71 

115 

90 

14 

19.5 

26. 

34 

45.0 

77 

120 

2 

All 

30 

6 

10.5 

13.0 

16 

18.5 

35 

59 

129 

21 

60 

10 

15.0 

18.0 

21 

24.0 

44 

68 

137 

22 

90 

14 

19.5 

23.5 

28 

31.0 

51 

75j  144  23 

1 

All 

30 

6 

10.5 

13.0 

16 

18.5 

32 

51 

113  19 

60 

10 

15.0 

18.0 

21 

24.0 

40 

59  120120 

80 

14 

19.5 

23.5 

28 

31.0 

47 

67 

130,21 

0 

All 

30 

6 

10.5 

13.0 

16 

18.5 

31 

45 

100'  i; 

60 

10 

15.0 

18.0 

21 

24.0 

38 

55 

no  n 

09 

14 

19.5 

23.5 

28 

31.0 

46 

63 

120! 

1£ 

00 

All 

30 

6 

10.5 

13.0 

16 

18.5 

29 

42 

92' 

15 

60 

10 

15.0 

18.0 

21 

24.0 

36 

50 

102, 

1C 

90 

14 

1915 

23.5 

28 

31.0 

44 

58 

m; 

17 

0000 

All 

30 

6 

10.5 

13.0 

16 

18.5 

26 

34 

73! 

11 

60 

10 

15.0 

18.0 

21 

24.0 

32 

42 

84 

13 

90 

14 

19.5 

23.5 

28 

31  0 

40 

50 

94 

14 

185  Discussion  of  sag  table  (Par.  184).  The  values  of  sag  in  tb 
foregoing  table  are  the  minimum  values  which  are  permissible  wiihou 
danger  of  rupture  under  the  loading  conditions  specified.  Greater  valut 
may  be  used  where  necessary  to  reduce  strains,  as  at  corners  and  turns.  bt 
increased  separations  may  be  required  to  prevent  wires  swinging  together 
such  cases.  The  blank  spaces  in  the  above  table  indicate  tiiese  limits  in 
general  way,  the  values  being  omitted  where  the  sag  required  for  safety  is  t< 
great  to  be  used  without  increasing  the  separation  of  conductors. 

The  condition  known  as  “heavy  loading"  is  that  existing  when  the  wi 
is  coated  with  ice  having  a radial  thickness  of  i in.  and  is  subjected  to 
wmd  velocity  of  8 lb.  per  square  foot  at  a temperature  of  zero  deg.  fat 
bag  tables  for  medium  and  light  loading  districts  will  be  found  in  the  Nation 
Lleetrical  Safety  Code. 
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The  ▼aloes  in  the  table  are  not  the  theoretical  values  derived  by  formula, 
but  include  some  allowance  for  flexibility  of  supports  which  experience  has 
indicated  is  permissible. 

In  service  the  sag  tends  to  increase  causing  “slack,”  which  may  become 
a hazard  to  the  service  if  not  taken  up.  This  is  caused  by  the  permanent 
elongation  of  wire  and  by  the  movement  of  poles  supported  by  guys  which  are 
not  strictly  rigid.  Such  a condition  is  common  in  tne  spring  when  the  earth 
is  softened  by  tnawing.  Elongation  of  the  conductor  is  likely  to  be  found  in 
soft  copper  conductors  after  a few  years  of  service. 

188.  Expansion  andrtsontraction  of  spans  with  temperature  changes.* 
The  changes  in  sag  due  to  expansion  and  contraction  under  varying  tempera- 
tures are  of  much  importance  in  the  erection  of  the  conductors.  Lines  erected 
during  the  winter  months  are  likely  to  be  too  slack  during  the  summer,  and 
allowance  should  be  made  accordingly.  The  length  of  wire  in  a span,  dis- 
regarding the  elastic  stretching  due  to  the  load,  varies  in  proportion  to  the 
coefficient  of  expansion  and  the  range  of  temperature: 

Lt-Z*(  1 + a.O  * (13) 

in  which  a is  the  coefficient  of  expansion,  t is  the  temperature  in  deg.  fahr 
and  L>  is  the  length  of  wire  at  sero  temperature.  The  linear  coefficient  of 
expansion  of  copper  is  0.000017  per  deg.  cent,  or  0.0000094  per  deg.  fahr. 

In  practice  the  pole  supports  have  a certain  degree  of  flexibility  which  tends 
to  take  up  part  of  the  slack  caused  by  expansion  and  to  prevent  excessive 
strains  being  placed  on  the  wires  by  contraction  during  cold  weather. 

187.  Transformer  installations.  Transformers  are  usually  supported 
on  cross-arms  by  means  of  iron  hangers.  This  class  of  construction  is 
suitable  for  transformers  of  capacities  up  to  20  kw.  For  larger  unite  the 
cross-arms  should  be  double,  and  heavier  than  the  standard  arm.  Large 
transformers  which  cannot  be  placed  inside  the  building  are  often  installed 
on  a platform  between  two  poles. 

188.  Overhead  service  connections.  The  connections  to  building? 
by  which  consumers  are  served,  called  “services,”  are  very  numerous  and 
represent  a large  fraction  of  the  total  cost  of  the  overhead  line  system. 
The  roost  common  support  consists  of  a “buck”  arm  on  the  pole  and  a malle- 
able iron  or  steel  bracket  at  the  building.  The  buck  arm  provides^  ample 
pin  space  from  which  to  support  several  services  to  different  buildings. 

Where  the  secondary  main  is  carried  on  vertical  racks  the  service  arm  is 
not  required  as  the  connection  may  be  made  directly  at  the  rack.  An 
extra  rack  is  provided  for  the  back  side  of  the  pole,  if  services  are  taken 
off  on  both  sides  of  the  line. 

In  some  localities  where  buildings  stand  close  together  and  are  of  uniform 
depth  it  is  feasible  to  connect  a row  of  buildings  by  one  or  two  services,  f rom 
the  pole  line,  through  distributing  main  attached  to  the  rear  walls  of  the 
group  at  a suitable  height.  # The  service  is  attached  to  the  building  at  a 
height  of  12  to  25  feet,  the  minimum  height  being  governed  by  the  desk  able 
clearance  from  the  ground  and  the  maximum  height  by  the  accessibility 
to  line  construction  men  working  from  ladders. 

The  service  is  often  extended  in  conduit  directly  from  the  point  of  attach- 
ment to  the  basement,  in  order  to  give  greater  accessibility  to  the  service 
switch  and  meter. 

188.  Grounded  secondaries.  To  protect  life  and  property  in  cane 

s primary  circuit  becomes  crossed  with  a secondary,  it  is  very  important 
that  the  secondary  be  grounded.  This  is  preferably  done  by  connecting 
the  secondary  circuit  to  water  pipes  where  these  are  accessible.  Whore 
the  ground  must  be  made  outdoors,  the  most  practicable  method  is  to  drive 
a galvanised  iron  pipe  into  the  ground  to  a depth  of  about  8 ft.  The 
points  to  be  grounded  in  various  kinds  of  secondary  mains  are  indicated 
in  Fig.  52. 


190.  The  grounding  of  secondaries  up  to  150  volts  has  been  re- 
quired by  the  National  Electrical  Code  since  1913.  There  is  some 
doubt  as  to  the  advisability  of  grounding  secondaries  when  the  difference  of 
potential  between  any  wire  and  ground  is  higher  than  250  volts,  owing  to 
the  possibility  that  shocks  from  such  a system  may  prove  fatal. 


• Thomas,  P.  H.  **8ag  Calculations  for  Suspended  Wires;”  Trans.  Araen. 
Inst,  of  Elec.  Eng.;  Vol.  XXX,  1911;  p.  2229. 
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to  a pipe  at  the  pole, 

>ole  in  half-round  wooden 
moulding.  The  ground 
wire  may  be  soldered  to 
the  pipe  about  a foot 
above  the  ground,  or 
may  be  attached  by 
means  of  a pipe  cap  &J 
shown  in  Fig.  53. 

192.  Arrangement  of 
wires.  The  position  of 
wires  on  the  cros»-armi 

, should  be  assigned  ac- 

cording to  a systematic 
plan.  Circuits  should  be 
Kept  on  the  same  piru 
throughout  their  course, 
to  facilitate  maintenance 
work.  In  general, 
through  lines  should  be 
Delta  carried  on  the  upper 

arms  and  local  district  til- 
ing lines  at  the  bottom. 
All  the  wires  of  a circuit 
should  be  carried  on  ad- 
jacent pins.  Connections 
carriea  across  the  pole 
for  transformers  or  ser- 
vice drops  should  leave 
one  side  of  the  pole  free 
for  climbing. 

193.  Joint  occupancy 
of  pole  lines.  The  u« 
of  a joint  line  of  poles  is 

f referable  to  separate 
ines,  on  thoroughfares 
where  there  are  many 
service  drops,  as  it 
avoids  much  confusion. 
Where  poles  are  occupied 
jointly  by  both  electric-light  and  telephone  companies,  the  lighting  \rira 
should  always  occupy  the  upper  position.  A clearance  of  about  4 ft.  should 
be  maintained  between  the  lower  lighting  wires 
and  the  telephone  wires.  Joint-line  construc- 
tion is  the  rule  in  most  of  the  larger  cities, 
tor  details  of  recommended  forms  of  joint-  r - 
line  construction,  see  the  “ Report  of  Com-  V/' ^v'^l 

mittee  on  Overhead  Line  Construction,"  Trans.  i — 1 , \y'\ 


Siuglc  Fhnso 


Ground 


UNDERGROUND  CONSTRUCTION 
194.  Edison  tube  system.  The  under- 
ground system  devised  by  Edison  consisted  of 
20-ft.  lengths  of  iron  pipe  inside  of  which  were 
copper  rods  imbedded  in  compound  to  exclude 
moisture.  These  lengths  were  made  with  vari- 
ous sizes  of  conductor  from  No.  4 A.W.G.  up  to 
500,000  cir.  mils  for  mains  and  up  to  1,000.000 
cir  mils  for  feeders.  Feeder  tubes  were  pro- 
vided with  three  pressure  wires  to  indicate  at 
the  station  the  pressure  at  the  end  of  the  feeder. 

^ 195.  Arrangement  of  Edison  tube  system. 
Edison  tube  is  joined  by  stranded  connectors 
enclosed  in  cast-iron  couplings  which  are  filled 
with  hot  compound.  At  intersections  the  tubes 


Fia.  53. — Ground-pipe  cap 
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are  interconnected  through  fused  junction  boxes.  Such  tube  lines  are  carried 
along  each  aide  of  the  street  near  the  curb  except  where  consumers  are 
scattered  or  where  an  alley  is  used.  The  Edison  tube  system  was  the 
standard  method  of  distributing  low-tension  energy  underground  until  about 
the  year  1897.  The  change  to  cable  was  made  on  account  of  the  inability 
of  the  tube  feeders  to  carry  overloads  without  causing  burn-outs.  The 
necessity  of  opening  street  pavements  in  each  case  where  repairs  were  made, 
also  involved  considerable  expense. 

199.  Conduit  system!.  The  early  alternating-current  and  sericB-arc 
systems  which  were  installed  underground  were  unable  to  use  a system  similar 
to  the  Edison  tubes  because  of  the  higher  voltages  employed.  They  were 
compelled  to  devise  a drawn-in  conduit  system  with  manholes  for  hand- 
ling the  cables.  Creosoted  wooden  pump  log  was  tried  and  was  satisfactory 
for  some  classes  of  work,  but  was  too  snort-lived  and  inflammable. 

Other  systems  were  devised  in  which  the  ducts  were  intended  to  provide 
insulation,  but  experience  proved  that  it  was  not  practicable  to  maintain 
such  a system.  This  led  to  the  development  of  methods  in  which  the  insu- 
lation waa  applied  to  the  conductor  and  the  conduit  was  of  some  durable 
fire-proof  material. 

197.  Modern  standard  conduit  systems.  Various  forms  of  duct 

were  tried  out.  but  the  moat  suitable  were  found  to  be  those  of  fire-proof 
material  such  as  terra  cotta  and  clay  tile. 

A conduit  made  entirely  of  concrete  and  known  as  stone  pipe  has  been 
used  to  some  extent  instead  of  clay  tile.  This  ia 
made  in  5-ft.  lengths  and  jointed  with  metal  ferrules 
to  preserve  the  alignment,  single  duct  only  being 
used.  The  conduit  is  laid  in  concrete,  making  a 
solid  and  durable  duct  system.  The  concrete  pipe 
is  fragile,  however,  and  the  breakage  is  likely  to  be 
greater  than  with  the  tile  duct,  if  not  carefully 
handled. 

Various  forms  of  fibre  conduit  have  also  been 
used  to  some  extent.  These  are  laid  with  concrete 
around  and  between  them,  so  that  if  the  fibre  disin- 
tegrates in  after  years  there  will  remain  a concrete 
duct  system.  The  principal  advantage  is  in  the 
ease  of  handling  and  lack  of  breakage. 

198.  Laying  out  a conduit  line.  In  the  de- 
sign of  a draw-in  duct  system,  the  number  of  ducts,  Fio.  54. — Arrangement 
the  sue  of  manholes  and  their  location  are  the  im-  of  ducts  for  a large  line, 
porta  at  considerations.  The  number  of  ducts 

must  be  sufficient  to  care  for  the  local  distribution . for  feeders,  for  trans- 
mission lines  and  for  future  requirements.  It  is  desirable  to  lay  sufficient 
reserve  ducts  to  care  for  probable  requirements  for  about  5 years  ahead. 

Tbe  maximum  number  of  ducts  which  it  is  advisable  to  put  into  a line 
is  governed  chiefly  by  the  safety  of  the  cable  equipment.  The  space  available 
for  training  the  cables  is  limited,  and  if  more  than  twenty  to  twenty-five 
cables  are  carried  through  a manhole,  a large  part  of  the  load  is  endangered 
by  a failure  of  any  of  the  cables.  Where  conditions  are  such  that  a very 
large  line  must  be  used,  protection  may  be  had  by  separating  one-half  of 
the  duct  line  from  the  other  by  a 6-in.  concrete  barrier  ana  by  building 
double  manholes.  A line  having  more  than  four  duets  in  each  layer  is  to 
be  avoided  where  possible  on  account  of  the  difficulty  of  properly  training 
the  cables.  The  arrangement  shown  in  Fig.  54  is  a desirable  one  where 
twelve  or  more  ducts  are  laid. 

199.  Location  of  manholes.  Manholes  must  be  provided  in  sufficient 
number  to  permit  the  drawring  in  of  cable  without  overstraining  the  insulation. 
Thus  the  manhole  spacing  should  be  not  over  5CM)  ft.,  with  large  cables, 
400  ft.  is  a safer  limit.  Where  distribution  by  overhead  lines  in  alleys  with 
under-ground  lines  on  the  street  is  used,  manholes  should  be  put  opposite  alley 
intersections  as  far  as  possible.  The  number  of  manholes  required  where 
numerous  underground  service  connections  are  needed  must  usually  be 
sufficient  to  enable  services  to  be  brought  in  at  intervals  of  25  ft.  to  100  ft. 
In  distribution  by  means  of  subway-type  transformers  and  a second- 
ary network,  it  is  usually  necessary  to  build  extra  large  manholes  for  the 
transformers  in  order  to  get  sufficient  room  and  proper  ventilation. 
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Manholes  should  bo  so  designed  that  the  oables  may  be  trained  with  i 
minimum  of  waste  and  with  sufficient  space  to  enable  a jointer  to  work 

efficiently,  as  in  the  oval-shaped  raao- 


0y;  | , |gf  hole  shown  in  Fig.  55.  At  intersection* 

* 2 *r<  S 4 i * • n a square  design  is  preferable,  as  shown 


, » square  ucj  _ 

\<  c +tt"  • in  Fig.  56.  In  practice  it  is  usual  to 

L 1 o provide  manholes  5 ft.  by  5 ft.  at  junc- 

i tions  where  there  are  eicht  duets,  tk&t 
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tions  where  there  are  eight  ducts,  that 
4 if-  is,  where  two  four-duct  Lines  cross;  6 ft, 
by  6 ft.  where  there  are  twelve  to  eigh- 
teen ducts;  7 ft.  by  7 ft.  where  there  are 
twenty  or  more,  and  larger  as  the  needs 
of  the  case  may  require. 

The  size  and  the  shape  of  man- 
holes are  often  governed  by  local  ob- 
structions such  as  gas  or  water  pipes, 
or  conduit  lines  of  other  companies. 
The  depth  must  be  sufficient  to  give 
head  room,  and  yet  should  not  be  » 
great  as  to  carry  the  floor  of  the  man- 
hole below  the  sewer  level.  Service 
manholes  may  be  5 ft.  high  insid?, 
but  Junction  manholes  should  be  6 or 
7 ft.  from  roof  to  floor.  In  some  cases 
a shallow’  form  of  manhole  known  ass 
handhole  is  used  for  distribution 
laterals.  These  are  made  about  3 ft 
by  4 ft.,  and  4 ft.  deep.  They  are 
placed  above  the  conduit  line  so  that 
only  the  top  row  of  ducts  enters  the 
handhole.  The  distributing  mains  are 
thus  accessible  for  service  taps,  and  the 
through  lines  in  the  lower  ducts  are  not 
in  the  way. 

200.  Forms  of  duct.  Tile  conduit 
is  made  in  single-  and  multiple-dart 
pieces,  single-duct  pieces  being  about 
18  in.  in  length,  and  multiple-duct  36 
long.  The  dimensions  of  ducts  in  general  use  are  showm  in  Fig 
Multiple-duct  is  somewhat  cheaper  than  an  equal  number  of  single 
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Fig.  55. — Oval  manhole. 


Fio.  50. — Square  manhole. 
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' duets  and  requires  less  labor.  In  a large  system  it  is  considered  preferable  to 
use  single-duct  to  secure  the  advantage  of  having  two  thicknesses  of  tile 
between  adjacent  ducts.  The  single-duct  also  has  the  further  advant.i^e 
that  the  joints  may  be  staggered,  thus  making  it  less  likely  that  the  heat 
of  a burn-out  may  damage  the  cables  in  adjoining  ducts. 

SOI.  Installation  of  conduit  system.  In  laying  a line  of  ducts  the 
grades  must  be  carefully  established  so  that  no  pockets  are  formed 
where  standing  water  may  freeze  and  injure  the  insulation  of  the  cables 
and  break  the  tile.  It  is  important  that  manholes  'where  work  must  be 
done  frequently,  or  where  transformers  or  junction  boxes  are  installed,  be 
provided  with  sewer  connections.  The  conduit  line  is  protected  from 
future  excavators,  and  made  secure  against  the  possibility  of  getting  out  of 
alignment,  by  surrounding  it  with  3 in.  of  concrete  on  all  sides.  The  con- 
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Crete  further  acts  as  a water  shed  and  minimizes  the  leakage  of  gas  into  the 
conduit  system. 

SOS.  Manhole  construction.  The  vaults  or  manholes  provided  to 
facilitate  cable  drawing  and  splicing  arc  constfucted  of  brick  or  concrete. 
In  city  streets  where  other  underground  structures  interfere  the  walls  arc 
preferably  built  with  sewer  brick,  only  the  floor  and  roof  being  of  concrete. 
In  building  lines  in  open  country,  as  for  inter-urban  telephone  lines,  forms 
are  used  and  the  entire  vault  may  be  advantageously  constructed  of  concrete . 

Brick  walls  should  be  8 inches  thick  and  laid  up  with  a good  quality  of 
cement  mortar.  The  floor  should  be  connected  to  a sewer  for  drainage  wlioro 
H is  available,  except  that  in  sandy  soil  the  natural  drainage  is  sometimes 
•uffieient  to  prevent  an  accumulation  of  water  in  the  vault.  The  roof  of  the 
vault  must  have  sufficient  strength  to  support  the  heaviest  street  truffle 
passing  over  it,  which  necessitates  the  use  of  steel  reinforcement  in  most 
cases. 

The  manhole  or  entrance  to  the  vault  is  covered  by  a cast  iron  cover 
having  a roughened  surface  and  of  such  strength  as  to  bear  the  weight  of 
tracks  passing  over  it.  Both  circular  and  square  covers  are  used,  the 
circular  cover  having  the  advantage  that  it  cannot  fall  into  the  vault  in 
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handling.  Square  or  rectangular  covers  are  preferred  where  low  tensiot 
junction  boxes  and  transformers  are  to  be  placed  in  the  manholes. 

Manhole  covers  are  made  single  or  double  according  to  the  service  and 
local  conditions.  Single  covers  with  openings  for  ventilation  are  preferred 
for  conduit  systems  having  power  conductors,  as  this  minimizes  the  danger 
from  gas  explosions.  Double  covers  make  it  possible  to  have  a lock  on  th* 
manholes  to  prevent  unauthorized  entrance  to  the  manhole.  The  inner 
cover  is  made  lighter  and  if  ventilation  is  not  essential  it  may  be  provided 
with  a gasket  to  keep  the  manhole  free  from  surface  water  and  dirt. 

203.  Cable  supports  should  be  provided  for  cables  on  the  walls  of  the 
vault  to  prevent  undue  strain  on  the  sheath  and  permit  an  orderly  arrange- 
ment. This  is  sometimes  done  by  arranging  shelves  of  brick,  or  other  suit- 
able material  but  the  shelf  is  usually  only  wide  enough  for  one  cable  of  the 
larger  sizes,  and  this  does  not  give  sufficient  room  with  the  larger  duct  lines. 

ft  is,  therefore,  usual  practice  to  provide  racks  of  such  a design  as  to  permit 
two  cables  to  be  carried  on  each.  In  some  forms  the  bracket  on  which  the 
cable  rests  is  detachable,  and  is  not  placed  on  the  rack  until  a cable  is  to  be 
installed. 

204.  Cost  of  Duct-lines  per  Duct-foot 


205.  Cost  of  manholes.  The  costs  of  certain  sizes  of  manholes  a a built 

under  conditions  existing  in  the  City  of  Chicago  are  given  in  the  following 
table,  in  Par  206.  The  cost  of  paving  is  not  included.  The  dimensions  are 
those  inside  the  manhole,  the  last  being  depth. 


206.  Cost  of  Manholes 


Unit  costs 

Quantities 

1914 

1920 

3X3X4 

4X5X5 

5X5X6 

6X6X6 

Excavation,  cu.  yds. . . 

$ 1.00 

$ 3.00 

3.7 

7.8 

16.3 

19  0 

Brickwork,  cu.  yds..  . . 

13.50 

42.00 

1.7 

2.9 

4.2 

4 5 

Concrete  bottom,  cu. 
yds 

7.00 

17.00 

0.4 

0 6 

0.7 

Concrete  top,  cu.  yds. 

10.00 

19.00 

0.6 

1.0 

1.35 

1.55 

Itoof  iron,  lbs 

Frame  and  cover,  each. 

0.03 

0.06 

105.0 

129.0 

153.0 

178  0 

15.00 

42.00 

1.0 

1.0 

1.0 

1.0 

Sewer  connection,  each 

20.00 

45.00 

1.0 

1.0 

1.0 

1.0 

Asphalt  Paving,  sq. 
yds 

3.25 

7.00 

4.0 

9.0 

10.7 

12.0 

Total  cost,  1914.. 
Total  cost,  1920.  . 

$ 64.15 
150. 10 

$127.85 
328  40 

$165.20 
436  50 

$179  50 
469  00 

rarne. 
tribxdn  taiL 


207.  Types  of  cables.  Cables  for  underground  electric  light  and  power 
circuits  are  made  up  in  single,  duplex,  concentric,  triplex,  etc.  Duplex 
and  triplex  cables  are  those  in  which  two  conductors  are  enclosed  in  one  lead 
sheath  side  by  side,  while  concentric  cable  is  made  up  with  the  conductors 
concentrically  disposed. 

In  general,  single-conductor  cable  is  used  when  frequent  taps  are  required, 
as  in  distributing  mains,  while  multiple-conductor  cables  are  used  for  through 
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lines.  Duplex  cable  has  been  used  quite  extensively  in  series-arc  systems. 
It  is  difficult  to  train,  and  susceptible  to  injury  from  bending  at  too  small 
a radius.  Duplex  and  triplex  cables  are  somewhat  less  expensive  than  their 
equivalent  in  single-conductor  cables  with  the  same  insulation. 

The  concentric  arrangement  is  employed  for  larg<-  low-tension  feeders  in 
some  cases.  This  arrangement  is  advantageous  as  it  permits  the  use  of  a 
single  duct  for  the  feeder. 

Low-tension  distributing  mains  having  three  conductors  of  the  same 
sise  are  preferable  of  single-conductor  cable,  to  facilitate  making  service  taps. 
This  work  must  be  done  while  the  lines  are  alive,  and  is  much  more  easily 
accomplished  when  one  polarity  may  be  dealt  with  at  a time.  The  same  is 
true  of  service  cables. 

Transmission  cables  are  almost  universally  of  the  three-conductor  type. 
Insulation  is  placed  on  each  conductor  sufficient  for  the  voltage  between 
phases,  and  then  a layer  is  placed  over  all  three  conductors  in  addition,  as 
shown  in  Fig.  58,  to  provide  insulation  to  ground. 


Fig.  59. — Lay-out  of 
through  cable  lines  to 
avoid  the  same  routes. 

MS.  Cable  insulation.  Cables  are  insulated  with  rubber,  varnished 
cambric,  or  oiled  paper.  Rubber  insulation  is  used  W here  freauent  taps  are 
made,  as  on  distributing  mains,  but  not  generally  for  feeders  and  transmission 
lines.  Varnished  cambric  has  been  used  to  some  extent  in  recent  years  as  a 
substitute  for  rubber.  Oiled  paper  is  used  almost  exclusively  for  feeders  and 
transmission  lines,  and  can  be  used  for  primary  distribution  if  the  joints  arc 
well  made  and  the  ends  are  protected  by  suitable  potheads. 

SOI.  Thickness  of  cable  insulation.  The  smaller  low-tension  cables 
are  provided  with  about  ~j-in.  insulation  between  conductors  and  lead; 

this  is  the  least  which  it  is  advisable  to  use  for  mechanical  reasons  and  is 
sufficient  for  600  volts.  In  cables  of  350,000  cir.  mils  to  1,500,000  cir.  mils. 


it  is  customary  to  provide  ^ in. 


to  ^ iQ*  insulation,  to  insure  sufficient 

mechanical  strength  to  stand  handling  during  installation.  A thickness  of 
~ in.  is  found  sufficient  for  2,000-volt  to  6,000-volt  single-conductor  cables 

up  to  No.  4/0  A.W.G.,  while  --in.  i®  required  for  potentials  from  9,000  volts 
to  13,000  volts. 

110.  The  insulation  provided  in  transmission  cables  in  large  trans- 
mission systems  varies  from  66  mils  per  1,000  volts  bet  ween  conductors,  at 
6.600  volts,  to  22  mils  at  25,000  volts;  and  from  52  mils  per  1,(XK)  volts 
between  conductor  and  ground,  at  6,600  volts,  to  16  mils  at  25,000  volts. 
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211.  Selection  of  duct  position  for  cables.  In  placing  cables  in  thi 

duct-system  a uniform  method  of  selecting  ducts  should  be  followed  n 
far  as  possible.  Cables  used  in  local  distribution  should  be  given  a place, 
preferably  in  the  top  row,  so  that  manholes  can  be  built  for  service  laterals 
without  sinking  them  below  the  top  row  of  ducts.  Ducts  should  be  selected 
for  through  lines  so  that  they  may  be  trained  with  the  least  intcrlacinj 
with  other  cables.  Lack  of  attention  to  this  detail  may  result  in  a tangled 
condition  of  cables  which  greatly  impedes  any  repair  or  reconstruction  work 

212.  Routing  of  cable  lines.  Through  lines  should  be  so  routed  as  to 
utilize  different  duct  lines  to  the  best  advantage.  The  service  is  better  assured 
if  transmission  lines  are  separated  as  much  as  possible.  This  can  be*' done  by 
routing  lines  running  to  tne  same  substation  through  different  conduits, a* 
indicated  in  Fig.  59. 

213.  Installation  of  cable.  Cables  are  drawn  into  ducts  by  a line  at- 
tached to  a source  of  power.  This  line  is  put  through  the  duct  by  the  used 
detachable  rods  of  wood,  which  are  pushed  into  the  duct  as  they  are  joined 
together.  They  are  then  drawn  through  with  the  pulling-line  attached,  and 
disjointed  as  they  come  out.  The  cables  are  secured  to  the  pulling-line  by 
exposing  the  copper  and  making  a secure  mechanical  connection,  or  by  mean* 
of  patent  cable-grips,  which  are  more  quickly  attached  and  removed. 

The  cable-puliing  line  is  run  over  pulley-wheels  leading  out  of  the  manhole 
to  the  source  of  power.  Small-sized  cable  is  wound  on  reels  and  ent  to  tie 
required  length  as  it  is  drawn  in;  but  a length  of  about  400  ft.  of  three 
conductor  high-voltage  cable,  or  of  1 ,000,000-cir.  mil  feeder  cable,  fills* 
reel,  and  it  is  usual,  therefore,  to  order  such  cable  in  lengths  to  fit. 

214.  List  of  Operating  Three-conductor,  High-tension,  Cable  Is* 
stallations 


(From  High-tension  Underground  Electric  Cables,  by  H.  Floy) 


Thickness 

of  insulation 

Name 

Work- 

ing 

volt- 

age 

13 

a -o 
£ o 

Size  of 
con- 
ductor 

B.  & S. 
or 

C.  M. 

Insula- 

tion 

In  64ths 
of  an  inch 

Per  1,000 
volts  in 
thousandth* 
of  an  inch 

s 1 

Z a 

About 

each  con- 

ductor 

♦j 

9 

V 

A 

►-» 

Between 

conduct- 

ors 

V 

G 

Z 

: 

t* 

0 

b 

Brooklyn  Rapid 
Transit  Co. 

6,600 

No 

250,000 

Paper 

13 

10 

61 

54 

New  York  Edison 
Company. 

6,600 

No 

250,000 

Paper 

10 

10 

47 

47 

Cataract  Power  & 
Conduit  Co. 

11,000 

No 

000 

j Paper 

13 

13 

37 

37 

I n ter borough 
Rapid  Transit 
Co. 

11,000 

Yes 

000 

Paper 

14 

14 

40 

69 

N.  Y.  C.  & H.  R. 
Rd. 

11,000 

Yes 

0000 

Paper 

14 

12 

40 

64 

Minneapolis  Rap- 
id Transit  Co. 

13,000 

Yes 

3 

Paper 

12 

12 

29 

50 

Philadelphia  Rap- 
id Transit  Co. 

13,200 

No 

00 

Paper 

12 

12 

28 

28 

Baltimore  United 
Railways. 

13,200 

Yes 

000 

Paper 

14 

10 

33 

49 

Com  m on  wealth 
Edison  Co. 

20,000 

Yes 

00 

Paper 

18 

12 

28 

41 

Detroit  Edison 
Co. 

23,000 

Yes 

2 

Cam- 

brio 

12 

0 

22 

26 

St.  Paul  Gas  Light 

Co. 

25,000 

No 

2 

Paper 

18 

8 

22 

16 

Shawinigan  Power 
Co. 

25,000 

No 

00 

Rubber 

28 

none 

17 

17 
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US.  Training.  The  training  of  eable  through  manholes  must  avoid 
■harp  bends,  tangled  relatione  with  other  cables  and  the  possibility  of 
injury  by  employes  while  working  in  the  manhole.  It  is  customary  to* 
support  cables  on  iron  racks  hung  on  the  walls.  In  some  oases  brickwork 
shelves  are  built  around  the  walls,  on  which  the  cable  is  laid.  It  is  usual 
to  protect  cables  in  manholes  to  prevent  the  communication  of  trouble  to 
other  cables.  This  is  done  by  wrapping  them  with  some  fire-proofing 
material,  or  by  the  use  of  split  tile.  With  large  cables,  the  radius  of 
bends  should  not  be  less  than  ten  times  the  diameter  of  the  cable.  The  shape 
of  the  manhole  walls  should  be  designed  with  this  in  view. 

Sit.  Jointing  or  splicing.  In  jointing  single- oonductor  cables,  the 
lead  sheath  is  removed  about  6 in.  back  from  the  end  and  enough  insulation 
is  cut  away  to  permit  a soldered  connection  to  be 
made.  When  the  connection  is  complete,  the  bare 
parts  are  wrapped  with  tape  until  the  equivalent  of 
the  cable  insulation  has  been  applied.  A lead  sleeve 
which  has  previously  been  slipped  back  over  one 
of  the  cables  is  now  wiped  on  the  two  cable  sheaths 
so  as  to  enclose  the  joint.  The  air  space  around 
the  joint  is  then  filled  with  hot  insulating  com- 
pound poured  into  a small  hole  in  one  end  of  the 
flleeve;  a similar  hole  is  l$ft  open  in  the  other  end  of 


No.6 


No.  6 

Fio.  60. — Cable  splicing.  Fia.  61. — Porcelain  pot  he  ad ; 

single  conductor  type. 

the  sleeve  to  allow  air  to  escape.  These  holes  are  then  closed  by  soldering. 
The  joint  should  be  allowed  to  cool  before  it  is  moved,  so  that  tho  compound 
will  hold  the  parts  rigidly  in  place. 

In  jointing  three-conductor  cables,  the  lead  must  be  removed  about 
10  in.  to  facilitate  the  taping  of  the  conductors  (Fig.  60).  In  making  joints 
for  voltages  of  6,600  volts  and  higher,  it  is  important  that  as  little  air  remain 
in  the  taping  as  possible.  If  paper  tape  is  used,  each  layer  should  have 
compound  poured  over  it  before  the  next  is  applied. 
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The  jointer  requires  the  services  of  a helper  in  preparing  the  lead  sleeves, 
heating  solder  and  compound,  and  guarding  the  entrance  to  the  manhole. 
• A three-conductor  high-tension  joint  in  a paper  cable  usually  requires 
about  4 hr.  to  complete,  two  joints  a day  being  a fair  rate  of  progress  in  such 
work. 

SI  7.  Pole  terminals.  In  many  primary  distributing  systems,  it  is  usual 
to  run  feeders  and  important  mains  underground  for  some  distance  from  the 
station,  and  connect  with  overhead  lines  in  the  more  scattered  areas.  This 
class  of  distribution  requires  that  the  cable  ends  which  are  brought  up  the 
pole  to  the  overhead  lines  be  properly  protected  by  cable  terminals  or 
potheads.  Various  types  of  terminal  are  in  use,  some  of  which  include 
means  for  connecting  and  disconnecting  the  overhead  line.  Many  such 
distributing  systems  have  been  equipped  with  poroelain  potheads  which 
have  been  very  successful  in  protecting  cables.  The  first  such  device  was 
decugned  for  a single-conductor  cable,  as  illustrated  in  Fig.  61.  The  insu- 
lation is  hermetically  sealed  by  filling  the  porcelain  sleeve  with  compound. 
The  cap  sheds  all  water  and  may  be  safely  handled  by  a lineman  when  the 
line  is  alive.  The  connectors  provide  means  for  readily  opening  and  dos- 
ing the  circuit  when  necessary  for  repair  or  alteration  work.  Other  forms 
have  been  devised  for  multiple-conductor  cables,  in  which  there  is  a pot 
of  cast  iron  with  porcelain  tubes  set  into  the  cover  (Fig.  62). 

218.  Subway  junction  boxes.  The  arrangement  of  junction  boxes  and 
similar  accessories  in  manholes  should  be  worked  out  so  as  not  to  obstruct 

the  space  needed  for  the  cables.  Low- 
tension  junction  boxes  are  of  two 
types,  one  of  which  is  mounted  on  the 
wall  in  a vertical  position,  while  the 
other  is  placed  in  the  roof  of  the  man- 
hole so  that  it  is  accessible  for  replac- 
ing fuses  or  cleaning  contacts  from  above 
ground.  The  surface  type  has  its  ad- 
vantages in  districts  where  the  drainage 
of  manholes  is  not  perfect. 

219.  Branch-line  junction  boxes. 
In  a primary  distributing  system  in 
which  mains  are  underground,  it  is 
necessary  to  have  means  by  which 
branches  may  be  disconnected,  with- 
out shutting  down  the  circuit,  when  a 
transformer  is  to  be  connected  or  a cable 
repaired.  Subway  junction  boxes  with 
copper  connections  have  commonly  been 
applied  to  this  work.  The  parts  of  the 
cable  from  which  the  lead  has  been  re- 
moved are  sealed  in  from  moisture  by 
wiped  sleeves,  or  by  filling  the  lower 
part  of  the  box  with  hot  compound. 
The  porcelain  pothead  (Par.  220) 
has  also  been  found  convenient 
for  this  purpose,  in  manholes,  as  the  cap 
may  be  submerged  without  permitting 
water  to  reach  the  live  parts. 

DISTRIBUTION  ECONOMICS 

220.  General  criterion  for  most  economical  sixe  of  conductor. 

The  loss  of  energy  in  a conductor  diminishes  as  the  sise  of  the  conductor  is 
increased,  and  vice  versa.  The  generating  capacity  required  to  supply  the 
energy  loss  follows  the  same  law.  The  sise  of  conductor  with  which  the  sum 
of  the  fixed  charges  on  conductor  and  generating  capacity,  plus  the  value 
of  energy  loss,  is  a minimum,  is  the  one  which  it  is  the  most  economical 
to  employ. 

221.  Fixed  charges  consist  of  interest,  depreciation,  taxes  and  insur- 
ance. These  are  computed  at  different  rates,  depending  upon  the  character 
of  the  equipment.  Interest  should  be  figured  at  not  less  than  the  rate  paid 
m the  bonded  debt,  which  is  about  5 per  oent.  (Sec.  25). 
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ItS.  Depreciation  m bated  upon  the  working  life  of  the  equipment, 
allowing  for  changes  in  the  state  of  the  art,  and  the  scrap  value  of  the  equip- 
ment when  taken  out  of  service. 

Weather-proof  wire  consists  of  about  80  per  cent,  copper  and  20  per  cent, 
insulation.  It  is  conservative  to  figure  7 per  cent,  on  the  insulation,  or  1) 
per  cent,  of  the  whole  wire,  with  1 per  cent,  added  for  the  labor  of  replac- 
ing, making  a total  of  2)  per  cent,  of  the  original  cost  of  the  wire.  Poles 
have  a life  of  about  15  years,  with  little  salvage  value.  Other  overhead 
line  material  must  be  replaced  at  intervals  of  5 to  10  .years.  The  aver- 
age rate  for  overhead  lines  may  thus  be  taken  at  about  5 per  cent. 

The  life  of  lead-sheathed  paper  or  rubber  cables  is  indeterminate,  but 
this  may  be  conservatively  taken  at  15  years.  The  junk  value  is  compara- 
tively Ugh,  as  the  copper  and  the  lead  sheath  constitute  a considerable 
percentage  of  the  cross-section  of  the  cable.  It  is,  therefore,  safe  to  estimate 
depreciation  at  3 per  cent,  for  oables  of  No.  4/0  A.W.O.  and  larger,  and  at 
5 per  cent,  for  the  smaller  sises. 

SS3.  Taxes  and  insurance  must  be  considered  as  fixed  charges  of  the 
same  class  as  interest  and  depreciation.  They  vary  somewhat  with  the 
locality,  but  are  usually  from  1.5  per  oent.  to  2 per  cent.,  total. 

tS4.  The  total  fixed  charges  on  underground  cable  and  conduit  may 
be  taken  at  5 per  pent,  interest,  4 per  cent,  depreciation,  and  1 per  cent,  taxes, 
s total  of  10  per  cent.  The  total  rate  on  the  average  overhead  system 
may  be  taken  at  5 per  cent,  interest,  5 per  cent,  depreciation,  and  1 per 
oent.  taxes,  a total  of  11  per  oent. 

SIS.  General  formula  for  annual  conductor  costs.  The  cost  of  a 
conductor  varies  inversely  as  its  resistance  per  unit  length,  and  the  value  of 
energy  and  generating  capacity  to  supply  it  vary  directly  as  th6  resistance 
per  unit  length.  The  total  annual  cost  is 

F--|+&/?+c/2  (dollars)  (14) 

in  which  a,  b and  c are  constants  depending  on  the  cost  of  the  conductor  and 
the  cost  of  energy.  These  are  determined  as  follows:  Far.  2SS  to  SSS. 

SSS.  Formula  for  annual  fixed  charges  on  wire.  The  cost  of  insu- 
lation varies  approximately  with  the  sise  of  the  conductor.  For  bare  wire 
the  product  of  weight  per  1,000  ft.,  W,  by  resistance  per  1,000  ft.,  for  all 
size*.  is  WR  — 32;  with  weather-proof  insulation  WR  — 38  for  the  sises  No.  4 
to  No.  0 A.W.G.,  or  36  for  sizes  from  No.  2/0  to  350,000  cir.  mils.  The  value 
of  1,000  ft.  of  conductor  at  15  cents  per  pound  is  0.15TF  dollars.  Hence, 
when  IP  » 38/2?,  the  cost  per  conductor  of  a circuit  L thousand  feet  long  is 

Ci  — 0.15TTL—  — 15-j*  — (dollars)  (15) 

Taking  the  fixed  charges  at  9 per  cent.,  the  annual  cost  is 

Ci.omw5.x«,o|aL  (doUm)  (16) 

Thus  O-0.513L,  in  this  case  (Eq.  14). 


SS7.  Formula  for  annual  fixed  charges  on  single-conductor  cable. 
With  underground  conductors  a change  in  the  size  of  the  conductor  does 
not  make  a proportionate  change  in  cost.  The  table  in  Par.  SSS  gives  the 
oostper  1,000  cir.  mils  of  various  sizes  of  single-conductor  and  three-con- 
ductor lead-sheathed  cables.  The  resistance  per  1,000  cir.  mils  per  1,000  ft. 
of  copper  at  ordinary  temperatures  is  about  10.4  ohms.  If  M is  the  number 
of  1,000  cir.  rails  and  P is  the  price  pier  1,000  cir.  mils,  the  cost  of  a single- 
conductor cable  is  MP.  M - 10.4//?  and  the  cost  of  the  cable  is  10.4 PL/R, 
where  L is  the  number  of  thousands  of  feet. 

For  single-conductor  low-tension  cable  the  value  of  P averages  SI  .20 
for  cables  from  No.  2/0  A.W.G.  to  500,000  cir.  mils,  and  the  value  of  e&oh 
conductor  is 


10.4X1.2L  12.481/ 

R R 


(dollars)  (17) 


Taking  the  fixed  charges  at  9 per  cent.,  the  annuai  conductor  cost  is 
c,t_a mXl2ASL_lA2L  (dollara) 

R R 


and  in  this  case  o — 1.12L  (Eq.  14). 
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228.  Formula  for  annual  fixed  charges  on  three-conductor  cable 

In  the  case  of  three-conductor  cables  the  cost  per  1,000  cir.  mile  in  Par.  229 
is  based  on  the  total  cross-section  of  the  three  conductors.  The  cost  of  three- 
conductor  cable  is 


_ 3X10.4PL 

c' — r - 


(dollars)  (19) 


(dollars)  (20) 


and  the  annual  charges  are 

0.09X3X10.4/^ 

c, R - 

and  a — 2.HJJL.  Thus  the  value  of  a may  be  derived  for  different  kinds  of 
I'ablc  arid  at  various  values  of  copper,  lead  and  insulation.  Where  a circuit 
is  composed  of  more  than  one  cable,  this  must  be  taken  into  account  io 
figuring  the  total  annual  cost  for  tin*  circuit;  that  is,  for  a two-wire  circuit 
the  value  of  “a”  is  doubled  and  for  three  cables  it  is  trebled. 


229.  Cost  of  Lead-sheathed  Cables 


Size  conductor  Ct>8t  per  1'000  cir-  miU  P"  ft- 

A. W. G.  or  oir  . ! 17“ , I m,  ",  L.  . TTZT 


A.W.G.  or  cir  . 
mils 

Single-cond. 

Thne-cond. 

Single-eond. 

Three-cond. 

3,000  volts 

10,000  volte 

300  volte 

300  volts 

No.  2 

2.20 

2.80 

1.90 

1.85 

No.  0 

2.00 

2.00 

1.80 

1.60 

No.  00 

1.70 

1.85 

1.60 

1.50 

No.  000 

1.55 

1.65 

1.40 

1.40 

No.  0000 

1.45 

1 . 50 

1.30 

1.30 

Cir.  mils 

250,000 

1.30 

1.40 

1.25 

1.25 

350,000  | 

1.20 

1.10 

500,000 

1.00 

750,000 

0.90 

1 ,000,000 

0.80 

1,500.000 

0.75 

230.  Fixed  charges  on  generating  equipment.  Where  conditions 

are  such  that  generator  capacity  could  be  released  for  commercial  load  by 
the  use  of  larger  conductors,  the  fixed  charges  on  generating  equipment 
should  be  considered  one  of  the  elements  of  annual  cost  of  a circuit.  The 
station  capacity  required  to  supply  the  energy  loss  at  the  time  of  the  maxi- 
mum load  / is  l*RLf 1,000,  in  kw.  The  value  of  station  capacity  required 
to  supply  the  loss  on  a feeder,  when  the  6ost  is  $100  per  kw.,  is 

„ 100XJ*«L 

1,000  *21) 
and  the  fixed  charges  per  conductor  at  12  per  cent.,  are 

C\  = 0.12  X 0.1 1*RL  - 0 01 2I*RL  (dollars) 

and  b = 0.012/  L (Eq.  14). 


231.  Energy  loss.  The  loss  of  energy  on  a circuit  during  a year  is  depend- 
ent upon  the  annual  load  factor  of  the  load  carried.  In  Fig.  63  typical  losd 
curves  are  shown  for  a lighting  feeder  which  carries  some  dav  motor-load,  for 
the  months  of  March,  June,  September,  and  December.  'I'he  energy  losses 
will  evidently  be  different  on  this  feeder  each  month  in  the  year,  being  less 
during  the  summer  months  than  during  the  winter  months. 

The  annual  loss  on  a circuit,  may  be  computed  with  sufficient  accuracy 
for  practical  purposes  as  follows:  Take  an  average  day  in  March,  and  com- 
pute the  value  of  I I?  for  each  hour.  Repeat  this  operation  for  the  June, 
September  and  December  curves.  Multiply  the  sum  of  the  losses  on  the 
four  curves  by  91,  this  being  the  number  oi  days  in  each  quarter  of  the  year. 
This  total  is  the  annual  loss  in  kilowatt-hours. 

232.  Loss  factor.  The  ratio  of  the  loss  as  thus  calculated,  to  the  value 
of  the  loss  if  the  feeder  had  carried  the  maximum  load  of  the  year  every  hour 
of  the  year,  may  bo  called  the  loss  factor,  just  as  the  ratio  of  the  actual  out- 
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Sat  for  the  year,  to  the  possible  output  at  the  rate  of  the  maximum  load, 
i called  the  load  factor  of  a circuit.  If  the  loss  factor  of  the  feeder  is  20 
per  cent.,  the  annual  loss  is 

(kw-hr.)  (22) 

The  loss  factor  for  a load  having  the  characteristics  illustrated  in  Fig.  63 
is  about  16  per  cent. 


283.  Calculation  of  loss.  Given  the  character  of  the  load  curve,  the 
loss  factor  may  be  determined  in  the  manner  described  (Par.  131  and  231) 
and  the  annual  loss  of  energy  calculated  from  the  maximum  load  J,  in  terms 
of  R,  the  resistance  per  1,000  ft.  of  conductor.  The  loss  at  the  time  of  the 
annual  maximum  load  being  I*RL,  the  annual  loss  is 

/mx^aoxF  (23) 


where  F is  the  loss  factor.  The  loss  equals  lAOI'RL  kw-hr.  when  the  loss 
factor  is  16  per  cent.  The  value  of  this  energy  may  be  taken  at  about  1 cent 
per  kw-hr.  in  the  smaller  plants,  0.7  cent  in  the  larger  engine-driven  plants 
and  0.5  to  0.3  cent  in  the  turbine-driven  plants.  At  1 cent,  per  kw-hr. 
the  value  of  the  annual  energy  loss  per  conductor,  at  16  per  cent,  loss  factor, 
is 


C«-0.0140/*/2L  (dollars)  (24) 

and  the  constant  c is  equal  to  0.0140/*L. 


A.M.  Hour  P.M. 


Fio.  63. — Typical  load  curves. 

134.  Summary  of  annual  conductor  costs ; condition  for  minimum. 
The  total  annual  cost  is,  therefore,  the  sum  of  the  three  quantities  a/R, 
bS , and  cR  (Eq.  14).  For  weather-proof  wire,  with  station  capacity  at 
$100  per  kw.,  a foes  factor  of  16  per  cent.,  and  energy  at  1 cent  per  kw-hr., 
the  annual  coot  is . 

r-|+6fi+£R-— ^+a012J«R£ 

It  K 

+0.014J’Jtt-^^+0.0267*i^  (dollars)  (25) 

It  Is  desired  to  ascertain  at  what  value  of  R the  sum  of  these  three  elements 
will  be  a minimum  for  a given  current,  at  the  time  of  the  annual  maximum 
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load.  The  only  variable  in  the  equation  being  R,  the  value  of  Y will  be  a 
minimum,  according  to  the  rule  of  the  calculus,  when  ir/da«0. 

. . . - . ” . 17  n nns  fanaf  A e«Q  f 


if  r- 


0.5 13L 


+0.026I*flL,  then  r=- 


0.026J,JJ,L— 0.513L 


— 0.  There- 


in   dR  R* 

fore,  0.026/*H*L- 0.513L,  and  J*R* - 0.513/0. 026- 19.7;  whenoe IR - Vl9.7 
-4.44.  For  instance,  if  /-  100  amp.,  R -0.0444  ohm,  which  is  about  the 
resistance  per  1,000  ft.  of  a No.  4/0  conductor. 

SS6.  Examples  of  calculation  of  most  economical  slxe  of  conductor. 
Assume  generating  capacity  costing  $80  per  kw.,  energy  at  0.4  cent  per 
kw-hr.  and  the  loss  factor  at  25  per  cent.  With  single-conduotor  low-tension 
cable  of  500,000  cir.  mils  to  1,000,000  cir.  mils,  the  cost  per  1,000  cir.  mils 
averages  90  cents  per  1,000  ft..  Par.  229. 

^ a ‘ 0.09  X 10.4X0.  9 L 0.84L 

Bene  Jt-  --5- 5 


80X0. 121*1?!, 


-0. 00967 


cR 


1,000 

0.004  X 8 , 760  X 0.257*121, 


1,000 

F-®i^+0.01837*12L. 
R 


= 0.0087  I*RL. 


and  IR 


r 0.84 
“^0.0183 
6.7 


» V46  —6.7  per  1,000  ft.  of  conductor.  With  600 


amperes  wl*ich  « about  the  resistance  of  1,000  ft.  of 

1,000,000-cir.  mil  cable. 

In  the  case  of  three-conductor,  10,000-volt  cables,  with  generating  capacity 
costing  $80  per  kw.,  energy  at  0.4  cent  per  kw-hr.,  loss  factor  at  25  per 
cent,  and  the  cost  of  No.  0 cable  $1.75  per  1,000  otr.  mils, 

„ $2X0.09X10.41,  1.87  , * 

aR-2-^ ^ per  conductor. 

(6+c)  R — 0.0183  C*RL  per  conductor.  Therefore 

CR  - yf^3  - 1.01  and  for  100  amp.  R - -0.101  which  is  nearest  the 

resistance  of  No.  0 cable,  per  1,000  ft. 

S$$.  The  curves  in  Fig.  64  show  the 
line  charges,  station  capacity  chargee 
and  line  losses  for  various  sises  of  con- 
ductor, assuming  a current  of  100 
amp.,  with  overhead  lines,  energy  at  1 
cent,  per  kw-  hr.,  cost  of  generating 
capacity  at  $125  per  kw.  of  capacity, 
and  loss  factor  12  per  cent. 
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RELATION  OF  WIRING  TO  FIRE  RISK 

1.  The  National  Electrical  Code  wu  drawn  originally  in  1897.  It 
was  the  product  of  the  efforts  of  the  National  Conference  on  Standard 
Electrical  Rules.  This  comprised  delegates  from  the  various  insurance, 
electrical,  architectural  and  allied  interests  of  the  United  States.  The 
object  of  the  conference  was  to  formulate  a set  of  rules  for  the  installation  and 
construction  of  electrical  apparatus  in  a manner  free  from  fire  hanard.  The 
National  Electrical  Code  resulted.  The  “ Code ” was  immediately  adopted 
by  the  National  Board  of  Fire  Underwriter?,  135  William  St.,  New  York 
City.  It  at  once  placed  electric  wiring  on  a safe  bans.  At  jpresent  prac- 
tically all  wiring  is  in  accordance  with  Code  rules.  The  nre  insurance 
policies  in  some  states  and  communities  expressly  provide  that  the  Code 
shall  be  followed  in  detail.  The  National  Conference  on  Standard  Electrical 
Rules  has  disbanded  but  the  work  of  the  Underwriters'  National  Electrical 
Association  and  the  National  Conference  has  been  taken  over  by  the  National 
Fire  Protection  Association,  in  which  are  represented  the  following  organisa- 
tions: American  Electric  Railway  Association;  American  Institute  of 
Electrical  Engineers:  Associated  Factory  Mutual  Fire  Insurance  Cos.; 
National  Board  of  Fire  Underwriters;  National  Electric  Light  Association; 
National  Electrical  Contractors  Association;  National  Electrical  Inspectors 
Association. 

Periodically  the  National  Fire  Protection  Association  convenes 

and  authorizes  such  revisions  or  additions  to  the  Code  as  are  dictated  by 
advances  in  the  art.  The  National  Electrical  Code  is  revised  every  2 years. 
A supplement  and  a "Li*t  of  Approved  Fitting*,"  are  issued  semi-annually. 
Either  can  be  obtained  gratis  on  application  to  any  Underwriters’- Asso- 
ciation office,  to  any  local  inspection  bureau,  or  to  The  National  Board 
of  Fire  Underwriters,  136  William  St.,  New  York  City. 

S.  Legal  status  of  the  Oode.  The  Code  has  no  statutory  force.  It 
merely  comprises  the  rules  of  the  National  Board  of  Fire  Underwriters. 
However,  certain  cities  have  passed  ordinances  providing  that  all  work 
installed  in  such  cities  shall  be  in  accordance  with  tne  Code.  This  gives  it  a 
legal  status  in  these  cities.  Moreover,  other  cities  have  legalised  require- 
ments of  their  own,  which  are,  usually,  essentially  Code  requirements 
Where  local  requirements  are  authorized  by  ordinance  or  statute  they,  of 
course,  take  precedence  over  the  Code  rules. 

3.  Electric  Service  Company  Rules  are  often  enforced  by  local  electric- 
power  companies.  These  may  relate  to  location  and  details  of  service 
entrances,  provisions  for  meters,  minimum  voltage  drop  allowable  in  circuits 
and  similar  matters.  The  electric  service  company  supplies  free  copies  of 
such  rules. 

4.  The  National  Cods  rules  of  are  great  economic  importance  in 

relation  to  fire  hazard  and  fire  insurance.  Without  question,  fire  loes 
amounting  to  many  thousands  of  dollars  has  been  averted  by  their  'appli- 
cation. when  installing  any  electrical  equipment,  first  ascertain  whether 
there  are  local  installation  rules  (ordinances)  in  force  in  the  community. 
If  there  are  such  they  should  be  followed.  If  there  are  none  follow  the 
National  Electrical  Code  rules. 

5.  Inspection. — Every  electrical  installation  should  be  inspected,  when- 
ever an  experienced  inspector  is  available,  to  insure  that  it  complies  with 
either  local  or  Code  rules.  In  cities  where  rules  have  been  adopted  b/ 
ordinance,  such  inspection  is  usually  mandatory.  Where  inspection  is 
not  mandatory,  it  is  always  advisable  to  retain  an  inspector  from  the  most 
convenient  Underwriters’  Bureau  to  examine  the  work  while  it  is  being 
installed,  Nominal  fees  are  charged  for  such  inspection. 
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I.  All  fittings  and  materials  used  in  wiring  installations  should  be 
approved  by  the  Underwriters  Laboratories.  Practically  all  standard 
equipment  now  being  marketed  is  so  approved  and,  usually,  is  so  marked. 
When  in  doubt  one  should  refer  to  the  ''List  of  Approved  Fittings ” referred 
to  above,  or  consult  The  Underwriters’  Laboratories,  207  East  Ohio  St., 
Chicago,  111. 

METHODS  07  WIRING 

T.  There  are  eight  methods  of  wiring.  (1)  open  or  surface  wiring 
(2)  concealed  knob  and  tube  wiring;  (3)  wooden-raceway  wiring;  (4)  metal  - 
wiring;  (5)  flexible-tubing  or  circular-loom  wiring;  (6)  rigid  iron-conduit 
wiring;  (7)  flexible  metallic  conduit  wiring;  (8)  flexible  steel-armored  cable 
wiring. 

t.  Open  wiring  on  knobs  and  cleats  (Fig.  1)  is  a cheap  and  satisfactory 
method  if  installed  in  compliance  with  Code  requirements.  It  is  largely 
used  in  industrial  plants  and  in  mercantile  establishments  where  appearance 
is  unimportant.  Single-braid,  rubber-covered  or  slow-burning  weather- 

Eroof  wire  may  be  used.  Wires  having  slow-burning  insulation  must  not 
e used  in  damp  places.  The  wires  must  be  supported  at  least  every  4.5 
ft.  (137  cm.)  except  in  buildings  of  '‘mill”  construction  where,  if  “not  liable 
to  be  disturbed,”  they  may  be  supported  at  every  beam,  provided  that  the 
wires  are  No.  8 or  larger  and  are  carried  at  least  0 in.  (15.2  cm.)  apart. 
In  dry  places  for  voltages  up  to  300,  the  wires  must  be  separated  at  lea*t 


2\  in.  (6.35  cm.),  and  they  must  be  at  least  0.5  in.  (1.27  cm.)  from  the  surface 
wired  over.  For  voltages  between  301  and  600,  wires  must  be  at  least  1 in. 
(2.54  cm.)  from  the  surface  and  must  be  separated  4 in.  (10.2  cm.).  In 
damp  places,  for  voltages  up  to  300,  wires  must  be  held  1 in.  (2.54  cm  > 
from  the  surface;  above  300  they  should  be  4 in.  (10.2  cm.)  from  the  surface. 
Where  wires  are  exposed  to  mechanical  injury,  protection  must  be  afforded 
as  specified  by  the  Code.  Wires  must  also  be  protected  by  porcelain  tubes 
where  they  pass  through'  walls,  timbers  or  partitions.  See  the  National 
Electrical  Code  for  other  minor  requirements. 

In  structural-steel  mill-type  buildings,  open  wiring  is  carried 
on  porcelain  knobs  or  cleats  jsrhich  may  be  secured  with  stove  bolts  at 
points  where  there  are  spaces  between  the  members  or  where  holes  are 
already  punched.  Sometimes  it  is  desirable  to  screw  the  cleats  to  bloc  I.  » 
which  are  clamped  to  the  members  with  hook  bolts. 

Open  work  is  especially  suited  to  locations  which  are  damp  or  hot 
such  as  dye  works,  breweries,  dry  kilns,  metal  refineries  and  the  like.  I n 
such  installations  special  precautions  must  be  observed;  these  precautions 
are  fully  described  in  treatises  on  wiring. 

9.  Xnob-and-tube  wiring  (Fig.  2)  is  used  in  frame  buildings,  and 
the  cheapest  method  of  concealed  wiring.  Although  it  has  given  satis- 
faction, it  is  in  progressive  communities  being  superseded  by  rigid  condm 
In  some  cities  only  rigid  iron  or  flexible  conduit  or  flexible  steel-armored 
cable  is  approved  for  concealed  work. 

The  single-braid,  rubber-insulated  conductors  are  carried  within  the 
floors,  walls  and  partitions  of  the  building.  Where  passing  through  timbers 
they  must  be  insulated  with  porcelain  tubes.  On  a vertical  run  the  wires 
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must  be  protected  from  plaster  droppings  by  tubes  which  extend  at  least 
4 in.  ( 10.2  cm.)  above  the  horizontal  timbers  which  have  been  pierced. 

Within  partitions  and  floors,  where  the  wires  are  carried  on  knobs,  the  knobs 
must  be  spaced  not  more  than  4.5  ft.  (1.37  m.);  the  wires  should  be  spaced 
at  least  5 in.  (12.7  cm.)  and  should  be  carried  on  separate  timbers.  They 


Fig.  2. — Typical  details  of  knob  and  tube  method  of  wiring. 


r* — rD~ — 


may  be  closer  together  if  encased  in  flexible  tubing.  Only  split 
should  be  used  for  conductors  smaller  than  No.  8;  either  split  or  tie 
may  be  used  for  larger  conduct  < trs*  The  wires  must  have  the  same  inanUtifta 
as  the  wires  they  support,  and  must  not  be  smaller  than  No.  14.  Flexible 
tubing  must  be  used  to  protect  conductors  at  each  outlet,  and  must  extend 

from  the  last  point  of  support  into  the 
outlet  box  in  one  continuous  length. 
Sheet-steel  boxes  must  be  used  for 
flush-switch  outlets  as  shown  in  Fig.  2. 

10.  Wooden  raceway  is,  as  a role, 
used*  only  for  making  additions  to 
existing  installations  where  good  ap- 
pearance is  a consideration  but  where 
running  the  conductors  concealed  a 
either  impossible  or  economically  pro- 
hibitive. Wooden  raceway  Miring  is 
now  prohibited  by  ordinance  in  many 
communities.  Wooden  raceway  wiring 
is  not  approved  for  damp  places  or 
, , . , where  the  difference  of  potential  be- 

Fm.  3 — Standard,  two-wire,  wooden  tween  any  two  wires  of  the  same 
raceway.  system  exceeds  300  volts.  Single- 

braid rubber-covered  wire  is  required. 
Mo  joints  or  splices  are  permitted  except  at  outlets  and  at  fittings.  There 
ar<-  many  styles  of  approved  moulding  fittings.  With  them  almost  anv 
conceivable  combination  of  connections  can  be  realised. 
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11.  Dimensions  and  capacities  of  wooden  raceways.  Below  arc 
given  the  dimensions  of  standard  two- wire  wooden  raceways;  the  products 
of  various  manufacturers  vary  somewhat.  All  dimensions  arc  given  in 
inches  (Fig.  3).  (Kirkpatrick  Mfg.  Co.) 
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12.  Metal  raceway  (formerly  termed  “Metal  Moulding”)  can  be  used 
only  for  exposed  circuits.  It  is  now  largely  employed,  in  the  place  of  wooden 
raceway  (Par.  10)  . It  also  finds  application  in  new  const  ruction  in  commercial 
buildings  and  in  industrial  plants,  being  substituted  for  open  wiring.  This 
raceway  occupies  little  space  (see  Fig.  4),  is  very  npat  in  appearance  and 
being  anerardized,  will  take  paint  readily.  The  conductors  in  the  raceway 
can  be  readily  removed  for  inspection  at  any  time.  Alterations  in  or 
additions  to  the  raceway  system  can  be  very  easily  and  neatly  made.  Fit- 
tings are  manufactured,  whereby  almost  any  possible  wiring  arrangement 
can  be  effected.  See  National  Electrical  Code  and  manufacturers’  catalogues 
lor  further  information.  Metal-raceway  wiring  costs  somewhat  less  than 
conduit  and,  for  exposed  work,  provides  a neater  appearance.  It  can  be 
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Fio.  4. — National  metal  raceway. 
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used  only  where  the  potential  difference  does  not  exceed  300  volts  and  the 
power  1,320  watts.  It  must  be  continuous  from  outlet  to  outlet  or  to  ap- 
proved fittings.  It  should  not  be  used  in  damp  places. 

Single-braid,  rubber-insulated  wire  can  be  useef  in  metal  raceway.  Wires 
"just  lie  laid  in — not  fished.  The  raceway  showm  in  Fig.  4 has  a capacity 
of  four  No.  14  wires.  All  wires  of  an  alternating  current  circuit  must  be 
m the  samp  raceway,  and  it  will  be  found  advantageous  to  treat  direct- 
current  circuits  likewise. 

13.  Flexible  tubing  (circular  loom,  duraduct,  etc.)  is  now  seldom  used 
except  in  combination  with  other  methods  of  wiring.  However,  it  is  very 
useful  and  finds  wide  application  for  furnishing  additional  insulation  and  pro- 
tection to  conductors.  It  cannot  be  used  in  damp  places.  See  National 
Electrical  Code  foT  further  information.  Where  metal  outlet  boxes  or  switch 
boxes  are  used,  flexible  tubing  must  extend  from  the  last  porcelain  support  into 
the  outlet  box.  It  is  used  for  encasing  wires  fished  between  walls  and  ceilings, 
each  wire  being  separately  encased.  It  is  also  used  in  open  work  w here  wireB, 
are  nearer  each  other  than  2.5  in.;  on  wires  crossing  other  wires,  gas  pipes, 
water  pipes,  iron  beams,  wood  \vork,  brick  or  stone;  on  wires  at  chandeliers 
and  bracket  outlets;  on  gas  pipe  back  of  insulating  joints;  on  wires  under 
the  edges  of  canopies:  Where  space  is  limited  and  the  5-in.  separation 
required  between  wires  cannot  be  maintained,  each  wire  must  be  separately 
encased  in  a continuous  length  of  flexible  tubing.  Flexible  tubing  may  also 
be  employed  as  an  added  protection  to  wires;  as  for  instance  on  portable 
wnres  around  machinery  and  in  show  windows,  etc.,  where  added  protection, 
although  not  required,  is  often  desirable. 
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14.  Typical  Dimensions  of  Flexible  Tubing  (Circular  Loom) 

Below  are  given  the  dimensions  of  one  standard  line  of  flexible  tubing,  or 
circular  loom,  which  has  been  approved  by  the  Underwriters’  Laboratories. 


Inside 

diam., 

inches 

Outside 

diam., 

inches 

Ft.  per  coil 

Largest  wire,  A.W. 
G.,  and  cir.  mils 

Weight  per 
1,000  ft. -lb. 

1? 
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i 

I 

250 
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No.  2 
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i 

If 

100 
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if 

HI 
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1* 
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400,000 
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if 

21 

100 

000,000 
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2 ✓ 

2f 

Odd  lengths 
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2f 

3 

Odd  lengths 

1,100,000 
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21 

3f 

Odd  lengths 

1,300,000 

700 

15.  Rigid  iron  conduit  wiring  (Par.  16,  17  and  19)  is  approved  for 

both  exposed  and  concealed  work  in  practically  all  classes  of  buildings. 
It  provides  the  safest  and  most  satisfactory  method  of  electric  wiring  yet 
developed.  Though  highest  in  first  cost  of  all  of  the  methods  it  is  probably 
the  most  economical  for  permanent  installations.  In  the  most  progressive 
cities,  only  rigid  or  flexible  iron  conduit  or  steel-armored  cable  is  permitted 
for  concealed  work.  Rigid  iron  conduit  should  have  the  preference  in  every 
case  of  permanent  installation  except  where  the  work  is  exposed,  in  which 
event  metal  raceway  is  usually  preferable. 

Iron  conduit  and  fittings  are  finished  black,  similar  to  enamel,  or  are 
zinc-coated.  The  black  finish  is  the  most  popular,  but  the  zinc-finished 
conduit  should  be  used  for  outdoor  installations,  in  damp  places  or  when  the 
conduit  is  imbedded  in  cement.  Conduit  is  merely  standard-weight  steel 
pipe,  specially  treated;  hence  conduit  dimensions  and  threads  are  the  same 
as  those  for  corresponding  sizes  of  wrought-iron  pipe.  Refer  to  the  Natiomdl 
Electrical  Code  for  complete  rules  for  conduit  installations. 

16.  Iron  conduit  fittings.  Outlet  and  switch  boxes,  elbows,  supports, 
hangers  and  other  conduit  fittings  are  manufactured  in  almost  endless  variety, 
and  can  be  procured  to  meet  practically  any  condition.  See  manufacturer*' 
catalogues  and  the  National  Electrical  Code. 

17.  Wire  for  use  in  iron  conduit  must  except  in  permanently  dry 

places,  be  rubber-insulated.  Where  No.  6 or  equivalent  or  larger,  double 
braided  wire  must  be  employed.  Where  smaller  than  No.  6,  single-b raided 
wire  is  permitted.  Each  conductor  must  be  continuous  (without  splices) 
from  outlet  to  outlet.  For  alternating-current  circuits,  all  the  wires  of  om 
circuit  must  be  carried  in  the  same  conduit  to  eliminate  heating  and  excessive 
voltage  drop  due  to  electromagnetic  induction.  Varnished-cloth  insulation 
may  be  used  in  permanently-dry  locations.  Slow-burning  insulation  wire 
may  be  used  in  permanently-dry  locations  where  the  temperature  is  excel- 
sively  high,  if  special  permission  is  secured. 

18.  Flexible  metallic  conduit  (Fig.  5)  is  approved  for  the  wiring  of 
practically  all  classes  of  buildings.  It  is  used  principally  for  wiring  finished 

buildings,  in  cities  where  iron  conduit  is  required, 
pr? r?rwr? yre¥ re  v wertt  or  where  a thorough  job  is  desired.  It  is  used  for 
' I \.  rAr\-\;\  Uil  wiring  near  machinery,  and  in  other  locations 
where  the  conduit  .run  changes  direction  fre- 
~ c . . - quently,  or  where  the  wires  must  bo  fished.  It 
r IQ  , , Greenfield  flex-  is  also  useful  in  wiring  new  frame  buildings  be- 
i Die-steel  conduit.  cause  it  can  be  easily  bent  in  any  direction,  how- 
ever, rigid  conduit  is  cheaper  and  more  fre- 
quently used  for  this  service.  It  can  be  installed  more  readily  than 
can  rigid  conduit,  which  is  manufactured  in  lengths  of  10  ft.  Flexible 


yGoogfe 


1082 

Digitized  by  1C 


INTERIOR  WIRING 


Sec.  13-19 


metallic  conduit  ia  furnished  in  coils  of  from  25  to  250  ft.,  depending 
upon  the  conduit  size.  The  wire  and  the  general  installation  requirements 
are  practically  the  same  as  for  rigid  conduit.  Many  fittings  for  flexible 
metallic  conduit  are  manufactured,  although  no  elbows  are  required. 

19.  Electrical  Trade  Size  of  Conduits  for  the  Installation  of  Wires 
and  Cables 

(1920  National  Electrical  Code) 


Table  1.  Two- wire  and  Three- wire  Systems 


For  sizes  not  greater  than  No.  10  A.  W.  G.  gage,  one  more  conductor 
than  permitted  by  the  above  table  may  be  installed  in  the  specified  conduit, 
provided  the  conduit  is  not  longer  than  30  feet,  and  has  not  more  than  the 
equivalent  of  two  quarter  bends  from  outlet  to  outlet,  the  bends  at  the 

outlets  pot  being  counted. 
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SO.  Flexible  steel-armored  oonduotor  (Fig.  6)  has  found  considerable 
application  during  the  last  few  years,  due  to  its  adaptability  for  electrical 
construction  in  finished  buildings.  It  oaa  be  run  with  practioally  no  regard 
for  pipes  or  other  grounded  obstructions  and  can  be  fished  for  relatively* 
long  distances.  It  is  more  expensive  than  conductors  in  circular  loom  but  it 
provides  a thoroughly  dependable  job.  Flexible  steel-armored  conductor 
consists  of  rubber-insulated  wire  or  cable,  protected  from  injury  and  to  some 
extent  from  dampness  by  two  layers  of  spirally  wound  flexible  steel  armor. 
It  is  manufactured  “leaded"  and  " unleaded The  leaded  conductor  has 
a lead  sheath  (between  the  armor  and  the  cloth  covering  which  is  wound 
over  the  rubber)  to  exclude  dampness.  Both  types  are  made  in  any  reason- 
able gage  of  wire  or  cable.  The  leaded  type  is  approved  for  use  in  all  classes 
of  buildings  and  can  be  installed  during  or  after  their  construction.  The 
unleaded  type  is  approved  only  for  use  in  locations  that  will  not  be  per- 
manently damp. 

y' Flexible  Steel  Armour  -v.  ( Conductors  Conductor* 


Leaded 


Lead  8heath. 


Unleaded 


Fio.  6. — Flexible  steel-armored  conductor. 


11.  Relative  Costs  of  Various  Methods  of  Wiring 

(Based  on  Values  in  “Electric  Light  Wiring/*  C.  E.  Knox) 


Method  of  wiring 

Relative  cost 
in  per  cent. 

Conduit  (rigid  iron) 

100 

Raceway  or  Moulding  (metal) 

Flexible  metallic  conduit 

80 

80 

Flexible  steel-armored  cable 

70 

Raceway  or  Moulding  (soft  wood) 

60 

Open  wiring  (knob  and  cleat) 

Flexible  tubing  or  Circular  Loom  mow  obsolete) . . 

40 

40 

Concealed  knob  and  tube 

36 

The  values  given  are  approximate  for  average  conditions.  They  include 
all  labor  and  material  for  * roughing  in’  ’ but  do  not  include  lamps,  fixtures, 
switches  or  accessories. 


WIRES  AND  CABLES 

12.  Electric  wire  and  cable  terminology.  ( U . 8.  Bureau  of  Stcmdarde 

Circular  No.  37.) 

Wire.  A slender  rod  or  filament  of  drawn  metal.  The  definition  restricts 
the  term  to  what  would  ordinarily  be  understood  by  the  term  “solid  wire.'* 
If  a wire  is  covered  with  insulation,  it  is  properly  called  an  insulated  wire; 
in  general  the  term  “wire”  will  be  understood  to  include  the  insulation. 

Conductor.  'A  wire  or  combination  of  wires  not  insulated  from  one 
another,  suitable  for  carrying  a single  eleetric  current. 

Stranded  Conductor.  A conductor  composed  of  a group  of  wires  or  any 
combination  of  groups  of  wires.  The  wires  in  a stranded  conductor  are 
usually  twisted  or  braided  together. 

Cable.  (1)  A stranded  conductor  (single-conductor  cable);  or  (2)  a 
combination  of  conductors  insulated  from  one  another  (multiple-conductor 
cable).  The  component  conductors  of  the  second  kind  of  cable  may  be 
either  solid  or  stranded,  and  this  kind  of  cable  may  or  may  not  have  a 
common  insulating  covering.  A small  cable  is  called  a “stranded  wire*' 
or  a “cord,”  both  of  which  are  defined  below.  Cables  may  be  bare  or 
insulated,  and  the  latter  may  be  armored  with  lead  or  with  steel  wires  or 
bands. 

Strand.  One  of  the  wires  or  groups  of  wires  of  any  stranded  conductor. 

Stranded  wire.  A group  of  small  wires,  used  as  a single  wire.  A wire 
has  been.  defined  os  a slender  rod  or  filament  of  drawn  metal.  If  such  a 
Nment  is  subdivided  into  several  smaller  filaments  or  strands,  and  is  used 
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u a single  wire,  it  is  called  “ stranded  wire.'*  There  is  no  sharp  dividing 
line  of  sise  between  a “stranded  wire"  and  a “cable.”  If  substantially 
insulated,  it  is  called  a “oord,”  defined  below. 

Cord.  A small  cable,  very  flexible  and  substantially  insulated  to  with- 
stand wear.  Usually  the  insulation  of  a cord  contains  rubber. 

Concentric  strand.  A strand  composed  of  a central  core  surrounded 
by  one  or  more  layers  of  helically  laid  wires  or  groups  of  wires. 

Concentric-lay  cable.  A single-conductor  cable  composed  of  a central 
core  surrounded  by  one  or  more  layers  of  helically  laid  wires. 

Rope-lay  cable.  A single-conductor  cable  composed  of  a central  core 
surrounded  by  one  or  more  layers  of  helically  laid  groups  of  wires.  This 
kind  of  cable  differs  from  the  preceding  in  that  the  main  strands  are  them- 
selves stranded. 

H-conductor  cable.  A combination  of  N conductors  insulated  from 
one  another.  (It  is  not  intended  that  the  name  as  here  given  be  actually 
used.  One  would  instead  speak  of  a “3-conductor  cable,”  a “ 12-conductor 
cable,”  etc.  In  referring  to  the  general  case,  one  may  speak  of  a “ multiple- 
conductor  cable,”  as  in  definition  for  ''Cable"  above.) 

II -conductor  concentric  cable.  A cable  composed  of  ah  insulated 
central  conducting  core  with  tubular  stranded  conductors  laid  over  it  con- 
centrically and  separated  by  layers  of  insulation.  Usually  only  2-con- 
ductor or  3-conductor.  Such  conductors  are  used  in  carrying  alternating 
currents.  The  remark  on  the  expression  “N-conductor”  given  for  tbs 
preceding  definition  applies  here  also. 

Duplex  cable.  Two  insulated  single-conductor  cables  twisted  together. 
They  may  or  may  not  have  a common  insulating  covering. 

Twin  cable.  Two  insulated  single-conductor  cables  laid  parallel,  having 
a common  covering. 

Triplex  cable.  Three  insulated  single-conductor  cables  twisted  together. 
They  may  or  may  not  have  a common  insulating  covering. 

Twisted  pair.  Two  small  insulated  conductors  twisted  together,  without 
a common  covering.  The  two  conductors  of  a “twisted  pair”  are  usually 
substantially  insulated,  so  that  the  combination  is  a special  case  of  a “cord.” 

Twin  wire.  Two  small  insulated  conductors  laid  parallel,  having  a 
common  covering. 

28.  Specifications  for  insulated  conductors  are  given  in  detail  in 
the  Standard  for  Rubber-covered  Wires  and  Cables  which  is  issued  and  revised 
periodically  by  the  Underwriters’  Laboratories.  Since  these  specifications 
are  subject  to  revision,  it  is  inadvisable  to  repeat  them  here.  Practically 
all  rubber-insulated  wire  on  tho  market  is  manufactured  in  accordance  with 
Cods  requirements.  To  each  coil  is  fastened  a tag  indicating  the  approval 
of  the  Underwriters’  Laboratories.  Unapproved  wire  should  not  be  installed. 

24.  Current-carrying  capacity  of  copper  wires.  , If  the  current 
carried  by  a given  conductor  is  too  great,  the  conductor  will  become  so  hot 
that  it  will  be  unsafe,  or  may,  if  insulated,  damage  its  insulation.  Certain 
safe  current  values  have  been  determined  for  different  sixes  of  conductor, 
and  are  listed  in  Par.  27.  Less  current  is  permissible  in  rubber-insulatea 
wires  than  in  wires  insulated  with  other  materials  because  relatively  low 
temperatures  may  injure  rubber  insulation.  For  interior  wiring,  the  ca- 
pacities recoin  mended  by  the  National  Electrical  Code  in  Par.  27  should 
not  be  exceeded  unless  contrary  local  municipal  ratings  are  mandatory. 

25.  Allowable  current-carrying  capacities  of  aluminum  wire  are 
84  per  cent,  of  the  values  given  in  the  table  for  copper  wire  (Par.  27),  assuming 
the  same  kind  of  insulation. 

26.  Rubber-covered  -or  rubber-insulated  wires  and  cables  fcar.  30, 
31,  and  82)  when  protected  with  one  braid  over  the  insulation,  are  known  as 
singfo-braid  wires.  When  two  braids  are  used  to  afford  additional  pro- 
tection against  injury  by  abrasion,  they  are  known  as  double-braid  wires. 
Rubber-insulated  conductors  must  be  used  for  all  concealed  inside  wiring 
and  for  all  wiring  in  damp  places.  They  must  be  used  throughout  where 
the  voltage  exceeds  600.  Conductors  insulated  with  less  expensive  materials 
(see  following  paragraphs)  can  be  used  out-of-doors  on  pole  lines  and  inside 
in  dry  places  where  the  wires  are  exposed.  The  National  Electrical  Code 
permits  single-braid,  rubber-covered  wires  for  exposed  interior  wiring  in 
damp  places  and  in  raceways.  See  Par.  17  for  requirements  for  conduit 
wire. 
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ST.  Allowable  or  Safe  Current-carrTin# 
Insulated  Copper  Wires 

(1020  National  Electrical  Code ) 


Capacities  of 


B.  & S. 

gage 

Diameter 
of  solid 
wires  in 
mils 

Area  in 
circular 
mils 

Table  A 
rubber 
insulation, 
amperes 

Table  B 
varnished 
cloth 

insulation, 

amperes 

Table  C 
other 
insulation, 
amperes 

18 

40.3 

1,624 

3 

5 

16 

50.8 

2,583 

6 

10 

14 

64.1 

4,107 

15 

18 

20 

12 

80.8 

6,530 

20 

25 

25 

10 

101.0 

10,380 

25 

30 

30 

8 

128.5 

16,510 

35 

40 

50 

6 

162.0 

26,250 

50 

60 

70 

5 

181.9 

33,100 

55 

65 

80 

4 

204.3 

41,740 

70 

85 

90 

3 

229.4 

52,630 

80 

95 

100 

2 

257.6 

66,370 

90 

110 

125 

1 

289.3 

83,690 

100 

120 

150 

0 

325 

105,500 

125 

150 

200 

00 

364.8 

133,10* 

159 

180 

225 

000 

409.6 

167.800 

175 

210 

275 

200,000 

200 

240 

300 

0000 

460. 

211,600 

225 

270 

325 

250,000 

250 

300 

350 

300,000 

275 

330 

400 

350.000 

300 

360 

450 

400,000 

325 

390 

500 

600,000 

400 

480 

600 

600.000 

450 

540 

680 

700,000 

500 

600 

760 

800,000 

550 

660 

850 

900.000 

600 

720 

920 

1,000.000 

650 

780 

1.000 

1,100,000 

690 

830 

1.080 

1,200,000 

730 

880 

1,150 

1,300,000 

770 

920 

1,220 

1,400,000 

810 

970 

1,290 

1,500,000 

850 

1.020 

1,360 

1.600,000 

890 

1,070 

1.430 

1,700,000 

930 

1,120 

1,490 

1,800,000 

970 

1,160 

1,550 

1,900,000 

1,010 

1,210 

1,610 

2,000,000 

1,050 

1,260 

1,670 

S8.  Weather-proof  wire  or  cable  (Par.  38)  is  used  for  out-oM«r 
conductors  and  should  be  supported  on  porcelain  or  glass  insulators  and 
on  knobs,  cleats  or  rubber  hooks.  Weather-proof  Code  wire  is  not  approta 


for  inside  wiring  except  where  exposed  to  corrosive  vapors.  The  so-csl* 
“ weather-proof*  insulation  becomes  a reasonably  good  conductor  wbea 
moist.  Triple-braid  weather-proof  conductors  have  three  braids,  saturate 
with  a so-called  moisture-proof  compound,  served  around  them,  and  doubts 
braid  conductors  have  two  such  braids.  Triple-braid  weather-proof 
ductors'are  approved  by  the  National  Electrical  Code  for  outside  construction 
but  double-braid  conductors  are  not  approved  at  all. 

39.  Slow-burning  conductors  are  insulated  with  three  braids  imprtr 
nated  with  a fire-resisting  compound,  as  is  used  on  slow-burning  weather- 
proof conductors.  The  Code  approves  slow-burning  conductors  for  intend 
exposed  wiring,  in  dry  places,  where  the  voltage  does  not  exceed  600.  The? 


soon  perish.  The  outer  braid  is  finished  like  that  of  alow-burni* 
weather-proof  conductors,  and  has  the  same  properties.  See  table  Par  » 
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31.  Dimensions  and  Weights  of  Rubber-covered  Wires  and  Cables 
for  Voltages  from  600  to  1,500 


Size 

S L 
•g-d  ' 

* c 

O ! 
O o 

d.2  f 
53  1 

uiam.  oi 

wires  com- 

prising cable, 
mils. 

Thick- 
ness of 
rubber 
in 

inches 

Diameter  over  all 

Approx, 
weight 
per  1,000 
ft.,  tape 
and 
braid 

A.W.G. 

Cir.  , 
mils 

Single 

braid 

Double 

braid 

Mils  j 64ths 

Mils  j i 

64ths 

Solid 

14 

4,107 

ft 

239  15.3 

289  1 

18.5 

46 

12 

6^530 

256  16.4 

306 

19.6 

58 

10 

10,380 

V 

277  17.75 

327 

20.9 

75 

8 

16,510 

ft 

304  19.45 

354 

22.6 

100 

6 

26,250 

382  24 . 2 

446 

2S.5 

153 

4 

41,740 

•5 

425  27.2 

489 

|3 1 3 

212 

2 

66,370 

ft 

498  31.9 

582 

137.2 

310 

1 

83,690 

.... 

ft 

* 561  35.9 

645 

|4 1 25 

394 

Stranded 

1 

83,690i  19 

66.4 

A 

004  38.65 

688 

44.0 

405 

0 

105,500 

1 19 

74.5 

A 

645  41.25 

729 

40.6 

490 

00 

133,100 

19 

83.7 

A 

691  44.25 

775 

49.6 

595 

000 

167,800 

19 

94.0 

A 

742  47.5 

826 

52.8 

715 

0000 

121,600 

19 

105.5 

A 

800  51  2 

884 

56.5 

875 

400,000 

37 

104.0 

ft 

1,032  66.0 

1,116 

7 i . 4 

1,570 

600,000 

61 

99.2 

A 

1,227  78.5 

1,311 

|83 . 9 

2.300 

32.  Dimensions  and  Weights  of  Rubber-covered  Wires  and  Cables 
for  Voltages  from  1,500  to  2,500 


Solid 

, 

12 

6,530 

I 

1 

! A 

318 

20.4 

368 

23 . 55 

85 

10 

10,380 

A 

339 

21.7 

389 

24.9 

100 

8 

16,510 

A 

380 

24.3 

444 

28.4 

130 

6 

26,250 

A 

414 

26.5 

478 

30 . 6 

175 

4 

41,740 

A 

456 

29.2 

520 

33.3 

240 

2 

66,370 

A 

509 

32.6 

573 

36.65 

330 

1 

83,690 

:::::: 

ft 

592 

37.0 

676 

43.25 

420 

Stranded 

8 

16,510 

7 

48.6 

A 

398  25.5 

462  29.6 

140 

6 

26,250 

7 

61.2 

A 

436 

27.9 

500 

32.0 

185 

4 

41,740, 

7 

77.2 

A 

504 

32.25 

588 

37 . 6 

250 

2 

66,370* 

7 

97.4 

A 

564 

36.1 

648 

41.5 

340 

83,690 

19 

66 . 4 

ft 

635  40.6 

719  46.0 

435 

°! 

105,500 

19 

74.5 

ft 

676  43.25 

760  48.6 

520 

1088 
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34.  Slow-burning  weather-proof  conductors  (Par.  S3)  are  some- 
times used  for  interior  exposed  wiring  in  damp  places,  where  there  are  cor- 
rosive vapors,  provided  that  the  voltage  does  not  exceed  600.  They  are 
cheaper  than  rubber-insulated  conductors.  The  insulation  consists  of  as 
inner  weather-proof  coating  and  an  outer  fire-resisting  coating.  The  Code 
requires  that  the  fire- resisting  coating  be  dr  the  thickness  of  the  entire 
routing.  To  meet  this  condition  the  manufacturers  use  one  weather-prod 
braid  and  two  fire-resisting  braids.  The  fire-resisting  compound  consists  of  s 
nurture  containing  white  lead,  oxide  of  sine,  chalk,  or  some  similar  substance. 
The  outer  braid  is  rubbed  smooth  on  the  outside.  The  manufacture  of  slow- 
burning  weather-proof  conductors  has  been  discontinued  by  some  manufac- 
turers and  they  are  now  seldom  used.  Slow-burning  weather-proof  wire  is 
cheaper  than  slow-burning  wire.  It  is  not  suitable  for  out-of-door  service. 
Wires  with  a fire-resisting  outer  coating  have  the  advantage  that  dust 
and  lint  do  not  adhere  readily  to  their  outer  surfaces,  as  is  often  the  esse 
with  weather-proofed  braids.  If  dust  does  collect,  it  can  be  easily  swept  off. 

36.  Weather-proof,  slow-burning  conductors  have  a fire-resisting 
coating  next  to  the  conductor  and  a weather-proof  coating  on  the  outside. 
They  are  not  appro^pj,  by  the  Code . 

36.  Twin  wires  or  cables  (Par.  67)  (sometimes  called  “conduit  wires") 
arc  used  where  they  are  to  be  drawn  into  conduit  and  should  never  be  used 
except  in  conduit  or  in  metal  raceways.  Each  wire  is  rubber  insulated  to  the 
thickness  indicated  in  Par.  60,  and  then  is  served  with  a braid  or  with  a tape. 
The  two  conductors  are  finally  bound  together  parallel  one  with  another, 
with  a tenacious  braid  at  least  0.0312  in.  thick  for  wires  larger  th«.n  No.  10 
B.  & S.  gage  and  0.0125  in.  for  No.  10  B.  & S.  gage  or  less  in  siae.  This  con- 
st ruction  is  considered  by  the  Underwriters’  Laboratories  as  equivalent  to 
that  of  double-braid,  rubber-covered  wire.  Twin  conductors  larger  than 
No.  0000  should  not  be  used  because  of  their  tendency  to  kink. 


67.  Dimensions  and  Weights  of  national  Electrical  Code- 
Stranded,  Twin  (Flat)  Wire  and  Cable,  0-600  Volts 

(i General  Electric  Co.) 


Sise  of  eaoh 
conductor 
A.W.G. 

Solid 

Stranded 

1 Weight  in 
lb.  per  1,000 
ft. 

Dimensions 
in  in. 

Weight  in 
lb.  per  1,000 
ft. 

Dimensions 
in  in. 

Thick- 

ness 

Width 

Thick-'™., 

nen  |Widtl, 

8 

214 

0.33X0.57 

214 

0.35X0.61 

10 

162 

0.26X0.48 

162 

0.32X0.51 

12 

126* 

0.28X0.44 

126 

0.29X0.48 

14 

100 

0.22X0.40 

100 

0.23X0.4  2 

38.  Fibre-cored  cables  (Par.  69).  Alternating  current  flowing  in  large 
cables  has  greater  density  on  the  surface  of  the  conductor  than  in  tne  center 
i -called  skin  effect) . Therefore  an  ordinary  oable  will  not  carry  as  great  an 
alternating  current  as  a direct  current,  with  the  same  temperature  rise. 
To  compensate  for  this  it  is  advisable,  for  single-conductor  cables  700,000 
cm.  ana  larger  for  60-cvcle  circuits,  and  1,250,000  cm.  and  larger  for  25- 
cycle  circuits,  to  strand  the  copper  around  a non-conducting  fibre  core. 
I 1 1 e weight  of  copper  in  a cable  of  this  type  is  the  same  per  ft.  as  in  a copper 
cable  without  a core,  but  owing  to  its  annular  cross-section  the  cored  cable 
i ' much  more  efficient  in  alternating-current  circuits  and  also  has  a some- 
what greater  current-carrying  capacity  due  to  the  larger  radiating  surface, 
he  copper  strands  can  be  covered  with  any  desired  type  of  insulation. 
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39.  Dimensions  and  Current- carrying  Capacities  of  Fibre-cored 
Cables.  ( General  Electric  Co.) 


40.  Conductors  with  varnished  cambric  or  oiled-cloth  insulation 

ar*  not  recommended  for  wires  smaller  than  No.  6.  The  insulation  con- 
sists of  cloth  which  is  impregnated  with  oil,  dried  and  then  wound  spirally 
around  the  conductor  to  the  required  thickness.  A braid  or  some  other 
form  of  protection  is  served  around  the  outside.  Such  conductors  are 
largely  used  for  voltages  exceeding  2,100,  but  for  lower  voltages  rubber 
insulation  appears  to  be  the  best  suited,  and  is  used  much  more  extensively 
than  any  other.  The  varnished  cloth  insulation  has  a tendency  to  unwind; 
this  affords  no  trouble  to  wiremen  who  are  familiar  with  its  manipulation, 
hut  may  cause  the  uninitiated  some  inconvenience. 

FITTINGS  AND  ACCESSORIES 

41.  Snap  switches.  Surface  snap  switches  and  flush  snap  switches  are 
made  for  practically  any  service,  and  are  procurable  in  certain  designs  for 

Four  Way  Swltchv 

Source  of  Energy  C— ZI  7^~ 1 


Three  Way  Switches  JThrce  Way  SwitcheB-^l SourcV^TEnrrgy 

Fig.  7. — Control  of  circuit  from  two  Fia.  8. — Control  of  circuit  from  any 
locations  with  three-way  switches.  one  of  more  than  two  locations. 

voltages  as  high  as  600.  Theseinclude  single-pole,  double-pole  and  triple-pole 
switches;  three-way  or  four-way  switches,  for  the  control  of  hall  lamps 
from  any  one  of  several 

locations;  and  the  elec-  goorcc  £‘oup2  8witch 

troher  switches.  They  can  . , 8ource  \ q!OUD2 


for  currents  as  large  as  30 
*mp.  Snap  switches  are 
usually  preferable  to  knife 
switches  from  an  operating 
standpoint  as  any  one  can 
operate  them,  under  nor- 
mal conditions,  without 
drawing  a destructive  arc. 

Indicating  switches,  which  Fia.  9. — Wiring  for  electrolier  switches, 
show  by  their  appearance 

whether  they  are  open  or  closed,  should  preferably  be  used.  Flush  snap 
•witches  are  installed  in  pressed-steel  switch  boxes  which  are  set  in  walls  or 


Two-Circuit 

Switch 


Three-Circuit 

Switch 


1 1 W hH 

8wltchW^ 

8 

8 

Group 

t 

Gii 

[TZJ 

Dia. 

No.  of 

Sise  wire 

Overall 

Ampere  capacity 

dr.  mils 

fiber 
core,  in. 

wires  in 
strand 

in  strand, 
in. 

copper 
core,  in. 

30  deg. 
cent,  rise 

60  deg. 
cent,  rise 

2,000,000 

0.875 

210 

0.099 

2.065 

1,400 

1,750 

1,750,000 

0.780 

210 

0.091 

1.87 

1,300 

1,625 

1,500,000 

0.687 

182 

0.091 

1 1.78 

1,200 

1,500 

1,250,000 

0.562 

168 

0.086 

1.59 

1,150 

1,400 

1,000,000 

0.469 

98 

0.102 

1.28 

900 

1,150 

800,000 

0.344 

51 

0.125 

1.1 

775 

925 

750,000 

0.312 

48 

0.125 

1.060 

750 

900 

700,000 

0.281 

51 

0.117 

0.99 

700 

830 

500,000 

0.250 

45 

0.1056 

0.890 

550 

660 
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partitions,  so  that  only  the  plate  and  operating  buttons  are  visible.  Types 
can  be  obtained  which  will  furnish  practically  the  same  service  as  surface 
suap  switches.  Those  of  the  flush  type  are  more  expensive  but  present  » 
neater  appearance  than  surface  switches. 

42.  Electrolier  switches  (Fig.  9)  control  lamps  in  independent  groups 
such  as  would  be  used  in  an  illuminated  dome  or  electrolier.  Switches 
are  made  for  this  service  in  the  “flush,”  “surface”  and  “pull”  types. 
Operation  of  the  two-circuit  switch  is  as  follows:  Position  A . all  lamps  off; 
B,  only  those  of  group  1 are  on;  C,  both  groups  on;  D , only  those  of  group  2 
are  on.  With  the  next  movement  all  lamps  are  extinguished.  The  sequence 
outlined  is  typical,  but  all  electrolier  switches  do  not  provide  just  this 
sequence.  A thr.  « -<  ir<  uit,  switch  is  necessary  for  controlling  three  group*. 
With  one  type,  the  sequence  for  the  different  positions  is  as  follows:  A, 
connects  group  1 ; B,  connects  groups  1 and  2;  C , connects  groups  1,  2,  sad 
3:  D,  disconnects  all  lamps. 


Metal  Ferrules 


1 • 



1 Labelj 

□ 

Top  View 

— o 

□ 

Fiber  Tube  _ . 

/ Knife  Blade 


C 

4*bel| 

• : 

Top  View^ 

Side  Elevation  Side  Elevation 


A -Ferrule  Contact  B-Knife  Blade  Contact 

Fio.  10. — National  Illectrical  Code  standard  enclosed  fuses. 


43.  Three-way  and  four- way  switches.  Switches  for  controlling  « 
group  of  lamps  from  either  of  two  locations  are  wired  as  indicated  in  Fig.  7. 
Two  “three-way**  snap  switches  are  required.  This  scheme  is  largely 
used  in  residences  for  the  control  of  hall  lamps.  Switches  for  controlling 
a group  of  lamps  from  any  one  of  more  than  two  locations  are  connected 
ns  in  Fig.  8.  A "three-way”  switch  is  used  at  each  end  of  the  circuit  and  as 
many  additional  "four-way”  switches  are  neces- 
sary as  there  are  additional  control  location*. 
This  arrangement  is  used  for  hall  lamps  in  resi- 
dences’ ana  for  "watchmen's”  circuits  in  fac- 
tories so  that  they  can  be  controlled  from  any 
floor. 
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44.  Knife  switches,  except  on  panelboards 
and  switchboards,  should  be  of  the  safety- 
enclosed  type  (Fig.  11),  wherein  the  switch  is 
totally  encased  in  a sheet-metal  box  which  has 
an  operating  handle  extending  through  its  side. 
This  is  now  a requirement  of  the  Ckicae* 
Electrical  Code.  It  will  doubtless,  in  the  future, 
find  wide  adoption,  because  of  the  decrease  in 
life  and  fire  hazard  which  it  insures.  An  open 
knife  switch,  as  experience  has  shown,  is  always 
‘ potential  source  of  life  and  fire  hazard. 


Fio.  1 1 . — Safety-enclosed 
type  fused  knife  switch. 


45.  Open-link  fuses  disrupt  violently  under 
conditions  of  short-circuit  and  blacken  the  panel 
that  supports  them.  They  are,  if  of  specified 
construction,  approved  by  the  Code  if  supported 
on  slate  bases  and  enclosed  in  iron  cabinet* 
Whon  so  arranged  they  render  exceptionally  good  service  in  industrial  plant* 
if  they  are  maintained  by  journeyman  electricians. 

mf6,  Cartrid&®  or  enclosed  fuses.  The  Code  cartridge  fuses  (Fig. 
10)  are  of  two  designs,  the  ferrule-contact  type  for  currents  .below  and  in- 
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eluding  60  amp.  at  600  volts,  and  the  knife-blade  contact  type  for  currents 
of  from  61  to  600  amp.  at  260  volts  and  of  from  61  to  400  amp.  at  600 
volts.  Sac  National  Electrical  Code  for  detail  dimensions  of  fuses  of 


the  fuse  link.  The  link  terminals  are 
connected  to  contact  pieces  at  the 
ends  of  the  tube.  An  insulating 
powder  surrounds  the  link  and  fills 
the  tube.  In  some  forms  the  fuse  link 
is  encased  in  a small  air  chamber,  as 
illustrated  in  Fig.  12.  The  formation 
of  destructive  arcs  is  prevented  in 
fuses  of  the  cartridge  type  and  the  Fia.  12. — Typical  endoeed-fuse  con- 
fuses themselves  are  capable  of  being  struction. 

very  accurately  rated. 

47.  The  ratings  of  enclosed  foies  are  specified  by  the  Underwriters' 
laboratories,  in  its  publication  "Standard  For  Cartridge  Enclosed  Fuses," 
thus: — "Fuses  must  be  so  constructed  that  with  the  surrounding  atmos- 
phere at  a temperature  of  24  deg.  cent.,  they  will  carry  indefinitely  110 
per  cent,  current  without  causing  the  tubes  to  char  or  externally-visible 
soldered  connections  to  melt.  With  a room  temperature  between  18  and 
32  deg.  cent.,  fuses  starting  cold  must  blow  on  1 50  per  cent,  current  without 
causing  the  tubes  to  char  or  externally-visible  soldered  connections  to  melt 
within  the  times  specified  in  Par.  4t. 


48.  Time  Intervals  Within  Which  National-Electrical  Code-Standard 
Inclosed  Fuses  Must  Blow  On  180  Per  Cent.  Bated  Current 


Rating  of  fuse,  amperes 

Maximum  allowable  time  interval, 
minutes 

0-30 

1 

31-60 

2 

61-100 

4 

101-200 

6 

201-400 

12 

401-600 

15 

Copper  FerrulS  Terminal 
Powdered-Filling  / 


Ftree  Wire  pibreTobe 


.ir  Chamber 


different  capacities.  A cartridge  fuse 
usually  consists  of  a tube  of  fiber  or 
some  similar  material  which  enshrouds 


48.  Renewable  fuses  (Fig.  13)  arc  those  in  which  the  fusible  element, 
instead  of  the  entire  fuse,  can  be  replaced  by  the  user.  They  were  not, 
until  recently,  approved  by  the  Underwriters'  laboratories.  In  spite  of  this 
they,  because  of  their  decided  economic  'advantages,  were  widely  used.  The 
Underwriters’  laboratories  defines  a standard  cartridge-type  renewable 
- . . m fuse  thus: — "A  fuse  expressly  in- 

ianktiGff  ShelK  V*  calLb,.-  tended  by  the  manufacturer  to  be 

i i ^ \ SU*T*  renewed  by  the  user  with  suitable 

elements  supplied  by  the  manu- 
facturer. Under  this  definition 
are  included  renewable  fuses  with 
separately  enclosed  renewable 
links,  renewable  fuses  with  renewal 
links  not  separately  enclosed,  and 
cartridge  enclosed  fuses  with  two 
or  more  links  intended  to  be 
used  successively."  Renewable 
fuses  are  made  in  both  the  Ferrule- 
Contact  and  the  Knife-Blade-Contact  types  and  are  approximately  of  the 
same  over  all  dimensions  as  Code  standard  enclosed  fuses.  They  fit  the 
same  cut-out  as  do  standard  enclosed  fuses,  are  made  in  essentially  the  same 
capacities,  and  have  about  the  same  operating  characteristics. 

80.  Fusing  currents  of  commercial  fuse  wire.  The  following 
values  are  approximate,  as  the  fusing  current  is  determined  by  the  propor- 
tions and  kinds  of  alloys  used,  kind  and  form  of  terminal,  length  of  fuse  and 
on  other  factors.  (From  Knox’s  "Electric  Light  Wiring;"  table  by  Mr. 
Bathurst.) 


Fig.  13. — Partial  sectional  view  of 
Economy  knife-blade-contact-type  re- 
newable fuse. 
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ctiiae 


Nearest  sixe 
A.W.G. 

Diameter  in  inches 

Fusing  current 
in  amperes 

30 

0.010 

1.7 

24 

0.020 

4 9 

20 

0 . 030 

9.0 

19 

0.035 

11.3 

18 

0.040 

13.3 

16 

0.050 

19.8 

14 

0.060 

25.4 

13 

0.070 

32.0 

12 

0.080 

39.1 

10 

0.100 

54  1 

9 

o.  no 

63.1 

8 

0.130 

81.1 

7 

0.140 

90.6 

7 

0.150 

100.5 

6 

0.  160 

110.7 

5 

0.180 

132.1 

4 

0.200 

154.7 

51.  For  a brief  of  code  requirements  relating  to  cut  outs,  see  Par. 

125.  An  automatic  cut-out  is  a fuse  or  circuit  breaker  inserted  in  tbe 
circuit. 

52.  Diameters  of  Wires  of  Various  Metals  and  Alloys  that  will  be 

Fused  by  a Current  of  a Given  Strength 

(Knox’s  “ Electric  Light  Wiring."  Derived  from  tables  of  W.  H.  Preece) 


Cur- 

rent 

in 

amp. 

Copper 

Aluminium 

German  silver 

Iron 

Diam. 

in 

in. 

1 Nearest 
j A.W.G. 

Diam. 

in 

in. 

Nearest 

A.W.G. 

Diam. 

in 

in. 

Nearest 

A.W.G. 

Diam. 

in 

in. 

| Nearest 
A.W.G. 

1 

0.0021 

43 

0.0026 

41 

0.0033 

39 

0.0047 

37 

2 

0.0034 

39 

0.0041 

38 

0.0053 

35 

0 0074 

33 

3 

0.0044 

37 

0.0054 

35 

0.0069 

33 

0.0097 

30 

4 

0.0053 

35 

0.0065 

34 

0.0084 

31 

0.0117 

29 

5 

0 . 0082 

34 

0.0076 

32 

0.0097 

30 

0.0136 

27 

10 

0.0098 

30 

0.0120 

28 

0.01.54 

26 

0.02161  24 

15 

0.0129 

28 

0.0158 

26 

0.0202 

24 

0.0283 

21 

20 

0.0156 

26 

0.0191 

24 

0.0245 

22 

0.0343 

19 

25 

0.0181 

25 

0.0222 

23 

0.0284 

21 

0.0398 

18 

30 

0 . 0205 

24 

0.2500 

22 

0.0320 

20 

0.0450 

17 

35 

0 . 0227 

23 

0.0277 

21 

0.0356 

19 

0.0498 

16 

40 

0 . 0248 

22 

0.0303 

20 

0.0388 

18 

0.0545 

15 

45 

0 . 0268 

21 

0 . 0328 

20 

0.0420 

18 

0.0589 

15 

50 

0.0288 

21 

0.0352 

19 

0.0450 

17 

0.0632 

14 

60 

0 . 0325 

20 

0.0397 

18 

0.0509 

16 

0.0714 

13 

70 

0 . 0360 

19 

0.0440 

17 

0.0564 

15 

0.0791 

12 

80 

0 . 0394 

18 

0.0481 

16 

0.0616 

14 

0.0864 

12 

90 

0 . 0426 

18 

0.0520 

16 

0.0667 

14 

0.0935 

11 

100 

0 . 0457 

17 

0.0558 

15 

0.0715 

13 

0. 1003 

10 

120 

0.0516 

16 

0.0630 

14 

0 . 0808 

12 

0.1133 

9 

140 

0 . 0572 

15 

0 . 0698 

14 

0.0895 

11 

0.1255 

8 

160 

0.0625 

14 

0 0763 

13 

0.0978 

10 

0.1372 

7 

180 

0.0676 

14 

0.0826 

12 

0.1058 

10 

0.1484 

7 

200 

0 . 0725 

13 

0 . 0886 

11 

0.1135 

9 

0.1592 

6 

225 

0.0784 

12 

0.0958 

10 

0.1228 

8 

0. 1722 

5 

250 

0.0841 

12 

0. 1028 

10 

0.1317 

8 

0.1848 

5 

275 

0 . 0897 

11 

0.1095 

9 

0.1404 

7 

0.1969 

4 

300 

0 . 09.50 

11 

0.1161 

9 

0.1487 

7 

0.2086 

4 

— 

53. 
in  an 


Cut-outs 

electrical 


or  fuse 

circuit. 


blocks  are  devices  whereby  fuses  can  be  inserted 
Detailed  specifications  covering  cut-outs  for  all 
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approved  currents  and  voltages  are  given  by  the  Code.  A combination  of 
the  Edison  plug  cut-out,  and  the  ferrule  fuse  and  fuse-plug  casing  tiiat  can 
be  used  in  connection  with  it,  constitutes  a most  satisfactory  fuse  arrange- 
ment. However,  this  arrangement  is  limited  to  a capacity  of  30  amp.  at 

125  vnlt.d  Tho  F.r1iur»n  rVllcr  Pllt-Mllt.  whmh  hftJI  a ri  irh  f.-h  o r>rl 


125  volts.  The  Edison  p’ug  cut-out,  which  has  a right-hand  thread,  is 

annrnved  nnlv  for  125  thf»  Brvnnt.  Klflrfrin 


cut-out  having  a left-hand  thread,  which  is  approved,  under  certain  con- 
ditions, for  250  volts.  The  right  hand  thr  ad  cut-out  is  approved  for  only 
125  volts  because  the  Edison  fuse-plug,  which  is  not  safe  at  a greater  voltage, 
can  be  used  in  it.  Cut-outs  for  open-link  fuses  consist  merely  of  slate  blocks, 
having  mounted  on  them  the  necessary  terminals. 


INTERIOR- WIRING-CIRCUIT  CALCULATIONS 
54.  Interior-wiring-circuit  terminology.  To  render  definite  the 
succeeding  discussions,  the  following  definitions  are  included.  These  specify 
the  generally  accepted  meanings  of  the  terms  involved.  See  Fig.  14  for 
graphic  definitions. 


Fio.  14. — Illustrating  interior-wiring-circuit  nomenclature. 

15.  A feeder  or  feeder  circuit  (F,  Fig.  14)  is  a set  of  conductors,  in  an 
interior-wiring  system,  extending  from  the  original  source  of  energy  in  the 
installation  to  a distributing  center  and  having  no  other  circuits  connected 
to  it  between  the  source  and  the  center. 

56.  A sub-feeder  (Ft,  Fig.  14)  is  an  extension  of  a feeder,  or  of  another 
•ub-feeder,  from  one  distribution  center  to  another  and  having  no  other 
circuit  connected  to  it  between  the  two  distribution  centers. 

57.  A main  ( M Fig.  14)  is  any  supply  circuit  to  which  other  consuming 
circuits — sub-mains  and  branches — are  connected  through  automatic  cut- 
outs (fuses  or  circuit  breakers)  at  different  locations  along  its  length.  Where 
a main  is  supplied  by  a feeder,  the  main  is  frequently  of  smaller  wire  than 
the  feeder  which  serves  it.  An  energy-utilizing  device  is  never  connected 
prectly  to  a main,  a cut-out  always  being  interposed  between  the  device 
*nd  the  main. 

58.  A sub-main  (Mi,  Fig.  14)  is  a subsidiary  main  fed,  through  a cut- 
out, from  a main,  or  from  another  sub-main,  and  to  which  branch  circuits 
are  connected  through  cut  outs. 

59.  A service,  or  service  connection  (5,  Fig.  14)  is  a set  of  conductors 
constituting  an  underground  or  overhead  connection  between  a supply 
circuit  (usually  belonging  to  a public-service  corporation)  in  a thoroughfare — 
street — and  the  intenor  or  isolated  wiring  system.  A “service”  provides  a 
path  over  which  electrical  energy  is  delivered  to  the  consumers. 

60.  A branch  or  branch  circuit  ( B , Fig.  14)  is  a set  of  conductors,  feeding 
through  an  automatic  cut-out  (from  a distribution  center,  main  or  sub-main) 
to  which  one  or  more  energy-utilizing  devices  are  connected  directly,  that  is, 
without  the  interposition  of  additional  cut-outs.  The  only  cut-out  asso- 
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dated  with  a branch  is  the  one  through  which  the  branch  is  fed  at  the  man 
sul>  main  or  distribution  center. 

61.  A tap  or  tap  circuit  ( T , Fig.  14)  is  a circuit,  serving  a single  energy- 
utilizing  device,  which  is  connected  directly  to  a branch  without  the  inter 
position  of  a cut  out. 

62.  A distributing  or  distribution  center  (Z),  Fig.  14)  in  an  interior- 
wiring  system,  is  the  location  at  which  a feeder  or  sub-feeder  main  or  sub- 
main  connects  to  the  subordinate  circuits  which  it  serves.  The  switches 
and  automatic  cut-outs  for  the  control  and  protection  of  the  sub-circuit* 
an  . usually,  grouped  at  the  distribution  center.  In  interior- wiring  parlance, 
a tribution  center  may  be  merely  an  arrangement  or  group  of  fittings 
whereby  two  or  more  minor  circuits  are  connected  at  a common  point  to 
another  larger  circuit.  A panel  box  is  one  form  of  distribution  center. 


63. 


WIRING  CALCULATIONS  AND  LAYOUTS 
The  resistance  of  a circular-mil-foot  of  commercial  copper  wire 


(a  wire  1 ft.  long  and  having  cross-sectional  area  of  1 cir.  mil)  is  usually 
quoted  as  from  10.6  to  10.8  ohms,  at  75  deg.  fahr.  (24  deg.  cent.).  For 
wiring  calculations  11  ohms  per  mil  foot  is  a sufficiently  accurate  assump- 
tion. (See  Sec.  4 for  the  Annealed  Copper  Standard.)  On  this  basis  the 
resistance  of  any  commercial  copper  conductor  is: 

ft--.1--*?-  (ohms)  (1) 


cir.  mils 

Wherein,  R *»  resistance  of  conductor  in  ohms,  length  of  conductor  in 
feet  and  cir.  mils** the  area  of  the  conductor  in  circular  miis.  Also: 

nxixi  , w 

(volts)  (2) 


cir.  mils 

where  V represents  the  drops  in  volts  and  I the  current  in  amps. 

64.  Procedure  in  determining  the  size  of  conductor  for  a given 
circuit.  Practically  all  interior  wiring  problems  involve  the  deter- 
mination of  the  size  of  wire  that  will  carry  a certain  current  a given  dis- 
tance with  a permissible  drop  in  volts.  The  successive  operations  are: 

jl  (a)  Determine  the  current, 
in  amperes,  that  will  flow  in 
3 the  circuit. 

Load  CcotcTx  * Determine  the  distant* 

V * from  the  point  of  assumed  con- 
1 Z stant  voltage  to  the  load  cen- 


Jklnin 

M 


n 

Switch 


iter  of  the  circuit  (Par.  6f\ 


_y  This  distance  will  be  the  ae; 


tunl  circuit  length  if  the  load 
" is  concentrated  at  one  end. 

(c)  Decide  what  voltage  drop 
or  loss  is  allowable  (Par.  64, 
67  and  66). 

(d)  Determine  from  the  for- 
mula the  size  of  wire  that  will 
give  the  desired  voltage  drop- 

(*  Check  the  derived  wire  aise  for  current-carrying  capacity,  using  the 
tabic  in  Par.  27. 


Fia.  15. — An  example  of  load  center. 


(f  i Where  economy  of  operation  must  be  considered,  check  the  cost  oi 
tip  nerpy  dissipated  in  resistance;  this  should  be  maintained  within  reason- 
able limits.  See  Par.  87  to  and  including  81. 


65.  The  load  center  of  a circuit  is  that  point  at  which  it  can  be 
assumed  that  the  total  load  is  concentrated.  The  load  center  of  a $roup  of 
receivers,  each  of  the  same  input  and  symmetrically  arranged,  will  be  at 
the  middle  of  the  grout).  (Fig.  15.) 

I ■ determine  the  load  center  of  a group  of  receivers  of  unequal  capacities 
or  unsymmetricnlly  located,  first  multiply  the  normal  current  taken  by  each 
receiver  by  its  distance  from  the  starting  point  of  the  circuit;  add  all  the 
products  thus  found,  and  divide  this  sum  by  the  total  current  of  the  circuit 
s,  . l ’iK.  io.  After  some  experience,  one  can  by  inspection  usually  determine 
ftp  location  of  the  load  center  with  sufficient  accuracy.  Calculations  for 
tin  actor  are  seldom  made  by  experienced  circuit  designers. 
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•6.  Allowable  voltage  drop  in  incandescent  lighting  circuits, 

should  not  exceed  3 volts  in  110-volt  circuits  and  6 volts  in  220-volt  circuits. 
Sometimes  4 or  5 volts  drop  is  allowed  in  110- volt  circuits,  but  these  are 
decidedly  the  upper  limits  and  do  not  represent  good  practice.  In  per- 
centages of  the  receiver  voltage,  a drop  of  from  1 to  3 per  cent,  is  satis- 
factory and  a 4.5  per  cent,  drop  is  the  maximum.  (See  Par.  69.)  The 
above  values  represent  the  voltage  drops  from  the  source  of  assumed 
constant  voltage  to  the  lamp.  Because  of  the  extreme  sensitiveness  of 
the  incandescent  lamp  to  variations  in  voltage,  the  lamps  may  be  subjected 


Fio.  16. — Determination  of  the  load  center  of  a circuit  having  receivers  of 
unequal  capacities,  unsyinmetrically  located. 

to  excessive  overvoltages  if  the  drops  suggested  above  are  exceeded — which 
will  materially  decrease  their  life.  They  may  also  be  subjected  to  under- 
voltages  when  the  circuit  is  loaded — which  will  decrease  their  brilliancy 
(Sec.  14).  Some  central-station  companies  specify  that  the  total  drop  in 
110-volt,  interior- wiring  circuits  shall  not  exceed  1 volt. 

67.  Allowable  voltage  drop  in  motor  circuits.  A 5 per  cent,  drop 
is  in  accordance  with  excellent  practice  and  a 10  per  cent,  drop  or  even  a 
slightly  greater  one  is  often  considered  satisfactory.  These  drops  are 
reckoned  on  the  receiver  voltage.  The  drop  should  be  calculated  on  the 
basis  of  full-load  motor  current.  Where  incandescent  lamps  are  on  the  same 
circuits  with  motors  the  drops  suggested  in  Par.  66  should  not  be  exceeded. 
In  designing  motor  circuits  the  question  of  conductor  economy  (Par.  88) 
should  be  considered. 


68.  Typical  Apportionment  of  Drop  in  110-Volt  Lighting  Circuit! 


Part  of  circuit 

Proportion 

4 volts  total  drop 

3 volts  total  drop  j 

Actual 

drop, 

volts 

Per  cent, 
drop 

Actual 

drop, 

volts 

Percent, 
j drop 

Branches 

| 1 volt. . 

1 

0 Qj 

1 

1 

0 91 

Mains 

| 1 remainder. 

I 

0.91 

0.60 

Feeders 

1 remainder. 

1 2 

1.82 

_iL 

j 1.21 

Total 

1 * 

3.64 

1 3 

| 2.72 

69.  Apportionment  of  voltage  drop.  In  circuit  design  it  is  necessary  to 
apportion  the  total  drop  among  the  various  component  circuits — feeders, 
tn&ins,  sub-mains  and  branches.  In  incandescent  lighting  most  of  the  drop 
is  confined  to  the  feeders  because  if  there  were  excessive  drop  in  the  mains 
& j branches,  lamps  located  close  together  but  served  by  different  mains 
end  branches  might  operate  at  decidedly  different  brilliancies. 

• . an  isolated  plant,  that  is  where  energy  is  generated  on  the  premises, 
the  drop  may  be  apportioned  exactly  as  indicated  (Par.  68).  Where  the 
premises  is  served  by  a central  station  (Par.  70),  the  practice  of  the  utility 
concern  may  allow  2 volts  drop  in  its  secondary  mains  and  the  ser- 
^ce  to  the  premises.  In  such  a case,  the  total  drop  within  the  premises 
would  not  exceed  1 to  2 volts.  Where  a utility  company  is  to  give  service, 
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it  should  be  consulted  regarding  its  practice  in  this  respect.  Some  com- 
panies require  that  the  voltage  drop  in  interior  wiring  installations  whiei 
they  are  to  serve,  shall  not  exceed  a certain  maximum.  In  any  case,  it  is 
frequently  the  practice  to  allow  one  volt  drop  for  the  branches  and  to  appor- 
tion the  rest  of  the  available  drop  to  the  main  circuits  and  feeders. 

70.  Apportionment  of  drop  on  2,400-volt  distribution  systems 
is  often  made  under  the  assumption  that  the  secondary  voltage  at  the  trans- 
formers remains  practically  constant.  This  will  be  found  true  in  a 
laid-out  system,  particularly  if  automatic  feeder  regulators  are  used. 

71.  Apportionment  of  drop  in  motor  circuits  is  frequently  made  o* 
the  basis  that  1 volt  will  be  allowed  in  the  branches,  two-thirds  of  the  remain- 
ing drop  in  the  mains  and  one-third  in  the  feeders.  Most  of  the  drop  should 
be  confined  to  the  mains  in  order  that  a variation  in  the  load  on  one  motor 
of  a group  will  affect  the  others  as  little  as  possible.  Where  motor  circuits 
are  fed  by  transformers,  it  is  usually  assumed  that  the  voltage  at  the  second- 
ary side  of  the  transformers  remains  practically  constant,  and  therefore  aS 
of  the  allowable  drop  is  apportioned  to  the  secondary  circuit.  Where  a group 
of  motors  is  fed  by  a main  and  branches,  the  drop  in  the  branches,  if  they 
are  not  too  long,  is  frequently  1 volt  or  less,  under  normal  working  conditions, 
because  the  Nat.  Elec.  Code  requires  that  a branch  conductor  serving  a 
motor  be  capable  of  safely  carrying  a current  at  least  10  per  cent,  greater 
than  the  normal  full-load  current  of  the  motor. 

72.  Currents  Causing  a Drop  of  1 Volt  in  Circuits  of  Different  Lengths 
and  of  Different  Sizes  of  Wire 


Total  length  (single  distance)  of  circuit  in  feet 
(The  total  length  of  wire  is  twice  the  single  distance) 


Sise  A.W.G. 

20  ft.  ,30  ft.  '40  ft. 

I 1 1 

50  ft. 

60  ft. 

70  ft. 

80  ft. 

90  ft.| 

14 

9.3 

6.2 

4.6 

3.7 

3.1 

2.5 

2.3 

2.0 

1 $ 

12 

14  8, 

9.9 

7.4 

5.9 

4.9 

4.2 

3.7 

3.3 

2 9 

10 

23  6 

15.7 

118 

9.4 

7.8 

6.7 

5.9 

5.2 

4 7 

8 

33.0 

25.0 

18.7 

15.0 

12  5 

10.7 

9.3 

8.3 

7 5 

6 

46.0 

39.7 

29.7 

23.8 

20.0 

16.9 

14.8 

13  2i 

118 

5 

54  0 

50.0 

37.6 

30.0 

25.0 

21.2 

18.7 

16.1 

15.0 

4 

65.0 

63  2 

47  4 

37.8 

31.0 

27.0 

23.6 

21.0 

18  8 

3 

76.0 

76.0 

59.8 

47  7 

39.6 

34.0 

29.8 

26  2 

23  8 

2 

90.0 

90 . 0 

75.0 

60.0 

50.0 

42.8 

37  5 

33  0 

30.0 

1 

107.0 

107.0 

93.5 

75.0 

68.0 

53.5 

46.7 

41  5 

37  4 

0 

127.0  127.0 

119  8 

95.6 

79.0 

68.0 

59.5 

53.0 

47  6 

00 

150.0,150.0  150.0 

120.0 

100.0 

86.0 

75.0 

66.5 

60  0 

000 

177.0  177.0 

177.0 

152.0 

127.0 

108.0 

95.0 

84.0 

76.0 

0,000 

210.0  210.0 

210.0 

192.0 

160.0 

136.6 

120.0 

107.0 

96  0 

200,000  c.m. 

200.0  200.0 

200.0 

181  9 

151.5 

129.9 

113.6 

101.0 

90  9 

300,000  c.m. 

270.0  270.0 

270.0 

270.0 

227.2 

194.7 

170.4 

151.5 

136.2 

400, 000  c.m. 

330.0  330.0 

330.0 

330.0 

303.0 

259 . 7 

227.2 

202.0 

181.8 

.500,000  c.m. 

390.0,390.0 

390 . 0 

390.0 

378  8 

324.7 

284.1 

252.5 

227  2 

600,000  c.m. 

450.0  450.0 

450.0 

450.0 

450.0 

389 . 5 

340.8 

303.0 

272.7 

700.000  c.m. 

500. 01 500.0 

500.0  500.0 

500.0 

461.0 

397.7 

353.5 

318.1 

800,000  c.m. 

550 . O' 550.0  550 . 0 550 . 0 

550.0 

510.5 

454.4 

404  0 

363.8 

900,000  c.m. 

600 . 0j 600 . 0 600 . 0 600 . 0 600 . 0 

584 . 4 

511.3 

454.51 

409  0 

1,000,000  c.m. 

650. 0| 650.0  650.0  650.0  650.0 

650.0 

568.7 

.505. 0|  454. 5 

Values  below  the  heavy  type  exceed  the  maximum  safe  currents  allowed 
by  The  National  Electrical  Code  (Table  22)  for  rubber-covered  wire. 

73.  Per  cent,  voltage  drop  in  practical  wiring  calculations  is  usually 
taken  as  a percentage  of  the  receiver  voltage.  The  voltage  drop  may  bo  ex- 
pressed in  percentage  of  impressed  voltage  by  the  expression  p- V/(B+V), 
where  p is  the  per  cent,  drop,  V is  the  drop  in  volts  and  E is  the  voltage  at 
the  receiver. 


74.  Calculation  of  two-wire,  direct-current  circuits  is  effected 

means  of  the  following  formula, 


cir.  mils 


22  XlXL 
V 


by 

(3) 
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wherein  V-drop  in  volts  in  the  circuit,  /-current  in  amperes,  L- length 
one  way  or  the  single  distance  of  the  circuit,  in  feet  and  cir.  mils  — the  cross- 
sectional  area  of  the  conductor  in  circular  mils. 

76.  Calculations  of  three- wire,  direct-current  circuits  arena ade  with 
Eq.  3,  Par.  74.  In  a balanced  three-wire  circuit  no  current  flows  in  the  neu- 
tral wire.  In  making  wiring  calculations  in  practice  for  three- wire  circuits, 
it  is  assumed  that  the  circuit  is  balanced.  Ascertain  the  current  that  w 
flow  in  the  outside  wires  of  the  three-wire  circuit  and  then  use  Eq.  3,  Par.  74. 
The  drop  in  voltage  V in  the  formula  is  the  drop  in  both  of  the  outside  wires 
and  is  twice  the  drop  to  each  receiver  connected  between  the  neutral  and  an 
outside  wire.  Obviously  V can  be  twice  as  great  for  a three-wire  circuit  as 
for  the  equivalent  two-wire  circuit.  The  neutral  wire  if  unfused  should  be  tho 
same  rise  as  each  of  the  outside  wires  in  order  to  conform  with  Code  require- 
ments, but  when  ungrounded  and  properly  fused  it  may  be  smaller. 

76.  The  method  to  be  used  in  calculating  an  alternating-current 
circuit  is  determined  by  the  characteristics  of  the  circuit  under  consideration. 
Where  the  circuit  is  short  and  the  conductors  will  lie  reasonably  close  together , 
the  approximate  methods  suggested  in  following  paragraphs  can  be  used, 
these  artially  disregard  tho  effects  of  power-factor  and  line  reactance 
The  results  obtained  from  these  approximate  formulas  are  usually  subject 
to  less  error  than  other  factors  entering  into  the  ordinary  wiring  calculation. 

Where  circuits  are  long  and  the  conductors  lie  far  apart,  the  results  given 
by  the  approximate  formulas  should  be  checked  by  the  Mershon-Diagram 
(See.  12)  which  considers  the  effects  of  power-factor  and  reactant  ** 
Although  the  Mershon  method  is  a trifle  tedious,  it  will  usually  be  found  the 
quickest  and  the  best  when  all  things  are  considered.  The  use  of  the  tables , 
tW  are  frequently  given  for  the  determination  of  alternating-current 
conductors,  may  lead  to  inaccurate  results,  unless  the  user  is  familiar  with 
their  derivation.  The  effects  of  capacitance  (electrostatic  capacity)  are 
iaconsequental  and  need  not  be  considered  in  ordinary  interior  wiring 
calculations. 

77.  Line-reactance  voltage  drop  may  be  decreased  either  by  diminish- 
ing the  distance  between  the  wires,  or  by  dividing  the  copper  into  a greater 
number  of  circuits.  Reactance  is  little  affected  by  changing  the  sise  of 
the  conductor.  In  interior  wiring  installations  the  conductors  can  be  no 
nearer  together  than  certain  minimum  distances  specified  by  the  National 
Electrical  Code.  Where  installed  in  conduit  the  conductors  are  so  close 
hgether  that  their  reactance  is  practically  negligible.  All  the  wires  of  any 
die  mating -current  circuit  (two  wires  for  a single-phase  circuit,  three  wires 
for  a three-phase  circuit  or  four  wires  for  a two-phase  circuit)  should  be  carried 
Mdoee  together  as  feasible  or,  in  a conduit  installation,  they  must  all  be  in 
the  same  conduit,  in  accordance  with  the  Code. 

71.  Skin  effect  in  interior  wiring  calculations  is  ordinarily  of  little 
consequence,  and  need  not  be  considered  unless  conductors  are  larger  than 

600.000  cir.  mils  in  area.  (Sec.  2 and  Sec.  12.)  As  a general  proposition 
conductors  larger  than  600,000  oir.  mils  are  very  difficult  to  handle,  and, 
hence,  are  uneconomical  to  install;  therefore,  when  greater  area  is  required 
it  is  usual  to  arrange  several  conductors  in  parallel.  Some  engineers  will 
use  no  conductor  larger  than  300,000  cir.  mils  in  interior  winng.  Fiber- 
cored  cables  (Par.  38  and  39)  should  be  used  where  conductors  larger  than 

600.000  dr.  mils  are  required. 

71.  Calculation  of  alternating-current  circuits  of  high  power  - 
factor,  such  as  those  which  supply  incandescent  lamps:  in  this  case  treat 
the  circuits  as  if  they  were  direct-current  circuits,  using  Eq.  3,  Par.  74. 
This  method  is  not  strictly  accurate  but  is  sufficiently  so  for  ordinary  con- 
ditions. If  the  circuits  are  long  and  the  wires  are  widely  separated,  the 
conductor  sixes  obtained  os  above  should  be  checked  by  tne  Mershon-diu 
n (Sec.  12). 

10.  To  calculate  single-phase,  alternating-current  circuits  where 
Ooe  reactance  may  be  neglected.  The  following  formulas  can  be  safely 
used  for  the  calculation  of  branch  circuits  and  also  of  feeders  and  main- 
where  the  conductors  are  carried  in  conduit  or  are  not  very  long.  Where 
the  circuits  are  of  considerable  length  the  result  given  by  the  formula  should 
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The  current  may  be  foaai  j 


(amps.)  (1 


be  checked  with  the  Merahon  diagram  (Sec.  12). 
from  the  expression: 

_ Kw.  X 1,000 
EXp.f. 

wherein,  7i  — current  in  amperes,  Kw.  — kilowatts  input  of  the  load,  E* 
voltage  of  circuit  and  p.f.  — power-factor  of  load. 

..  22X1 1 XL  ' 

cir.  mils  — y (5) 

Wherein,  ctr.  mil* « area  of  conductor;  7i  — current  in  amperes;  L— length 
(one  way)  of  the  circuit  in  feet  and  V — volts  drop  allowable. 

81.  Calculations  of  single-phase  branches  from  three-phsM 

circuits  are  made  in  the  same  way  as  those  for  any  other  single-phsa 
circuit  (Par.  80).  However  it  must  be  remembered  that  if  the  branch  k 
connected  between  one  of  the  three  phase  wires  and  the  neutral,  the  voitapi 
impressed  on  the  branch  circuit  will  be  0.58  times  the  voltage  across  any  twj 
phase  wires  of  the  three-phase  circuit.  I 

82.  To  calculate  two-phase,  four- wire,  circuits  whore  line  react* 
ance  can  be  neglected  the  following  formulas  can  be  used.  The  limitadoM 
for  this  method  are  the  same  as  thoee  for  single-phase  circuits  as  outline! 
Par  80.  As  with  the  single-phase  equations  (Eq.  4 and  5,  Par.  80),  t hi 
Mershon  diagram  (8ec.  12)  snould  be  used  for  checking  the  conductor* 
for  circuits  of  considerable  length.  Where  the  current  is  not  known  it  ear 
be  found  thus: 

_ Kw.  X 1,000  Kw.X  500  • 

Is  - — Yzm  " ~ (amps.)  ifc 


EXpf.X  2 EXp.f. 

Wherein,  It  — current  in  amperes  in  each  of  the  four  wires  of  a bsUawi; 
two-phase  circuit,  and  the  other  symbols  have  the  same  meanings  as  mj 
Par  B0.  The  current  being  known: 

..  22XltXh 
cir.  mils 


V 


(Til 


Wherein  all  of  the  symbols  have  the  same  significance  as  outlined  in  this  s»4 
preceding  paragraphs.  Use  four  wires  of  the  same  si*e. 


83.  To  calculate  three-phase,  three- wire,  altematlng-cuireri 
circuits  where  line  reactance  can  be  neglected  the  following  formula 
can  be  used.  The  limitations  for  this  method  are  the  same  aa  those  otitiu** 
for  ingle-phase  circuits  in  Par.  80.  As  with  the  single-phase  equations  th 
Mershon.  diagram  (Sec.  12),  should  be  used  for  checking  the  resifts  obtain* 
for  circuits  of  considerable  length.  Where  the  ourrent  is  not  knoTn,  it  i 
be  obtained  from  the  expression:- 

r 'Kw.X  1.000  Kw.X  580  , ,4 

* * " Dw..  / w 1 -TO  ■ Dw-  r (amps.  ' ' 


EXp.f. X 1.73  EXp.f. 

Wherein  It  is  the  current  in  each  of  the  three  wires  of  a balanoecfthreej 
phase,  three-wire  circuit,  and  where  the  other  symbols?  have  the  sa**  **f] 
nificance  as  in  Par.  80.  When  the  current  is  known,  then 
llX/sXLXl.73  19X7aXL 


cir.  mils  — - 


V V 

Wherein  the  notation  is  the  same  as  outlined  in  this  an&preceding  pari 

graphs.  v 


84.  Calculation  of  Jingle-phase  circuits  where  line  readtroe 
be  considered.  The  Mershon  diagram  (Sec.  12),  is  recoin  *1 

making  such  calculations.  Other  and  apparently  simpler  met*0™* 
available,  but  all  simple  methods  are  inaccurate  under  certain 
and  are  likely  to  get  their  user  into  trouble  unless  he  is  familiar  wf*  ^ 
derivation  and  limitations.  The  Mershon  diagram  does  not  offer  d 
met  hod  of  ascertaining  drop;  it  is  a “ cut-and-try  " method.  Trials 
unt  a conductor  sise  is  found  that  will  bring  the  drop  within  the  0rjBJ 
limit  it  is  seldom  that  more  than  two  trials  are  necessary.  The  metT 
a little  tedious  but  not  difficult,  and  will  be  found  accurate  under  all  or^ 


Condition^. 


1100 

Digitized  by  VjOOQ LC 


INTERIOR  WIRING 


Sec.  18-85 


81.  To*  calculate  a two-phase,  four- wire,  alternating-current 
circuit  where  line  reactance  must  be  considered,  use  tee  Mershon 
diagram  (8ec.  12),  calculating  a single-phase  circuit  (Par.  80)  which  will 
transmit  one-half  the  power  at  the  same  voltage.  The  two-phase  trans- 
mission will  require  two  such  circuits. 

88.  To  calculate  a three-phase,  three- wire,  alternating-current 
circuit  where  line  reactance  must  be  considered,  use  the  Mershon 
dmgram  (Sec.  12),  calculating  the  conductor  sise  for  a single-phase  circuit 
(Par.  80),  which  will  carry  one-half  of  the  load  at  the  same  voltage.  The 
three-phase  transmission  will  require  three  such  conductors. 

87.  Power  loss  in  any  circuit.  Assuming  that  11  ohms  is  the  resist- 
ance of  a circular-mil-foot  of  oopper  conductor,  the  power  loss  in  any  con- 
ductor may  be  found  thus: 

„ 11X7«XJ  , 

P — — ; rj—  (watts)  (10) 

. cir.  mils 

wherein,  P ■>  power  lost  in  the  conductor  in  watts,  7 — the  current  in  amperes 
in  the  conductor,  / — length  of  the  conductor  in  feet  and  cir.  mils  — area  of 
the  conductor  in  circular  mils. 

For  a two-wire  circuit  (direct-current  or  single-phase) . 

„ 2X11X7*XL  22  X/*XL  , 

P — — - — n — — r— .5—  ( watts) 


cir.  mils  cir.  mils 

For  a four-wire,  two-phase  circuit  (assuming  b&lanoed  currents) 

„ 4X11X/*XL  44 X/*XL  , AA  v 

P — : ^ — — (watts) 

cir.  mils  cir.  mils 

For  a three- wire,  three-phase  circuit  (assuming  b&lanoed  currents) 

D 3X11X/*XL  33X7 *XL  , . , . 

D - (watts) 


(ID 


(12) 


. » — i — y noufl;  (13) 

cir.  rails  cir.  mils 

Wherein,  P — the  power,  in  watts,  lost  in  the  circuit;  7 — the  current  in  am- 
peres which  flows  in  each  of  the  wirec  of  the  circuit;  L — the  length  (one 
way)  of  the  circuit;  and  err.  mils  » cross-sectional  area  in  circular  mils  of  each 
of  the  wires.  The  above  formulas  can  be  used  only  when  all  of  the  wires  of 
the  line  are  of  the  same  sise. 

88.  Conductor  economy  in  interior  wiring  installations  always  should 
be  eoneidered  as  a matter  which  is  subordinate  to  the  Code  requirements. 
Obviously  any  conductor  selected  for  a specific  installation  must  fulfil  the 
requirements  of  mechanical  strength,  ample  carrying  capacity  (Par.  84  and 
*7),  and  permissible  voltage  drop  (Par.  68  and  •7').  Frequently  one  of  these 
wee  considerations  will  definitely  determine  the  sise  of  the  conductor; 
however,  a calculation  of  the  resistance  or  7*/?  (power)  loss  (Par.  87)  may  indi- 
®*te  that  it  will  be  desirable  to  use  a larger  sise  than  is  otherwise  necessary. 

88.  Annual  charges  may  be  considered,  in  connection  with  the 
economical  selection  of  a conductor  sise,  to  be  made  up  of  two  items:  (a) 
resistance-loss  charges;  (6)  investment  charges.  Resistance-loss  chargee 
depend  upon  the  resistance,  the  current  and  the  unit  cost  of  energy,  and 
may  be  decreased  by  an  increase  of  conductor  sise.  This,  however,  calls 
for  a greater  investment  with  consequently  larger  investment  charges. 
A conductor  should  be  selected  of  such  a sise  that  the  total  annual  charge 
(Sec.  25)  will  be  a minimum. 

In  Fig.  17  the  effect  of  a variation  of  conductor  sise  on  resistance-loss 
charge,  investment  charge,  and  total  annual  charge  is  shown  graphically. 
The  interest  charges  on  the  conductor  increase  directly  with  its  cross- 
•eetional  area  (graph  A,  Fig.  17).  The  resistance-loss  charges  decrease 
inversely  as  the  cross-sectional  area  of  the  conductor  (graph  B,  Fig.  17). 
The  total  annual  charge  (graph  C,  Fig.  17),  the  sum  of  graph  A ana  B,  is 
nt  its  minimum  value  directly  over  the  point  where  graphs  A and  B intersect. 
That  is,  the  conductor  sise  that  will  have  the  least  total  annual  cost  is  that 
pe®  for  which  the  annual  interest  oharge  equals  the  annual  resistance- 
loss  charge.  This  proposition  (Par.  90)  has  been  demonstrated  mathe- 
^nntieafly  by  Lord  Kelvin. 

Kelvin’s  lew  was  deduced  in  1881  by  Sir  William  Thompson  (Lord 
“Mvin).  The  original  law  was  modified  into  the  following  more  exact  form 
jJ^Gisoert  Kapp:  uThe  most  economical  area  of  conductor  is  that  for  which 
**  ^annual  cost  of  energy  t ousted  is  equal  to  the  interest  on  that  portion  of  the 
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capital  outlay  which  can  he  considered  proportional  to  the  weight  of  copper  used.9 
On  the  basis  of  the  above  law  it  can  be  shown  thut: 


•cir.  mils  = 55,867X7 X \fcr%-j  01 

... 

Wherein:  etr.  mils  — area  in  circular  mils  of  the  most  economical  conductor, 
/ — the  mean  annual  current  (Par.  94).  Cf  = costof  energy  per  kilowatt 


hour,  in  dollars;  Ce  — cost  of  copper  in  dollars  per  pound,  installed:  A1 
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Fig.  17. — Graph  illustrating  Kelvin’s  law. 

annual  charge  in  per  cent,  on  the  cost  of  the  conductor.  This  can  ordi- 
narily be  assumed  as  about  10  per  cent.  Note  that  neither  the  length  not 
the  voltage  of  the  circuit  are  factors  in  the  equation. 

The  method  involving  Eq.  14  is  best  adapted  to  cases  where  the  conductor! 
are  not  insulated.  It  should  be  used  always  in  connection  with  the  method 
of  Par.  91. 


91.  Another  determination  of  conductor  size  may  be  followed  it 

cases  where  the  conductor  cost  will  be  large.  This  method  is  the  prepara- 
tion of  a table  showing  energy  cost®  and  interest  costs  of  an  arbitrarily 
chosen  length  of  conductor  for  a number  of  sizes. 


Size  rubber-covered 
conductor 

No.  4 | 250,000 
wire  j c.  m. 

300,000 
c.  m. 

400.0(H)  500,000 
c.  in.  c.  m. 

600,000 
c.  m. 

Cost  of  400  ft.  of  con- 
ductor  

S22 . 50 

S 102. 40 

$118.40 

$150.40 

$184.00 

$218.20 

Annual  charges  on 
above  cost  at  10%  . 

$2.25 

$10.24 

$11.84 

$15.04 

$18.40 

*21  82 

Cost  of  energy  lost  in 
conductor  at  8 cents 
per  kw-hr 

$66.00 

$lO.  56 

$8.84 

$6.60 

$5.28 

$4.49 

Total  annual  cost  of 
conductor 

$68.25 

$20.80 

$20.08 

$21.64 

$23.68 

$26.31 

: . Electrical  Energy.”  by  A.  V.  Abbot;  **  Electric  Power  Transmission,”  by  Dr. 

^TextbTdjxsTOUI8  Be  ' aD^  ' ^verhett<*  Electric  Power  Transmission,”  by  Alfred  E.  StilL 
ical  Ene  on3  l«oi 
Bell;  anoofi  ; IIo9  *• 
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The  cost  of  unit  length  of  conductors  (preferably  1,000  ft.  or  305  m.)  may 
be  obtained  from  the  manufacturers’  wire  lists.  Power  loss  may  be  cal- 
culated from  Eq.  10  to  13,  Par.  87. 

By  use  of  this  table  the  situation  may  be  made  readily  apparent,  and 
a decision  may  be  speedity  reached.  This  method  may  be  used  as  a check 
upon  Eq.  14,  Par.  90. 

99.  In  alternating -current  systems  of  distribution  there  are  the 
two- wire  and  three-wire  single-phase  systems;  the  three-wire  and  the  four- 
wire,  two-phase  systems,  and  the  three-wire  and  four- wire,  three-phase 
systems.  All  of  these  are  usually  fed  from  the  secondaries  of  transformers 
located  outside  the  building,  either  on  poles  or  in  subways. 

98.  Single-phase,  two-wire  and  three-wire  systems  of  distribution 
are  similar  to  tne  direct-current  systems,  and  the  same  precautions  should  be 
taken  in  the  three-wire  system  to  balance  the  loads  on  each  side  of  the 
neutral. 

94.  Factors  for  determining  the  mean  annual  current.  To 

ascertain  the  mean  annual  current  for  substitution  in  Eq.  14,  Par.  90, 
multiply  the  maximum  current  by  the  ratio  applying  to  the  conditions  under 
consideration,  given  in  the  column  headed  "Factor*  in  the  following  table. 
The  table  is  calculated  on  a basis  of  24  hr.  X 365  days  » 8,760  hr.  per  year. 

Example.  If  a maximum  current  of  1,000  amp.  ( I)  flows  } of  the  time  or 
6,570  hr.  per  year  and  a current  of  750  amp.  (I  J)  flows  f of  the  time  or 
2,190  hr.  per  year  the  factor  “0.944”  would  t>e  used;  that  is,  the  value 
0.944X1,000  amp.  —944  amp.  would  be  the  mean  annual  current 
for  substitution  in  the  equation  of  Par.  90  (Eq.  14). 


98.  Two-phase  distribution  may  be  effected  with  four  or  with  three 
wires.  In  the  former  case  there  is  a pair  of  wires  for  each  phase,  while 
in  the  latter  there  is  one  wire  for  each  phase  and  a common  wire  for  both 
phases.  The  circuits  must  be  balanced  on  either  side,  just  as  in  the  case  of 
s three-wire,  direct-current  system,  the  only  difference  being  that  where 
three  wires  are  used,  the  common  wire  is  1.4  times  as  large  as  either  of 
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tho  other  two,  since  it  must  carry  1.4  times  as  much  current.  Motors  ars 
connected  to  both  phases  and  employ  all  three  or  all  four  wires  as  the  case 
may  be.  With  four  wires,  the  lamps  are  connected  to  each  phase  as  though 
the  supply  were  single-phase  and  oare  should  be  exercised  to  balance  each 
phase  as  nearly  as  possible. 

96.  The  three-phase  system  is  usually  employed  where  motors  form 
a greater  part  of  the  load.  Three  conductors  are  necessary.  Where 
lamps  are  required  they  are  either  balanced  on  the  three-phases  or  connected 
between  each  main  conductor  and  a common  conductor  of  smaller  ase 
usually  connected  to  the  middle  point  of  the  star-connected^  secondary. 
The  e.m.f.  between  any  one  of  the  three  wires  and  the  neutral  is  0.577  (or 
0.58)  times  the  e.m.f.  between  the  mains. 


Fig.  18. — The  two-wire  system.  Fig.  19. — Three- wire  system. 


97.  Two- wire  and  three- wire  systems.  The  two-wire  system  (Fig. 
18)  is  used  for  most  interior  power  and  branch-circuit  incandescent  lamp 
wiring.  The  three-wire  system  (Fig.  19)  used  for  feeders  and  mains.  In 
three-wire  systems  the  neutral  wire  is  grounded  and  unfused  " except  where 
the  circuit  ts  entirely  unexposed  to  leakage  or  induction  through  overhead 
construction  from  aerial  circuits  operating  at  pressures  exceeding  600  volts,** 
Hence  the  neutral  is,  except  where  there  is  no  exposure  to  aerial  circuits 
operating  at  pressures  exceeding  600  volts,  made  the  same  sise  as  each  of  the 
two  outer  wires.  Hence  the  marked  economy  of  copper  which  is  theoreti- 
cally possible  with  the  three-wire  system  is  not  always  realisable  in  interior 
installations.  When  the  neutral  is  grounded  the  neutral  wire  must  be  the 
same  sise  as  the  outer  wires.  See  Code  rules  15a,  155,  235  and  15.45. 

When  the  neutral  is  grounded  the  three  wires  of  the  system  are  of  the  same 
sise  because  if  one  of  the  outer  fuses  should  blow,  one  side  of  the  system 
would  be  loaded  while  the  other  side  would  carry  no  current.  In  such  a case 
the  neutral  would  have  to  carry  the  same  current  as  the  outer  wire,  and  were 
it  smaller  than  the  outer  wire  it  would  be  overloaded.  Where  a grounded 
neutral  has  the  Bame  cross-section  as  either  of  the  outer  wires,  the  neutral 
fuse  is  to  be  omitted;  but  not  otherwise.  By  making  the  neutral  of  cross- 
section  equal  to  the  combined  cross-sections  of  the  outer  wires,  the  system 
may  be  easily  changed  to  a two-wire  system.  The  latter  plan  is  usually 
followed  in  large  buildings,  where  a two- wire  isolated  plant  is  used  and  where 
the  emergency  connection  with  the  utility  company’s  mains  is  three-wire. 

98.  The  load  on  a three-wire  system  must  be  balanoed,  that  is, 
the  watts  load  should  be  approximately  the  same  on  either  leg  of  the  three- 
wire  circuit.  A variation  of  10  or  15  per  cent,  may  be  permissible.  Good 
balance  is  particularly  important  at  maximum  load.  Unbalance  causes 
unequal  voltages,  which  is  noticeable  as  producing  a non-uniformity  of 
illumination,  and  it  may  bring  an  overload  on  the  conductors. 

99.  Planning  residenoe  wiring.  Secure  the  floor  plans  or  inspect  the 
building.  Decide  where  the  meter  is  to  be  located;  the  point  of  entranoe 
should  be  as  close  to  the  meter  as  possible.  A good  arrangement  is  to  locate 
the  service  entrance  (Par.  107)  and  the  meter  in  the  oeuar.  If  the  wires 
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enter  between  the  first  and  second  floors,  the  meter  may  be  installed  in  the 
rear  hall.  Ascertain  how  many  lamp  outlets  there  will  be,  their  location, 
and  the  current  required  by  each.  Locate  the  distribution  center  at  some 
central  point  convenient  of  access.  Divide  the  incandescent-lamp  outlets 
into  groups  which  absorb  less  than  660  watts,  each  group  being  fed  by  one 
branch  circuit  from  the  distributing  center.  Not  more  than  16  standard- 
rise  sockets  are  permitted  on  branch  circuit 
which  serves  incandescent  lamps,  except  in 
special  cases.  See  Par.  104.  It  is  best  to 
subdivide  the  outlets  so  that  no  branch 
circuit  will  have  an  initial  load  greater  than 
440  watts,  which  allows  220  watts  for 
growth,  so  that  the  maximum  of  660  watts, 
specified  by  the  Code,  shall  not  be  exceeded. 

Locate  the  switches  and  calculate  the 
feeders  required.  Incandescent  lamp  branch 
circuits  are  usually  of  No.  14  wire  unless 
they  are  longer  than  100  ft.  (30.5  m),  in 
which  case  wire  at  least  as  large  as  No.  12 
should  be  used:  No.  14  is  the  smallest  sise 
permitted  by  the  Code.  Fig.  19A  shows  a 
typical  lay-out  for  a small  residence.  Usu- 
ally one  panel  or  a group  of  cut-outs  is 
sufficient  for  a residence.  It  is  always 
preferable  to  group  all  cut-outs  instead  of  Fig.  19A. — Example  of  a con- 
locating  them  at  random.  In  a small  build-  duit-wiring  lay-out  in  a resi- 
ing,  branch  cut-outs  or  the  panel  box  can  dence. 
often  be  set  near  the  meter  at  the  entrance 

or  in  the  hall.  In  a two-story  house  they  can  be  installed  in  the  cellar 
stairway  or  in  the  rear  hall,  and  in  a three-story  building  they  can  bo  in- 
stalled in  the  second  floor  hall.  Where  there  are  more  than  three  stories, 
distributing  centers  can  be  located  every  second  or  third  floor. 

100.  Important  features  of  large  lay-outs.  There  are  five  important 
factors  that  should  be  considered  in  designing  t lie  wiring  lay-out  for  a large 
building  (Knox.  “ Electric  Light  Wiring”).  They  are:  (a)  control  of  groups 
of  receivers  (other  than  hall  or  night  lights)  from  tlx*  main  switchboard;  (b) 
control  of  hall  lights  from  the  main  switchboard;  (c)  maximum  load  that 
should  be  served  by  one  feeder;  (d)  the  best  maximum  limit  for  the  size  of 
the  feeder  conductors;  (e)  the  proportion  of  the  total  voltage  drop  that  can  be 
rilowed  in  feeders  and  mains. 


101.  Wiring  lay-out  for  a large  building.  Make  a sectional-elevation 
drawing  of  the  structure  and  a floor  plan  of  each  floor.  Indicate  the  receivers 
(lamps  and  motors)  on  the  plans  and  then  so  locate  the  panel  boxes  that  no 
lighting  branch  circuit  shall  be  much  over  100  ft.  (30l6  m)  in  length,  or  have 
* load  much  greater  than  440  watts.  Panel  boxes  should  be  so  located  that 
they  are  accessible  and  that  the  circuits  can  be  readily  run  to  them.  Com- 
pute the  load  on  each  panel  box  and  indicate  it.  at  the  box,  on  the  drawing. 
W out  the  mains  and  feeders  (see  Fig.  20).  First  decide  whether  the  hall 
or  public  lights  will  be  controlled  separately  or  wnth  the  private  lights  from 
the  main  switchboard,  because  this  feature  affects  the  arrangement  of  the 
feeders  and  possibly  that  of  the  mains.  Next  deride  whether  there  should 
be  a separate  feeder  to  each  floor  or  whether  several  floors  or  portions  thereof 
will  be  served  by  one  feeder.  Where  it  is  unnecessary  to  control  the  loads 
on  the  different  floors  separately,  and  where  the  resulting  conductor  size  will 
pot  be  prohibitively  large,  the  cheapest  and  probably  the  best  arrangement 
j?  to  serve  several  or  possibly  all  floors  with  one  feeder*  Usually,  the  only 
umit  to  the  number  of  floors  that  may  be  served  with  one  feeder  is  the  re- 
finement of  control  that  is  desired  from  the  main  switchboard.  It  is  fre- 
quently necessary  to  make  several  tentative  lay-outs  and  computations 
before  the  most  desirable  arrangement  is  found.  Segregated  motors  and 
groups  of  motors,  unless  very  small,  should  be  served  by  independent  feeders. 

lit.  Arrangement  of  feeders.  Solely  on  a basis  of  initial  cost,  it  is  usually 
cheaper  to  run  a few  large  conductors  than  a number  of  small  ones.  It  does 
not  pay,  however,  to  endeavor  to  install  conductors  larger  than  1,000,000 
or.  mils.  When  large  capacity  is  necessary,  use  several  conductors  haring 
the  aggregate  capacity  required.  For  alternating  currents,  conductors 
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larger  than  700,000  cir.  mils  are  not  desirable  because  of  skin  effect.  Often 
the  space  available  for  conductor  runs  necessitates  small  conductors  (Par. 
38  and  78). 


One  Feeder  Serving  All  Floors 


Fig.  20. — Wiring  lay-outs  in  large  buildings. 

108.  Motor  circuits  are  subject  to  many  special  Code  requirements. 
One  unfamiliar  with  its  rulings  should  consult  the  Code  before  he  attempts 
to  install  motor  wiring.  The  principal  requirements  follow:  (a)  Motor 
circuits  must  be  designed  to  carry  a current  at  least  10  per  cent,  in  exoees  of 
that  for  which  the  motor  is  rated.  (6)  Where  wires  installed  in  accordance 
with  this  ruling  would  be  ovcrfused  in  order  to  provide  for  the  starting 
current,  the  wires  must  be  of  such  site  as  to  be  properly  protected  by  theee 
larger  fuses,  (c)  Where  alternating-current  motor  leads  are  rubber  insulated, 
the  wire  may  be  protected  in  accordance  With  Table  C,  Par.  ft.  (rf)  The 
rated  capacity  of  the  running  fuses  must  not  exceed  125  per  cent,  of  the 
name-plato  current  rating  of  the  motor,  except  where  no  standard  site  fuse 
exists,  then  the  next  higher  standard  fuse-siie  may  be  used,  ^e)  To  provide 
for  the  peak  loads  encountered  in  variable*speed  motor  service  see  ratings 
indicated  in  the  Code.  (/)  Every  motor  installation  (except  for  cranes) 
must  be  protected  by  a cut-out  and  must  be  controlled  by  a switch  which 
plainly  indicates  whether  it  is  on  or  off.  (g)  Small  motors  may  be  grouped 
under  the  protection  of  a single  set  of  fuses,  provided  their  aggregate  capac- 
ity does  not  exceed  660  watts.  ( h ) For  motors  of  0.25  h.p.  or  Ices  on  cir- 
cuits at  voltages  of  300  or  under,  single-pole  switches  may  be  used.  (0 
Switch  and  starting  box  should  be  so  located  that  they  are  visible  from  toe 
motor. 

Motor  manufacturers  always  furnish  with  each  machine  a diagram  of 
connections  and  instructions  for  installation.  Theee  data  should  always 
be  consulted. 

104.  Klee  trie  heating- device  circuits  (see  National  Electrical  Code)* 
A heater  of  a capacity  greater  than  6 amp.,  or  660  watts  should  be  protected 
by  an  individual  cut-out  and  should  be  controlled  by  a switch  or  plug 
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xmnector  which  indicate*  whether  the  device  is  “on”  or  “o&;”  this  should 
visible  from  the  heater.  Heaters  of  a capacity  smaller  than  that  indicated 
tbove  can  be  grouped  under  the  protection  of  a single  set  of  fuses,  provided 
ike  capacity  of  the  fuse  does  not  exceed  10  amp.  Such  heaters  can  also  be 
xmnected  individually  to  lighting  circuits. 

IOC.  Beating  device  outlet  plates  will  be  found  convenient;  each  is 
provided  with  a receptacle,  a switch  and  an  indicating  lamp  socket.  They 
ire  regularly  manufactured  for  current  capacities  as  high  as  20  amp.  Key- 
less brass  sockets  have  a maximum  rating  of  6 amp.  Ordinary  pull-chain 
Mid  key  sockets  have  a maximum  rating  of  2.5  amp.  Standard  separable 
attachment  plugs  are  approved  for  660  watts  at  250  volts  or  10  amp.  at 
110  volts.  Where  ordinary  key  sockets  are  used  for  switching  heating 
devices,  they  soon  break  down  under  the  action  of  the  arcs  due  to  the 
relatively  heavy  currents.  Snap  or  knife  switches  should  always  be  used 
for  heating  devices.  SpeciaUy  constructed  asbestos-covered,  flexible 
rords  are  required  for  all  devices  absorbing  more  than  250  watts.  In  a 
first-class  installation,  it  is  always  desirable  to  install  separate  circuits  for 
the  heating  devices,  extending  from  the  entrance  switch  to  the  receivers. 
This  permits  individual  metering  and  insures  that  the  heavy  currents 
drawn  by  the  heating  appliances  will  not  interfere  materially  with  the  voltage 
regulation  of  the  interior  lighting  circuits. 
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Fig.  21. — Sheet  for  estimating  cost  of  wiring  installations  (actual  size  should 
be  about  18  in.  wide  by  12  in.  loug). 

10t.  Compilation  of  estimates.  Experience  and  a reliable  note-book 
of  labor  costs  applying  to  the  community  under  consideration  are  the  most 
valuable  aids.  Read  the  specifications  or  inspect  the  premises  and  make  a 
lay-out  if  there  is  none  available.  Make  a list  (Fig.  21)  of  all  material 
required,  following  some  definite  system.  A good  method  is  to  consider  each 
distribution  center — one  at  a time — and  tabulate  all  the  material  required 
for  the  circuits  feeding  from  it.  Number  or  letter  the  distribution  centers  in 
accordance  with  a certain  scheme  and  designate  the  branches  with  sub- 
notations. Indicate  this  notation  on  the  estimating  sheet  similar  to  that  of 
Fig.  21.  Then  proceed,  tabulating  panel-box,  main,  feeder  and  entrance 
material.  After  all  is  tabulated,  the  items  can  be  totaled  and  these  total 
▼aluea  used  for  ordering  material.  Allow  for  Borne  extra  material  for  losses 
and  breakages.  Figure  labor  cost  on  a unit  basis,  that  is,  the  cost  of  string- 
ing wire  being  a certain  value  per  1(M)  ft.,  the  cost  of  erecting  conduit  being 
ao  much  per  unit  length  and  so  on  through  the  entire  list  of  materials.  See 
cost  data  elsewhere  for  unit  costs.  A small  job  can  be  estimated  with  fair 
accuracy  on  a basis  of  so  much  per  outlet,  without  the  necessity  of  compiling 
a bill  of  materials. 

INSTALLATIONS 

107.  Service  entrances,  (Fig.  22).  A cut-out  and  a fuse  block  should 
protect  the  switch.  The  wall  should  be  bushed  with  a non-combustible 
incubating  tube  where  the  conductors  pass  through  unless  they  are  in  con- 
duit, and  the  tubes  or  conduit  should  be  cemented  in  the  wall.  Tubes  should 
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slant  outwardly  and  downwardly  to  prevent  the  entrance  of  moisture.  A 
drip  loop  should  be  formed  in  the  servioe  wires.  The  entrance  switch  should 
usually  be  so  arranged  that  it  will  disconnect  all  of  the  equipment  in  the 
building.  For  permissible  exceptions,  see  Code  Rule  24.  Where  conduit  is 
used,  the  two  or  the  three  rubber-insulated  wires  should  be  carried  in  one 
conduit. 


In-Atfic 


In  Basement 

Fia.  22. — Service  entrances. 


108.  Distribution  center  panels  may  consist  merely  of  porcelain  cut- 
outs held  to  the  back  of  the  box  with  wood  screws,  or  may  be  more  elaborate. 
The  panel  provides  a convenient  means  of  connecting  the  branch  circuits 
to  a main  through  fuses.  Switches  may  be  used  in  both  main  and  branch 
circuits  or  they  may  be  omitted  entirely.  Many  satisfactory  installations 
are  in  operation  without  switches  at  the  distribution  center  but  switches 
are  a great  convenience  for  opening  circuits  when  replacing  fusee  or  for 
testing.  In  general,  knife  switches  should  not  be  used  for  the  control  of 
the  lamps,  as  they  are  frequently  of  improper  design  to  withstand  perma- 
nently such  service.  Individual  lamp-group  circuits  should  be  controlled 
by  either  flush  or  surface  snap  switches  mounted  outside  the  panel  box. 

109.  Standard  wiring  symbols  adopted  by  the  National  Kleetrieal 
Contractors1  Association  and  the  American  Institute  of  Architects 


(Copyrighted  by  the  National  Contractors’  Association.) 


ra 


Ceiling  outlet;  electric  only.  Numeral  in  center  indicates  num- 
ber of  standard  16  c-p.  incandescent  lamps. 


Ceiling  outlet;  combination,  f indicates  4*16  c-p.  stand- 
ard Incandescent  lamps  and  2 gas  burners.  If  gas  only. 


« 


Braoket  outlet;  eleotric  only.  Numeral  in  center  indi* 
cates  number  of  standard  16  c-p.  incandescent  lamps. 

Bracket  outlet ; combination.  } indicates  4-16  o-p.  stand-1 
ard  incandescent  lamps  and  2 gas  burners.  If  gas  only,  p 
Wall  or  baseboard  receptacle  outlet.  Numeral  in  center  indi- 
cates number  of  standard  16  o-p.  inoandescent  lamps. 


H* 


Floor  outlet.  Numeral  in  center  indicates  number  of  Standard 
16  c-p.  incandescent  lamps. 

Outlet  for  outdoor  standard  or  pedestal,  electric  only.  Numeral 
indicates  number  of  standard  16  o-p.  incandescent  lamps. 


m 


Outlet  for  outdoor  standard  or  pedestal;  combination,  f indi- 
cates 6-16  c-p.  standard  incandescent  lamps;  6 gas  burners. 
Fio.  23A. 
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Drop  cord  outlet.  One^amp  outlet,  for  lamp  receptacle. 


Arc  lamp  outlet.  cOo  Ceiling  fan  outlet. 

Special  outlet  for  lighting,  heating  and  power-current,  as  de- 
scribed in  specifications. 


S.  P.  switch  outlet. 

D.  P.  switch  outlets. 

3- way  switch  outlet. 

4- way  switch  outlet. 
Automatic  door  switch  outlet. 
Electrolier  switch  outlet. 


Show  as  many  symbols  as 
there  are  switches.  Or  in 
case  of  a very  large  group  of 
switches,  indicate  number  of 
switches  by  a roman  num- 
eral, thus;  S'  XII;  meaning 
12  single  pole  switches. 

Describe  type  of  switch  in 
specifications,  that  is,  flush 
or  surface,  push  button  or 
snap. 


Meter  ■■■H  Distribution  Bpgigg  Junction  or  pull 
outlet.  panel.  bo*. 


Motor  outlet.  Numeral  in  oenter  indicates  horse  power. 


ISl 


Motor  control  outlet. 

Main  or  feeder  run 
— concealed  under  ■ 
floor. 


■ , Main  or  feeder  run 

exposed. 

Branch  circuit  run 

— — concealed  under 

floor  above. 

.+  # ■ — Pole  line. 


Transformer. 

Main  or  feeder  run 
^ concealed  under 
floor  above. 

Branch  circuit  run 
• ■ concealed  under 

floor. 

Branch  circuit  run 
exposed. 

ft  Riser. 


U'l  Telephone  outlet; 
(n  private  servioe. 


n Busxer  outlet. 


MTep^lio«r0v^t:  Q Bell  outlet. 

Push  button  out-  Annunciator, 

j— i-  let.  Numeral  Numeral  indi- 

1—1 1 indicates  num-  v cates  number  of 
ber  of  pushes.  points. 


Speaking  tube. 


-0 


Master  time  clock 
outlet. 


Watchman  dock 
outlet. 

1TN  Secondary  time 
lU  clock  outlet. 


- i 


Watchman  sta- 
tion outlet. 


DD  Door  opener. 


0 $Sl33£r  1 1 1 1 |l  out,et- 

--  Circuit  for  clock,  telephone^  bell  or  other  service,  run 

under  floor,  concealed.  Kind  of  service  wanted  ascer- 
tainted  by  symbol  to  which  line  connects. 

1 Circuit  for  clock,  telephone,  bell  or  other  service,  run 
under  floor  above,  concealed.  Kind  of  service  wanted 
ascertained  by  symbol  to  which  line  connects. 


Hkiohts  of  CsornsB  or  Wall  Outlets  (unless  otherwise  specified) : 


Living  rooms 5 ft.  6 in. 

Chambers .’ 5 ft.  0 in. 

Offices 6 ft.  0 in. 

< Corridors 3 ft.  6 in. 

Height  of  switches  (unless  otherwise  specified) 4 ft.  0 in. 


Fio.  23B. 
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110.  Installation  of  watt-hour  meters  and 

meters.  {Rules  and  Regulations  of  the  Commonwealth  Edison  Co.,  Chicago): 
Meter  loops  should  be  provided  in  the  mains  at  an  accessible  location,  and  so 
arranged  that  the  meter  may  be  mounted  with  ordinary  wood  screws  on  the 
wall.  A meter  board  must  be  provided  of  sufficient  aise  to  allow  the  installa- 
tion of  a watt-hour  meter  and  maximum-demand  meters.  Two  maximum- 
demand  meters  are  installed  on  three-wire  mains.  Maximum-demand 
meters  wiU  not  be  installed  on  installations  under  1 lew.  Sufficient  space 
must  be  provided  about  the  meters  to  allow  the  removal  of  the  ease. 

Meter  boards  should  not  be  erected  on  a wall  which  is  subject  to  any 
considerable  vibration,  or  in  places  subject  to  excessive  moisture  or  heat. 
A pressure-wire  tap  must  be  provided  in  all  cases  where  all  wires  of  the  circuit 
are  not  looped  out.  On  three-wire  mains  the  pressure-wire  tap  must  be 
made  on  the  neutral  wire.  The  general  arrangements  of  meter  loops  should 
be  such  that  a meter  can  be  installed  without  crossing  any  wires,  if  possible. 
If  this  is  impracticable,  sufficient  flexible  tubing  should  be  left  on  the  wires 
to  make  possible  an  installation  which  will  be  in  accordance  with  the  wiring 
rules. 

Meter  loops  should  not  be  placed  above  7 ft.  from  the  floor,  and  should 
be  as  near  the  point  of  entrance  of  the  service  as  possible.  In  offioe  buildings 
meter  loops  should  be  located  at  a central  point  in  meter  closets  or  public 
corridors,  and  in  apartment  buildings  in  the  basement  of  the  building,  so 
that  meters  may  be  installed  and  maintained  without  annoyanoe  to  tenants. 

Meter  loops  must  be  located  relative  to  fuses  so  that  meters  are  protected 
by  the  fuses.  They  must  never  be  placed  between  the  service  and  the  sendee 
switch.  Generally  speaking,  not  more  than  one  meter  installation  will  be 
provided  for  the  same  class  of  service  in  any  one  building. 

Meter  loops  for  service  supplying  temporary  lighting  or  power  to  new 
buildings  during  construction  must  be  located  on  adjoining  premises.  No 
three-wife  meters  larger  than  200  amp.  are  used.  Installations  requiring 
meters  of  larger  capacity  will  be  provided  with  two  meters,  one  on  each  slew 
of  the  three- wire  main;  space  should  be  allowed  accordingly  in  arranging 
meter  boards. 

111.  Protection  of  watt-hour  meters  against  unauthorised  or  mali- 
cious interference  is  effected  by  means  of  seals  and  enclosing  cabinets. 
See  manufacturers’  catalogues  for  further  information,  and  "Metermen’i 
Handbook,"  published  by  tne  National  Electric  Light  Association. 

111.  Panel  boxes  are  cabinets  arranged  to  contain  distribution-center 
panels  or  cut-outs  and  switches  for  protecting  and  controlling  branch  circuits 
where  they  are  tapped  from  a main.  It  is  desirable,  in  so  far  as  possible,  to 
group  cut-outs  in  a wiring  system;  to  this  is  due  the  popularity  of  panel 
Boxes.  Originally  boxes  were  made  without  gutters;  their  disadvantage 
was  that  it  was  necessary  to  carry  the  entering  wires  for  each  branch  circuit 
to  a point  opposite  their  proper  cut-out.  When  the  boxes  are  provided 
with  suitably-proportioned  gutters  ( Code  Rule  26,  o)  (now  the  usual  form), 
conductors  can  enter  the  gutter  at  the  most  convenient  point  and  can  be 
carried  in  the  gutter  to  a point  opposite  the  cut-out.  This  arrangement 
results  in  material  savings,  particularly  in  conduit  work. 

Panel  boxes  may  be  either  of  the  surface  type,  which  extends  wholly 
beyond  the  wall,  or  of  the  flush  type,  which  does  not  extend  beyond  the  wall. 
8urf aoc-type  boxes  are  used  principally  for  factory  wiring  and  for  conduit 
installations  in  old  buildings. 

Panel  boxes  of  sheet  steel  are  suitable  for  factory  work.  The  barriers  in 
boxes  with  wooden  gutters,  arc  usually  of  slate  or  marble.  The  inside  of  a 
wooden  box  must  be  completely  lined  with  a non-combustible  insulating 
material.  Slate  or  marble  0.25  in.  (0  64  cm.),  thick,  or  asbestos  board  0.125 
in.  (0.32  cm.)  thick  may  be  used.  Where  iron  conduit  enters  a box,  the  lining 
may  be  of  either  0.25  in.  (0.64  cm.)  slate  or  marble,  of  0.125  in.  (0.32  cm.)  as- 
bestos board  or  of  0.062  in.  (0. 1 6 cm.)  galvanised  or  painted  sheet  steel.  Boxes 
should  be  painted  inside  and  out.  An  asbestos  or  steel  lining  is  preferable 
because  slate  or  marble  breaks  easily.  The  door  should  close  against  a rabbet 
in  order  to  be  dust  tight.  Glass  panels,  0.125  in.  (0.32  cm.)  thick,  may  be  ussd 
i the  doors.  A 2-in.  (5.08  cm.)  space  should  be  provided  between  the  fuses 

‘d  the  door. 
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111.  Colt,  of  interior  wiring.  Prices  of  labor  and  material  differ  in 
various  localities  and  at  different  times.  It  is,  therefore,  difficult  to  state 
even  approximately  what  the  ooet  of  interior- wiring  systems  should  be. 
In  lane  cities,  these  variations  are  not  extreme  and  it  is  possible  to  state  the 
limits  within  which  the  ooet,  expressed  in  terms  of  the  usual  contractor’s 
prioe  per  outlet,  should  lie.  The  approximate  figures  given  below  apply  to 
interim-  wiring  of  all  classes,  from  the  small  residence  to  the  large  hotel  or 
office  building.  They  cover  the  portion  of  the  work  from  the  main  source 
of  supply,  assumed  to  be  at  the  building  line.  In  case  the  building  is  lighted 
from  its  own  plant,  these  figures  will  apply  to  the  portion  of  the  installation 
lying  between  the  lamp  and  the  plant  switchboard.  No  lamps,  fixtures  or 
reflectors  are  included  in  these  prices: 

Exposed  wiring,  $3.00  to  $6.00  per  outlet.  The  data  are  based  on  large- 
city  material  and  labor  conditions  for  the  year  1919.  the  pay  rate  of  a 
journeyman  wireman  being  $8.00  per  8-hour  day.  For  other  conditions 
the  costs  should  be  modified  accoraingly. 

Wire  in  metal  race  way, $5. 00  to  $$7.00  per  outlet. 

Concealed  knob  and  tube  wiring,  $3.60  to  $4.00  per  outlet,  with  $1.00 
added  per  switch  outlet. 

Wiring  in  iron  conduit  and  in  new  buildings,  $8.00  to  $11.00  per  outlet. 

Wiring  in  iron  conduits  in  concrete  buildings,  $9.00  to  $12.00  per  outlet. 

In  the  above,  switches  and  base-board  plugs  are  considered  as  outlets 
when  the  iron  box  is  included.  If  the  switch  and  plate  are  also  to  be  fur- 
nished, approximately  $1.00  per  outlet  of  this  nature  should  be  added.  For 
the  larger  installations  in  modern  buildings  the  price  of  $9.00  per  outlet, 
including  all  wiring  and  feeders  up  to  the  lighting  fixture,  has  been  found  to 
be  a fairly  dose  figure. 

114.  Kati  mating  costa  of  conduit  installations.  The  •Treasury 
Department  of  the  United  States  uses  the  following  method  for  computing 
the  material  required  for  conduit  wiring  in  federal  buildings.  (Nelson 
8.  Thompson,  Electrical  World,  Sept.  9,  1911.)  The  material  is  taken  off 
accurately  from  the  drawings.  The  total  amounts  of  conduit  and  wire  are 
the  lengtns  scaled  from  the  plan  plus  the  following:  Number  of  ceiling  outlets 
X2  ft.;  number  of  bracket  outlets  X 10  ft.;  number  of  switch  outlets X 10  ft.; 
number  of  baseboard  outlets  X 4 ft.;  number  of  two-gang  switches  X 16 
ft.;  and  number  of  three-gang  switchesX  20  ft. 

11$.  dost  pear  foot  for  installing  flexible  steel-armored  conductor 
(**)  (Fig.  6)  is,  for  the  No.  14-wire  rise:  10  oents  per  foot  for  labor  and 
10  oents  per  foot  for  materia]  making  a total  ooet  of  20  cents  per  foot  installed 
complete. 

11$.  Ooet  of  pulling  wire  into  conduit.  The  figures  are  based  on  the 
tame  labor  and  material  conditions  as  those  outlined  in  Par.  122. 


A.  W.  G. 

Cost:  Dollars 
per  foot 

A.  W.  G. 
or 

circular. 

mils 

Cost:  Dollars 
per  foot 

1 

wire 

2 

wires 

3 

wires 

1 

wire 

2 

wires 

3 

wires 

14  Duplex 
14 

12 

10 

8 

$0.01 

0.006 

0.008 

0.010 

0.014 

0 

00 

000 

0000 

300,000 

$0.06 
0.07 
0.08 
0.  10 
0. 11 

$0,038 

0.045 

0.050 

0.060 

0.070 

$0,030 

0.035 

0.040 

0.045 

0.060 

$0,005 

0.007 

0.009 

0.010 

0 

0.016 

0.014 

400,000 

0. 13 

0.085 

0.080 

4 

0.020 

0.018 

600,000 

0.15 

0.100 

0.10 

3 

0.026 

0.020 

600,000 

0.18 

0.120 

0.11 

2 1 

0.030 

0.023 

700,000 

0.20 

; 0.130 

0.13 

1 

0.035 

0.025 

800,000 

0.21 

I 0.1501 

0. 15 

' 

900,000 

0.22 

1 0.160 

0. 16 

l 1 

1 

‘ ’ l 

1,000,000 

0.25 

| 0.180 

1 0.18 
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117.  Labor  cost  for  roughing  in  outlets.  The  figures  are  based  on 

same  labor  and  material  conditions  as  those  outlined  in  Par.  122. 


Fitting 

Non-fireproof 

construction 

Fire-proof 
construction  1 

A 

B 

A 

B 1 

Ceiling  outlet 

$0.20 

$0.30 

$0.35 

Bracket,  switch  or  base-plug  out- 
let   

1 0.25 

0.40 

0.40 

T fixture  hanger 

0.55 

0.80 

0.65 

*0  90  | 

f-in.  fixture  stud 

0.03 

0.04 

0.05 

O.lOj] 

Floor  box 

1.75 

2.00 

2.00 

3 00  [] 

118.  Cost  of  channelling  for  conduit,  per  foot:  brick,  $0.25;  grot 
concrete,  $0.30;  set  concrete,  $0.40.  These  figures  are  based  on  conditio* 
as  outlined  in  Par.  122. 


119.  Cost  of  Installing  expansion  bolts,  each,  in:  soft  brick,  $0.13; 

green  concrete,  $0.18;  set  concrete,  $0.25.  These  figures  are  based  on 
conditions  outlined  in  Par.  122. 

120.  Cost  of  installing  distribution  cabinets  (labor  cost  only)  in- 

eluding:  (1)  setting  box,  (2)  mounting  panel,  (3)  placing  trim,  (4)  connecting 
up  and  (5)  testing  out,  is  approximately  $0.75  per  circuit.  This  figure  is 
based  on  conditions  specified  in  Par.  122. 


121.  Miscellaneous  finishing  labor-costs.  These  costs  cover;  (1) 

placing;  (2)  making  connections;  (3)  soldering  (if  necessary);  (4)  putting  on  plate; 
(5)  testing.  The  figures  below  are  based  on  conditions  specified  in  Par  122. 


Item 

Cost, 

dollars 

Item 

Cost, 

dollars 

Single-pole  switch 

Double-pole  switch..  . . 
Three  and  four-way 

switch 

Door-operated  switch. 
Base  plug  receptacle.... 

Drop  cord 

1 -light  factory  fixture. 
Lighting  panel  per  cir- 
cuit   

0.25 

0.40 

1.50 

2.00 

0 25 

0 50 
0.75 

0.35 

1.20 

Ground  wdre,  for  lighting,  No.  4 
Ground  ware,  for  motor,  No.  10 
Ground  wire,  for  motor,  No.  4. 

30-amp.,  2-wire  meter  loop.  . 
30-amp.,  3-wire  meter  loop.  . 
60-amp.,  3- wire  meter  loop.  . 
100-amp.,  3 wire  meter  loop.  . 

Signal  bell 

1.50 

0.70 

1.20 

1.10 

1.40 

2 75 

6 00 

0.50 

0.50 

Ground  wfire,  for 

lighting,  No.  10 

Push  buttons 

122.  Cost  per  foot  of  installing  conduit  (roughing  in).  The  follow- 
ing values  show  costs  of  conduit  installed  but  without  wdre.  See  following 
table  for  cost  of  pulling  in  wire.  Labor  costs  based  on  pay  rate  of  $8.00 
per  8-hour  day  for  journeymen  wiremen  and  $4.00  per  day  for  helpers. 
Conduit  material  costs  are  averages  for  the  year  1919.  Add  extra  labor  for 
cutting  openings,  channelling  and  other  special  work.  Class  *' A ” con- 
struction is  open  conduit  work  and  simple  concealed  work.  Class  "B" 
construction  is  open  conduit  work  in  fireproof  buildings  and  difficult  con- 
cealed work.  All  costs  are  given  in  dollars. 
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123.  Percentage  increases  of  certain  wiring  materials  since  1914- 
1916.  This  table  was  compiled  in  January  1920,  (see  Electrical  Retie*, 
Jan.  3,  1920). 


Material 

Per  cent, 
increase 

75 

Cabinets  and  cut  out  boxes 

80 

Conduit,  interior 

100  to  150 

Fiber 

50 

Fittings,  conduit 

80  to  200 

Fuses 

25 

Panelboards 

80 

Receptacles,  flush 

50  to  70 

Sockets 

50  to  75 

Switches,  knife 

50 

Switches,  snap 

50  to  100 

100 

Wire  j Rubber-covered 

55  to  85 

1 Weatherproof 

100 

124.  A typical  estimating  sheet  which  illustrates  the  method  used  i» 

practical  interior-wiring  estimating  is  reproduced  in  Fig.  24.  Labor  sad 
material  costs  are  computed  on  a unit  basis.  Sheets  much  more  elaboni* 
than  that  illustrated  are  in  use  but  for  the  average  condition  it  will  satisfy 
every  requirement. 

PROTECTION 

126.  General  principles  regarding  the  use  of  fuses.  Fuses  or  so  roe 

other  form  of  overload  protection  should  be  used  where  the  protection  of 
conductors  or  appliances  against  overload  is  desirable.  The  Notional 
Electrical  Coele  specifies  (Rule  23)  in  detail  as  to  their  application.  Constant- 
potential  generators  should  be  protected  against  overload  by  fuses  or  their 
equivalent.  Single-pole  protection  is  acceptable  under  certain  condition* 
for  direct-current  generators.  Fuses  should  be  placed  at  every  point  where 
a change  is  made  in  the  sisc  of  wire,  unless  the  fuse  on  the  larger  wire  ia  of 
such  capacity  that  it  will  protect  the  smaller  one. 

Fuses  must  be  inserted  in  all  ungrounded  service  wires,  and  must  bf 
located  in  an  accessible  place  as  near  the  entrance  to  the  building  as  possible. 

In  grounded-neutral  three-wnre  systems,  the  neutral  wire  is  not  fuswi 
No  group  of  small  receivers,  whether  motors,  incandescent  lamps  or  heatinj 
appliances,  requiring  more  than  600  watts  should  in  general  depend  on  ont* 
cut-out.  For  theatre  wiring,  outline  lighting,  signs  and  large  fixtun*' 
1320  watts  may  be  dependent  on  one  cut-out;  Code  Rule  23d.  The  rated 
capacity  of  a fuse  protecting  any  wire  should  not  exceed  the  safe  carryiaf 
capacity  of  that  wire  as  specified  in  Par.  27.  Each  wire  for  a motor  circuit, 
except  at  a switchbourd,  should  be  protected  by  a fuse  whether  or  not  cir- 
cuit-breakers are  used,  except  where  the  motor  is  of  such  large  capacity  that 
fuse  protection  cannot  be  obtained,  in  which  case  it  is  only  possible  to  use 
circuit-breakers. 


f 


ortdi 
'muchriourn  * 
cuit-brid-tino'i 


126.  Fuses  vs.  circuit-breaker.  Fuses  possess  a time  element  of  opera* 

tion  (see  Fig.  25)  which  circuit-breakers  do  not  have  unless  specially 
designed  therefor.  Due  to  this  property,  fuses  delay  the  opening  of  an 
over-loaded  circuit,  where  the  operation  would  be  practically  instantaneous 
with  circuit-breakers;  fuses,  then,  may  be  preferable  for  motor  circuits  sod 
for  circuits  that  are  subject  to  very  brief  overloads,  especially  where  expert 
supervision  of  electrical  apparatus  is  maintained,  as  in  large  mills  and  fac- 
tories. Where  there  arc  many  fuse  replacements,  the  cost  of  fuse  renewal* 
is  considerable. 

Circuit-breakers  can  be  reset  in  less  time  and  with  less  trouble  than  i** 
required  to  replace  blow  n fuses,  and  no  spare  parts  are  required  Circuit- 
breakers  may,  therefore,  be  preferable  where  the  time  saved  by  their  use 
is  an  important  consideration.  The  first  cost  of  the  circuit-breaker  equip- 
ment is  much  more  than  the  cost  of  fuse  equipment,  but  under  severe  service 
the  circuit-breakers  will  prove  less  expensive  in  the  end. 
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ESTIMATE  SHEET 

SUBJECT  Electric  l ightinq  trwfmHerh'oru  building  Ho.  !9 

OWNER  Mi**i**rppi  Tejrfiiti  Company  DATE  Jan.  20- 1920 

lorxnQM  Jefferson  * Grand  Am BUI  LOIN©  Buile/mg  No.l& 

610  TO  M T Co. ARCHITECT  John  Smith  Compare 


CONTRACTOR 


g£r 

material 

[ LABOR 

MATERIAL 

IffWlU 

BWUUfl 

MATERIAL 

LABOR 

material] 

H04 

Boxes-OutieJ- 

386 

40 

10 

MO 

BROUGHT  fORWARO 

2335 

85 

259T 

97 

62 

• Switch 

24 

9 

20 

Tu  touts 

n 

• Receptacle 

« 

80 

9 

'60 

Fuses  (Renewable) 

535 

00 

■l 

• Junction 

3_ 

gig 

20 

00 

00 

— 

Panel  Boards 

r 

00 

2780 

00 

m 

Bo’ts  and  Studs 

50 

Panel  Boxes  I3000™*' 

2J0C 

Bushings 

31 

9T 

Senece  Boards 

51 

Re  factors 

8 

.70 

43 

50 

32 

Receptacles 
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Fia.  24. — A typical  estimating  sheet. 

127.  Grounding  the  neutral  of  three- 
ire  circuits.  It  is  important  that  the 
kth  through  the  neutral  remain  intact, 
rounding  promotes  this  condition,  and 
« Code  requires  it  under  most  conditions 
1 explained  in  Par  97.  See  Code  rules 
146,  15.4d.  Normally  in  a well-designed 
Xtem,  the  neutral  carries  a minimum 
irrent.  Frequently,  in  underground  sys- 
«ns,  a bare  copper  wire  drawn  in  the 
lets  constitutes  the  neutral.  If  the 
lutral  becomes  open,  the  pressure  nor- 
ally  existing  between  the  outer  wires 
ay  be  imposed  on  the  equipment  con- 
icted  between  the  neutral  and  an  outer 
ire.  Under  these  conditions  the  cquip- 
ent  may  be  ruined  and  a fire  may  result, 
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Flo.  25. — Typical  performance 
curve  of  a 400-ampere,  500-volt. 
National  Electrical  Codestandard 
fuse. 
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since  the  voltage  thus  imposed  will  be  twice  that  for  which  the  equipment 
was  designed. 

113.  Alternating -current,  low-voltage,  secondary  circuits  must  be 
grounded.  This  is  the  recommendation  of  the  Code  rule  156  and  is  the 
practice  of  progressive  central-station  companies.  Grounding  minimises 
accidents  to  persons  and  damage,  by  fire,  to  property.  If  Borne  point  of  a 
low-voltage  secondary  circuit  is  grounded,  no  point  of  the  circuit  can 
rise  above  its  normal  potential  (except  under  unusual  conditions)  in 
case  of  a breakdown  between  primary  and  secondary  windings  of  the  trans- 
former, or  of  other  accidental  connection  between  the  primary  and  secondary 
circuits.  See  the  Code  for  further  information  regarding  grounding. 

The  ground  connection  should  be  made  at  a neutral  point  or  wire  if  one  is 


Fio.  26.— Ground  connections  to  secondaries  of  commercial  transformers. 

accessible.  Where  no  neutral  point  is  accessible,  one  side  of  the  secondary 
circuit  may  be  grounded  ( Code  rule  156).  Fig.  26  illustrates  how  some  of 
these  connections  are  arranged  with  commercial  transformers.  The  neutral 
point  of  each  transformer  feeding  a two-phase,  four- wire  secondary,  should 
be  grounded,  unless  the  motors  taking  energy  from  the  secondary  have 


Pipe  Ground 

or  WiUr 
Pipe 


Ground  on  a Conduit  System  Ground  on  a Metal  Raceway  System 
Fio.  27. — Methods  of  grounding. 


interconnected  windings.  Where  they  are  interconnected,  the  center  or 
neutral  point  of  only  one  transformer  is  grounded.  No  primary  windings 
are  shown  in  the  illustration  and  the  secondary  winding  of  each  transformer 
is  shown  divided  into  two  sections,  as  in  commercial  transformers. 

129.  All  metal  conduit  and  metal  raceway  systems  must  be 
grounded  (see  Fig.  27),  by  attaching  an  approved  clamp  (there  are  many 
on  the  market)  to  a conduit  or  raceway  of  the  system  and  connecting  it 
ith  a ground  wire  to  another  clamp  attached  to  a water  pipe  on  the  street 
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side  of  the  meter.  The  wire  meet  be  soldered  in  the  clamps.  All  parts 
of  the  conduit  or  raoeway  system  must  be  in  good  electrical  contact.  In 
an  ungrounded  system  of  conduit,  "sneak"  currents  are  possible.  These 
leak  from  one  wire  to  the  conduit  through  an  abrasion  of  insulation  and  reach 
the  other  side  of  the  line  through  another  ground.  The  resistance  of  the  path 
may  be  sufficient  to  hold  the  sneak"  currents  below  the  Hne  fuse  capacity, 
and  yet  these  currents  may  be  sufficient  to  start  a fire.  Grounding  the 
conduit  also  eliminates  the  possibility  of  electrical  shook  to  persons  coming 
in  contact  with  the  oonduit.  In  combination  fixtures  the  gas  pipe  should 
be  in  thorough  eleotrieal  contact  with  the  oonduit  or  raceway  system  at 
each  outlet  box. 

Wire  for  grounding  ordinary  oonduit  or  raceway  runs  must  be  of  copper 
or  of  other  metal  which  will  not  corrode  excessively  ( Code  Rule  ISA;)  at 
least  No.  10  A.  W.  G.  gage,  where  the  largest  wire  contained  in  system  is 
not  greater  than  No.  0 A.  W.  G.  gage;  it  need  not  be  greater  than  No.  4 
A.  W.  G.  gage  where  the  largest  wire  contained  in  oonduit  is  greater  than  No. 
0 A.  W.  G.  gage.  Service-conduit  ground  wires  shall  be  not  less  than  No.  8 
gage  copper.  All  ground  wires  must  be  protected  from  mechanical  injury. 

MISOXLLANXOUS 

180.  Wire  for  boll  signal  work  in  dryplaces  is  usually  No.  18  copper, 
double-cotton-covered  and  paraffined,  where  more  than  two  or  three 
bells  or  similar  devices  are  connected  to  the  circuit,  or  where  the  circuits  are 
long.  No.  16  wire  should  be  used.  No.  14  is  frequently  used  for  battery 
wires.  Rubber-covered,  twisted-pair  wires,  like  thoee  employed  for  interior 
telephone  wiring,  can  often  be  used  to  advantage  in  damp  places  or  where 
the  circuits  are  exposed.  No.  20  wire,  although  sometimes  used,  is  too  small 
for  reliable  work.  Annunciator  and  twisted-pair  wire  is  made  with  insulating 
coverings  of  different  colors,  so  one  can  be  selected  that  will  match  the 
surroundings,  and  be  inconspicuous.  Cables  of  annunciator  wire,  which 
can  be  obtained  with  practically  any  number  of  conductors  from  2 up  to 
200,  are  very  convenient  and  economical  for  large  installations.  In  perfectly 
dry  locations,  a cable  having  a paraffined,  braided-cotton  covering  can  be 
used,  but  if  it  is  to  be  exposed  to  dampness  a lead-covered  cable  should  be 
Installed.  By  having  the  cable  conductors  covered  with  braids  of  different 
odors,  the  conductors  can  be  readily  identified.  A kind  of  weather-proof 
wire  called  "damp-proof,"  is  quite  satisfactory  for  exposed  wiring  in  damp 
places.  It  is  more  expensive  than  annunciator  wire,  but  it  has  a better  appear- 
ance when  installed.  See  the  National  Electrical  Code , the  "Telephone"  section 
in  this  book  and  the  Western  Electric  Co.  catalogue  for  further  information. 
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Fia.  28. — Burglar-alarm  system. 


Closed  Circuit  System 
with  Two  Alarm  Circuits 


181.  Telephone  wiring  may  follow  the  practice  of  the  eentral-exohange  or 
the  intercommunicating  system.  In  the  former,  single  pairs  of  wires  radiate 
from  a switchboard  to  all  stations.  In  an  intercommunicating  system,  a 
cable  of  twisted  pairs  of  insulated  wires  extends  continuously  through  all 
the  stations.  This  cable  must  contain  at  least  one  more  wire  than  there  are 
•tations  (Sec.  21).  Conductors  of  No.  25  A.W.G.  have  been  used;  also 
No.  22  and  No.  19,  according  to  transmission  requirements  (Sec.  21).  . 

1SS.  Fire  alarm  wiring  should  be  very  carefully  and  substantially  in- 
stalled. As  a general  proposition,  the  wires  should  be  heavier  than  would  be 
used  in  ordinary  signal  practice;  nothing  smaller  than  No.  14  should  be  used 
indoors  and  nothing  smaller  than  No.  8 out  of  doors.  For  interior  lines,  rubber 
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insulated  copper  should  be  used,  while  for  outside  construction,  weatha* 
proof  copper  wire  is  satisfactory.  The  simplest  possible  arrangement  cos* 
sists  of  an  alarm  gong  connected  to  a battery  and  a group  of  singl^pok 
switches  that  are  normally  open.  In  case  of  fire  one  of  the  switches  iscloeei 
and  the  alarm  rings  until  it  is  stopped. 

Burglar-alarm  systems  (see  Fig.  28)  may  be  divided  into  two  geneni 
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Fig.  29. — Electric  gas-lighting  circuits. 

classes:  (l)The  open-circuit  sj/hI em,  in  which  the  circuits  for  the  protect 
doors  and  windows  are  normally  open,  and  when  a circuit  is  closed  by  4* 
opening  of  a door  or  window,  an  alarm  is  sounded.  (2)  The  cloeeH-circuit 
in  which  the  alarm  is  sounded  by  the  opening  of  a circuit  normally  d<*4 
Upen-circuit  systems  are  simpler,  but  closed-circuit  systems  are  rooW 
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sensitive  and  provide  better  protection;  in  the  latter  if  the  circuit  is  opened 
at  any  /win/ , the  alarm  is  sounded.  Annunciators  and  burglar  alarm  titling*! 
to  be  used  in  connection  with  either  system  are  obtainable  for  the  protection 
cians’°H  shade8’  transoms  and  locks.  See  the  “American  Electn* 
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1SS.  Electric  'fat-lighting;  wiring  (Fig.  29)  may  follow  the  multiple 
system  or  the  senes  system.  In  the  multiple  system  a spark  is  made  by  the 
breaking  of  an  electrical  circuit  containing  a reactance  coil.  One  side  of  the 
circuit  is  usually  grounded  on  the  gas  pipe.  Electrically  equipped  burners  of 
many  types  are  obtainable.  Certain  spark  coils  are  equipped  with  relays 
which  sound  an  alarm  if  the  system  becomes  short-circuited.  Open  circuit 
cells  are  used,  a battery  of  6 Leclanchl  cells  in  combination  with  a spark 
coil  being  usually  sufficient. 

In  the  series  system,  a spark  gap  is  installed  at  each  burner.  The  spark 
may  be  fed  from  induction  coils  or  from  frictional  or  static  machines.  The 
senes  system  may  be  best  adapted  to  large  auditoriums,  where  many 
lamps  are  used  in  groups.  It  is  now  seldom  used  because  such  places  are 
almost  invariably  lighted  with  electricity.  See  the  “ American  Electricians' 
Handbook." 

114.  Electric  bell  and  annunciator  wiring.  The  possibilities  for  differ- 
ent circuit  combinations  are  almost  numberless.  Those  shown  in  Fig.  dO 
are  typical.  Two  ordinary  vibrating  bells  will  not  work  well  together  in 
series;  so  when  it  is  necessary  to  connect  two  bells  in  series,  one  should  be  a 
single-stroke  bell.  A multiple  arrangement  is  preferable.  The  best  arrange- 
ment of  battery  cells  may  be  determined  by  trial.  An  ordinary  bell  requires 
about  0.1  amp.  for  its  operation.  Return  call-bell  circuits  (B,  Fig.  30)  are  so 
arranged  that,  when  a station  is  signalled,  the  party  called  can  respond  by 
pressing  his  button.  Ground  return  circuits  may  be  used  but  are  undesirable. 
Continuous-ringing  bells  are  so  arranged  that,  when  the  button  is  pressed,  the 
bellcontinues  to  nng  until  reset.  For  elevator  annunciators  a cable  is  used, 
haring  as  many  conductors  as  there  are  buttons  and  one  additional  battery 
wire.  If  two  annunciators  are  to  operate  simultaneously,  their  drops  should 
be  connected  in  series.  See  the  American  Electricians'  Handbook"  for 
further  information. 
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PRODUCTION  OF  LIGHT 


GENERAL  THEORY  OF  LIGHT  PBODtTCTIOM 


1.  Light  may  be  defined  ns  radiant  energy  of  thoee  wave  lengths  to 

which  the  human  eye  is  sensitive.  Energy,  of  a nature  with  which  tb* 
problem  of  light  production  is  concerned,  is  radiated  through  a number  d 
octaves  forming  the  spectrum.  The  human  eye  is  stimulated  to  vision  only 
by  that  radiation  which  i*  between  wave  lengths  O.70#i  and  0.38p,  or  om 
octave.  (m -0.001  mm.)  The  limits  of  visibility  are  not  definitely 
fixed,  but  those  given  are  reasonably  typical. 


2.  Incandescence  is  that  process  of  light  production,  classed  as  teamen- 
ture  radiation,  in  which  a body,  usuully  a solid  or  a liquid,  produces 

without  altering  its  nature  ia 
the  process.  The  spectrum 
of  such  radiation  usually  is 
continuous. 

9.  Pure  temper atun 
radiation  is  not  completely 
realised  in  ordinary  light 
sources,  but  it  characterise* 
the  theoretical  “black 
body"  which  radiates  the 
maximum  possible  energy  st 
all  wave  lengths  (Fig.  1). 
According  to  the  Stefan* 
Boltsmann  law,  the  totsl 
_0  1.0m  2.UM  3.0M  4.0/x  5.0/t  radiation  of  such  a body » 

proportional  to  the  fourth 
Fig.  1. — Radiation  from  “black  body.”  power  of  its  absolute  tem- 
perature 

« =«  (*4-273)«  (1) 

t is  the  temperature  in  deg.  cent,  a is  a measurable  oonstant. 

4.  Wein’s  displacement  law*  shows  that  the  relation  between  the  wsv* 

length  of  maximum  radiation  intensity  and  the  absolute  temperature  is  » 
constant,  which,  for  a black  body  has  been  determined  to  be  2940. 


X 


max 


2940 

T 


(2) 


X in  microns,  (micron  is  0.001  mm.) 

Wein  has  shown  further  that  the  intensity  at  wave  length  of  maximum 
black-body  radiation  varies  as  the  fifth  power  of  the  absolute  temperature 
Tho  intensity  of  radiation  at  any  wave  length  is  obtained  from  the  Planck 
formula  as  follows: 


* For  exposition  of  derivation  of  equations  and  discussion  of  subject,  w* 
Drysdale,  “ The  Production  and  Utilisation  of  Light."  The  Illuminati 
Engineer,  London,  l(.)()‘.i,  p.  230  and  Bulletin,  Bureau  of  Standards,  Vol.  VII, 
p.  395. 
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where 

J « radiation  intensity;  C — constants; 

9 » temperature  in  deg.  abs.  and  e — logarithmic  base 

Curves  of  radiation  from  a black  body,  computed  according  to  this  law, 
appear  in  Fig.  2. 

9.  Perfect  black-body  or 
temperature  radiation  is  pot 
found  in  artificial  illuminants. 

Among  incandescent  electric 
lamps  it  is  approached — most 
closely  by  “untreated”  carbon- 
filament  lamps  (10-watt,  110- volt 
and  50-watt,  220-volt  types) — in 
lesser  degrees  by  “ treated ’’-car- 
bon, “ metallised  "-carbon  and 
tungsten-filament  lamps.  The 
carbon  filaments  depart  from  a 
black  body  less  than  does  plati- 
num, for  which  a displacement- 
law  oonstant  (Par.  4)  of  2630  has 
been  found. 

6.  Gray-body  radiation  is 

distributed  throughout  the  spec- 
trum in  the  same  proportions 
as  black-body  radiation,  but  is 
everywhere  dess  i n tense.  It  dif- 
fers from  black-body  radiation  in 
quantity,  not  in  quality. 

7.  Selective  radiation  is  dis- 
tributed differently  throughout 
the  spectrum  and  does  not  obey 
the  laws  of  black-body  radiation. 


0 .6 


1.0  U Si  2.5  10  3.6  4j0  4.9 
Wave  Length  In  If  lerons 

Fie.  2. — Black-body  radiation  at  several 
temperatures. 

If  it  is  relatively  strong  between  the  limit- 
ing wave  lengths  of  visibility,  particularly  if  near  the  middle  of  the  visibility 
range,  the  body  produces  more  light,  and  the  selectivity  is  favorable. 
Curves  of  black-body,  gray-body  and  of  one  kind  of  selective  radiation 
aregiven  in  Fig.  3. 


Fiq.  3, — Three  kinds  of  radiation. 


S.  Luminescence  is  that  form  of  light  production  in  which  the  radiating 
body  (usually  a gas  or  vapor)  changes  its  nature  in  the  prooeas.  Such 
radiation  usually  is  characterised  by  a line  spectrum.  Luminescence 
embraces  all  forms  of  light  production  other  than  incandescence.  In 
electric  lighting  it  is  the  process  by  which  light  is  obtained  from  gases  ? 
vapors.  The  mercury-vapor  and  the  metallic-electrode  (magnetite  a 
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metallic-flame)  arc-lamps  are  examples  of  this  method  of  light  production.  | 
Radiation  by  luminescence  may  be  strongly  localised  in  a few  lines  of  tbe 
spectrum,  as  in  the  mercury-vapor  lamp  (Fig.  4),  or  may  be  distributed  m 
generally  as  to  approximate,  for  many  illuminating  purposes,  a continuous 
spectrum.  It  usually  manifests  more  pronounced  selectivity  than  is  founfi 
among  incandescent  solids.  Unlike  temperature  radiation,  luminescene 
is  characterised  by  fixed  spectral  distribution  of  radiation,  this  being  i* 
dependent  of  the  intensity  of  the  excitation.* 


Violet  Bloc  : Yellow 


.10ju  .44/1  ,56/t  .66/1 

Fio.  4. — Visible  spectrum  of  mercury  arc. 


9.  Luminous  efficiency.  The  problem  of  light  production  is  in  pul 

that  of  radiating  as  much  as  possible  of  the  energy  within  limits  of  visibility 
represented  by  wave  lengths  of  0.76m  to  0.38m*  There  are  two  expressions 
for  the  efficiency  with  which  this  is  accomplished.  These  are  “tstol 
luminous  efficiency”  (radiation  efficiency)  or  the  ratio  of  energy  radiated 
within  the  visibility  range,  to  that  expriuleaintheiUuminant;and*‘ridiiBt 
luminous  efficiency,”  or  the  ratio  of  energy  in  the  visibility  range  to  tbe 
total  radiated  energy,  f For  an  incandescent  electric  lamp  in  which  mostd 
the  applied  energy  is  converted  into  radiant  energy,  the  two  luminoa 
efficiencies  do  not  differ  widely.  For  a multiple  arc  lamp  in  which  a mstersl 
part  of  the  energy  is  not  applied  at  the  arc,  the  difference  is  large.  Botfcj 

total  and  radiant  luminous  e& 
oiencies  are  of  interest  chidb 
to  the  physicist,  neither  afford* 
ing  a real  measure  of  illumi- 
nating efficiency.  Both  deal 
exclusively  with  the  total  en- 
ergy radiated  between  visibility 
limits,  ignoring  the  distribution 
of  such  energy.  As  s 
energy  radiated  at  0.56»» 
produce  say  ten  times  as  great 
an  illuminating  effect  as  if  nub- 
ated  at  0.65m  or  0.4£yt,  cons#- 
eration  of  the  distribution  » 
radiation  is  essential  from  tb< 
illuminating  standpoint. 

10.  Wsibility.  Ratio  of  luminous  to  radiant  flux  for  various  wavelength 
is  plotted  in  Fig.  5,  maximum  visibility  being  taken  as  unity.} 

11.  The  illuminating  power  of  radiation  of  any  wave  length  is  pr°> 
nortional  to  the  product  of  the  energy  and  the  coefficient  of  eye  sensibility 
The  problem  of  efficient  light  production  is  largely  that  of  radiating  as  mud 
as  possible  of  the  energy  at  wave  lengths  to  which  the  eye  is  most  aensitm- 
This  may  be  taken  as  0.55m  although  the  wave  length  of  maximum  sew 
bility  varies  with  the  intensity  (Fig.  5),  being  shifted  toward  the  shorter 
wave  lengths  as  the  intensity  of  the  stimulus  is  reduced.  Radiation  woa» 
have  the  highest  possible  light  value  if  it  were  concentrated  at  or  near  0.55m- 

12.  The  “mechanical  equivalent  of  light”  is  the  ratio  of  radiated 
energy  within  given  wave-length  limits,  to  the  illuminating  power  of  suci 
energy.  It  may  be  expressed  in  watts-per-candle  or  watte-per-lum*®; 
There  -an  be  no  one  value  for  the  mechanical  equivalent  of  light  applies!* 
to  all  illumiuants,  if  all  energy  in  the  visible  range  is  included,  because  « 

• Nichols  and  Merritt.  Physical  Review,  Vol.  XIX,  p.  18. 

t ‘‘Luminous  Efficiency,  ” Transactions  Illuminating  Engineering  Society. 

Vol  V,  p 113. 

X Trans.  I.  E.  S.,  1918,  p.  523. 


Fro.  5. — Visibility  curve  for  human  eye. 
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See*  14-43 


tb*  variation  of  eye  sensibility  with  wave  length.  If,  however,  a narrow 
band  of  spectral  radiation  be  separated  and  studied,  a definite  and  repro- 
ducible ratio  between  energy  ana  light  value  may  be  obtained.  And  if  this 
band  be  selected  from  the  part  of  the  spectrum  where  the  light  value  is  highest 
(say  0.55|») t the  minimum  possible  mechanical  equivalent  of  light  will 
result.  Ives,*  having  compared  with  his  own  the  experimental  data  and 
calculations  of  other  investigators,  has  assigned  the  value  of  0.02  watt  per 
mean  spherical  candle,  or  0.0016  watt  per  lumen,  as  the  most  probable 
mechanical  equivalent  of  yellow-green  light,  to  which  the  eye  is  most  sensitive. 

With  this  criterion  of  light  producing  efficiency  available  for  the  highest 
point  of  the  ocular-luminosity  curve  (Fig.  5),  a scale  of  ordinates  for  that 
curve  is  established,  and  the  curve  yields  the  sensibility  coefficient  for 
each  wave  length.  This  applied  to  the  radiation  curve  (Fig.  2),  gives  a 
curve  of  visibility,  from  which  the  total  illuminating  power  may  be  inte- 
grated. The  value  so  obtained  should  equal  the  candle-power  or  the  lumens 
as  measured  bv  a photometer.  The  value  of  mean  spherical  candle-power 
per  watt  or  of  total  lumens  per  watt,  when  stated  in  terms  of  the  most 
efficient  light  per  watt,  yields  the  “reduced  luminous  efficiency."  (Drys- 
dale’s  terminology.)  The  table  of  Par.  18  shows  data  of  this  kind  based 
upon  Ives*  compilation. 


IS.  Ifflcieney  of  light  production 

(Electrical  World— Vol.  LVII,  p.  1566) 


Watts  per 
mean  sph. 
o-p. 

Per  watt 

Reduoed  lumi- 
nous efficiencies 
(based  on 
radiated 
energy) 

Mean 
sph.  o-p. 

Lumens 

Per  oent. 

Yellow-green  0.55m 

Firefly.  7. 

0.02 

65 

800 

100 

96 

15 

Black-body,  about  5,000 
deg.  abe. 

10 

125 

Ditto,  excluding  energy 
outside  limits  0.76m  to 
0.38m. 

22 

274 

34 

Ditto,  excluding  energy 
outside  limits  0.70m  to 
0.40m. 

26 

330 

41 

14.  In  "reduced  luminous  efficiency”  (see  Par.  IS)  we  have  a very 
practical  measure  of  efficiency  of  light  production,  because  for  any  illuminant 
the  ordinary  commercial  rating  is  directly  comparable  with  the  standards 
of  highest  possible  efficiency.  With  this  Bystem  of  rating,  everything  de- 
pends upon  the  correctness  of  the  standard  of  light  production.  But  it 
may  be  noted  that  all  artificial  illuminants  are  so  low  in  efficiency  that  a 
considerable  error  in  fixing  the  standard  would  not  alter  materially  the 
conclusions  as  to  the  inefficiency  of  illuminants.  Standards  for  this  pur- 
pose appear  in  Par.  10. 

If.  White-light  efficiency.  ' ‘ Reduced  luminous  efficiency"  (Par.  14) 
is  the  light  flux  per  watt  in  per  cent,  of  the  yellow-green  flux  obtained  from 
1 watt  radiated  at  0.55m.  Such  yellow-green  light  would  be  undesirable 
for  most  illuminating  purposes.  The  generally  accepted  ideal  is  white  light. 
I vest  has  proposed  the  radiation  between  0.70m  and  0.40u  from  a black  body 
at  5,000  deg.  abs.  as  a standard  of  white  light,  ana  has  assigned  330 
lumens  per  watt  as  the  most  probable  value  of  the  most  efficient  white  light 
obtainable.  This  is  a satisfactory  criterion  for  illuminating  purposes.  Ives  $ 
slso  has  studied  the  spectrophotometric  curves  of  some  of  the  common  in- 
candescent sources  to  ascertain  what  proportion  of  their  light  is  available  to 


• Luminous  Efficiency,  Trans.  I.  E.  S.,  Vol.  V,  p.  113;  Hyde,  Forsythe  and 
Cady,  Phys.  Rev.,  Vol.  XIII,  p.  45. 
t Electrical  World,  Vol.  LVII,  1909,  p.  1566. 

£ Bulletin,  Bureau  of  Standards,  Vol.  VI,  p.  238. 
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fbrm  white  light.  Assuming  colored  absorbing  screens  of  exactly  the  desired 
values  to  transmit  with  minimum  loss  that  part  of  the  radiation  of  each 
wave  length  necessary  to  produce  white  light,  he  has  shown  the  “ white-light” 
or  “daylight  efficiency”  of  each  source.  These  values  appear  in  Par.  17. 

16.  Light-producing  efficiencies  of  certain  electric  illuminants 


Light  source 


Mean 
spherical 
c-p.  per 
watt 


1 


Radiation  at  0.55** 

Radiation  from  black  body  at  5,000 
deg.  abs. — excluding  that  outside 
0.7 n and  0.4**. 

Mazda  vacuum  lamp — 1.0  w.p.c. . . 
Mazda  gas-filled  lamp — 1000  watts. 

Magnetite-arc — 4.0  amp 

Flame-arc — 1 0-amp. — wh  i te-ligh  t 
carbon — approximate. 


65 

26 


0.78 

1.53 

0.85 

1.4 


Lumens  | 
per 

watt  | 


Reduced 

luminous 

efficiency 


800 

330 


9.8 

19.3 

10.7 

17.6 


Per  cent. 
100 
41 


1.2 

2.4 

13 

2.2 


17.  White-light  efficiencies  of  incandescent  lamps 


Lamp 


Watts  per  | 

mean  i Lumens 
spherical  per  watt 
c-p. 


White- 

light 

efficiency 


White- 

light 

! lumens 
per  watt 


Carbon.. . . 
Carbon.. . . 

Gem 

Tantalum.  I 
Tungsten...1 


4.85 

3.75 

3.10 

2.60 

1.56 


2.59 

3.35 

4.05 
4.83 

8.05 


Per  cent. 

7.6 

8.6 
10.0 
10.0 
13.7 


0.195 
0 29 
0.405 
0.485 
1.10 


: 


Per  cent,  d 
most  efficM 
white-light 
(330  lurnew 
per  watt) 


Per  cent. 
0 06 
0 09 
0.12 
0.15 
0.33 


18.  Physical  and  physiological  aspects  of  white  light.  Both  tb 

standard  of  white-light  efficiency  and  the  values  shown  for  common  illi 
nants  are  values  for  continuous-spectrum  light  from  incandescent  sou 
That  is  to  say,  this  method  provides  only  for  true  white  light,  which 
satisfactory  physically  as  well  as  physiologically.  Light  produced  1 
luminescence,  which  has  a line  spectrum,  may  be  accepted  as  white  is 
physiological  sense,  but  may  fail  to  serve  for  certain  illuminating  pi 
where  true  white  light  is  required.  It  is  doubtful  if  such  light  she 
compared  with  true  white  light  upon  the  same  terms.  At  any  rate  noi 
should  always  be  made  of  the  peculiarities  of  spectral  distribution  of 
light. 

CHARACTERISTICS  OF  ELECTRIC  LAMPS 

INCANDESCENT  LAMPS 

19.  Incandescent  electric  or  glow  lamps  produce  light  by  process! 

incandescent  or  temperature  radiation.  Hyde*  has  estimated  that 
operated  at  the  same  true  temperature,  the  several  filaments.  due  to  fsTOT 
able  selectivity,  would  be  more  efficient  than  untreated  carbon,  which  i 
least  selective.  Relatively  these  efficiencies  are  as  follows:  untreat* 
carbon,  100  per  cent.;  tantalum,  110  to  112  per  cent.;  tungsten,  125  to  13 
per  cent. 

20.  The  resistance  characteristics  of  the  more  common  types  are  shos* 

in  Fig.  6,t  where  100  per  cent,  corresponds  with  the  standard  rated  efficient! 


tW9vl  , 

XX  .lo  v 


* Lectures  on  Illuminating  Engineering,  I.  E.  S. — Johns  Hopkins  Uni versitj 
t Lewinson.  “ Modern  Incandescent  Lamps  ” — School  of  Mines  Quarterly 
Vol.  XXXIII,  April,  1912. 
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{ 21.  Resistance  of  filament  lamps 

||  Lamp 

Cold 

resistance 

Resistance  at 
standard  efficiency 

Bfctt  untreated-filament 

1062  ohms 

582  ohms 

treated -carbon 

459  ohms 

225  ohms 

Hfiatt  metallised-carbon 1 

156  ohms 

222  ohms 

Pwatt  tantalum | 

44  ohms 

262  ohms 

p-watt  tungsten 

16.5  ohms 

206  ohms 

11.  The  physical  characteristics  of  these  lamps  (Par.  SO)  are  shown  in 
ig-  7,  100  per  cent,  volte  corresponding  with  rated  efficiency.  Throughout 
range  of  a few  volts  above  and  below  normal,  these  relations  may  be  ex- 
weed  as  parabolic  equations. 


The  exponents*  are  not  determined  beyond  question.  Best  known  values 
t given  in  Par.  IS,  and  are  reasonably  accurate  throughout  a working 
age  of  voltage  variation.  Par.  24  shows  corresponding  exponents  for  the 
iriation  in  life  with  change  in  watts  per  candle. 


* Edwards,  E.  J.  General  Electric  Review,  March,  1914. 

Middlekauff  and  Skogland.  Bureau  of  Standards  Scientific  Paper,  No. 

18. 

Lewinson.  Trane.  I.  E.  8.,  1916,  p.  815. 
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23.  Exponents  (k)  (Par.  22) 


Untreated 

carbon 

Treated 

carbon 

Metallised 

carbon 

Tantalum 

Tung* 

Candle-power. . . . 
Watts 

6.89 

2.31 
-4.59 

1.31 
-25.2 

5.55 

2.07 
-3.48 

1.07 
-20.3 

4.72 

—1.77 

-2.95 

0.77 

-17.2 

4.35 

1.74 

-2.61 

0.74 

-16.2 

3 61 
-1.3 
-2.03 
0.3 

• 

W atts-per-candle . 
Amperes 

Life 

• - 11.2  to  — 14.8  varying  in  general  with  sise  of  lamp. 


24.  Watts-per-candle — life  exponents 


Typo 

Exponent 

(approx.) 

Type 

Exponent 

(approx.) 

Tungsten 

Tantalum 

Metallised  carbon. . . 

5.6  to  7.4 
6.23 
5.86 

Treated  carbon 

Untreated  carbon 

5.82 

5.49 
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26.  Commercial  ratings 


(February,  1920) 


Initial  rated  values 

Specific 

consump- 

tion 

Sped* 

output 

- 

Filament 

5 

4 

* 

Mean  horizon- 

tal c-p 

Total  lumens 

Commercial  ra- 

ting-watts per 
mean  horizontal 

c-p. 

Watts  per  mean 

spherical  c-p. 

Lumens  per  watt 



100  to  130  volts 
Carbon — untreated 

10 

2.0 

21.2 

5.0 

5.88 

2.12 

Carbon — treated 

50 

16.8 

174.5 

2 97 

3.61 

3 49 

Tungsten  (Mazda) ( 

40 

37.7 

370.0 

1.00 

1.36 

9.24 

Tungsten — gas-filled 

200 

310  0 

0.81 

15  51 

27.  The  color  values  of  these  lamps  are  shown  through  spectrophoW* 
metric  values  in  Par.  25.  * White  light  (black  body  at  5,000  deg.  aw)  i 
taken  as  standard.  As  compared  with  white  light,  all  these  incandesce* 
lamps  depart  so  largely  that  the  differences  among  the  several  lamps  seea 
relatively  small.  As  a matter  of  fact,  differences,  for  example,  between  t b 
color  of  light  from  a Mazda  lamp  and  that  from  a carbon  lamp  are  far  froi 
negligible. 

28.  The  flicker  of  lamps  upon  alternating  current  is  important,  whei 

operation  upon  the  lower  frequencies  is  considered.  Flicker  phenotnea 
are  so  complicated  by  a number  of  physical  and  physiological  factors,  thi 
no  unqualified  definite  statement  can  be  made  as  to  the  lowest  frequenc 
upon  which  lamps  may  be  operated  without  causing  undue  annoyance.  Tl* 
variables  which  enter  into  the  problem  are  chiefly  the  following: 

Physical  Physiological 

Flicker  is  less  for  positive  resist-  Flicker  is  less  noticeable  when  iD* 
ance  temperature  coefficient  (as  mination  intensity  is  low. 
tungsten)  than  for  negative  coefli-  Eye  is  most  sensitive  to  fliefa 
cient  (as  carbon).  when  light  entere  at  about  45  dl 

Flicker  is  less  for  thick  filament  from  centre  of  field  of  view,  and  fil 
of  given  substance  than  for  a thin  upon  peripheral  portions  of  retina, 
filament. 

Stroboscopic  data,  showing  extreme  variation  in  candle-power  through 
half  cycle,  are  presented  in  Fig.  8.f  These  show  the  gradual  decrease! 


• Ives.  “Color  Measurements  of  Uluminanta,'’  Trans,  Illg.  Eng.  Soc.,  Vol 
V,  1910,  p.  208. 

t C.  H.  Sharp.  Transactions  American  Institute  Electrical  Engineer* 
1906  p.  815. 

Allowable  Amplitude  and  Frequency  of  Voltage  Fluctuations  in  Inca** 
descent  Lamp  Work,  by  Herbert  E.  Ives,  Illuminating  Engineering  Socidi 
Transactions,  1909,  Vol.  IV,  p.  709. 

The  Frequencies  of  Flicker  at  which  Variations  of  Illumination  YaniA 
by  Kennelly  and  Whiting,  National  Electrio  Light  Association  Trast 
actions,  1907,  Vol.  I,  p.  327. 

“Tungsten  Lamp,”  by  G.  S.  Merrill,  Transactions  of  the  American  Init 
tute  of  Electrical  Engineers,  1910,  Vol.  XIX,  p.  1907. 

“Metal  Filament  Lamps,”  by  John  W.  Howell,  Transactions  of  the  Amen* 
can  Institute  of  Electrical  Engineers,  1910,  Vol.  XIX,  Part  II,  p.  927. 

“Relative  Advantages  of  25 and  60  Cycles,”  by  Philip  Torchio  and  W.  C L- 
Eglin,  Transactions  of  the  Association  of  Edison  Illuminating  Companir*. 
1905,  p.  237. 
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range  of  flicker  at  the  frequency  k increased;  and  the  more  marked  flicker 
when  the  finer-fllament  lamp*  are  operated  at  a given  frequency.  They 
indicate  that  the  tungsten  lamp  is  lees  adaptable  for  use  upon  low-frequency 
currents  than  the  carbon  lamp. 

Experience  indicates  that  while  lighting  from  25-cycle  circuits  is  satis- 
factory for  many  purposes,  yet  is  not  entirely  satisfactory  for  all  classes  of 
•erviee  with  all  sisea  of  lamps.  This  frequency  appears  to  be  just  a little 
too  low  to  be  generally  acceptable. 


St.  Limit*  of  acceptability  for  multiple  incandescent  lamp*.  The 

measure  of  rating  uniformity  of  incandescent  lamps  in  respect  to  light  in- 
tensity, energy  consumption  and  efficiency  is  indicated  by  the  limits  of 
acceptability  prescribed  in  the  standard  specifications. 


Rating 

Tolerances 

(105  to  1$6  volts) 

Watts 

Lumens 
per  watt 

Tungsten — vacuum 

Tungsten — ga»-filled 

40  watts 
200  watts 

± 8 per  oent. 

± 18  per  cent. 

± 6 per  oent. 

± 12  per  oent. 

The  tolerances  differ  for  gas-filled  lamps  of  various  sixes  and  are  in  general 
wider  for  smaller  lamps  and  narrower  for  larger  lamps. 

SO.  Spherical  reduction  factor.  It  was  formerly  customary  to  measure 
and  rate  incandescent  lamps  in  terms  of  mean  horisontal  eaadle  power.  As  - 
for  most  purposes  the  total  light  produced  is  the  quantity  to  be  considered, 
and  as  comparisons  of  efficiency  can  be  made  only  on  a basis  of  total  light, 
the  mean  horisontal  candle  power  has  been  superseded  by  the  total  lumens 
as  an  expression  of  light  output.  Occasionally,  however,  the  relation  of 
mean  horisontal  candle  power  is  desired,  and  the  spherical  reduction  factor 
or  ratio  of  mean  spherical  to  mean  horisontal  candle  power  is  required. 
This  for  the  oval  filament  carbon  Jamp  is  about  0.82.  For  the  straight  side 
bulb  vacuum  tungsten  lamp  it  is  about  0.78.  As  the  mean  horisontal  candle 
power  is  not  very  significant  in  the  case  of  gas-filled  lamps  no  spherical 
reduction  factor  can  be  stated. 


* Langmfor,  I.  “Flicker  of  Incandescent  Lamps  on  Alternating  Current," 
0.  E.  Review,  1914,  p.  294. 
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31.  Brightness  of  light  sources* 


Source 


Crater,  carbon  arc 

Magnetite  arc 

Nernst  glower  (115-volt,  6-amp.  d.c.)  

Incandescent  lamps: 

Tungsten,  1.25  watts  per  candle 

Grapnitized  carbon  filament,  2.5  watts 

per  candle 

Tantalum,  2.0  watts  per  candle 

Carbon,  3.1  watts  per  candle 

Carbon,  3.5  watts  per  candle 

Carbon,  4.0  watts  per  candle 

Acetylene  flame  (1-ft.  burner) 

Acetylene  flame  0.4-ft.  burner) 

Welsbach  mantle 

Welsbach  (mesh) 

Cooper-Hewitt  mercury  vapor  lamp 

Kerosene  flame 

Gas  flame  (fisntail) 

25- watt  frosted  tungsten  lamp: 

Tip 

Additional  datarf 

Flaming  arc — clear  globe 

Tungsten  filament  of  gas-filled  lamp 

Mercury  vapor — quartz  tube 

Candle  flame 

Sky — daylight  hours: 

With  light  clouds 

Clouds  predominating,  generally  cum- 
ulus   

Blue  predominating,  clouds  cirus 

Cloudless,  blue  or  hazy 

Cloudy,  storm  near  or  present 


Candle- 
power  per 
sq.  in. 

Lamberts 

84,000 

40,900 

4,000 

1,950 

3,010 

1,460 

1,060 

516 

750 

365 

580 

283 

485 

236 

400 

195 

325 

158 

53 

26 

33 

16 

31 

15 

56 

27 

14.9 

7 3 

9 0 

4 4 

2.7 

1 3 

1.67 

0.8 

6.0 

2 9 

2,435 
1,400 
487-292 
15-1  9 

2.0 

19 

1.5 

1.0 

0 7 or  less 


32.  Life  performance  for  the  various  lamp  types  is  treated  in  Pars.  1 
to  83.  In  general,  however,  the  life  is  variable  to  a marked  degree,  sad. 
is  necessary  to  consider  averages  of  large  groups  of  lamps  rather  than 
performance  of  a few  samples  before  drawing  conclusions  concerning  viL^ 
Also  it  is  to  be  borne  in  mind  that  the  only  generally  applicable  statistii 
of  performance  are  those  obtained  in  a laboratory  under  reproducible  m 
ideal  conditions  of  operation.  In  service  the  performance  may  vary  lznew 
All  performance  data  given  herein  must  be  qualified  to  the  extent  that  tW 
may  not  be  strictly  applicable  to  a given  set  of  operating  conditions. 

CARBON  FILAMENT  LAMPS 

33.  Classification.  Carbon-filament  lamps  may  be  classified  arconfid 
to  filament  characteristics  under  “untreated”  (Par.  34),  “treated"  (Par 
and  “metallized”  (Par.  44)  lamps. 

34.  Untreated  carbon  filaments  are  now  employed  principally  in 
lamps  of  tne  10-  and  20-watt  sizes  of  the  110-volt  range,  and  in  lami 
the  220-volt  range.  As  the  filament  has  a higher  resistance,  it  is  short* 
and  may  be  disposed  in  a small  bulb,  where  the  longer  treated  filament  ctfj* 
not  be  utilized.  As  they  are  capable  of  only  30  to  40  per  cent,  of  the  us«w 
life  of  treat ed-fila men t lamps,  they  are  operated  at  a lower  efficiency  »» 
are  used  only  where  necessary. 


* Ives  and  Luckiesh.  Electrical  World,  February  16,  1911. 
“Illuminating  Engineering  Practice,”  I.  E.  8.,  Univ.  Penn.  Lecture 
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Si.  Untra>Ud  carbon-filamsnt  Umpi 


Rated 

and 

average 

watts 

Mean 
h ori- 
son tal 
c-p. 

Total 

lumens 

Commercial 
rating,  watts 
per  mean 
horizontal 
o-p. 

Specific  con- 
sumption, 
watts  per 
mean 
spherical 
c-p. 

Specific 

output, 

lumens 

per 

watt 

Average 

total 

life, 

hr. 

| 105  to  125  volts  1 

10 

2.0 

21.2 

5.0 

5.88 

2.12 

2,000 

20 

4.8 

51.2 

4.15 

4.88 

2.56 

1,000 

| 200  to  260  volts  | 

35 

7.95 

84.0 

4.40 

5.24 

2.40 

1,000 

60 

IS,  26 

170.4 

3.69 

4.40 

2.84 

750 

120 

32.52 

340.8 

3.69 

4.40 

2.84 

750 

S6.  The  treated  carbon  filament  (having  a coating  of  graphitic  carbon 
deposited  by  flashing  in  an  atmosphere  of  hydro-carbon  vapor)  is  the  stand- 
ard carbon  filament  employed  in  most  lamps  manufactured  from  1803  to 
about  1908.  The  principal  sixes  and  corresponding  statistics  appear  in 
Par.  17. 

IT.  Treated  carbon-filament  lamps 


Rated 

and 

average 

watts 

Mean 

hori- 

zontal 

c-p. 

Total 

lumens 

Commercial 
rating,  watts 
per  mean 
horizoptal 
c-p. 

Specific,  con- 
sumption, 
watts  per 
mean 
spherical 
c-p. 

Specific 

output, 

lumens 

per 

watt 

Average 

total 

life, 

hr. 

20 

4.82 

60.4 

4.15 

5.05 

2.52 

1,500 

30 

9.29 

96.0 

3.23 

3.91 

3.20 

1,050 

60 

16.83 

174.5 

2.97 

3.61 

3.49 

700 

60 

20.20 

209.4 

2.97 

3.61 

3.49 

700 

88.  Treated  carbon-filament  lamps.  This  form  of  lamp  beginning 
with  1894  was  the  principal  illuminant  for  electric  lighting  service  until  dis- 


Flo.  9. — Performance  of  typical  treated  carbon  filament  lamp  throughout 

life. 

placed  by  the  Masda  lamp.  It  possessed  the  qualities  of  reliability,  sim- 
plicity, and  rtiggedness  to  a marked  degree,  failing  only  to  produce  light  as 
efficiently  as  its  modern  competitor.  Its  sterling  qualities  have  continued 
it  ia  service  in  considerable  quantities.  Fig.  9 shows  for  a typical  treated 
carbon-filament  lamp  the  performance  throughout  useful  life,  illustrating 
after  an  early  adjustment  period  the  gradual  decline  in  watts  due  to  inorea? 
in  filament  resistance,  the  faJhng-off  in  candle-power  due  to  decreased  wp 

□ lia^Google 
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and  blackened  bulb  and  the  consequent  increase  throughout  life  in  the  wtta 
per  candle. 

*1?'  C,?ndle"p?wer  performance  curves  of  typical  bigh-grade  fraud 
arc  81ven  Fig  10;  being  » combination  of  cum. 
products  several  lamp  manufacturers  from  independent  tests  of  their 

Hours 




(of  Initial  C 

.p. 

Indies 

tea  Burned 

Out 
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group  o 


performance  throughout  useful  life  of  a 
>f  treated  — 1 — A * 


~ — — i carbon-filament  lamps. 

Cendle-power  deterioration  throughout  life  ia  due  in  approximate 

to  dl?crea8C  ln  watts  occasioned  by  increase  in  filament  resistant! 
and  to  increase  in  absorption  of  light  due  to  bulb  blackening 
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Fl°-  1I'“‘ Analys,s  of  candl«>-Power  decline  in  frosted  carbon-filament  kop 
posted  carbon-filament  lamps  decline  in  candle-power  at  abos 
appeara  fnFig.  11.  v®"  mP"'  A“  analyS“  of  tbe  c»use  °f  such  declia 
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ffede»  E;  P-  Electrical  Review , 1907,  p.  556. 
Millar,  P.  S.  Electrical  World,  1907,  p.  798. 
Kennelly , A.  E.  Electrical  World,  May  18,  1907. 
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41.  Performance  on  direct  current  compared  with  alternating 
torrent.  So  far  aa  ia  known  there  is  no  material  difference  between  the 
terformance  of  carbon  lamps  on  direct  current  and  on  60-cycle  sine-ware 
rarrent. 

41.  Statue  of  carbon-filament  lamps.  By  reason  of  their  ruggedne*^ 
tnd  low  cost,  treated  carbon-filament  lamps  continue  to  command  a con- 
iderable  sale.  Where  theft  or  breakage  is  apprehended,  or  when  cost  of 
>ower  is  very  low,  carbon-filament  lamps  may  often  be  used  to  advantage 
n 1019  all  forms  of  carbon-filament  lamps  aggregated  about  7 per  cent,  of 
he  total  incandescent  lamps  sold  in  this  country. 

44.  Metallized  carbon  filament  (Gem)  lamps  are  so  called  because  the 
emperature  coefficiept  throughout  the  ordinary  range  is  positive.  As  the 
pecific  resistance  or  the  filament  is  lower  than  that  of  the  treated  carbon 
(lament,  a longer,  finer  and  therefore  more  fragile  filament  is  necessitated. 
This  lamp  is  about  20  per  cent,  more  efficient  than  the  treated  carbon  - 
(lament  lamp.  _ Being  inferior  to  the  treated  carbon-filament  lamp  in 
uggedness  and  inferior  to  the  Maida  lamp  in  efficiency,  it  was  practically 
ibandoned  in  1918  after  having  served  a useful  purpose  in  bridging  the  gap 
Mtween  the  carbon  and  tungsten  filament  lamps. 

Sues  of  metallised  carbon-filament  lamps  ranged  up  to  100  watts.  Effi- 
ciencies were  of  the  order  of  4 lumens  per  watt  with  a total  average  life  of 
ibout  700  hr. 

41.  Belative  annual  demand  for  incandescent  lamps  of  various 
types.  Fig.  12  depicts  tne  History  of  sales  of  various  types  of  incandesces r 
amps  as  reported  by  the  Lamp  Committee  of  the  National  Electric  Light 
Association.  The  metallised  carbon-filament  (Gem)  lamps  which  filled  an 
tppreciable  share  of  the  demand  in  1907  were  employed  principally  by  cen- 
tral stations  in  their  customers'  service.  The  final  abandonment  of  the 
(ampin  1918  was  brought  about  by  the  necessity  for  eliminating  inefficient, 
lamps  during  the  war.  The  growth  of  the  tungsten  filament  (Masda)  lamp 
lias  been  consistent  from  the  start,  a dominating  position  having  been 
attained  in  1912. 


Fxo.  12. — Yearly  lamp  sales  of  various  types  of  incandescent  lamps. 

TANTALUM  FILAMENT  LAMPS 

.44.  The  tantalum  filament  lamp  antedated  the  tungsten  lamp  but 
failed  of  complete  success  because  of  the  advent  of  the  latter.  Due  to 
•erioua  crystallisation  and  offsetting  of  the  filament  when  operated  upon 
uternating  current,  its  use  was  practically  restricted  to  direct-current  open 
hon.  Used  upon  alternating  current  of  60  cycles,  its  life  was  only  aDout 
one-quarter  of  that  upon  direct  current.  Upon  lower  frequencies  the  life 
somewhat  better.* 

The  tantalum  lamp  attained  to  large  use  in  Germany  where  it  was  devel 
oped,  but  did  not  come  into  general  use  in  America.  The  filaments  were 


*8harpv  C.  H.  Transaction*  A.  I.  E.  E.,  November  23,  1906. 
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imported  by  American  manufacturers  who  placed  the  lamp  upon  the  market 
in  1906.  Sizes  ranged  from  25  to  80  watts.  Efficiencies  were  of  the  order 
of  5.5  lumens  per  watt.  The  average  life  of  40-watt  lamps  on  direct  cur- 
rent was  about  600  hr. 

TUNGSTEN-FILAMENT  LAMPS  (VACUUM  TYPE) 

47.  Early  processes  of  filament  manufacture.  The  earliest  successful 

manufacture  of  tungsten-filament  lamps  was  in  1906.  There  were  threa 
pioneer  processes  of  filament  manufacture,  as  follows:  (a)  that  of  Just  and 
li&naman,  who  deposited  tungsten  upon  n very  fine  carbon-filament  con 
afterward  removing  the  carbon  and  sintering  the  tungsten;  (b)  that  of  Kuze, 
who  produced  a colloidal  solution  of  tungsten,  and  nfter  bringing  it  to  a suit* 
ablo  consistency  squirted  it  to  the  desired  diameter,  and  sintered  it;  (c} 
that  of  Von  Welsbaeh  (after  the  osmium  process)  who  prepared  a paste  <* 
finely  divided  tungsten  mixed  with  an  organic  binder,  and  squirted  it. 
The  thread  thus  formed  was  reduced  and  sintered. 

48.  Early  American  manufacture.  Tungsten-filament  lamps  wera 

produced  commercially  in  America  early  in  1907.  These  were  made  by  the 
Welsbaeh  process.  The  lamps  made  by  the  General  Electric  Company 
corresponded  to  the  Osram  lamp  as  produced  by  the  Auer  Company  in  Berks. 
Those  made  by  the  Westinghouse  Lamp  Company  followed  the  process 
and  construction  adopted  for  the  Osmin  lamp  by  the  Osmium  Lamp  Co®* 
pany  of  Vienna.  The  earlier  styles  and  sizes  in  which  the  tungsten  Last 
was  made  available  wrere  complementary  to  carbon-filament  lamps  Thcs 
the  larger  sizes  of  multiple  (100-130  volt)  larnps  w'ere  producedbegmajtij 
w'ith  the  100-watt  size  for  multiple  circuits.  This  most  happily  introduced 
the  lamp  in  a manner  w’hich  lea  to  gradual  and  constructive  replacemeM 
of  its  loss  efficient  predecessors.  The  development  of  the  smaller  sites  fo**| 
lowed,  as  shown  in  Par.  49. 


49.  Beginning  of  commercial  use  of  Mazda  lamps  in  the  United 
* States 


Watts 

j Pressed  filament 

Drawn  wire 

“ Getter”  • introduced 

10 

1912 

October, 

1913 

15 

November, 

1911 

October, 

1913 

20 

January, 

1910 

April, 

1912 

October, 

1913 

25 

October, 

1908 

February, 

1911 

October, 

1913 

40 

June, 

1908 

February, 

1911 

October, 

1913 

60 

April, 

1908 

March, 

1911 

Sept., 

1912 

100 

October, 

1907 

March, 

1911 

May, 

1912 

150 

During 

1909 

March, 

1911 

October, 

1911 

250 

During 

1909 

March, 

1911 

October, 

1911 

400 

During 

1910 

During 

1911 

During 

1911 

500 

During 

1909 

During 

1911 

During 

1911 

50.  Fragility  of  early  types.  These  pressed  or  squirted  filament# 

were  quite  brittle  when  cold.  They  were  mounted  as  short  hairpin  loops, 
held  rigidly  at  or  near  the  loop.  In  the  smaller  sizes  particularly  its* 
necessary  to  observe  great  precaution  in  order  to  avoid  filament  breakage 
shipment,  and  even  after  installation. 

51.  Fragility  reduced.  The  quality  of  the  lamps  was  improved  rapidly, 
and,  to  some  extent,  the  early  fragility  w as  overcome.  The  ruggedness  d 
a tungsten  lamp  depends  chiefly  upon  the  strength  of  the  filament. 
upon  the  manner  in  which  the  filament  is  mounted.  The  first  notabw 
event  in  the  direction  of  ruggedness  was  the  development  of  a lon|t  pressed 
filament  w ound  continuously  upon  an  arbor  in  a manner  not  dissimilar  tf 
that  previously  adopted  in  the  tantalum  lamp.  The  filament  ends,  however 


* See  Par.  57. 
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were  attached  to  the  lead  wires  in  si  special  manner  wliieh  contributed  to, 

the  ruggednees  of  the  lamp.  * 

H.  Drawn  wire.  This  was  followed  shortly  by  the  announcement  that 
tungsten  wire  had  been  drawn,  and  that  drawn-wire  tungsten  lamps  had 
been  made  successfully.  Wire  thus  drawn  was  perfectly  ductile,  but,  in 
the  process  of  exhausting  the- bulbs  and  burning  for  a short  time  in  the 
factory,  much  of  the  ductility  wn>  destroyed.  Nevertheless,  by  employing 
a long  filament  of  this  wire,  wound  continuously  as  in  the  tantalum  lamp, a 
much  stronger  tungsten  lamp  was  acliievcd  than  previously  had  been  available. 
Some  idea  of  the  increase 
in  strength  of  the  filament 
itself  is  given  by  the  dia- 
gram in  Fig.  13.f 
13.  Modern  manufac- 
ture of  tungsten  lamps. 

“The  raw  material  used  in 
the  filament  factory  is  a 
concentrated  ore  of  tung- 
sten, from  which  pure  tung- 
stic oxide,  a fine-grained 
yellow  powder, is  obtained. 

This  is r doped'  and  reduced 
to  tungsten  metal  by  hy- 
drogen in  an  electric  fur- 
nace; the  metal  produced 
being  in  powder  form, 
rather  coarse  grained,  gray 
in  color,  and  very  heavy. 

*rv:_  . ' . j ' t 


Fia.  13. — Increasing  strength  of  tungsten 
filaments. 


This  tungsten  powder  is  formed  into  ingots  about  1 in.  square  and  G in. 
long,  by  pressure  alone,  no  binder  being  used.  The  pressure,  which  is 
very  great,  is  applied  transversely  and  compacts  the  tungsten  so  that  the 
ingot  can  be  handled.  It  is  then  placed  in  un  electric  furnace  in  an  atmos- 
phere of  hydrogen  and  heated  to  a white  heat,  the  effect  of  this  heat  being 
to  compact  and  strengthen  the  ingot  and  make  it  a good  conductor  of  < U < - 
tricity.  The  ingot  is  then  placed  in  an  atmosphere  of  hydrogen  and 
heated  to  near  the  melting  point,  long  enough  to  thoroughly  sinter  the  ingot. 
The  ingot  now  has  a high  luster,  and  the  powder  particles  of  which  it  is  com- 
posed are  welded  together  quite  firmly.  The  square  ingot  now  goes  to  a 
swaging  machine.  It  is  heated  to  white  heat,  taken  out  into  the  open  air  and 
swaged.  During  this  operation  tv  cloud  of  tungstic  oxide  rises  from  the  in- 
jot. The  ingot  is  reheated  and  swaged  several  times  before  the  square  in- 
jot  becomes  round.  The  heating  and  swaging  tiro  continued  until  the 
ingot  is  changed  to  a rod,  Moo  in.  in  diameter  and  30  ft.  long.  Before  this, 
when  the  rod  is  about  Moo  in.  in  diameter,  it  begins  to  have  a fibrous  struc- 
ture. At  Moo  it  has  a well-developed  fibrous  structure,  but  can  easily  be 
broken  by  bending  back  and  forth  once  or  twice. 

From  thirty  mils  the  rod  or  wire  Is  reduced  m size  by  hot  drawing  through 
diamond  dies.  The  wire  is  heated  to  a bright  red  heat  and  is  still  red  hot 
after  paasing  through  the  die.  This  degree  of  heating  is  continued  until  the 
wire  is  only  three  mils  in  diameter,  which  is  about  the  size  of  the  filament 
in  a 100-volt,  100-watt  lamp.  Below  tins,  the  temperature  of  drawing  is 
reduced  and  the  last  drafts  of  any  wire  are  made  below  red  heat.  The  wire 
i>  now  quite  ductile  and  the  last  drafts  maybe  made  cold  if  desired.  During 
this  drawing  the  wire  is  lubricated  with  graphite,  which  forms  a coating  and 
prevents  oxidation  of  the  wire.  It  also  luoricates  the  wire  when  it  passes 
through  the  die.  The  last  draft  is  made  through  a very  perfect  die  which 
reduces  the  diameter  of  the  wire  very  slightly,  and  in  this  way  very  long  pieeeo 
nremade  which  are  the  same  size  throughout 

Wire  so  produced  is  cut  accurately  to  length  and  is  wound  upon  the 
filament  supports.  A bulb-blackening  preventive  is  introduced.  After 

*8cott.  “A  New  form  of  Tungsten  Lamp,"  Proceedings  National  Electric 

Light  Association,  May,  1910.” 

T"  Recent  Progress  in  the  Art  of  Lamp  Making"  by  Randall  and  Edwards, 

National  Electric  Light  Association,  1913. 

I J.  W.  Howell.  General  Blec.tr ir  Rerit  w,  March,  1914. 
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being  sealed  into  the  bulb,  the  lamp  is  placed  upon  the  pumps  and  while 
being  heated  to  a high  temperature  the  bulb  is  evacuated.  During  the  ex- 
haustion process,  the  passage  of  current  through  the  filament  is  reduced  to 
a minimum.  The  candle-power  of  a lamp  so  produoed  is  slightly  lower  than 
its  rated  or  initial  value.  A brief  “aging”  brings  it  to  or  nearly  to  its  true 
initial  value. 

54.  Photometry.  The  process  of  manufacture  has  now  been  stand- 
ardised so  thoroughly  that  lamps  of  standard  rises  are  made  accurately 
and  are  not  photometered,  though  samples  of  eaoh  run  are  usually  pho- 
tometered  as  a check  upon  the  manufacturing. 


•I.  Approximate  data  on  tungsten* 


Electrical  Resistivity  at  25  deg.  cent. 

Hard  drawn  wire — 6.2  microhms  per  cm,  cube. 

Annealed  drawn  wire — 5.0  microhms  per  cm.  cube. 

Temperature  coefficient  of  electrical  resistivity  between  0 deg.  and  170  deg. 
oent.  0.0051  per  degree. 

Diameter  (in.) 

Teneile  strength  (lb.  per 

sq.  in.) 

Specific  gravity 

0.150 

19.30 

0.005 

490,000 

0.0029 

530,000 

0.0015 

600,000 

20.19 

55.  Current  inrush.  Tungsten  has  a positive  temperature  coefficient, 
and  the  resistance  is  relatively  low  when  the  filament  is  cold.  This  results 
Sn  a marked  inrush  of  current  when  the  lamp  is  lighted.  For  illustrative 
data,  see  Fig.  14.f 


Fio.  14. — Current  inrush  at  starting — multiple  tungsten  lamp. 

57.  “Getters.”  t The  candlo- power  maintenance  of  tungsten  lamps  has 
been  improved  by  the  introduction  of  bulb-blackening  preventives  which 
to  a marked  extent  diminish  loss  of  light  due  to  bulb  blackening.  These 
include  substances  which  appear  to  react  chemically  with  the  tungsten 
which  is  evaporated  from  the  filament,  forming  a nearly  transparent  deposit; 
and  substances  which  are  said  to  unite  with  the  evaporated  tungsten,  form- 
ing a product  which  is  decomposed  by  the  incandescent  filament,  depositing 
the  tungsten  again  upon  the  filament.  Prior  to  the  application  of  these 
materials  the  candle-power  maintenance  of  the  larger  lamps  left  much  to  be 
desired.  The  bulb  blackening  preventives  have  been  most  efficacious  in 
these  larger  rises. 

55.  The  growth  of  the  use  of  tungsten  lamps  is  shown  in  Pig.  12,  sales 
of  carbon  and  Gem  lamps  being  shown  for  a comparison. 

* Transaction*  American  Institute  of  Electrical  Engineers,  May  17, 
1910,  p.  957. 

t Amrine  and  Guell.  University  of  Illinois,  Bulletin  No.  33. 
t Langmuir.  Tta ns.  A.  1.  E.  E„  1913,  p.  1913. 
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59.  Classification  of  principal  tungsten  vatuum  lamps 


Watts 


8ign  lamps. 


General  lighting. 


2* 

5 

5 

10 


10 

15 

25 

40 

50 

60 

100 

25 

40 

50 

60 

100 


Volts 


10-13 

10-13 

50-65 

100-130 


100-130 

100-130 

100-130 

100-130 

100-130 

100-130 

100-130 

200-260 

200-260 

200-260 

200-260 

200-260 


| Mill  type.  . 


25 

50 

25 

50 


Electric  street  railway  service 


23 

36 

56 

94 


Train  lighting  service 


| Country  home  lighting  service 


10 

15 

20 

25  and  50 
5 

10 

20 

40 


100-130 

100-130 

200-260 

200-260 


105-130 

105-130 

105-130 

105-130 


30-34  and  60-65 
30-34 
30-34 
30-34 


28-32 

28-32 

28-32 

28-32 


The  distribution  of  quantities  of  lamps  by  voltage  ranges  is  as  follows: 


Voltage  ranges 

Per  cent, 
lamp 
sales 

Voltage  ranges 

Per  cent, 
lamp 
sales 

110-125  volts 

85.1 

1 Street  railway 

3.3 

220-250  volts 

5. 1 

30  and  60  volts 

4.5 

Street  series 

1.4 

1 Miscellaneous 

0.6 

60.  Rating.  Tungsten-filament  lamps  for  multiple  circuits  are  rated  in 
watts.  It  is  the  practice  to  maintain  the  watts  of  lamps  at  standard  figures 
and  to  adjust  the  candlepower  whenever  improvements  in  lamp  manufac- 
ture warrant  increasing  lamp  efficiencies. 

Tne  rating  of  a batch  of  Mazda  B lamps  made  under  one  set  of  manufac- 
facturing  conditions  is  likely  to  be  very  close  and  consistent,  while  the 
rating  of  another  batch  may  be  slightly  different.  In  Fig.  15  there  is  shown 
in  the  form  of  a target  diagram  the  rating  of  40-watt  lamps  taken  from  several 
manufacturing  batches,  all  intended  for  an  efficient  of  9.24  lumens  per.  watt. 

The  target  represents  tolerances  for  watts  and  efficiency  as  set  forth  in  the 
Standard  Specifications  for  Incandescent  Lamps.  Each  dot  indicates  by 
its  location  the  lumens  and  watts  of  a sample  lamp.  These  are  “initial 
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values  ascertained  after  the  lamps  have  been  “seasoned”  by  burning  a 
labeled  volts  for  about  1 hr. 


61.  Efficiency  Rating  of  Mazda  (Tungsten)  Vacuum  Lamps 


Rating 

Total 

Lumens 

Mean  horizontal 

t watts) 

lumens 

per  watt 

candle-power  1 

10  (sign) 
15 

70 

7.02 

7. 1 

125 

8.32 

12.7 

25 

226 

9.04 

23.1 

40 

370 

9.24 

37  7 

50 

472 

9 45 

48  0 

60 

575 

9.59 

58.8 

100 

995 

0.97 

102.0 

62.  Conduction  losses.  The  tungsten  filament  being  long,  is  supported 

at  a number  of  points  throughout  its  length.  At  each  point  of  support  the 
filament  is  cooled  by  conduction.  The  loss  of  efficiency  resulting  from  such 
cooling  is  appreciable.  Tests  of  an  early  type  of  tungsten  lamp*  showed 
this  loss  to  be  about  7 per  cent.  In  lamps  of  later  construction,  due  to  tfte 
employment  of  finer  supports,  this  loss  has  been  much  reduced. 

63.  Average  life.  The  average  life  of  the  standard  multiple  Mud* 
lamp  is  stated  to  be  1,000  hr.  This  incans  that  the  average  of  a group  of 
lamps  burned  under  correct  operating  conditions  will  be  about  1,000  hr. 
As  improvements  have  been  effected  in  the  lamps  the  manufacturers  have 
increased  the  efficiency  in  order  to  adhere  to  the  1,000-hr.  standard.  The 
best  general  guide  to  the  useful  life  of  American  lamps  is  to  be  found  in  the 
published  data  of  the  lamp  manufacturers. 

As  compared  with  life  in  the  laboratory  under  operating  conditions,  per* 
formance  in  service  may  differ  widely.  Breakage  and  line  pressure  fluctua- 
tions tend  to  make  the  life  shorter.  Line  potential  drop  with  resultant  opera- 
tion below  correct  voltage  often  tends  to  make  life  longer. 

64.  Life  evaluation.!  Tne  term  “useful  life”  is  applied  to  the  hours 
to  80  per  cent,  of  initial  candle-power  or  to  earlier  failure.  Eighty  per  cent. 

• Hyde,  Cady  and  Worthing.  Transactions  I.  E.  8.,  1911,  p.  258. 

t Millar  and  Lewinson.  Transactions  I.  E.  S.t  1911,  p.  744. 
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j#  an  arbitrary  measure  of  effectiveness  applied  by  common  consent  in  the 
interests  of  good  maintenance  of  illuminating  power.  The  significance  and 
me  place  of  the  80  per  cent,  criterion  in  life  evaluation  may  be  noted  in 
Rg.  17  which  shows  that  the  smaller  multiple  lamps  fail  well  within  the 
80  per  cent,  limit,  while  the  larger  lamps  oontinue  in  service  long  after  the 
80  per  oent.  line  has  been  passed. 

W.  Life  performance.  In  Fig.  16  typical  performance  of  a 40- watt 
Mason  lamp  throughout  useful  life  is  shown. 

This  is  characterised  by  a gradual  decline  in  too 
illuminating  power  and  a gradual  decrease  in 
watts  with  corresponding  decrease  in  effi- 
ciency. 

Masda  lamps  when  shipped  from  manu- 
factories  are  only  partly  seasoned.”  In  J 

this  condition  the  filament  resistance  is  a * 

little  below  normal.  The  resultant  higher 
watts  of  multiple  lamps  is  accompanied  by  80 
slightly  low  light  output  and  of  course  the  , 

efficiency  is  low.  Operation  at  labeled  volts  l 1 1 1 1 u«io't,wJ 

for  about  1 hr.  brings  the  lamps  to  normal  _ , „ _ , 

“initial”  condition.  This  1-hr.  seasoning  Fio.  16.-— Performance  of 

process  is  not  shown  in  the  diagram.  typical  40-watt  Masda 


,40-Watt -0.2-1  Lpw 
60  Watt  f 


Flo.  17.— Life  performance  of  typical 
Masda  vacuum  type  lamps  of  stated  sizes. 


for  about  1 hr.  brings  the  lamps  to  normal  _ , 

“initial”  condition.  This  1-hr.  seasoning  Fio.  16.--Performanoe  of 

process  is  not  shown  in  the  diagram.  typical  40-watt  Masda 

M.  Life  performance ; various  sizes  lamp' 

The  change  in  illuminating  power  and  watts.during  life  is  shown  in  Fig.  17. 
In  general  the  rate  of  decline  of  light  output  of  Mazda  lamps  at  operating 
efficiencies  is  smaller,  but  failure  occurs  earlier  in  the  smaller  sizes.  In 

*»«  order  to  diminish  the  differ- 

encee  in  life  resulting  from 

_ 5 U w!  II  1 I I this  characteristic,  the  smaller 

_ ^ _L  [ 1 — piy  rj~~ lamps  are  operated  as  shown 

I » _ 1 | S I I [ 1 | 1 1 Ippf--  — at  somewhat  lower  efficiencies 
5 1 11  11 than  lamps  (61 ). 

0  >%L.|  I I if)  The  performance  data  in  this 

1 fi.*ur<;  are  »l  prevailing  efli- 

]ao — M r4p-w»tt-oj-i-Lpw  - ciencies  and  show  operation 

* 1 L.L_p»  “ upon  60-cycle  circuits  in  the 

— laboratory.  The  curve  for 

[— [—  — L_— I ■Li7rskJl*T-  lamps  of  a given  size  repre- 

;uL.J-l  1 ,LL  17.71  1 1 1(j°  ?-pTnil  1 sents  the  periormance  of  a 

1000  bn-  2wo  hi*,  typical  lamp  continued  to 

Flo.  17. —Life  performance  of  typical  average  ultimate  life  under 
Mazda  vacuum  type  lamps  of  stated  sizes,  laboratory  conditions.  Iudi- 
_ vidual  lamps  of  course  fail 

after  a shorter  or  longer  period  of  burning  than  this  average  (67;.  The 
average  curves  of  per  cent,  change  in  watts  through  life  for  the  various 
sues  of  lamps  are  so  similar  that  they  may  be  represented  by  a single  line.  * 
67.  Influence  of  external  temperature  upon  the  performance  of  lamps. 
But  Httle  information  is  available  on  this  subject.  Among  carbon-filament 
lamps  it  has  been  found  that  relatively  high  external  temperatures  (200  deg. 
fahr.)  result  in  a few  poor  vacuum  lamps,  which  "slump”  in  candle-power. 
This  presumably  is  due  to  the  water  vapor  expelled  from  the  glass  at  the 
ffighsr  temperature.  Among  Masda  lamps  more  care  is  taken  to  eliminate 
water  vapor,  and  this  effect,  not  very  serious  among  carbon  lamps,  should 
be  less  noticeable  in  the  performance  of  Mazda  lamps. 

M.  Influence  of  the  character  of  current  supply  upon  the  perform- 
ance of  tungsten-filament  lamps  has  not  been  studied  as  extensively  as  the 
importance  of  the  subject  warrants.  Tests  of  the  Lamp  Committee  of  the 
Association  of  Edison  Illuminating  Companies  Have  shown  that  operation 
upon  circuits  supplied  with  60-cycle  sine  wave  current  results  in  a slightly 
higher  mortality  rate  coupled  with  asligntly  better  candle-power  maintenance 
than  is  experienced  when  the  lamps  are  operated  upon  direct  current.  The 
one  effect  just  counterbalances  the  other  so  that  the  useful  life  is  not  greatly 
different  on  direct  and  on  alternating  current. 

* All  performance  data  of  lamps  are  available  through  the  courtesy  of  the 
Lamp  Committee  of  tne  Association  of  Edison  Illuminating  Companies. 
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69.  Mortality  rate.  The  diagram  in  Fig.  18  showB  the  mortality  ra 
of  40-watt  Mazda  B lamps  operated  at  rated  initial  efficiency  upon  60-cyt 
current  in  the  laboratory.  Each  dot  indicates  by  reference  to  the  scale 
abscissa  the  hours  at  which  a lamp  failed,  and  by  reference  to  the  scale 
ordinates  the  approximate  illuminating  power  just  before  failure.  In  lam 
of  smaller  sixes  the  failures  tend  to  take  place  after  shorter  periods  of  bui 
ing.  Among  lamps  of  larger  sizes  the  reverse  order  prevails. 


100 


60  L_1 

200  400  800  1200  1600  2000  2400  241 

Hours 

Fia.  18. — Mortality  rate  of  40- watt  Mazda  B lamps  operated  upon  60-cyt 
circuits  in  a laboratory. 


70.  Loss  of  light  due  to  frosting  of  bulbs 


Per  cent,  loss  of  light* 

Bowl  frosted 

All  frosted 

Straight  side  bulbs,  25  to  250  watts 

3 

8 

Hound  bulbs,  25  to  40  watts 

5 

8 

71.  Voltage  fluctuations  of  equal  amplitude  and  duration  above  a 
below  the  mean  result  in  shorter  lamp  life  than  would  be  obtained  in  op*4 
tion  at  the  same  mean  voltage  steadily  maintained. 

72.  Linolite  lamps  nre  a special  form  of  tubular  lamps  particular 
adapted  for  use  in  lighting  show-cases,  and  other  spaces  for  which 
dimensions  are  favorably  adapted.  No  data  are  available  as  to  the  relstif 
life  of  such  tubular  lamps  and  ordinary  bulb  lamps  at  a given  efficiency. 

TUNGSTEN  FILAMENT  LAMPS  FILLED  WITH  INERT  GAS 

73.  General  effects  of  the  gas.f  As  a result  of  work  of  the  Reeetfl 

Laboratory  of  the  General  Electric  Company  it  has  been  found  that  it* 
gas  within  the  bulb  of  a tungsten  lamp  operates  to:  (a)  cool  the  filarne*! 
( b ) reduce  the  rate  of  evaporation;  ( c ) convey  the  evaporated  material  totfc 
top  of  the  bulb.  The  problem  of  increasing  the  efficiency  of  tungsten  lamp 


• Courtesy  Edison  Lamp  Works. 

Hyde,  Electrical  Review , April  6,  1907. 

Millar,  Electrical  World,  Vol.  XLIX,  p.  798. 
t Langmuir.  Transactions  American  Institute  Electrical  EngineeH 

October,  1913. 

Langmuir  and  Orange.  Transactions  American  Institute  Electrical  Eogr 

neors,  October,  1913. 
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—at  tout  thoae  having  stouter  filaments — is  that  of  avoiding  bulb  blaeken- 
tag,  which  ta  the  life-limiting  feature. 

The  oooling  effect  of  an  inert  gas  decreases  the  oandle-power  of  the  fila- 
ment, and  in  this  respect  the  gas  ta  detrimental.  To  obtain  the  same  effi- 
ciency as  in  a vacuum  it  ta  neoessary  to  increase  the  watts  and  operate  the 
filament  at  a higher  temperature.  On  the  other  hand  the  gas  pressure 
reduces  the  rate  of  evaporation,  and  tne  convection  currents  set  up  within 
the  bulb  deposit  in  the  upper  part  of  tne  bulb  such  tungsten  as  may  be  evap- 
orated. The  cooling  effect  is  greater,  of  course,  in  the  case  of  tne  smaller- 
diameter  filaments.  In  fact,  among  the  smaller  sixes  of  lamps  for  multiple 
circuits  the  cooling  effect  is  so  great  that  these  do  not  benefit  by  this  inl- 


and the  higher  the  efficiency  at  which  it  can  be  operated  without  decreasing 
tne  life. 

T4.  Efficiency.  The  efficiency  ratings  of  Masda  "C"  lamps  as  of  Jan- 
uary, 1920,  are  shown  in  tne  following  table.  In  comparison  with  other 
high-power  illuminanta  it  must  be  remembered  that  these  lamps  are  rarely 
used -bare  and  that  allowance  must  be  made  for  the  loss  of  light  in  fixtures 

Efficiency  rating — gas-filled  lamps 


Multiple  lamps 


Watts 

Lumens 

Lumens  per  watt 

50  iwhitej 

s 

i 

75  ' 

865 

11.53 

100 

1,260 

12.57 

150 

2,040 

13.66 

200 

3,100 

15.51 

300 

4,840 

16.11 

400 

6,700 

16.76 

500 

8,750 

17.45 

760 

13,900 

18.48 

1,000 

19,300 

19:33 

Series  lamps 

Amperes 

Nominal 

candle- 

power 

Lumens 

Average 

volts 

Average 

watts 

Lumens 
per  watt 

6.5 

60 

600 

8.9 

48.7 

12.32 

80 

800 

10.9 

59.9 

13.37 

100 

1,000 

13.0 

71.6 

13.96 

250 

2,500 

29.7 

163.0 

15.32 

400 

4,000 

47.4 

261.0 

15.32 

6.6 

60 

600 

7.4 

49.2 

12.20 

80 

800 

9.2 

60.5 

13.23 

100 

1,000 

10.9 

71.6 

13.96 

250 

2,500 

23.5 

155.0 

16.11 

400 

4,000 

37.6 

248.0 

16.11 

600 

6,000 

66.4 

872.0 

16.11 

7.5 

60 

600 

6.8 

60.6 

11.86 

i 

80 

800 

8.2 

61.1 

13.09 

100 

1,000 

9.6  . 

71.6 

13.96 

250 

2,500 

21.2 

159.0 

15.71 

400 

4,000 

33.1 

248.0 

16.11 

. 

600  | 

6,000 

48.4 

363.0 

16.63 

15.0 

400 

4,000 

14.9 

223.0 

17.95 

20.0 

600 

6,000 

16.0 

320.0 

18.76 

1,000 

10,000 

25.9 

617.0 

19.33 
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75.  Sizes  and  types.  This  improvement  in  tungsten-filament  lamps  i 

applied  to  multiple  110-volt  lamps  of  50  watts  and  larger,  to  all  sizes  c 
street  series  lamps  of  3.5  amperes  and  greater,  and  to  low  voltage  lamps  o 
1.5  amperes.  Its  most  conspicuous  result  has  been  the  extension  of  the  in* 
candescent  lamp  into  the  higher  power  illuminant  field  formerly  oecupie 
exclusively  by  tnc  arc  lamp. 

The  principal  types  of  gas-filled  lamps  are  as  follows: 


Multiple  service 

Street  series  service 

Watts 

Volta 

Lumens 

Amperes 

75 

100-125 

600 

5.5 

100 

100-125 

600 

6.6 

150 

100-125 

600 

7 5 

200 

100-125 

800 

7.5 

300 

100  125 

1,000 

7 5 « 

400 

100-125 

2,500 

7 5 

500 

100-125 

4,000 

7.5  . J 

750 

100- 125 

6,000 

6 6 

1,000 

100-125 

6,000 

7.5 

4,000 

15.0 

200 

220- 250 

300 

220-250 

6,000 

20  0 

400 

220-250 

10,000 

20.0 

500 

220-250 

750 

220-250 

Country  home  lighting  service 

1,000 

220-250 

50 

28-30 

75 

28-30 

100 

28-30 

76.  The  construction  of  tungsten  gas-filled  lamps  of  various  si* 

is  illustrated  in  Fig.  19,  featuring  the  concentrated  filament  and  the  bo 
designed  to  promote  location  of  the  light-absorbing  deposit  in  a small  art 
near  the  base,  where  its  absorption  will  be  at  a minimum.  In  lamps  < 
different  makes  the  filaments  arc  sometimes  arranged  somewhat  different! 


Fig.  19. — Illustrating  construction  of  Mazda  “C”  lamps. 

77.  Rating  multiple  lamps.  The  target  diagram  in  Fig.  20  showB  d* 
rating  of  samples  taken  from  various  packages  of  200-watt  Mazda  “C”  * 

The  prevailing  efficiency  rating  for  these  lamps  is  15.1  lumens 
The  trapezoid  represents  the  tolerances  of  the  Standard 
Each  dot  show's  the  lumens  and  watts  of  one  lamp. 


pez  so^ 
it  slxis  Job 
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Pw.  20. — Typical  rating  of  tungsten  filament  gas-filled  multiple  lamps. 


.The  rating  tolerances  of  the  Standard  Specifications  are  as  follows: 


Multiple  Masda  “C" 

Watts, 

1 per  cent. 

WPSCP, 
per  cent. 

75  watts * 

± 18 

± 15 

100  watts 

± 18 

± 12 

150,  200  and  300  watts 

± 15 

± 12 

400-1,000  watts  inclusive 

±12 

±12 

, ,!»•  .Bating  series  lamps.  Series  lamps  are  expected  to  fall  within  the 
following  tolerances. 


Series  Masda  "C” 

SCP, 

Watts, 

per  cent. 

per  cent. 

5.5,  6.6,  7.6  amp.,  60-o-p 

±15 

±13 

5.5,  6.6,  7.5  amp.,  100-c-p 

± 14 

± 11 

5.5,  6.6,  7.5  amp.,  250-c-p 

±14 

±10 

7t.  Life  performance.  For  the  200-watt 
Masda  “C”  lamps  representative  performance 
curves  are  shown  in  Fig.  21,  illustrating  the 
decrease  in  lumens,  watts  and  efficiency 
throughout  life. 

80.  Filament  ruggedness.  In  general 
the  larger  lamps  are  more  sturdy  than  the 
smaller  ones.  In  all  types  new  lamp  filaments 
are  more  rugged  than  those  which  have  been 
operated  for  some  time.  Among  the  smaller 
sues  of  lamps  the  filaments  become  quite 
fragile  after  a few  hundred  hours  burning. 


Masda  "C”  lamps. 

Di  H45  jOOgle 


Not*. — All  lamps  have  been  developed  commercially  in  alternating-current  types  as  well  as  in  direct-current  types  except 
those  of  the  third  group. 
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82.  Mortality  rate.  The  rate  of  burn-out  of  200-watt  Mazda  “C” 
lamps  is  shown  in  Fig.  22,  each  dot  indicating  time  of  failure  and  illuminating 
power  just  before  failure. 

MO  I 1 1 1 1 r~r- 1 1 1 1 1 1 1 1 1 


! i J 

0 4UQ  800  1200  1600  2000  2400  2S00 

Hours 

Fig.  22. — 200-watt  Mazda  *'C”  lamps.  Time  of  failure  and  approximate 
light  output  just  before  failure. 

900  W.  30  A.  Motion  Picture 

1^  83.  Miscellaneous  forms  of  tungsten- 

!ent  lamps.  In  its  gas-filled  form  the 

ten-filament  lamp  has  been  applied  to  a wide  / \ 

ty  of  uses  for  which  the  incandescent  lamp  / \ 

srly  has  not  served  satisfactorily.  Included  / \ 

g these  are  projector  lamps  for  search- 
and  floodlights  and  for  moving  picture  ap- 
us,  in  all  of  which  forms  the  lamps  are  opcr- 
at  relatively  high  efficiencies,  yielding  rela- 
' short  lives. 

illustration  of  the  latest  form  of  motion 
re  Mazda  *'C”  lamp  is  shown  in  Fig.  23. 

Miniature  lamps.  Tne  tungsten  fila-  r-j  r n 

gave  great  impetus  to  the  use  of  incandcs-  Hp” v 

lamps,  in  miniature  form.  Flashlamps, 

Christmas-tree  lamps,  automobile  lamps,  etc.,  IJL  I 

have  been  developed  with  pronounced  success.  glgfi 

More  recently  the  gas-filled  tungsten  lamp  has 

displaced  and  is  continuing  to  displace  the  YY 

vacuum  type  in  several  miniature  classes.  Space 

does  not  permit  discussion  of  the  miniature  lamp,  i If 

waich  though  a product  of  tremendous  and  grow-  V _T  y 

ing  importance,  yet  involves  special  engineering  L-f-J-J  S 

features  somewhat  removed  from  those  of  general  \ \f 

lighting  practice.  1 | 

The  principal  classes  of  miniature  tungsten-  1 L1J 

filament  lamps  are  as  follows:  For  flash-light  HLJh 

frvice,  0.3  amp.-2.fi,  2.7,  2.9,  3.8  and  6.2  volts;  \ O / 
lor  service  with  single-cell  dry  battery,  0.6  amp.  \ Ji  if  / 

*““F5  volts;  for  service  with  2-cell  dry  battery,  0.8  > — r — H — f 

amp.  2.7  to  3.0  volts.  For  automobile  service  h7J 

Fia.  23. — Mazda  “C”  motion-picture  lamp.  \ 
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Vacuum  lamps 
3 to  4 volts.  ...  2 c-p. 

6 to  8 volts ....  2 c-p. 

6 to  8 volts ....  4 c-p. 

6 to  8 volts.  .15  c-p. 


Vacuum  lamps 

9 volts 18  c-p. 

12  to  16  volts. . . 2 c-p. 

12  to  16  volts.  . . 4 c-p. 

12  to  16  volts  . 15  c-p. 


Gas-filled  lamps 
6 to  8 volts. . . 21  c-p. 
9 volts 27  c-p. 


12  to  16  volts.  . 21  c-p. 


Candelabra  types:  100  to  125  volts,  15  watts;  variety  of  bulbs. 


GENERAL  CHARACTERISTICS  OF  ARC  LAMPS 

85.  The  electric  arc  is  unstable  on  constant-voltage  supply  because  t« 
its  volt-ampere  characteristics  whereby  the  voltage  decreases  as  the  currea; 
is  increasecf.  It  is  essentially  a constant-current  device.  When  used  upol 
multiple  circuits,  ballast  resistance,  if  direct-current,  or  reactance,  if  alter- 
nating-current, must  be  placed  in  series  with  the  arc  to  limit  the  current 
All  arc  lamps  must  be  provided  with  automatic  operating  mechanisms  U 
start  the  arc  and  to  feed  the  electrodes  as  they  are  consumed.  In  addition, 
lamps  for  scries  service  must  be  provided  with  shunt  devices  which  protect 
the  lamp  and  maintain  the  circuit  in  case  the  lamp  fails  to  operate. 


86.  Operating  mechanisms  usually  are  actuated  by  electromagnets  or 
solenoids,  often  in  conjunction  with  weights  and  dashpots  or  other  restr&iniat 
device.  “Sories  lamps,"  having  series  magnets  only,  regulate  for  constant 
current  in  the  lamp.  " Shunt  lamps,”  employing  shunt  magnets  only, 
regulate  for  constant  voltage.  The  more  usual  ‘‘differential  lamp"  ai 
equipped  with  both  series  and  shunt  magnete,  and  regulates  for  constant] 
relation  between  current  and  voltage.  Much  ingenuity  has  been  displayed 
in  developing  feeding  mechanisms  lor  arc  lamps.  Numerous  methods  baft 
l>een  employed,  among  which  may  be  mentioned  the  gravity,  clutch,  rocker- 
arm,  brake  wheel,  clockwork,  motor  and  hot-wire  feeding  devices.  The* 
applications  are  described  in  publications  of  manufacturers  and  the  principal 
methods  are  described  in  text-books. 


87.  Classification  of  arc  lamps.  Arc  lamps  may  be  classified  in  a 

number  of  ways  according  to  the  viewpoint.  The  classifications  adopted  is 
Par.  87  aro  comprehensive.  In  the  following  pages  the  several  types  of 
arc  lamps  arc  discussed  in  the  order  indicated.  Vacuum  tube  lamps,  which 
might  be  included  in  this  class,  are  discussed  later  (Par.  116). 


CARBON-ELECTRODE  ARC  LAMPS 

88.  The  open  arc  is  now  regarded  as  obsolete.  In  its  most  common  form 
it  was  of  the  direct-current  9.6-amp.  type — the  old  ‘‘full  arc”  to  which 
the  rating  of  "2,000  c-p.f”  was  appliod  in  earlier  years.  The  arc  » 
about  A in.  (0.48  cm.)  long  and  of  low  luminosity.  The  end  of  the  negatrrt 
(lower)  electrode,  after  a few  hours  of  burning,  assumes  a conical  shape  aid1 
yields  some  little  light  by  incandescence.  The  end  of  the  positive  (upper) 
electrode  becomes  concave,  and  the  “crater”  thus  formed  is  the  chief  source 
of  light  produced  by  the  lamp,  the  process  being  that  of  incandescence. 
Only  the  feeble  light  from  the  arc  itself  is  produced  by  luminescence.  The 
end  of  the  positive  electrode  becomes  intensely  hot,  attaining  at  the  hottest 
jart  of  the  crater  to  from  3,900  to  4,000  deg.  cent.* 


89.  Photometric  and  electrical  data  on  direct- current  open 
carbon  arc  lamps 


“ Full  arc” 

“Half 

arc" 

Amperes 

9.6 

450 

410 

900  to  1,200 
1.09 
2,000 

6.6 

325 

240 

YV  at  ts 

Mean  spherical  candle-power 

Maximum  candle-power  

Specific  consumption — watts  per  candle 

Nominal  candle-power  rating 

1.35 

1,200 

* Weidner  & Burgess.  Bulletin  Bureau  of  Standards,  Vol.  I,  No.  1, 19. 


1148 


f Digitized  by 


Google 


ILLUMINATION 


Sec.  14-90 


H.  light  attribution  from  the  open 

•re.  Fig.  24  shows  the  open  carbon  arc.  • 
It  will  be  apparent  at  once  that  the  lower  elec- 
trode obstructs  a large  portion  of  the  light 
emanating  from  the  crater.  The  curve  in  Fig. 
25  thowB  actual  distribution  of  light  compared 


Fig.  24. — Open  carbon  arc. 


Fig.  25. — Distribution  of  light  in 
vertical  plane  about  9.6-amp.  di- 
rect-current open  arc  lamp.  Also 
estimate  of  distribution  if  obstruc- 
tion of  lower  electrode  could  be 
avoided. 


with  probable  distribution  if  the  lower  electrode  were  transparent,!  the  dif- 
ference illustrating  the  loss  of  light  due  to  obstruction  by  the  lower  electrode. 

ftl.  Electrode  life — open  arc  lamp. 
The  open  arc  lamp  suffered  from  short  life 
of  electrodes,  unsteadiness  of  light,  and 
poor  light  distribution.  The  electrode  life 
was  7 or  8 hr.  and  it  became  common 
practice  to  employ  two  pairs  of  carbons, the 
second  pair  to  replace  automatically  the 
first  pair  after  these  had  been  consumed, 
thereby  seouring  continuous  operation  long 
enough  for  one  night.  These  disadvantages 
were  sufficient  to  occasion  the  general 
abandonment  of  the  open  arc  lamp  in  favor 
of  the  enclosed  carbon  arc  lamp  whioh 
became  available  commercially  in  1894. X 
91.  The  enclosed  carbon  arc  lamp 
differs  from  the  open  arc  in  that  the  supply 
of  air  at  the  arc  is  restricted,  thus  retarding 
the  rate  of  consumption  of  carbon,  and  se- 
curing an  electrode  life  of  100-125  hr.;  the 
arc  is  about  fin.  (0.95  cm.llong,  requires 
from  70  to  80  volts,  and  aads  appreciably 
to  the  violet  light  produced;  tne  ends  of 
the  electrodes  are  nearly  flat.  The  anode 
does  not  have  a marked  crater,  and  does 
not  become  so  hot  as  in  the  open  arc.  Less 
light  is  produced  per  watt.  A representation  of  the  arc  of  an  alternating - 
current  enclosed  lamp  is  given  in  Fig.  26.  $ The  enclosed  arc  lamp  has  been 


Fio.  26. — Enclosed  carbon  alter- 
nating-current arc. 


• Blake  and  Couchey.  “Arcs  and  Electrodes,”  Gen.  Elec.  Review,  1913 
P.  497. 

t Trotter.  "Illumination — Its  Distribution  and  Measurement,”  p.  147. 
(The  Invention  of  the  Enclosed  Arc  lamp — L.  B.  Marks,  Sibley  Journal 
°f  Bnaineerino,  Vol.  XXII,  1907,  p.  1. 

I Blake  and  Couchey.  "Arcs  and  Electrodes,”.  Gen.  Elec.  Review,  1913, 
P.  497. 
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manufactured  in  a wide  variety  of  forms.  Some  of  the**  with  approxin 
data  are  listed  in  Par.  93.  v**«®*« 


st 

|E 

•m  , 
21 

s- 

Auxiliary 

S o 

so  ft) 

5,  « a 

“ * u 

41 

3 

* 

§1 

O es 

e fl  « % 
2 * 

|i 

* 

£ £.2  c. 

-U  l 

Series  alternating  cur- 
rent, 6. 0-amp. 

Opal  inner  and  reflector 

430 

130 

3 30 

~A 

Series  alternating  cur- 
rent, 7 . 5-amp. 

Series  direct  current, 
6. 0 amp. 

Opal  inner  and  reflector 

480 

155 

3.09 

83 

Opal  inner  and  reflector 

490 

260 

1.88 

Multiple  direct  cur- 
rent, 115  volts 

Clear  inner — opal  outer 

550 

165 

3.33 

. .v 

Multiple  direct  cur- 
rent, 115  volts 

Clear  inner — opal  outer 

715 

240 

2.98 

.... 

Mult  i p 1 e alternating 
current,  115  volts 
Multiple  alternating 
current,  115  volts 

Clear  inner— opal  outer 

430 

145 

2.97 

70 

Clear  inner — opal  outer 

540 

190 

2.84 

70 

t ? °f  enclos®d  arc  la“P-  The  enclosed  arc  lamp  pro* 

r he  open  arc  lamp  in  (a)  steadiness;  (b)  characteristic  ofU* 
button,  and  (c)  electrode  life.  More  effort  was  expended  in  dev^ 
‘ a/\d  equipping  it  with  suitable  glassware  and,  in  the  case  of  al  terns  til 
thn  onlan?Pi’  Wlth  re5ectors;  lu  spite  of  its  inefficiency,  it  prevailed  01 
the  open  arc  lamps,  and  remained  the  standard  lamp  for  street  lighting  on 
the  advent  of  the  metallic-electrode  lamn  * gaun*  m 


linups,  ana  remained  tne  stanc 
the  advent  of  the  metallic-electrode  lamp. 

li.^t  distribution— enclosed  carbon  arc  lami 

The  efficiency  of  the  arc  is  lower  in  the  alternating-current  type  BotheJ 

trodes  are  raised  to  a high  temperature,  ypo*  ** 

but  neither  attains  the  high  tempera- 
ture of  the  anode  in  the  direct-ourrent 
wc.  The  characteristics  of  light  dis- 
tribution from  the  two  types  of  lamps 
appear  in  Fig.  27.  It  is  general 
practice  to  equip  the  alternating- 
current  lamps  with  a reflector  which 
directs,  below  the  horizontal,  some 
of  the  light  which  would  otherwise 
be  distributed  above  the  horizontal, 
i he  multiple  lamps  are  less  efficient 
than  the  series  lamps.  A certain 
amount  of  ballast  is  necessary  and  this 
accounts  for  the  difference  between 
the  lino  voltage  (100  to  120  volts),  and 
the  arc  voltage  (70  to  75  volts).  If 
the  circuit  is  for  alternating  current,  a 
reactance  is  employed,  which  does  not 
occasion  a large  wattage  loss  but 
reduces  the  power-factor.  If  a di- 
rec^7current  circuit,  a resistance  is 
used,  which  occasions  a direct  loss  in 
watts. 

Tl®6,  Intensified  carbon  arc  lamps. 

1 he  efficiency  of  a carbon  are  lamp 

current  *,5.Ck£8®d  by  diminishing  the  diameter  of  the  electrodes  with  a git 
current  or  by  increasing  the  current  with  given  electrode*.  InintenSfi 


Fio.  27. — Light  distribution 
vertical  plane  about  enclosed  c 
bon  arc  lamps. 
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irbon  arc  lamps  the  diameter  of  the  carbons  is  reduced,  producing  a gain 
' a light  which  is  more  nearly  white  and  steadier  than  that 
ncloeed  arc  lamp  of  which  it  is  a refinement.  Such  lamps 

j white  light  is  desired,  as  in 

The  intensified  carbon  arc  was  developed  in  Europe  and 

” 2 1 2 p.,  with  an  electrode  life 

In  this  country  the  developments  were  along  the  lines  of 
operating  at  higher  currents  and  longer  electrode 
pical  lamps  of  this  type  arc  somew  hat  smaller  than  ordinary  enclosed 


( the  ordinary  enclosed  arc  lamp  of  which  i 
n used  chiefly  for  lighting  interiors  where 

lothing  stores.  T!__ : 1 * 

rploited  in  small  sizes  operating  at  2 and  3 amp. 
f 20  hr.  or  less.  I_ 

>mewhat  larger  lami 

Fe.  Typical  Tamps  of  this  type  arc  somew 

re  lamps,  and  are  designed  tor  either  direct-current  or  alternating-current 

■ ■ p Ilf  . 1 1 / _ t_  _ . \ 1 I i:/_ 

jrvice.  L 

) hr.  is  realized, 
lately  2 watts 

■tent  lamp.  ' r „ 

rpefor  direct-current  service,  in  which  two  converging  6-mm.  upper-positive 
irbons  are  used  w’ith  a vertical  low'er  carbon  of  9.5  mm.  diameter.  This 
flip  is  somewhat  larger  and  more  substantially  built  than  other  lamps  of  the 
Rss.  The  specific  consumption  when  employed  with  an  opal  globe  is 


SmaJl-diameter  electrodes  (about  7 mm.)  are  used,  and  life  of  about 
With  opal  globes  an  efficiency  corresponding  with  approxi- 
>r  mean  spherical  candle-power  i9  obtained  in  the  direct- 
e General  Electric  Company  has  developed  a lamp  of  this 


THE  PLAME  ABC  LAMP 

17.  Short-burning  flame  arc  lamp.  The  electrodes  forshort-burning 
sine  arc  lamps,  consist  commonly  of  carbon  tubes  packed  with  a mixture 

I carbon  and  mineral  salts.  T1 1-  u:  1 1 

lan  the  cathode,  in  some  cases  the  cathode  is  pure  carbon. 

fet  electrodes  are __21 ’ . 

icing  long  and  of  small  diameter  a copper 


The  anode  is  usually  more  highly  mineralized 

_1 As  a rule 

mounted  in  an  inclined  position  illustrated  in  Fig.  28. 

^ „„„  w.  TT;;  ^ _ wire  is  sometimes  imbedded 

I the  carbon  to  add  to  its  conductivity  and  mechanical  strength.  The  arc 

frmed  between  the  electrodesis  arched  — r . . — ^ . 

cwnward  by  means  of  a small  mag-  /">  - 7 " \ \ 

et  The  arc  is  formed  in  a shallow  \ 

ip-like  recess  which  becomes  coated  I 

ith  oxide  which,  being  white,  serves  — pNr — 1 

» a good  reflector.  Theinverted  cup  / n./ 

Nifines  the  gases  and  retards  oxida-  \ 

on,  reducing  the  rate  of  consumption,  ^ \ 7 


^Dcpealt 

28. — Short-burning  flame 
arc  and  economizer. 


Fio.  29. — Light  distribution  in  vertical 
plane  about  short-burning  flame  arc  lamp 
writh  opal  globe. 


ence  it  is  called  the  economizer.  Fig.  29  shows  the  light  distribution  from 
typical  short-burning  flame  arc  lamp  equipped  with  an  opal  globe.  For 
lis  particular  lamp  the  following  data  applies:  yellow-light  electrodes; 
ttperes,  8;  arc  volts,  45;  total  watts,  440;  mean  spherical  candle-power, 

,025;  watts  per  candle,  0.43. 

98.  Nature  of  flame  arc.  Impurities  in  the  carbon  are  detrimental  in 
be  arc  lamp  of  types  in  which  the  chief  light  production  is  accomplished 
brough  the  incandescence  of  the  electrode  ends.  As  carbon  is  the  most 
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refractory  material  known,  impurities  are  always  more  volatile,  and  Uni 
presence  tends  to  reduce  the  temperature  of  the  electrode  ends.  Hence,  j 
the  manufacture  of  carbons  for  such  lamps,  purity  is  considered  of  first  impot 
tance.  In  the  flame  arc,  the  purpose  is  to  secure  light  from  the  arc  rati 
than  from  the  electrode  ends.  The  carbon  is  impregnated  with  chemia 
which,  when  volatilized  and  driven  into  the  arc,  become  highly  lumiwt 
The  lovver  temperature  of  tho  carbon  ends,  due  to  these  impurities,  is  imn 
terial,  since  little  dependence  is  placed  upon  the  ends  for  light  products 
The  flamo  arc  is  simply  a carbon  arc  into  which  mineralized  salts  are  inti 
duced.  These  may  be  of  calcium,  for  yellow*  light;  of  barium  and  titaniu 
for  white  light;  and  of  strontium,  for  reddish  Ught.  The  carbon  electn 
serves  as  an  electrical  conductor  and  assures  a hot  and  steady  arc.  1 
chemicals  wnth  which  it  is  impregnated  include  those  which  are  efficient  lij 
producers,  and  others  whose  functions  are  to  promote  high  arc  temperat 
and  to  steady  the  arc. 

99.  Theory  of  light  production.  The  electrode  ends,  especially  I 

anode,  are  brought  to  a high  temperature,  vaporizing  the  carbon  and 
metallic  salts.  The  succeeding  processes  of  light  production  are  large! 
matter  of  speculation  at  the  present  time.  Some  opinion  favors  lutnii 
cencc  as  the  process  by  which  light  is  produced,  other  attributes  it  to  fa* 
able  selective  radiation  from  incandescent  particles  in  the  arc  stream.  . 
approved  theory  assumes  the  chemicals  to  become  dissociated  by  the  beat 
the  inner  core  of  the  arc  (w’hich  is  known  to  be  hotter  than  the  outer  she* 
and  to  recombine  in  the  outer  sheath  with  evolution  of  heat,  which  tendi 
maintain  tho  temperature  of  the  arc.  According  to  this  view,  the  light 
produced  by  luminous  particles  in  process  of  combustion,  which  is  a coat 
tion  quite  similar  to  that  existing  in  ordinary  flame. 

100.  Status  of  short-burning  flame  arc  lamp.  In  this  country  th 

short-burning  flame  arc  lamp  has  come  into  use  chiefly  for  display  lightis 
Its  maintenance  cost  has  proven  too  high  for  most  utilitarian  purposes. 

101.  Flame  arc  lamps  of  medium  electrode  life.  The  obvious  in* 

equacy  of  electrode  life  of  the  earlier  forms  of  flame  arc  lamps  led  to  attemjt 
to  increase  that  life.  Magazine  lamps  have  been  devised  naving  two  tol 
sets  of  carbons,  and  attaining  electrode  life  of  30  to  40  hr.  These,  hom*n 
have  not  corno  into  use  in  this  country.  The  Jandus  lamp  devised  in  E*l 
land  and  later  placed  upon  the  market  in  this  country  attains  70  hr.  It 
called  a **  regenerative r'  lamp,  because  the  gases  containing  light-giva 
chemicals  are  conveyed  from  above  the  arc  through  external  tubes  to  tl 
bottom  of  the  globe,  again  to  be  entrained  in  the  arc.  The  electrodes  I 
vertically  coaxial  and  special  in  construction.  The  specific  consumption 
the  lamp  is  about  0.0  watt  per  mean  spherical  candle-power. 


LONG-BURNING  FLAME  ARC  LAMPS 


i.fli 

io!  bosi 


102.  Approximate  electrical  data  of  long-burning  flame  arc  lamp*' 
one  manufacture 


Amperes 

Volte 

Term- 

inal 

watts 

Power* 

(actor, 
per  erst 

Term- 

inal 

Arc 

Term- 

inal 

Arc 

Alternating-current  multiple 

7.5 

10.5 

110 

47 

540 

66 

1 10-volt  (compensator) 

Alternating-current  series 

10.0 

10.0 

00 

47 

405 

78 

Alternating-current  series  (com- 

7.5 

10.0 

80 

47 

500 

78 

pensator) 

Alternating-current  series  (com- 

0.6 

10.0 

98 

47 

500 

78 

pensator) 

Direct-current  multiple  110- 

0.5 

6.5 

110 

67 

715 

volt. 

1°3_  Life  of  electrodes.  Carbons  for  enclosed  flame  arc  lamps  arc  u«* 
ally  of  1 in.  diameter  and  are  14  in.  long.  The  unused  portion  of  the  udj* 
is  used  for  trimming  the  low*er.  A life  somewhat  in  excess  of  100  hr.  is  b* 
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The  mechanism  of  an  alternating-current  enclosed  flame  arc  lamp  of  one 
make  ie  illustrated  in  fig.  31. 

104.  General  features.  With  the  development  of  flame  arc  lamps  which 
have  an  electrode  life  of  100  hr.  or  more,  the  flame  arc  has  been  placed  in  a 
position  Vo  compete  with  other  illuminants  for  street-lighting  service.  In 
this  type,  electrodes  of  about  { in.  (2.22  om.)  diameter  are  employed 
within  a globe  which  restricts  the  air  supply.  It  is  known  as  the  “ long-burn- 
ing” or  ‘^enclosed*’  flame  arc.  Long  electrode  life  is  secured  at  the  expense 
of  some  efficiency.  For  this  type  of  lamp,  solid  impregnated  carbons  have 
been  developed  in  place  of  the  familiar  cored  ear  bona  employed  in  the  original 
flame  arc  lamps.  These  are  available  in 
both  yellow  and  white  light  forms,  the 
latter  being  slightly  lees  efficient.  See 
Fig.  30.* 

104.  Electrical  characteristics  of 
flame  arc  lamps  of  one  manufacture  ap- 
pear in  Par.  104.  To  adapt  the  alternat- 
ing-current lamps  for  use  upon  various 
circuits,  compensators  are  supplied,  eome- 


Upper 

Flame 

Carbon 


•i  Flams 
Faint  Parple 

Bright 

Yellow 


Flo.  30. — Long-burning  flame  arc. 


Fia.  31. — Mechanism  of  long-burning 
alternating-current  flame  arc  lamp. 


times  built  in  and  sometimes  external  to  the  lamp  proper. 

194.  Efficiency  values  may  be  stated  only  in  a general  way.  The  effi- 
ciencies of  carbons  of  different  makes  vary.  Also  the  efficiency  of  a given 
make  of  carbons  varies  when  used  in  lamps  of  different  makes.  Approximate 
values  for  these  lamps  are  indicated  in  Par.  107,  but  the  data  should  be 
applied  in  a qualified  way. 

107.  Efficiencies  of  10-amp.  long-burning  flame  arc  lamps  with 
“white”  electrodes  are  as  follows:  Mean  spherical  candle-power,  700; 
watte,  520;  watts  per  mean  spherical  candle-power,  0.74. 


S 


THE  METALLIC-ELECTRODE  ABC  LAMP 

lOt.  Mature  of  arc  and  electrodes.  This  lamp  differs  radically  from 
other  arc  lampe  in  that  light  is  produced  by  luminescence  of  vapor  brought 
into  the  arc  stream  bv  electro-conduction  from  the  cathode.  The  aro  of  one 
form  of  this  lamp  is  illustrated  in  Fig.  32. f The  cathode  consists  of  magnetic 
oxide  of  iron  with  titanium  as  the  chief  light-giving  element,  and  other 
ingredients  to  serve  as  steadier®  and  vaporisation  retarders.  The  anode  is  of 
copper.  The  aro  is  fixed,  and  a small  reflector  is  located  advantageously 
within  the  lamp,  directing  downward  and  outward  much  of  the  light  which 


* Blake  and  Couchey.  “ Arcs  and  Electrodes/'  Gen.  Elec.  Review,  19,31 
p.  497. 

t Blake  and  Couchey.  Gen.  Elec.  Review,  1913,  p.  497. 
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emanates  from  the  arc  in  a direction  above  the  horieontal.  The  metaS 
electrodes  are  maintained  at  a relatively  low  temperature,  and  the  arc  vi 
not  re-establish  itself  every  half  cycle  as  with  hot  carbon  electrodes.  Th 
limits  the  lamp  to  operation  upon  direct  current  or  rectified  current. 


V«ry  Light  Yellow  Vapo 
tnteneelj  White 
Ltrge  Malteu  Pool' 


JvT'*  Intensely  White 

Very  Light 
Yellow  Vapor 


Fio.  32. — Magnetite  arc. 


109.  Metallic  electrode  lamps  for  series  circuits 


Type 

Approximate 

Amperes 

Volts 

Watt* 

4.0 

75-80 

310 

Magnetite 

5.0 

75-80 

400 

6.6 

75-80 

510 

Metallic  flame 

4.0 

73 

290 

110.  Candle-power  and  efficiency.  Par.  112  shows  photometric  d*t 
on  metallic-electrode  lamps.  The  manufacturers  call  attention  to  the  fat 
t!iat  the  natural  distribution  of  light  irom  the  arc  is  not  unlike  that  from 
Mazda  lamp,  but  that  in  adapting  the  lamp  for  commercial  street  lightia 
service,  a reflector  or  refractor  is  placed  over  the  arc,  and  the  light  distribt 
tion  is  modified  as  shown  in  two  of  the  curves  of  Fig.  33  at  the  expense  « 
from  20  to  25  per  cent,  loss  of  light. 

111.  Light  distribution  characteristics.  The  distribution  of  ligs 
about  three  types  of  magnetite  arc  lamps  is  shown  in  FSg.  33,  manufactures 
data  being  employed. 


Fio.  33. — Distribution  of  candle-power  in  vertical  plane  about  magnetic 
arc  lamps. 
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Sec.  14-112 


m XunkHfl  lamps. 

in  electrodes  of  the 
magnetite  lamp  make  available  increase  of  about 
one-third  in  either  the  efficiency  or  the  hours  per 
trim  as  may  be  desired.  If  a larger  light  output  is 
desired  it  may  be  obtained  without  sacrifice  of 
trimming  period  or  increase  of  watts.  If  increase 
in  output  is  not  desired  approximately  the  same 
illumination  as  that  fiven  by  the  standard  elec- 
trodes may  be  had  with  reduction  in  watts  which 
makes  it  possible  to  operate  60  lamps  on  a 50-light 
rectifier  or  00  lamps  on  a 75-light  rectifier  with 
trimming  periods  increased  by  about  one-third. 

US.  Regulating  mechanism.  . In  Fig.  34  are 
shown  the  essential  regulating  features  of  the  mag- 
netite lamp.  X The  electrodes  are  separated  when 


Flo.  34. — Regulating  mechanism  of 
magnetite  arc  lamp. 


no  voltage  is  applied  at  the  lamp  terminals.  When 
the  circuit  is  energised  the  electromagnet  O raises 
its  core  D,  bringing  the  lower  or  negative  electrode 
A into  contact  with  B,  starting  the  arc.  This 
closes  the  circuit  through  series  coil  S and  short 
circuits  OR,  releasing  D and  allowing  the  lower  elec- 
trode A to  drop  into  its  position  as  fixed  by  the 
clutch  Q.  As  A is  consumed,  the  shunt  magnet  P 
is  strengthened,  withdrawing  core  F until  finally 
the  shunt  circuit  OR  is  closed  at  MN  and  the  arc  is 
restruck.  This  mechanism  regulates  for  constant 
arc  length. 


t Cameron  and  Halvorson,  Transactions  Illg.  Eng. 
8oc.,  1920. 

X 8teinmets,  "Radiation,  Light  and  Illumina- 
tion," p.  158. 
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114.  The  ornamental  magnetite  lamp  is  a modification  of  the  stands 
form,  the  regulating  mechanism  being  placed  below  the  are.  In  effid 
and  operating  characteristics  it  is  quite  similar  to  the  standard  j 

lamp. 

111.  The  titanium-carbide  lamp  was  brought  to  an  interesting  t 
of  development  in  1909,  but  did  not  enter  into  commercial  practice.” 
con  pared  with  the  magnetite  lamp  it  was  of  higher  efficiency  and  was  av 
able  in  smaller  units.  It  was  withdrawn  for  further  development  withd 
having  reached  the  commercial  stage.  No  published  description  is  avw 
able.  It  is  understood,  however,  that  with  an  electrode  life  of  100  hr  c 
more,  the  lamp  efficiency  corresponds  with  about  0.65  watt  per  candle,  I 
(list  ibution  characteristic  being  similar  to  that  of  the  magnetite  lamp.  Dj 
light  is  yellower  than  that  of  the  magnetite  lamp. 


TUB*  LAMPS 

116.  Vacuum  arcs.  a The  vacuum  arc  is  essentially  a constant  currcs 
device  requiring  regulation  as  does  the  open  arc.  Its  volt  ampere  char* 
teristics  differ  from  those  of  the  open  arc  and  are  largely  determined  by  t* 
temperature  of  the  arc  and  the  resulting  vapor  or  gas  pressure.  As  ususffl 
operated  the  voltage  is  constant  throughout  a range  oi  current  variation.  I 

117.  Low-preasure  mercury  arc.  In  the  mercury  vapor  lamps  dj 
mercury  cathode  is  vaporised  as  soon  as  the  arc  is  struck.  In  the  (mow 
of  vapor,  formed  within  the  tube  and  attaining  a pressure  of  1 to  2 row 
light  is  produced  by  luminescence,  the  arc  being  relatively  cod,  varyM 
from  some  600  deg.  cent.- in  the  center  to  about  100  deg.  cent,  at  the  oort 
surface  of  the  glass  tube.  The  anode  located  at  the  other  end  of  the  bEj 
tube  is  of  iron  and  operates  at  about  350  deg.  cent. 

118.  Starting  the  mercury  arc.  In  starting  the  lamp  the  arc  may  N 
struck  by  tilting  the  tube  manually  or  automatically  by  an  electromagw 
until  a thin  stream  of  mercury  connects  the  two  electrodes.  When  the  tun 
resumes  normal  position  breaking  of  this  stream  starts  the  arc.  One  altrt 
native  automatic  starting  which  had  superseded  the  above  consists  insbw 
circuiting  a small  current  through  inductance  in  series  with  the  arc.  Ta 
current  is  broken  by  a mercury  switch  or  ‘‘shifter”  magnetically  operate 
by  the  induction  coil.  The  resulting  cathode  discharge  is  sufficient  toztw 
ionization  of  the  traces  of  mercury  vapor  in  the  tube  and  the  arc  for* 
To  increase  the  effectiveness  of  the  starting  discharge  a metallic  coatinfd 
starting  band  is  placed  on  the  cathode  bulb  forming  with  the  mercury  ins* 
a small  condenser. 

119.  Alternating- current  mercury  arc.  While  the  mercury-arc  j 
essentially  a unidirectional  conductor  it  has  been  adapted  far  service  4 
alternating  current  in  the  form  of  the  mercury-vapor  rectifier.  The  then 
and  operation  of  the  commercial  form  of  Cooper  Hewitt  lamps  for  sinfW 
phase  alternating  current  is  indicated  in  Fig.  3d.  The  cathode  is  connects 
to  the  middle  of  the  secondary  of  an  auto-transformer  while  the  two  anode 
are  connected  to  the  ends.  Thus  the  two  halves  of  the  autotrsnafornd 
function  alternately  and  the  cathode  is  negative  with  respect  to  one  or  tk 
other  anode  during  the  entire  cycle.  Enough  reactance  is  used  in  «na 
with  the  are  to  maintain  the  current  well  above  aero  during  the  voluS 
alteration  and  the  change  in  anodes.  In  order  to  keep  the  power  factor  big 
the  balance  of  the  current  regulation  on  fluctuating  voltage  is  secured  bJ 
using  resistance  instead  of  reactance  in  series  with  the  anode  circuits. 

120.  Direct-current  mercury  arc.  For  operation  on  direct  cunwj 
reactance  and  resistance  is  connected  in  series  with  the  are,  and  adjusts! 
for  an  arc  voltage  of  about  75.  The  methods  of  starting  are  the  same  arid 
tin  alternating-current  outfit. 

121.  Data  on  low-pressure  lamps.  The  comparability  of  photometrt 
data  of  mercury  vapor  lamps  with  those  of  incandescent  lamps  is  open  toque* 
tion.  For  what  they  may  be  worth  photometric  statistics  are  shown  in  tk 
following  table: 


Birge,  "The  Present  Status  of  the  Arc  Lamp,”  Proceeding • N.  E. L.Ah 

1909. 
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Direct-current 

Alternating 

current 

110 

220 

Length  of  light-giving  tube,  inches 

50 

50 

50 

Terminal  volts 

110 

220 

110* 

Amperes . . r 

3.5 

3.5 

3.8 

Watts 

385 

770 

| 430 

Power  factor  per  cent 

Total  lumens — bare 

6,850 

1 

85 

Total  lumens — with  reflector 1 

5,487 

9,430 

| 6,129 

Lumens  per  watt — bare 1 

17.8 

Lumens  per  watt — with  reflector. . 

14.3 

12.1 

i4.3 

lit.  Color.  The  light  given  off  by  the  low-pressure  vapor  lamp  is  greenish- 
blue,  and  is  without  red  rays  (Fig.  4,  Par.  8).  Attempts  have  been  made  to 
correct  this  color  by  using  other  materials  with  the  mercury  and  by  combin- 
ing the  arc  with  incandescent  lamps.  I vest  reports  that  one  candle-power 
mercury  vapor  light,  mixed  with  0.54  candle-power  tungsten-lamp-light, 
yields  a good  subjective  white  light  for  general  purposes.  Hewitt  has  em- 
ployed a flourescent  paint  to  transform  some  of  the  radiation  in  the  green 
portion  of  the  spectrum  into  radiation  of  longer  wave  length.  None  of 
these  devices  appears  to  have  achieved  much  success  in  practice. 

113.  Industrial  use.  The  mercury  arc  has  been  found  to  be  well 
adapted  to  certain  kinds  of  industrial  illumination.  The  large  area  of  the 
light  source  and  consequent  low  brightness  affords  an  unusual  degree  of 
diffusion  for  an  artificial  source.  The  light  is  nearly  monochromatic. 


Fia.  35. — Cooper-Hewitt  lamp  connections  for  single-phase  alternating 
current. 


which  practically  eliminates  chromatic  aberration,  resulting  in  high  visual 
acuity.  It  serves  advantageously  in  working  and  testing  of  machined  metal 
surfaces  and  weaving  of  fine  textured  cotton  and  silk  goods.  The  actinic 
efficiency  per  candle-power  is  three  to  four  times  that  of  ordinary  incandes- 
cent light  sources  which  gives  the  lamp  a field  of  utility  for  hign  speed  interior 
photographic  work,  including  blueprinting,  enlarging  and  photostat  opera- 
tion, as  well  as  in  moving  picture  studios. 


134.  Electrical  data  on  high-pressure  mercury  vapor  lampi 


Direct-current 

supply 

Burner  volts 

Current 

Watts 

110 

90 

1 

4.0 

440 

120 

175 

3.5 

770 

* 220-volt  lamps  are  available  also, 
t Bulletin  of  the  Bureau  of  Standard *,  Vol.  VI,  p.  265. 
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126.  High-pressure  mercury  arc  lamp.  In  order  to  take  advantage 

of  the  higher  efficiency  obtainable  at  high  vapor  pressure  an  evacuated  tube 
of  fused  quartz  is  used,  as  glass  softens  at  a lower  temperature  than  that 
required.  The  lamp  is  operated  upon  the  same  basic  principles  as  underlie 
the  operation  of  the  low-pressure  lamp.  The  cathode  is  of  mercury  and  the 
anode  is  of  mercury  or  tungsten.  The  quartz  tubes  (burners)  are  5 to  id 
in.  long.  The  arc  in  quartz  may  be  started  by  tilting  manually  or  auto- 
matically as  with  the  low-pressure 
arc.  In  starting,  the  current  is  about 
three  times  normal  and  the  arc  voltage 
is  low,  excess  voltage  being  taken 
up  by  the  ballast  resistance.  The 
lamp  gives  relatively  little  light,  ant 
that  of  a very  green  color.  The 
rent  quickly  vaporizes  the  mercury, 
increasing  the  vapor  pressure  and  the 
resistance  of  the  arc.  Gradually  A 
condition  of  normal  operation  is  ap- 
proached, and  in  about  fifteen  minutes 
current  and  voltage  at  the  arc  are  at 
substantially  the  correct  values.  It  is 
understood  that  lamps  are  being  de- 
veloped, or  have  been  developed,  fcr 
alternating-current  service  and  far 
series  service.  A laboratory  equip- 
ment is  shown  in  Fig.  36.  The  mer- 
cury arc  in  quarts  gives  a light  which 
is  less  pronouncedly  green  than  thst 
from  the  low-pressure  arc.  It  is  char- 
acterized by  an  abundance  of  ultra- 
violet radiation  which  the  Bureau  of  j 
Standards  has  found  to  be  about! 
double  the  visible  radiation.  As  z 
source  of  ultra-violet  light  the  quartz 
arc  is  used  in  paint  and  dye  testing, 
photo-chemistry,  the  treatment  of  akia 
diseases,  and  in  water  sterilisation. 

126.  Efficiency  and  life  of  quartz 
lamps.  But  little  is  published  re- 
garding the  efficiency  of  the  quartz 
lamp.  Experience  in  this  count 
show’s,  however,  that  early  reports 
very  high  efficiency  which  emanat 
from  Europe,  are  not  being  realized  il 
the  forms  of  this  lamp  which  hate1 
been  developed.  Twenty-one  lumeaa 
per  watt  seems  indicated  as  tJp  initial 
efficiency  of  a 220-volt  direaT-currcnt 
multiple  lamp.  About  17  lumens  ptf 
watt  is  given  by  the  110- volt  multiple 
Fig.  36. — High-pressure  mercury  arc  direct-current  lamp.  In  a series  tyw 
laboratory  equipment.  a somewhat  higner  efficiency  should 

be  realised. 

It  has  been  found  that  in  the  course  of  1,000  to  1,200  hr.  the  total  radiation 
decreases  about  40  per  cent,  while  the  ultra-violet  component  decrease 
somewhat  more  rapidly.  • An  effective  burner  life  of  2,000  hr.  is  claimed  by 

the  manufacturers. 

127.  Moore  tubes — nitrogen  type.  The  Moore  tube  for  general  light- 
ing purposes  has  been  manufactured  in  lengths  up  to  200  ft.  from  glass  tube 
about  1.75  in.  in  diameter.  This  is  filled  with  nitrogen  which  is  replaced  as 
required  by  an  ingenious  automatic  valve  which  feeds  the  tubes  at  intervals 
of  about  one  minute.  The  tube  ends  are  enclosed  in  a sheet-metal  box  coo- 
taming  the  tube  electrodes,  the  gas  tank,  the  gas  valve,  step-up  transformer, 

. °-  1 he  efficiency  of  the  nitrogen  tube  is  of  the  order  of  100  lumens  per 


Bulletin  S-330,  Bureau  of  Standards,  1618. 
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foot  and  the  consumption  is  about  2.5  watts  per  candle-power.  The  power 
factor  is  about  75  per  cent.  The  life  of  the  tubes  is  very  lone. 

118.  Moore  tubes — carbon-dioxide  type.  These  tubes,  which  are 
usually  shorter  when  employing  carbon  dioxide  gas,  yield  light  whicn  very 
closely  approximates  average  daylight.  As  the  efficiency  is  quite  low,  the 
nee  of  these  tubes  is  practically  confined  to  color-matching  purposes.  A 
modern  simplified  form  with  renewable  tube  consumes  about  250  watts  and 
produces  intensities  over  a small  area  for  color-matching  up  to  200  foot- 
candles. 

119.  If  eon  tubes.  A six-meter  tube  operates  at  about  800  volts.  The 
tubes  are  of  about  1.75  in.  in  diameter.  The  electrodes  are  relatively  large 
in  order  to  reduce  vaporisation  and  avoid  exhaustion  of  the  gas.  The  tubes 
have  a limited  life,  which,  however,  is  said  to  be  sufficient  for  commercial 
purposes.  The  life  is  longer  for  long  tubes.  The  specific  consumption  is 
about  0.6  watt  per  candle.  The  light  of  the  neon  tube  is  distinctly  lacking 
in  blue  radiations.  In  order  to  correct  for  this,  a little  mercury  is  employed 
in  some  of  the  tubes,  with  the  neon.  Such  tubes  are  said  to  operate  at  about 
1.0  watt  per  candle.  When  used  in  oertain  combination  with  tubes  contain- 
ing pure  neon,  a light  which  closely  simulates  daylight  in  appearance  is 
obtained.  A modified  form  of  neon  tube  in  which  tubes  of  much  smaller 
diameter  are  employed,  is  arranged  to  farm  script  letters  which  serve  for 
eleotrio  signs. 


ACCESSORIES  FOR  ILLU  MIN  ANTS 

aiNULAL  PRINCIPLES 

199.  The  purpose  commonly  served  by  lighting  accessories  are  as 

follows : (a)  redirection  of  light;  (6)  concealment  (partial  or  complete)  of 
Hjrtit  source;  (c)  decoration.  Local  conditions  peculiar  to  the  installation 
determine  choice  and  the  weignt  to  be  given  of  these  factors. 

111.  Reflectors.  Since  light  sources  commonly  are  located  in  the  upper 
parte  of  rooms,  and  since  the  light  is  utilised  chiefly  in  the  lower  part  of  the 
room,  the  ifioet  common  form  of  auxiliary  consists  of  an  inverted  bowl  or  a 
cone-shaped  cover  for  the  lamp,  provided  with  an  inner  reflecting  surface 
designed  to  redirect  more  or  less  of  the  light  downward.  Such  reflectors  are 
available  in  great  variety;  Par.  181  indicates  the  more  common  types  classified 
with  respect  to  various  characteristics. 

199.  Redirection  of  light.  A large  proportion  of  the  light  emitted  by  a 
source  may  be  intercepted  and  much  of  it  may  be  redirected  in  the  desired 
direction.  The  extent  to  which  redirection  is  effected  depends  upon  the 
following  factors  : (a)  proportion  of  total  flux  intercepted  by  reflecting  sur- 
face ; (b)  shape  of  reflecting  surface;  (c),  properties  oi  reflecting  surface. 

188.  Light  intercepted.  Assume  that  opaque  reflectors  are  made  of 
various  shapes  and  with  a reflecting  surface  which  absorbs  25  per  oent.  of 
incident  light,  whatever  its  direction.  A reflector  which  is  substantially 
flat  intercepts,  say,  40  per  cent,  of  the  total  light  flux.  Another  which 
covers  the  lamp  fairly  well  intercepts  say  80  per  cent,  of  the  flux.  The  flat 
reflector  therefore  occasions  a loss  of  10  per  cent,  of  the  total  light  flux, 
while  the  other  results  in  a loss  of  20  per  oent.  but  is  much  more  effective  in 
redirecting  a goodly  proportion  of  the  flux. 

184.  Reflector  design.  An  ever-present  obstacle  in  the  design  of  reflect- 
ors for  general  illumination  purposes  is  the  relatively  large  area  of  the  light 
source  (lamp  filament)  as  compared  with  the  surface  area  of  the  reflector. 
If  the  light  source  were,  in  effect,  a point,  the  reflector-design  problem  would 
be  simplified.  Dealing  with  a source  of  considerable  area,  the  reflecting 
surface  must  be  so  designed  as  to  redirect,  in  the  desired  direction,  the  light 
which  it  reflects,  while  allowing  a minimum  of  flux  to  fall  a second  time 
upon  a part  of  the  reflector.  Improper  shape  of  reflecting  surface,  however 
favorable  the  reflection  coefficient  of  the  surface,  may  impair  efficiency  to  a 
large  extent  by  directing  some  of  the  flux  back  into  the  reflector  instead  of 
out  and  in  the  desired  direction. 


[ 


Digitized  by  Google 


135.  Classification  of  reflectors 
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Sec.  14-136 


Iff.  IdbcHay  surfaces.  A glossy  or  polished  surfaoe  may  reflect 
tpeoularly  or  regularly,  rendering  an  imperfect  image  of  the  souroe.  Such 
surfaces  are  mirrors,  polished  aluminum,  enamel  and  some  glasses.  Or 
the  surface,  if  mat  or  depolished,  may  reflect  the  light  irregularly  or  diffusely, 
as  aluminumised  steel,  etched  glass,  etc.  As  a rule  surfaces  of  the  former 
class  are  the  more  efficient  reflectors.  Among  surfaces  employed  for  reflectors 
differences  in  absorption  range  from  25  to  75  per  cent.  Usually,  the  more 
efficient  surfaces  permit  of  more  accurate  control  of  light  redirection. 

1ST.  Concealment  of  light  sources.  This  has  long  been  regarded  as 
an  essential  of  good  illumination  when  bright  light  sources  are  employed. 
Exposed  light  sources  occasion  glare  and  decrease  visual  power.  One 
of  the  serious  difficulties  encountered  among  the  earlier  designs  of  reflectors 
was  the  exposure  of  the  light  sources.  During  recent  years  this  tendency 
has  been  overcome  to  a great  extent,  and  the  great  majority  of  reflectors  now 
produced  conceal  the  source  at  least  from  ordinary  view.  Devices  whose 
primary  function  is  the  concealment  of  the  light  source  are  often  referred 
to  as  shades.  This  term  is  likewise  applied  to  many  lighting  auxiliaries 
in  whioh  the  decorative  feature  is  dominant  to  the  exclusion  of  efficiency 
in  redirection  of  light.  For  most  purposes  a reflector  may  be  of  value  in 
conoealing  the  light  source  as  well  as  in  redirecting  the  light. 

128.  Distribution  characteristics . In  Fig.  37  are  indicated  the  shapes 
and  relative  eisea  of  three  reflectors,  and  the  character  of  the  distribution  of 
light  when  used  with  a M&sda  lamp.* 


/t\ 

A 


StT\ 

B 


Fiq.  87. — Light  redirection  by  reflectors  of  various  shapes. 

“Reflector  A resembles  a parabola  in  shape  with  the  lamp  so  placed  as 
to  obtain  the  greatest  degree  of  concentration,  and  its  angle  of  cut-off  is 
considerably  smaller  than  for  B;  consequently,  one  might  expect  this  unit 
to  jproduce  by  far  the  higher  candle-power  in  a limited  sone  near  the  tip. 
It  is  seen,  however,  that  from  the  standpoint  of  efficiency,  even  throughout 


* Bulletin  20,  National  Electric  Lamp  Association. 
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a narrow  zone,  nothing  can  be  gained  by  the  use  of  an  enamel  reflector  o 
small  diameter.  The  maximum  intensities  produced  by  units  A and  J 
are  practically  identical,  but  the  efficiency  of  B in  the  50-deg.  or  wider  zones  i 
considerably  higher  than  the  corresponding  value  for  A. 

"The  distribution  shown  in  curve  A may  be  classed  as  intensive.  B 
placing  the  lamp  somewhat  lower  in  the  reflector,  a more  extensive  distribi 
tion  of  light  may  be  secured  which  will  be  preferable  for  most  locations  n 
quiring  a general  illumination.  This  form  of  curve,  so  far  as  distributia 
in  the  lower  hemisphere  is  concerned,  is  practically  ideal  for  industrial  ligha 
ing  purposes  where  the  lamps  are  suspended  at  usual  heights.  The  form  < 
this  curve  is  desirable  both  because  it  tends  toward  a uniform  Uluminati 
on  the  work,  and  because  the  lamp  filaments  are  well  screened.  On  t 
other  hand,  it  must  be  remembered  that  the  wider  reflector,  B,  will 
practically  all  cases  supply  10  or  15  per  cent,  more  useful  light  than  can 
obtained  from  a bowl-shaped  unit  in  either  the  intensive  or  extensive  positioi 
Furthermore,  the  shadows  resulting  from  the  use  of  a light  souroe  of  lari 
diameter,  such  as  B,  are  less  sharp  than  those  from  A. 

139.  Data  on  reflectors.  In  Par.  144  are  given  statistics  of  reflects* * 
used  with  100-watt  Mazda  lamps,  showing  the  light  absorbed  by  the  reflectoa 
some  characteristics  of  the  distribution  obtained,  and  some  physical  data 
the  reflectors. 

REFLECTORS  FOR  INDUSTRIAL  LIOHTINQ 

140.  Porcelain-enameled  reflectors.  • “Any  practical  reflecting  surfzi 

absorbs  a considerable  percentage  of  the  light  incident  upon  it.  Wbl 
incandescent  lamps  were  first  used  in  industrial  lighting,  the  efficiency  < 
porcelain  as  a reflecting  surface  was  recognized,  and  various  transluoa 
reflectors  of  this  material  came  into  extensive  use.  However,  they  w« 
not  found  entirely  successful  because  they  were  lacking  in  rnechaaia 
strength;  in  many  locations  breakage  resulted,  causing  the  loss  of  tfc 
reflector  and,  which  was  more  serious,  often  damaging  material  or  injuri 
employees.  It  was  largely  for  this  reason  that  they  were  replaced  by  tl 
metal  reflectors  of  inferior  efficiency  but  of  greater  ruggedness.  Mode* 
porcelain-enameled  steel  reflectors  combine  the  good  qualities  of  the  gla 
and  metal  types.  The  surface  absorbs  about  35  per  cent,  of  the  inridet 
light.  As  usually  constructed  in  the  bowl  type  these  reflectors  have  a 
angle  of  cut-off  of  about  60°  and  in  the  dome  type  about  89°,  the  ligl 
output  of  the  latter  being  of  course  higher  than  that  of  the  bowl  type,  li 
translucent  neck,  a recent  modification  of  tne  dome  reflectors,  permits  som 
light  to  reach  the  ceiling. 

141.  RLM  standard  dome.  For  general  industrial  proposes  porcelain- 

enameled  dome  reflectors  conforming  to  the  Reflector  and  Lamp  Manufze 
turers’  Specifications  are  considered  most  desirable.  The  light  output  i 
such  units  must  be  at  least  70  per  cent.;  large  reflecting  surfaces  and  a 17^( 
(72^°  above  nadir)  cut  off  limit  glare;  and  excessive  downward  concentrate* 
of  light  is  avoided. 

142.  Enamel-paint  reflectors.  “Metal  reflectors  with  a surface  o 

white  enamel  paint  are  available  at  prices  materially  lower  than  those  azke 
for  the  porcelain-enameled  products.  However,  owing  to  the  relatival; 
rapid  depreciation  of  this  surface  and  to  the  fact  that  these  reflectors  art 
seldom  designed  with  proper  regard  for  the  efficient  distribution  of  light, 
their  use  is  likely  to  result  in  the  waste  of  a considerable  portion  of  the  moneft 
annually  expended  for  lighting.  A loss  of  even  10  to  20  per  cent,  of  the  light 
in  this  manner  will  each  year  amount  to  several  times  the  added  cost  for  tbi 
most  efficient  equipment. 

143.  Aluminumised  reflectors.  “ Aluminumized  reflectors  have  ap* 

proximately  the  same  initial  efficiency  as  the  porcelain  enameled,  and  alio* 
a better  control  of  the  direction  of  light  rays.  Moreover,  their  cost  is  low** 
than  that  of  porcelain-enameled  equipment.  On  the  other  hand,  reflector* 
of  this  class  have  heretofore  failed  to  maintain  their  high  initial  efficiency  i* 
service.  Their  use  is,  therefore,  to  be  recommended  only  where  a better 
control  of  the  light  flux — for  example,  a concentrated  distribution — ii 
desired.  An  aluminumized  surface  has  recently  been  developed  which  it 

superior  to  the  older  forms  in  maintaining  efficiency. 


* Bulletin  20,  National  Electric  Lamp  Association. 
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144.  Statistics  of  typical  reflectors  when  used  with  100-watt  Mazda  lamps* 

(Then  statistics  do  not  apply  to  any  particular  make  of  reflector  but  are  the  average  obtained  from  refactore  of  a number  of  different 
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Sec.  14-150 


others,  more  appropriately  classed  as  shades,  are  designed  predominantly 
or  decorative  effect;  these  are  of  very  little  value  where  the  illumination  is 
to  be  utilized  otherwise  than  for  purposes  of  decoration.  Among  the  latter 
Hi  shades  of  "art”  glass  and  metal  or  pottery,  and  of  various  fabrics.  It 
iroold  be  futile  to  attempt  to  show  data  on  such  shades.  On  all  reflectors 
Mended  for  industrial  and  commercial  lighting  including  many  which  are 
my  decorative  in  appearance,  definite  engineering  data  are  available. 
Typical  information  of  this  kind  appears  in  Par.  150. 


150.  Distribution  of  light  in  various  zones  about  Mazda  lamps 

hnvl  rnflnrtnru • 


and  inverted  bowl  reflectors 


Type  of  reflector 


Prismatic — focusing 

Prismatic — intensive.  ......... 

Prismatic — focusing  (satin  finish) . 

Aluminized  steel — intensive 

Aluminized  steel — extensive 

Prismatic — intensive  (satin  finish) . 

Medium  density — opal 

Prismatic — extensive . . . . 

Heavy  density — opal  (depolished) 

Light  density — opal • • • ; 

! Prismatic — extensive  (satin  finish) 


Bare  lamp  (for  comparison) 


Elapsed  Time  in  Weeks 

Fia.  38. — Reduction  in  light  due  to  dust. 

A.  Dome  enameled  steel.  C.  Dense  opal  glass. 

B.  Bowl  enameled  steel.  D.  Prismatic  glass. 

E.  Light  density  opal  glass. 

Electric  Company  published  October,  1913.  This  is  summarized  in  Fig.  38. 
The  curves  snow  decrease  in  illumination  on  the  working  plane. 

152.  Enclosing  glassware.  The  sphere  commends  itself  for  many 
purposes  of  ornamentation  and  is  therefore  a popular  form  in  design  ol 
fighting  auxiliaries.  It,  with  various  modifications  as  to  shape,  forms  an 
important  class.  Obviously,  light  absorptions  run  higher  and  light  control 

• Sweet.  “ The  Choice  of  Reflector,”  Illg.  Eng.  Society,  New  York  Section, 

Feb.  8.  1912.  Digitized 
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Typical  zonal  distribution 

0 to  60 

0 to  90 

0 to  180 

Li^ht 

deg  , 

deg., 

deg., 

sorbed. 

per  cent. 

per  cent. 

per  cent. 

per  cent. 

50 

68 

87 

13 

44 

65 

87 

13 

40 

60 

87 

13 

51 

58 

58 

42 

52 

61 

61 

39 

37 

57 

87 

13 

40 

54 

82 

18 

40 

62 

86 

14 

41 

59 

72 

28 

34 

57 

91 

9 

33 

55 

88 

12 

16 

47 

100 
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is  less  definite  than  is  the  case  with  open-mouth  reflectors.  In  the  matter 
of  redirection  of  light,  much  may  be  accomplished  in  an  ordinary  glass  spher* 
by  varying  the  location  of  the  light  source  within  the  sphere,  but  the  tendency 
with  such  glassware  is  always  to  yield  distribution  characteristics  whici 
approach  a circle.  There  are  some  forms  of  enclosing  glassware,  however, 
in  which  special  attention  has  been  given  to  this  phase  of  the  subject  witi 
very  notable  success  in  the  redirection  of  light.  Par.  153  gives  some  dau 
upon  enclosing  glassware  of  various  types. 


153.  Photometric  data  upon  enclosing  glassware  employed  with 
1,000  lumen  Mazda  lamp* 


Lumens  with  glassware 

Per  cent 
light  ab- 
sorbed 

,by 

glass- 

ware 

Description 

0 to 
60 

1 deg. 

Oto  90 
deg. 

1 90  to 
180 
deg. 

Total 

10-in.,  2-piece  pressed-Alba  ball  . . . 

182 

379 

385 

754 

i 

24 

14-in.,  2-piece  pressed-Alba  ball  . . . 
12-in.,  1-piece  blown-Alba  ball 

190 

384 

335 

719 

28 

223 

469 

395 

864 

H 

12-in.,  blown-Alba  acorn  

243 

476 

347 

822 

18 

12-in.,  cased  Melilite  ball 

181 

396 

321 

717 

28 

12-in.,  ground-glass  ball 

206 

484 

419 

903 

10 

14-in.,  prismatic  reflector  bowl 

412 

589 

180 

769 

23 

12-in.,  prismatic  reflector  ball 

455 

618 

103 

721 

28 

INDIRECT  LIGHTING 

154.  Cove  lighting.  Recognition  some  years  ago  of  the  need  for  con- 
cealing brilliant  light  sources  from  view  led  to  systems  of  indirect  lighting 
in  which  the  light  was  thrown  upon  some  reflecting  surface  which  became 
a secondary  source  of  illurhination.  One  method  consisted  in  locating  the 
lamps  within  a cornice  or  cove  concealed  from  view  nnd  illuminating  the 
room  via  the  ceiling.  By  this  system,  control  of  the  light  was  largely  lost, 
and  efficiency  of  utilisation  was  very  low'.  In  one  case  reported,  only  15 
per  cent,  of  the  total  light  produced  by  the  lamps  was  delivered  upon  a 
working  plane. t While  this  low’  efficiency  was  perhaps  an  extreme  and 
better  values  have  been  realized,  yet  the  cove  lighting  system  waa  so 
inherently  low  in  efficiency  as  to  be  unsuccessful. 

155.  Indirect  lighting  fixtures.  A more  recent  development  of  indirect 
lighting  is  one  in  which  the  lamp  is  located  within  bowls,  usually  hum 
centrally  in  a room  or  bay.  By  backing  the  lamps  with  efficient  reflectors, 
and  controlling  the  direction  of  light,  a higher  order  of  efficiency  may  be 
obtained  and  a more  desirable  direction  of  the  light  secured.  Indirect 
lighting  Bystems  possess  the  advantage  of  high  diffusion,  and  are  therefore 
valued  where  freedom  from  shadow  and  glare  is  a consideration  of  primary 
importance.  Some  statistics  showing  the  proportion  of  the  total  light  pro- 
duced which  may  be  delivered  upon  a working  plane  by  this  system  of 
lighting  are  given  in  Par.  157. 

156.  Indirect-lighting  fixtures  in  various  designs.  In  certain  design* 
the  low'er  part  of  the  indirect-lighting  bow’l  is  rendered  luminous  primarily 
for  purposes  of  decoration,  t Sometimes  small  auxiliary  lamps  separately 
wired  are  employed  in  this  part  of  the  fixture. 

Indirect  lighting  fixtures  mounted  upon  pedestals  have  been  employed 
with  pleasing  results  in  interiors  which  lend  tnemselves  to  such  treatment.! 


* “Characteristics  of  Enclosing  Glassware.”  Lansingh,  Transaction*  Ilia* 
minating  Engineering  Society,  1913,  p.  447. 

t “The  Elements  of  Inefficiency  in  Diffused  Lighting  Systems."  Millar. 
Transactions  Illuminating  Engineering  Society,  1907,  p.  583. 

t Stair  and  Hoeveler,  Transactions  Illuminating  Engineering  Society, 
1916,  p.  794. 

} Curtis  and  Stair,  Transactions  Illuminating  Engineering  Society,  1920. 
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8EXX-XNDXRKCT  LIGHTING  UNITS 
168.  Translucent  bowls.  A development  of  the  past  few  yeatteoiwstt 
the  use  of  glass  bowls  enclosing  the  light  source  ana  reflecting  roost  of  th* 
;ht  to  the  ceiling,  as  in  the  indirect  lighting  system,  while  transmitting  ii 
trio  us  proportions  enough  light  to  give  an  appreciable  direct  component 
>me  data  upon  bowls  of  this  type,  of  one  manufacture,  are  presented  u 
w.  ISO.  Referring  to  the  data  m this  table  it  will  be  seen  that  the  authon 
ive  made  a study  of  the  influence  of  contour  of  bowl  upon  the  diatribe 
Dn  of  light,  and  likewise  of  the  influence  of  optical  density  of  gUsswan 
heir  conclusions  from  these  figures  and  others  given  in  the  paper,  follow 
Par.  159.  Data  on  semi-indirect  installations  appear  in  Par.  lfS. 
lit.  Effect  of  chance  of  light  source  and  bowl  contour.  “Tk 
stribution  of  hght  is  materially  affected  by  changes  in  the  position  i 
e lamps  within  the  bowl;  changing  from  a single  lamp  to  a closely  cluster^ 
oup  of  two  or  three  lamps  does  not  introduce  large  variations  in  the  distn- 
ition  characteristics,  although  the  single  lamp  results  in  a somewhat  vide 
stribution  above  the  horisontal.  The  ratio  of  light  above  the  horisoonl 
that  below  the  horizontal  in  the  four  types  of  glass  of  the  contour  3.  chow* 
r this  purpose,  vary  from  1.26  for  the  least  dense  (etched  glass)  to  6-4 
r the  most  dense  (Calla) ; and  the  effect  of  change  in  the  contour  of  the  bowls, 
that  with  the  shallower  bowls  the  distribution  botl)  above  and  below  tto 
iripontal  is  not  so  wide,  more  light  being  centred  near  the  bowls  whik 
th  the  deeper  bowls  there  is,  of  course,  a larger  ratio  horisontal.” 

190.  Photometric  data  of  semi-indirect  glass  bowls  employed 
with  one  Masda  lamp* 


inscription  of  glassware 

Contour, 
see  Fig. 
39 

Per  cent,  of  total  light  from  lamp 
which  is  distributed  within  stated 
zones  f 

180  deg. 
to  120 
deg. 

180  deg. 
to  90 
deg. 

90  deg. 
to  0 
deg. 

Tots! 

Itched  crystal  glass 
with  new  cut  design 

3 

22 

47 

37 

84 

iruid 

3 

27 

54 

30 

84 

eluria 

1 

36 

60 

25 

83 

2 

36 

58 

24 

83 

3 

30 

57 

24 

83 

alia 

4 

28 

60 

24 

84 

1 

44 

68 

11 

79 

2 

46 

71 

11 

82 

3 

41 

68 

11 

79 

12  3 4 

Fio.  39. — Contours  referred  to  in  Par.  150. 


161.  Reflectors  in  railway  coaches.  Some  information  upon  the  die* 
bution  of  light  in  a typical  railway  day  coach  has  been  made  available  by 
s Committee  on  Illumination  of  the  Association  of  Railway  Electrics! 


'“A  Photometric  Analysis  of  Diffusing  Bowls  with  Varying  Indirect 
mponent.”  Rowe  and  Magdsick,  Tran*.  Illg.  Eng.  Soc.,  1914. 
r 180  deg.  is  the  Zenith;  0 deg.  is  the  Nadir. 
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168.  Data  on  gemi-indiraet  lighting  installation! 
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Daylight  may  be  simulated  in  a manner  satisfactory  to  the  eye  by  com- 
bining illuminants  of  a variety  of  hues,  as  tungsten  filament  and  mercury 
vapor  lamps.  The  pronounced  line  spectrum  of  the  latter,  however,  renders 
such  light  unsuitable  for  color  matching  purposes. 

Incandescent  illuminants  in  general  produce  light  which  is  redder  than 
natural  light.  Color  filters  which  absorb  selectively  the  longer  wave  lengths 
may  be  employed  with  such  illttminanta  to  obtain  the  equivalent  of  any 
quality  of  aayhght.  Most  artificial  daylight  units  are  of  this  kind.  The 
gas-filled  tungsten  lamp  is  usually  the  source  and  bluish  glass  color  filters 
are  used  to  suppress  the  red  end  of  the  spectrum. 

One  combination  is  a “noon  sunlight  equivalent.”  About  50  per  cent, 
of  the  light  from  a Masda  C lamp  is  absorbed.  Tue  filtered  remainder  is 
a satisfactory  substitute  for  sunlight.  Another  combination  is  a "north 
skylight  equivalent.”  About  80  per  cent,  of  the  light  from  a Masda  C 
lamp  is  absorbed  in  this  unit.  On  this  account  it  is  employed  only  to  illumi- 
nate small  areas  for  the  most  exacting  color  matching  purposes. 

A blue  bulb  “daylight”  lamp  (Maidn  C-2)  offers  a popular  compromise 
between  daylight  and  artificial  light.  As  this  absorbs  only  about  one-third 
of  the  light  of  the  Masda  “C”  lamp,  its  use  becomes  practicable  for  larger 
areas  such  as  show-windows.  It  is  customary  when  using  these  lamps  to 
choose  the  next  sise  larger  than  tne  sise  of  clear  bulb  lamps  which  would  be 

&hen  light  of  a particular  hue  is  required  tlie  most  significant  efficiency 
is  the  relative  efficiency  as  compared  with  other  units,  if  any,  which  produce 
light  of  the  same  hue.  It  may  be  a real  economy  to  make  a large  expenditure 
to  obtain  only  a little  light  of  the  required  quality. 


ACCESSORIES  FOR  SPECIAL  PURPOSES 

1M.  Show-window  lighting.  For  show-window  lighting  and  certain 

other  purposes  an  asymmetrical  dis- 
tribution of  light  is  usually  required.  — . — r 1 o 

Example  of  reflector  designed  for 
such  a purpose  is  shown  in  Fig.  40.  == 

1M.  Street  lighting.  Various 
auxiliaries  for  redirecting  part  of  the 
light  produced  by  street  illuminants 
have  been  developed.  Some  of  the 
most  effective  in  this  respect  are  to 
be  found  among  the  newer  designs 
of  auxiliaries  for  Masda  type  C (gas-  / 
filled)  series  lamps.  Illustration  of 
this  is  given  in  Fig.  41.  In  some 
ttreet  illuminants,  as  the  magnetite 
sad  metallic-flame  arc  lamps,  a re- 
flector is  built  in  the  lamp  casing. 

In  others,  the  diffusing  globes  with 
which  the  lamps  are  equipped  are 
so  shaped  as  to  modify  tne  distribu- 
tion characteristic  materially. 

These  are  inconspicuous  methods  of 
accomplishing  a measure  of  light  re- 
direction which  usually  is  less  marked 
than  that  accomplished  by  the  use 
of  external  reflectors. 

1«T.  Glass  plates.  Translucent 
class  plates  consisting  either  of 
frosted  glass,  opal  glass,  so-called  art 
glass,  ribbed  glass  or  prismatic  glass 
are  largely  employed  as  skylights  and  5°  o°  5°  15°  25° 

as  diffusing  screens  for  artificial  light- 
ing. 8ome  data  upon  the  transmis-  Fio.  40. — Asymmetrical  distribution, 
sion  coefficient  of  such  glasses  are  adapted  to  show-window  lighting, 
riven  in  Par.  169. 


im 


ed 
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168.  Glass  for  redirecting  daylight.  Ribbed  and  prismatic  glass  is 

used  to  a large  extent  in  industrial  lighting  for  directing  into  large  rooms  a 


Fia.  41. — Distribution  of  light  in  vertical  plane  about  lamp  equipped  with 
prismatic  refractor  for  street  lighting. 


greater  amount  of  skylight  than  would  otherwise  be  available.  Some  “ 
by  Professor  Norton  are  commented  upon  in  the  Johns  Hopkins  Unive 
Illuminating  Engineering  Society  Lecture  Course  on  Illuminating  Engi 
ing*  as  follows: 

“We  may  increase  the  effective  light  in  a room  30  ft.  (9.14  m.)  deeper 
more,  to  from  three  to  fifteen  times  by  using  factory-ribbed  glass  instead  of 
plane  glass  in  the  upper  sash  of  the  window.  By  using  prisms,  instead  of 
plane  glass,  we  may,  under  certain  conditions,  increase  the  effective  light 
fifty  times.  The  gain  in  effective  light  on  substituting  ribbed  glass  or  prims 
for  plane  glass,  is  much  greater  when  the  sky  angle  is  small,  as  in  the  cast 
of  windows  opening  upon  light  shafts  or  narrow  alleys.  The  increase  in  ths 
strength  of  the  light  directly  opposite  a window  in  which  ribbed  glass  of 
prisms  have  been  substituted  for  plane  glass  is  at  time  such  as  to  light  a drtk 
or  table  50  ft.  (15.24  m.)  from  the  window  better  than  one  20  ft.  (6.1  m.) 
from  the  window  had  previously  been  lighted.” 


•Edwards.  “The  Lighting  of  Rooms  through  Translucent  Glass  Ceil- 
ings,’’I.  E.  S.  Transactions , 1914,  p.  1014. 
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lit.  Light  from  Modi*  Umpi  transmitted  through  flau  plates* 


1T0.  Hetdlifhts.  Space  does  not  permit  specific  treatment  of  light  pro- 
jection. Searchlight®,  locomotive  headlights,*  automobile  headlights}  and 
moving-picture  projectors  ||  offer  distinctive  problems. 


• Marks.  " Principles  and  Design  of  Interior  Illumination,"  Vol.  II,  p.  660. 
t Impossible  to  eliminate  spotting  with  any  reasonable  ratio, 
t Report  of  Committee  on  Locomotive  Headlights,  Railway  Electrical 
Engineer , October,  1913. 

I McMurtry,  Headlamp  Design  and  its  Effect  upon  Glare  Reduction, 
Bulletin  Society  of  Automotive  Engineers,  April,  1917. 

||  Illuminatiiig  Engineering  Practice,  1916,  l.  E.  8.,  U.  P.,  p.  213. 
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ILLUMINATION  CALCULATIONS 


GENERAL  CONSIDERATIONS 


171.  Light  flux.  According  to  approved  concept,  light  is  regarded  a*j 
luminous  Bux.  * The  output  of  a lamp  is  its  total  luminous  flux.  Tht 
brightness  of  a diffusely  reflecting  or  transmitting  surface  is  proportions* 
to  its  specific  luminous  flux.  The  intensity  of  illumination  received  o* 
any  sui  i see  is  the  flux  density.  Thus 
luminous  flux  is  analogous  to  magnetio 
and  electrostatic  flux.  Comprehen- 
sion of  light  flux  is  facilitated  by  con- 
sidering a point  Bource  to  be  located  at 
the  centre  of  an  imaginary  non-reflect- 
ing sphere.  The  total  luminous  flux 
produced  by  a source  of  1 c-p.  radi- 
ated uniformly,  is  divided  by  the  num- 
ber of  ufllt  solid  angles  or  steradians  in 
the  sphere  in  order  to  arrive  at  the 
unit  of  luminous  flux  which  is  the  lu- 
men "equal  to  the  flux  emitted  in  a 
unit  solid  angle  (steradian)  by  a point 
source  of  1 o-p.” 

172.  Distribution  of  light.  In 

f practice,  light  is  rarely  radiated  uni- 
ormly  and  it  is  therefore  necessary  to 
consider  the  flux  to  be  distributed  in  a 
great  variety  of  ways.  The  deter- 
mination of  light  distribution  charac- 
teristics of  sources,  is  a regular  part  of 
illuminating  engineering  practice,  and 
most  calculations  performed  involve 
this  distribution  characteristic.  In  Fio.  42. — Four  distribution^ 

Fig.  42  are  illustrated  four  different  given  nux.  | 

distributions  of  a given  luminous  flux. 

The  curves  show  a section  of  revolution.  The  circle  (curve  .4)  indicates  am* 
form  distribution  from  apunctiiorm  source;  curve  B shows  distribution  from* 
theoret  ieal  line  source,  distributing  no  light  at  the  poles.  Curve  C shows 
distribution  from  a uniformly  radiating  circular  disc,  and  curve  D shows  h 
light -distribution  characteristic  typical  of  a certain  class  of  reflector^. 


COMPUTATION  OP  TOTAL  FLUX,  OR  MEAN  SPHERICAL 
CANDLE-POWER 

173.  Zonal  areal.  In  Fig.  43,  curve  D from  Fig.  42  is  reproduced.  Tbej 
polar  diagram  at  the  left  shows  the  flux  density  or  intensity  in  any  direction 
in  the  vertical  plane,  considered.  Referring  to  the  representation  of  aspheitl 
on  the  right,  it  will  be  noted  that  the  total  area  of  a sone  of  a given  altitude  at 
the  equator  is  much  greater  than  the  total  area  of  a similar  sone  near  tb« 
pole.  The  flux  denaityt  or  intensity,  of  the  light  distributed  throughout 
each  zone,  is  indicated  in  the  distribution  curve  to  the  left.  The  ares  « 
each  zone  must  be  multiplied  by  the  mean  flux  density,  in  order  to  obtain 
the  total  flux  distributed  throughout  the  zone. 

174.  Rousseau's  method.  . Rousseau's  method  of  determining  the  total 
flux  distributed  through  the  sone,  is  the  basis  of  most  such  computations 
This  method  is  indicated  in  the  middle  of  the  diagram.  The  mono  latitudes, 
as  represented  upon  the  sphere,  are  projected  upon  a rectilinear  diagram,  upc® 
which  the  sone  widths  then  become  proportional  to  the  areas  of  the  sone  up<® 
the  sphere.  The  curve  of  light  distribution,  when  plotted  upon  this  diagram 
in  the  manner  indicated,  will  comprehend  an  area  proportional  to  the  tow 


* Shi.  rp.  " The  Concepts  and  Terminology  of  Illuminating  Engineering' 
Trans.  Illg.  Eng.  Society,  1907,  p.  414. 
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huauoiM  fioz.  The  mom  altitude  of  sueh  a ourre  ia  proportional  to  the  mean 
flux  density  (which  ia  to  say,  the  mean  spherical  candle-power).  Further- 
more, the  area  comprehended  in  any  sone  by  the  curve,  is  proportional  to  the 
■onal  flux,  and  the  mean  altitude  of  the  curve  within  that  sone  is  proportional 
to  the  mean  flux  density  or  candle-power  within  that  sone.  The  area  com- 
prehended by  the  curve  may  be  obtained  by  the  use  of  a planimeter,  or 
by  averaging  altitudes  at  short  equal  intervals.  It  is  apparent,  therefore 


that  flux  values  may  be  obtained  from  the  light  distribution  curve  without 
the  preparation  of  a Rousseau  diagram,  by  averaging  the  flux  density  or 
candle-power  values  at  angular  intervals  corresponding  to  equal  intervals 
on  the  Rousseau  diagram.  Such  angles  are  given  in  Par.  178.  Macbeth 
has  prepared  pdas  coordinate  paper  on  which  such  angular  intervals  are 
indicated. 


178.  Angles  from  vertical  axis  at  which  values  may  be  taken  from  a 
light  distribution  curve  and  averaged  to  obtain  mean  flax 
density  or  mean  candle-power  in  each  hemisphere 


Ten  points 

1 ' ~ t 

Six  points 

18  deg.  63  deg. 

24  deg. 

32  deg.  70  deg. 

41  deg. 

41  deg.  75  deg. 

54  deg. 

* 49  deg.  81  deg. 

65  deg. 

57  deg.  87  deg. 

75  deg. 

85  deg. 

176.  Mean  zonal-candle-power  constants.  When  photometric  values 
of  light  distribution  are  available  but  have  not  been  plotted  to  form  a light 
distribution  diagram,  the  flux  computation  may  be  carried  out  by  the  appli- 
cation of  the  constants  in  Par.  177,  which  are  proportional  to  the  areas  of  the 
several  sones  of  which  the  test  angles  are  representative.  In  using  these 
constants,  find  the  product  of  each  candle-power  value  and  the  constant  for 
its  angle.  Divide  the  sum  of  all  such  products  by  two  to  determine  mean 
spherical  candle-power.  Multiply  the  mean  spherioal  candle-power  by  12.57 
to  obtain  total  lumens.  To  determine  mean  hemispherical  candle-power 
employ  same  constants  exoept  for  the  90-deg.  value  where  the  given  con- 
stant should  be  divided  by  two.  In  this  case,  do  not  divide  the  sum  of  the 
products  by  two. 
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177.  Constants  for  computation  of  mean  spherical  candle-power 
or  total  flux  from  light-distribution  data  


10  deg.  zones  15  deg.  zones 

30  deg.  zones 

Angles  from  K Angles  from 

vertical  axis  vertical  axis 

K 

Angles  from  1 ~ 

vertical  axis 

175  deg.  6 deg. 
105  deg.  15  deg. 
155  deg.  25  deg. 
145  deg.  35  deg. 
135  deg.  45  deg. 
125  deg.  55  deg. 
115  deg.  65  deg. 
105  deg.  75  deg. 
95  deg.  85  deg. 

0.016 

0.046 

0.074 

0.100 

0.124 

0.142 

0.158 

0.168 

0.174 

180  deg.  0 deg. 
165  deg.  15  deg. 
150  deg.  30  deg. 
135  deg.  45  deg. 
120  deg.  60  deg. 
105  deg.  75  deg. 
90  deg. 

0.009 
0.067 
0.131 
0.  184 
0.226 
0.253 
0.261 

180  deg.  0 deg. 
150  deg.  30  deg. 
120  deg.  60  deg. 
90  deg. 

0.034 

0.259 

0.448 

0.518 

178.  Kennelly's  method.  Kennelly  has  devised  a graphical  method  ai 

rectilinear  construction  fof  determinations  similar  to  those  carried  on  by 
means  of  a Rousseau  diagram.* 

179.  White-Wohlauer  method.  The  " Fluxolite”  diagram  facilitates 

the  same  kind  of  computations,  but  yields  total  lumens  instead  of  mesa 
candle-power,  f 

COMPUTATION  OP  ZONAL  FLUX 

180.  Zonal  flux.  This  does  not  differ  from  calculation  of  total  flux.  In 
fact  most  determinations  of  total  flux  or  of  flux  in  one  hemisphere  are  merely 
additions  of  zonal-flux  values.  The  Rousseau,  Kennelly  and  White 
Wohlauer  methods  yield  zonal  flux  readily.  Constants  for  use  in  determin- 
ing mean  zonal  candle-power  directly  from  angular  candle-power  values  all 

Siven  in  Par.  181  for  certain  zones.  Multiply  the  sum  by  2x  (6.28)  times  the 
inference  between  cosines  of  limiting  angles  to  obtain  corresponding  lumens. 

181.  Constants  for  use  with  candle-power  values  to  yield  approxi- 
mate mean  zonal  candle-power 


Angle  from 
vertical  axis  at 
which  c-p.  is 
known 

Constants 
75-deg.  zone 

Constants 
GO-deg.  zone 

Constants 
45-deg.  zone 

Constants 
30-deg.  ion# 

10-deg.  intervals 

70  deg. 

0.221 

60  deg. 

0.204 

0.147 

50  deg. 

0. 180 

0.267 

40  deg. 

0.151 

0.224 

0.383 

30  deg. 

0.117 

0.174 

0.297 

0.301 

20  deg. 

0 080 

0.119 

0.203 

0 445 

10  deg. 

0.041 

0.060 

0.104 

0 226 

0 deg. 

0.005 

0.008 

0.013 

0 029 

15-deg.  intervals. 

75  deg. 

0.170 

60  deg. 

0.304 

0.219 

45  deg. 

0 249 

0.369 

0.295 

30  deg. 

0.176 

0.261 

0 446 

0.432 

15  deg. 

0 090 

0.135 

0.230 

0 504 

0 deg. 

0.012 

0.017 

0.029 

0.064 

* Kennelly.  Electrical  World,  March  28,  1908. 
t Wohlauer.  Illuminating  Engineer , Vol.  Ill,  p.  655. 
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114.  Spherical  redaction  factor.  In  rating  some  types  of  illuminants, 
notably  incandescent  lamps,  it  has  unfortunately  been  customary  to  adopt 
as  abash  the  mean  flux  density  or  candle-power  in  a horizontal  plane  through 
the  source.  Whether  rated  in  this  wav  or  by  the  candle-power  in  eome  other 
direction  or  plane,  it  is  always  desirable  to  reduce  the  values  to  total  light 
flux  for  some  purposes.  Hence  reduction  factors  are  commonly  given  with 
some  iHuminants,  and  the  term,  “spherical  reduction  factor,"  has  come  to  be 
applied  especially  to  the  ratio  between  mean  spherical  candle-power  and  mer 
horisontai  candle-power  of  incandescent  electric  lamps.  (See  Par.  SO.) 
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CALCULATIONS  Of  ILLUMINATION  DITINtlTT 

185.  Classification  of  methods.  Assuming  that  light  distribution  data 
such  as  those  presented  in  Fig.  44  are  available,  it  becomes  possible  to  com- 
pute  the  illumination  produced  upon  any  given  plane  by  the  light  source  iai 
any  given  location.  For  the  sake  of  simplicity  it  will  be  considered  that  tfctj 
light  source,  whose  distribution  is  indicated  in  the  diagram,  is  mounted  ov© 
the  centre  of  a horizontal  plane  which  is  to  be  illuminated.  For  such  coin 
putations  there  are  three  customary  methods.  The  flux  of  light  delivered 
upon  the  horizontal  plane  will  l>e  the  sum  of  that  directed  toward  the  plan 
from  the  source  and  that  reflected  to  the  plane  from  ceiling,  walla,  etc. 

186.  Flux  method  (direct  light).  For  many  purposes  an  approximate 
calculation  of  the  flux  delivered  upon  the  plane  of  reference  ia  adequaul 
In  such  cases  it  may  serve  to  determine  the  approximate  square  feet  of  tb 
plane  to  be  illuminated  and  to  estimate  the  total  flux  which  will  reach  sudl 
plane.  For  example,  assume  that  a certain  room  has  a floor  area  12  ft.  7 ix 
by  12  ft.  2 in.,  and  that  it  is  desired  to  estimate  the  light  flux  delivered  upon! 
horizontal  plane  36  in.  above  the  floor  from  a light  source  located  over  tk 
centre  of  the  area,  and  6 ft.  4 in.  above  the  plane  of  reference.  • Roughly,  the 
flux  delivered  within  an  angle  of  45  deg.  above  the  horizontal  will  fall  upoi 
this  plane.  Applying  zonal  constants  (Par.  181)  to  the  candle-power  valua 
in  Fig.  44,  we  have  either  or  both  of  the  following: 


Angle 

Constant  o-p. 

Angle 

Constant  c-p. 

40 

0.383X100  - 38.3 

45 

0.295X  99-29  2 

30 

0.297X102  = 30.3 

30 

0.446X102  - 45  4 

20 

0.203X105-21.3 

15 

0.230X107-24  6 

10 

0 

0 104X110-11.4 
0.013X113-  1.51 

0 

0.029X113-  3 3 

Mean  zonal  c-p 102.81 

Mean  zonal  c-p 102.5 

With  a mean  candle-power  of  103  distributed  throughout  a zone  extendi n| 
from  the  nadir  to  45  deg.,  the  flux  in  lumens  is  found  by  multiplying  103  by 
the  number  of  unit  solid  angles  in  the  45.  deg.  zone  or  103X2*  (cos  to- 
cos On)  —190  lumens. 

187.  Flux  method  (Indirect  light).  Referring  to  report  of  test*  of 
the  installation  described  it  will  be  seen  that  the  lumens  directed  to  the  plans 
of  reference  by  the  lighting  unit  are  101  in  number,  with  whioh  value  tk 
above  determination  is  in  accord.  The  light  source  produces  779  lumen#* 
As  191  lumens  reach  theplaneof  reference  (779—  191  — 1588  are  incident  npos 
ceiling  and  walls,  where  they  are  partly  absorbed  and  partly  reflected 
either  toward  the  plane  of  reference  or  elsewhere.  The  greatest  uncertainty 
in  estimating  total  flux  on  a plane  is  arriving  at  the  amount  of  such  indirect 
light.  The  test*  shows  that  189  lumens  or  (189/588  — ) 32  per  cent,  of  this 
flux,  which  the  lighting  unit  directed  elsewhere,  ultimately  reached  the  plane 
of  reference,  thus  equalling  the  light  directed  toward  the  plane  by  thehgntioc 
unit.  In  this  case  the  room  was  small  and  the  reflection  from  ceiling  son 
walls  was  more  effective  than  usual.  If  instead  of  a room  the  area  is  a bay  in 
a larger  room,  the  light,  which  here  falls  upon  the  walls,  will  add  to  the  illumi- 
nation of  adjoining  bays,  and  the  bay  unaer  consideration  will  profit  Hkevist 
from  adjoining  bays.  In  any  installation  this  indirect  light  must  be  esti* 
mated  taking  into  consideration  the  flux  direoted  elsewhere  than  upon  tbt 
plane  of  reference  and  the  reflecting  qualities  and  location  of  the  renectixif 
surfaces.  Some  data  on  this  subject  are  given  in  Par.  187. 

COEFFICIENTS  OF  UTILIZATION 

188.  Definition.  Where  the  illumination  of  such  a plane  is  the  principal 
purpose  of  the  lighting  installation,  the  ratio  of  flux  delivered  upon  tneplaM 
to  total  flux  produced  by  the  illuminant  is  sometimes  called  the  "coeffieieat 
of  utilization.”  In  this  case,  assuming  that  the  reflector  used  with  ik 


* Actual  conditions  described  by  Sharp  and  Millar,  “ Illumination  Tests." 

Trans,  lllg.  Eng.  Soc..  1910,  p.  391. 
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ilhuninant  absorbs  30  per  cent,  ci  (he  total  flux  produced,  there  will  be  a 
coefficient  of  utilisation  of  376/(779/0.8)  — 0.39  per  oent. 

139.  The  coefficients  ol  utilisation  in  the  following  table  are  repre- 
sentative of  square  rooms  equipped  with  a sufficient  number  of  lighting 
units  and  so  placed  as  to  produce  reasonably  uniform  illumination.  In 
each  case  the  upper  figure  applies  to  an  extended  area,  namely,  one  in  which 
the  horisontal  dimension  is  at  least  five  times  the  distanoe  from  floor  to 


ceiling.  The  lower  figure  applies  to  a confined  area,  one  in  which  the  floor 
dimension  is  but  five-fourths  of  the  ceiling  height.  The  utilisation  factor 
for  a rectangular  room  is  approximately  the  average  of  the  factors  for  two 
square  rooms  of  the  large  ana  small  floor  dimension  respectively. 


190.  Coefficients  of  utilization* 


Ceiling,  reflection  factor 


Walls,  reflection  factor 

Lighting  equipment: 
Direct,  prismatic 

Direct,  ligtot  opal 

Direct,  dense  opal 

Direct,  steel  bowl,  enamel 
or  aluminum. 

Direct,  steel  dome,  enamel 
Totally  indirect,  mirrored. 
Semi-indirect,  light  opal . . 

Semi-indirect,  dense  opal . . 

Totally  enclosing 

Light  opal 


Light,  70  per  cent. 


Medium, 
60  per  oent. 


Light, 

per 

oent. 

Medium, 

35 

per 

cent. 

Dark,* 

20 

per 

oent. 

Medium, 

35 

per 

cent. 

Dark, 

20 

per 

cent. 

65 

61 

59 

58 

56 

40 

37 

36 

36 

35 

57 

53 

50 

48 

46 

33 

28 

27 

26 

24 

61 

58 

57 

56 

53 

40 

35 

34 

34 

32 

57 

55 

54 

54 

53 

39 

36 

35 

35 

34 

70 

67 

65  ! 

67 

65 

46 

42 

39 

42 

39 

40 

38 

36 

27 

26 

24 

21 

20 

15 

14 

47 

45 

43 

39 

35 

30 

25 

24 

22 

20 

43 

41 

40 

31 

30 

27 

25 

22 

18 

17 

46 

42 

40 

38 

35 

25 

10 

18 

18 

15 

191.  Coefficients  of  utilisation  in  small  room.  Lansinght  has  made 
available  data  for  a room  12  by  14  ft.  havings  10-ft.  3-in.  ceiling.  The 
reflection  factor  of  ceiling  was  62  per  cent,  with  various  wall  and  floor 
reflection  factors  the  following  coefficients  of  utilisation  among  others  were 
obtained  with  lighting  units  as  described: 


Unit 

Output, 

Flux  ratio: 
upper  hemi. 

With  reflection  factor  of 
floor  17  per  cent.: 
Coefficients  of  utilisation 

hemi. 

11  per  cent, 
walls 

31  per  cent, 
walls 

Indirect 

71 

70.9 

6.14 

15 

17 

Semi-indirect 

72 

56.6 

15.2 

28 

31 

Direct 

75 

27.5 

47.6 

28 

29 

Illg.  Eng.  Practice,  I.  E.  S.,  U.  P.,  1916,  p.  62. 
t Tranaadions  Illuminating  Engineering  Society,  1920. 
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192.  Further  data  on  coefficients  of  utilization.  Messrs  Harrison 

and  Anderson  * have  made  available  extensive  data  based  upon  experiments 
in  a test  room  and  adapted  to  practical  requirements.  Summary  taken 
from  this  paper  is  presented  in  Par.  196  and  196.  These  data  show  the 
extent  to  which  increasing  heights  of  ceiling  and  of  lamp  mounting  increase 
the  coefficient  of  utilization  with  all  forms  of  lighting  units.  They  shov| 
the  increasing  importance  of  high  reflection  factor  of  ceiling  as  more  of  the 
light  flux  is  directed  toward  the  ceiling,  and  they  show  the  relatively  leal 
important  effect  of  walls  in  influencing  the  coefficient  of  utilization,  this  last 
of  course  becoming  more  import  ant  when  the  rooms  are  very  small.  The  data 
arc  for  new  and  clean  equipments.  (For  depreciation  data  Bee  Par.  151.) 

193.  The  flux  method.  From  the  accompanying  data  it  is  possible  tjj 
form  a reasonably  accurate  estimate  of  the  influence  of  ceiling  and  «alu| 
upon  coefficients  of  utilization.  Rough  estimates  of  the  flux  ultimately! 
reaching  a plane  of  reference  may  be  made ‘with  fair  accuracy  after  a littW 
experience. 

In  many  cases  it  is  desirable  to  invert  the  order  of  computation,  and  begin- 
ning with  the  desired  illumination  intensity  upon  a given  plane,  arrive 
an  estimate  of  the  total  light  flux  to  be  produced.  Taking  tne  case  assume! 
in  Par.  186  and  assuming  that  an  average  illumination  intensity  of  5 fooM 
candles  or  5 lumens  per  square  foot  is  required,  we  may  carry  out  such it 
computation  in  simple  manner.  The  area  of  the  room  is  153  sq.  ft.,  whid 
multiplied  by  5 foot-candles  gives  765  lumens  to  be  applied  upon  the  pl»l 
of  reference.  It  may  be  assumed  that  this  can  be  accomplished  by  u$u»| 
lighting  equipment  which,  while  directing  most  of  the  light  toward  the  plzaj 
will  still  transmit  sufficient  to  illuminate  the  ceiling  and  walls  acceptably* 
With  such  equipments  it  is  reasonable  to  expect  that  50  per  cent,  of  t 
light  may  be  delivered  upon  tne  plane  of  reference.  Therefore  twice  t 
applied  lumens  should  be  generated,  or  1,530  lumens.  This  will  be  produce 
by  a 150-watt  Mazda  "C”  lamp  of  about  2,050  lumens,  thus  leavini 
margin  of  about  25  per  cent,  for  depreciation  due  to  dust  and  falling-off  * 
the  light  output  of  the  lamp  during  life. 

194.  Absorption  of  light  method.  An  alternative  method  of  comput 
ing  light  flux  for  an  illumination  installation  is  the  "absorption  of  lighz 
method. t This  is  based  upon  the  fundamental  consideration  that  all* 
the  light  within  a room  being  absorbed,  the  illuminants  must  produce  lz 
sum  of  the  light  flux  absorbed  by  the  various  surfaces.  That  is  to  say.  tb* 
average  incident  flux  upon  each  surface  multiplied  by  the  coefficient  of  lifUj 
absorption  characteristic  of  that  surface  and  by  the  area  of  the  surface 
yield  the  total  flux  absorbed  by  that  surface,  and  tne  sum  of  the  fiui^ 
sorbed  by  all  exposed  surfaces  v.itnin  a room  must  aggregate  the  total  111 
to  be  produced  by  the  lighting  unit.  (In  such  case  of  course,  the  absorpti* 
of  light  involved  in  the  use  of  an  auxiliary  must  be  added  to  this  aggregate 
ascertain  the  total  amount  of  light  to  be  produced  by  the  illuminant  proper. 
Referring  to  the  room  already  mentioned t we  find  the  data  necessary* 
verify  this  method.  These  are  summarized  below. 

Absorption  of  light  in  a given  room 


Surface 

Lumens 

Incident 
from  all  1 
directions 

Coefficient 

of 

absorption 

Absorbed 

Ceiling.  

280 

0.14 

- 

39 

Walls 

672 

0.57 

382  11 

36-in.  horizontal  plane 

376 

1.00 

376  H 

Total  

; 

797  J 

* Harrison  and  Anderson.  Trans.  111^.  Eng.  Soc.,  1920. 
t McAllister.  "The  Absorption  of  Light  Method  of  Calculating  Illumi- 
nation." Electrical  World,  November  21,  1908. 

t Actual  condition  described  by  Sharp  and  Millar  "Illumination  Testa' 

Trans.  Illg.  Eng.  Soc.,  1910. 
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1M.  Coefficients  of  utilisation 

The  proportion  of  the  total  light  from  the  lamps  reaching  the  plane  of  the 
work  is  the  coefficient  of  utilisation  of  an  installation.  For  a given  reflector 
equipment  the  coefficient  is  dependent  upon  the  color  bf  the  ceiling  and  walls, 
sod  upon  the  "Room  Ratio,"  which  is  the  relative  width  of  the  room  com- 
pered with  the  height  of  the  light  sources  above  the  level  of  the  work.  This 
table  of  coefficients  applies  to  installations  having  sufficient  lighting  units 
symmetrically  arranged  to  produce  reasonably  uniform  illumination. 

Square  rooms.— -To  find  coefficient  of  utilisation, 

1.  Determine  room  ratio. 

For  direct  installations  (first  16  units  of  table), 
width  of  room 

Room  ratio  - 2 x heigbt  from  plane  of  work  to 

For  indirect  and  semi-indirect  installations,  (last  4 units  of  table), 
_ width  of  room 


1H  X height  from  plane  of  work  to  ceiling 
2.  Find  coefficient  in  proper  column  of  ceiling  and  wall  colors  opposite  this 
room  ratio  value. 


Tia.  45, — Coefficients  of  TTtllisatidfi. 


OCV/.  X»-A»U 


1 taXj  U JU  1 i>  JX  1 l \Jiy 


196.  Examples  illustrating  use  of  table  of  coefficients  <Par.  19®. 

(a)  Find  the  coefficient  of  utilisation  for  an  RLM  dome,  clear  lamp, 
direct  installation  in  a rectangular  room  40  ft.  X 120  ft.;  ceiling  height, 
27  ft.;  lamps  mounted  20  ft.  above  the  plane  of  work;  plane  of  work  3 ft. 
above  the  floor;  ceiling  color,  light;  wall  color,  medium. 

For  a square  room,  narrow  dimension, 

40 

Room  ratio  = 2x2/0  " Coefficient  — 0.43. 

For  a square  room,  long  dimension, 

120 

Room  ratio  - 2 X 20  “ 3 00  Coefficient  - 0.62. 

Coefficient  of  utilisation  for  the  rectangular  room  with  RLM  dons 
clear  lamp  units  is  then,  0.43  + H(0.62  — 0.43)  = 0.49.  .A»«.  . 

(b)  In  the  same  room  with  an  indirect,  clear  lamp  installation,  And  tb 
coefficient  of  utilisation  as  follows: 

For  a square  room,  narrow  dimension, 


Room  ratio  = — 1.25  Coefficient  — 0.21. 

vs  X 24 
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ItT.  Hmyttoiet  Ufht  la  t fi».n  room 


Incident  from  all 
directions 


Coefficient  of 
absorption 


Ceiling 

Walls 

36-in.  horizontal  plane. . . 
Total 


ItS.  Point-by-polnt  method.  The  third  method  of  computing  illumi- 
nation, the  * ‘ point-by-point  ’ ’ method,  is  laborious  but  it  is  best  calculated  to 
yield  results  which  are  aoCurate  in  detail.  By  this  method  an  exact  compu- 
tation is  made  of  the  intensity  of  light  directed  upon  any  surface  by  the  light- 
ing equipment,  and  to  this  is  added  an  estimated  amount  for  tne  diffused 
and  indirectly  reflected  light  which  supplements  the  direct  light. 

ItS.  Illumination  intensity.  The  determination  of  intensity  at  any 
point  when  the  distribution  of  light  is  known,  involves  the  application  of 
two  fundamental  laws,  the  inverse-square  law  (Par.  SOS)  and  Lambert's 
cosine  law  (Par.  SOI). 


Fia.  47. — Illustration  of  inverse-square  law.  Fio.  48. 

900.  The  Inverse-square  law  (Par.  190)  is  demonstrated  in  Fig.  47  and  48 
in  which  it  is  apparent  that  at  twice  the  distance  the  given  flux  of  light  radiat- 
ing from  a point  source  covers  four  times  as  great  an  area  and  therefore  its 
density  is  one-quarter  as  great.  Proof  of  this  law  is  as  follows:  let  E m In- 
tensity, in  foot-candles;  F — Flux,  in  lumens;  5—  Surface,  in  sq.  ft. 

F F 

B-  3 - <« 


Fio.  69. — Illustration  of  co- 
sine law. 


that  is  B varies  as  1/r.* 

001.  Lambert's  cosine  law  (Par.  190). 

If,  however,  the  plane  surface  upon  which  the 
lightf&llsis  inclined  from  the  normal,  the  flux 
of  light  incident  upon  the  surface  will  vaiy 
as  the  Cos  of  its  angle  of  inclination.  This 
is  known  as  Lambert  s cosine  law. 

* - —jr1  <« 

where/  is  the  candle-power,  9 is  the  angle  of  in- 
clination to  normal,  and  d is  the  distance  from 
source  to  surface.  This  reduction  in  incident 
flux  due  to  inclination  of  the  surface  is  illus- 
trated in  Fig.  49  in  which  it  is  seen  that  if  the 
surface  is  inclined  60  deg.  from  the  normal,  the 
incident  flux  will  be  halved  (Coe  60  deg.  — 0.5). 
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202.  Table  of  squared  and  cubed  cosines  (Par.  203) 


Anglo 

(deg.) 

Cosine 

Angle 

(deg.) 

Cosine 

Squared 

Cubed 

Squared  | 

Cubed 

1 

1.000 

1 .000 

21 

0.871 

0.813 

2 

0 999 

0.998 

22 

0.859 

0 797 

3 

0.997 

0.996 

23 

0.847 

0.780 

4 

0.995 

0.993 

24 

0.834 

0.762 

5 

0.992 

0.988 

25 

0.821 

0.744 

6 

0.989 

0.983 

26 

0.808 

0.726 

7 

0.985 

0.978 

27 

0.794 

0.707 

8 

0.980 

0.971 

28 

0.780 

0.688 

9 

0.975 

0.963 

29 

0.764 

0.668 

10 

0.970 

0.955 

30 

0.750 

0.649 

11 

0.963 

0.945 

31 

0.735 

0 630 

12 

0.956 

0.935 

32 

0.719 

0.610 

13 

0.949 

0.925 

33 

0.7C3 

0 590 

14 

0.941 

0.913 

34 

0.687 

0 570 

15 

0.933 

0.901 

35 

0.671 

0.550 

1G 

0.924 

0.888 

36 

0.654 

0 529 

17 

0.914 

0.874 

37 

0.638 

0.509 

18 

0.904 

0.860 

38 

0.621 

0.489 

19 

0 . 894 

0.845 

39 

0.604 

0.469 

20 

0.883 

0.829 

40 

0.587 

0 449 

41 

0.569 

0.429 

66 

0.165 

0 . 0673 

42 

0.552 

0.410 

67 

0.153 

0 0596 

43 

0.535 

0.391 

68 

0.140 

0 0526 

44 

0.516 

0.372 

69 

0.128 

0 . 0460 

45 

0.500 

0.353 

70 

0.117 

0.0400 

46 

0.483 

0.335 

71 

0.106 

0.0345 

47 

0.465 

0.317 

72 

0.0955 

0 0295 

48 

0.448 

0.300 

73 

0.0855 

0.0250 

49 

0.430 

0.282 

74 

0.0759 

0 0209 

50 

0.413 

0.265 

75 

0.0669 

0.0173 

51 

0.396 

0.249 

76 

0 . 0585 

0.0142 

52 

0.379 

0.233 

77 

0.0506 

0.0114 

53 

0.362 

0.218 

78 

0.0432 

0 00900  I 

54 

0.345 

0.203 

79 

0.0363 

0 00695  1 

55 

0.329 

0.189 

80 

0.0300 

0.00523  ( 

56 

0.312 

0.175 

81 

0.0244 

0.00383 

57 

0.297 

0.161 

82 

0.C194 

0.00270 

58 

0.281 

0.149 

83 

0.0149 

0.00181 

59 

0.265 

0.137  * 

84 

0.0109 

0.00114  ! 

00 

0.250 

0.125 

61 

0.235 

0.114 

62 

0.221 

0.103 

63 

0.206 

0.0936 

64 

0.  192 

0.0842 

65 

0.179 

0.0754 
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10S.  Computation  of  Illumination  intensity  at  any  point.  In  com- 
puting the  ilhnnination  intensity  or  flux  density  upon  any  surface,  the  dis- 
tance from  the  light  source  to  the  surfaoe  is  computed,  the  candlo-power  is 
divided  by  the  square  of  the  distance  in  order  to  obtain  the  normal  illumina- 
tion intensity,  whioh  is  multiplied  by  the  Cosine  of  the  an$le  of  inclination 
of  the  surfaoe  in  order  to  obtain  the  flux  density  or  illumination  intensity 
for  any  desired  inclination. 

/ Cos*  0 

g^  m JL in  ft. -candles  or  lumens  qq) 

A*  per  sq.  ft.  • 


M%4*t 


I9  Cos*  d 

a7~ 


in  ft. -candles  or  lumens  /Vn 
per  sq.ft.  l,1J 


• laCoetOmae 

\ E*trt  — — in  fL-oandles  or  lumens /j2) 

At  per  sq.  ft.  v 1 

where  Ij  is  the  candle-power  at  stated  angle,  0 is  the  angle  from  the  vertical 

and  A is  the  height  in  feet  above  plane  of  reference.  In  such  computation, 
the  distance  Is  obtained  by  triangulation  and  the  formula  Is  such  as  to  leave 
the  Cos*  $ the  significant  factor  for  computations  of  horisontal  illumination 
end  the  Coe*  $ for  computations  of  vertical  illumination.  In  Par.  SOS  are 
given  values  of  Cos*0  and  of  Cos'  0 which  will  be  of  service  in  this  connection. 

S04.  Aids  to  computation  of  illumination.  A number  of  graphical 
and  mechanical  aids  to  the  computation  of  illumination  have  been  devised.  * 


BRIGHTNESS 


SOf.  Definition  of  brightness.  In  Fig.  50  a diffusely  reflecting  surface 
which  is  uniformly  illuminated,  is  viewed  from  position  P through  an  aper- 


Fla.  50. — Illustrating  brightness. characteristic  (Par.  SOS). 


ture  in  a screen.  The  surface  is  located  successively  in  three  positions 
8,  St  and  St.  In  all  positions  it  appears  of  the  same  brightness.  Its  bright- 
ness is  independent  of  inclination  or  distance  from  the  eye.  The  brightness 


• " Theory  and  Calculation  of  Illumination  Curves,”  Benford,  Illg.  Eng. 
Soc.,  1012. 

" Graphic  Solution  in  Problems  Involving  Plane  Surface  Lighting  Source,” 
McAllister,  Electrical  World , December  8,  1910. 

" Graphic  Solution  for  Illumination  Problems,”  Dickinson,  Electrical 
World , September  20,  1913. 

"Tables  for  the  Computation  of  Illumination,”  published  by  Wm.  E.  King, 
Dorchester,  Mass. 

Weinbeer  (Slide  rule)  Illg.  Engineer  (London),  1908,  p.  559. 

Macbeth  (Calculator)  Illg.  Engineer , 1908,  p.  21. 

^Computing  Device,  Eng.  Dept.,  National  Lamp  Works,  1913. 

These  are  of  much  assistance  in  work  where  numerous  computations  are  to 
be  made. 
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of  a surface  which  is  not  a perfect  diffuser  may  vary  with  angle  of  view,  hot 
if  it  is  large  enough  to  cover  the  field  of  view,  its  apparent  brightness  will  not 
vary  with  distance. 

t0«.  Relation  of  brightness  to  incident  light.  This  may  be  stated 

only  for  a projected  area  of  a perfectly  diffusing  plane  surface  for  which 
b^mE  where  b is  the  brightness;  m is  the  coefficient  of  diffuse  reflection; 
and  E is  the  incident  flux.  Brightness  is  expressed  in  lamberts.  A perfect 
diffusing  surface  emitting  or  reflecting  1 lumen  per  sq.  cm.  has  a brightness 
of  1 lambert,  equivalent  to  2.054  candles  per  sq.  in. 

APPLIED  ILLUMINATION 

THE  FUR  DAMK2VT  AL8  OF  VISION 

207.  Contrast  vision.  We  see  things  by  reason  of  contour,  relief  a ds 
color,  shade  perception  and  oolor  perception.  According  to  Fechner’i 
law  of  sensations  we  perceive  a fixed  fractional  difference  of  the  total,  irre- 
spective, within  limits,  of  the  amount  of  the  total  sensation,  and  the  sens* 
tion  is  proportional  to  the  logarithm  of  the  stimulus.  This  minimum  per* 

p table  contrast  is  usually  of  the  order  of  1 per  cent.,  and.  with  incresria* 
brightness  within  wide  working  limits,  the  visual  power  increases  but  alovlj 

208.  Color  sensations.  Ocular  discernment  as  presented  in  the  Yount* 
1 1 umholta  theory  is  based  upon  three  primary  sensations : red,  green  and  blue. 


•Lambert’s  Experiments  as  reproduced  in  the  “Art  of  Illumination' 
by  Bell. 
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or  b est  virion  under  any  condition  of  light  intensity;  (b)  Indaotlon,  the 
name  applied  to  that  effect  ot  contrast  which  causes  a dark  surface  to  appear 
darker  when  in  juxtaposition  with  a brighter  surface  or  rice  versa;  (o)  PUT- 
kinje  effect,  the  tendency  of  the  eye  to  become  more  sensitive  to  light  of 
short  wave  lengths  than  to  light  of  long  wave  lengths  when  the  intensity  is 
low.  Due  to  the  last-mentioned  effect,  with  the  same  low  intensity  of  light, 
blues  and  greens  appear  brighter  than  does  red.  See  also  Par.  10-11. 

ill.  Threshold  vision.  In  many  ocular  testa  the  point  of  minimum 
perception  Is  the  basis  adopted.  These  are  known  as  “threshold”  or 

Kmen"  tests,  and  are  applied  to  determine  visual  acuity,  flicker,  etc. 
Visual  acuity  is  generally  expressed  in  terms  inversely  proportional  to  the 
visual  angle  subtended  by  the  observed  object  at  threshold  value,  unity  being 
taken  as  an  angle  of  o min.  Visual  acuity  is  tested  by  determination 
of  the  smallest  discernible  object,  as  a letter,  under  a given  low  intensity  of 
illumination;  or  the  greatest  distance  at  which  a given  object  under  a given 
intensity  of  illumination  may  be  discerned;  or  the  minimum  illumination  at 
whieh  a given  object  at  a given  distance  may  be  discerned.  Flicker  testa 
usually  consist  in  the  determination  of  the  minimum  change  in  intensity 
upon  an  observed  object  whioh  may  be  perceived  with  a given  rate  of  flicker, 
or  the  minimum  rate  of  flioker  which  may  be  detected  with  a given  change  in 
intensity.  Threshold  tests  of  shade  perception  are  also  applied.  The  line 
of  division  between  sneh  tests  and  visual  acuity  tests  is  not  clearly  indicated, 
rince  some  visual  acuity  tests  in  one  sense  are  shade  perception  teste.  In 
all  such  tests  the  accuracy  attained  is  of  a lower  order  than  that  attained  in 
comparison  tests  where  one  surface  is  brought  to  the  same  brightness  as 
another  surface  in  juxtaposition  to  it. 

ill.  Psychology  of  vision.  Vision  is  a combined  physiological  and 
psychological  process.  For  example,  the  eye  as  an  optical  instrument  pro- 
duces upon  tiie  retina  an  inverted  image  of  an  object  viewed.  This  applies 
the  stimulus  to  produce  the  sensation.  The  mind  interprets  before  the 
object  is  rightly  perceived.  Therefore  the  subjective  phenomena  associated 
with  vision  are  of  prime  importance;  unfortunately  they  are  but  little  under- 
stood by  lighting  practitioners.  The  observer's  conception  of  the  appear- 
ance of  objects,  images  of  whioh  are  impressed  upon  the  retina,  depends 
upon  the  mental  interpretation  of  such  images  in  the  light  of  tradition, 
memory  and  experience. 

CHARACTERISTICS  OF  ILLUMHVATION 

tit.  Steadiness  vs.  fluctuation  In  light.  Reliability  in  an  illumination 
system  is  a first  requisite.  Of  a like  obvious  character  is  steadiness.  Un- 
steadiness is  distressing  and  perhaps  injurious  to  the  eyes  in  spite  of  the  pro- 
tective features  with  which  they  are  provided.  Unsteadiness  of  light,  as 
encountered  in  flames  which  fluctuate  with  atmospheric  disturbances,  is  not 
found  in  electric  illuminants  as  a rule,  though  arc-lamps  exhibit  somewhat 
similar  tendencies.  Unsystematic  fluctuations  in  the  aro  may  be  due  to  a 
vandering  of  the  aro.  This  propensity  ohanges  the  light-distribution  char- 
acteristics, notably  in  the  open  carbon-arc  lamp;  or  results  in  vaporising 
s more  or  lees  luminous  material  from  the  electrode,  as  in  the  flame-arc  lamp 
end  metallio-electrode  lamp.  Requirements  in  indoor  lighting  are  such  as 
to  bar  badly  fluctuating  light  sources  from  general  use.  The  requirements 
for  exterior  lighting  are  leas  rigorous  in  this  respect,  and  therefore  aro-lamp 
fluctuations  which  could  not  be  tolerated  for  most  indoor  purposes,  do  not 
constitute  serious  objections  for  some  classes  of  exterior  lighting. 

Incandescent  lamps  are  subject  to  unsystematic  light  fluctuations  only 
when  operated  upon  a circuit  which  carries  a varying  power  load  as,  for 
example,  elevator  motors.  Systematic  light  fluctuations  occur  on 
alternating-current  service.  Incandescent  lamps  are  characterised  by  greater 
thermal  stability  than  aro-lamps,  and  these  cyclic  light  fluctuations  are 
therefore  lees  senous.  For  incandescent  lighting,  35  cycles  appears  to  be  the 
approximate  lower  frequency  limit  for  satisfactory  service  of  all  classes, 
though  for  many  purposes  25  cycles  lighting  has  been  found  satisfactory. 

S14.  Intensity  or  flax  density  is  an  all-important  fundamental  to  be 
considered  in  illuminating  practice.  Sufficient  intensity  of  light  must  be 
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cthitov, 


f>rovidcd  to  serve  utilitarian  purposes,  to  enable  the  eyes  to  accomplish  their 
unction  without  undue  fatigue,  and  to  create  pleasing  effects — three  purposes 


function  without  undue  fatigue,  and  to  create  pleasing  effects — three  pu*^ 
which  must  be  served  in  the  order  of  their  importance  in  all  installations.  Tc 
accomplish  this  it  may  be  necessary  to  provide  an  illumination  of  uniforn 
intensity,  or  the  flux  may  have  to  be  distributed  dissymmetrically.  Shadow 
are  important,  contrasts  must  be  correct  and  a cureful  study  of  the  iatenl 
sities  necessary  to  produce  brightness  of  the  right  order  is  essential  to  sucee* 
in  lighting  installations. 

215.  Illumination  intensities  for  various  classes  of  service.  £xpe» 


ence  is  teaching  that  economy  is  promoted^  by  the  adoption  of  mujch  high* 
intensities  in  industrial  work 


than  have  heretofore  prevailed.  Every  r* 
ported  experiment  shows  increased  production,  diminished  shrinkage  an 
satisfied  employer  and  employee  when  a change  to  «higher  intensities  fcu 
been  made  in  installations  where  the  judgment  of  competent  engineers  hi 
guided  the  selection.  But  there  is  lacking  information  to  show  whethi 


such  higher  intensities  are  lower  than  or  higher  than  the  intensity  yiekiu 

' * s at  the  pi 


the  greatest  economy  of  production.  < The  best  guide  available  * 


time  is  to  be  found  in  the  Code  of  Lighting  of  the  Illuminating  Engioi 
Society  and  in  thejseveral  State  Industrial  Lighting  Codes  which  are  models 


upon  the  Society  Code.  Some  of  the  8taU|  codes  prescribe  detailed  minim 


for  a variety  of  industrial  operations.  The  Code  of  the  State  of  Oreg«| 
shows  preferable  intensities  for  a great  variety  of  operations.  Some 
sentative  values  are  given  in  Par.  219. 


216.  Direction.  The  best  direction  for  the  strongest  component  in  a 
illumination  system  is  peculiarly  a matter  for  determination  after  study 
local  conditions.  In  natural  lighting  there  is  usually  a strongly  directa 
component,  the  only  exception  being  a condition  of  diffused  light 
as  that  produced  by  inists,  rain,  etc.  A great  variety  of  directions  for 
principal  component  is  experienced,  ranging  from  one  almost  diw 
downward  at  mid-day  in  the  summer  to  one  which  is  almost  horisontal  ji 
after  sunrise  or  just  before  sunset.  It  is  probable  that  the  most  pl< 
direction  for  daylight  conditions  lies  well  between  these  two  extrei 
The  direction  of  light  in  interiors  illuminated  from  side  windows  is  unnai 
and  in  many  instances  is  neither  pleasing  nor  comfortable.  This  is  es| 


true  of  offices  in  high  buildings  where  nothing  but  the  sky  is  visible  thn 
elTi 


the  window  from  a point  well  in  the  interior  of  the  room. 


217.  Direction  of  light  affects  appearance.  A suitable  din 

for  light  is  very  important  in  industrial  work  where  the  avoidance  of  sha 
and  the  avoidance  of  glare  are  of  paramount  importance.  The  app 

dire*^ — l J- 


of  a room  is  very  largely  dependent  upon  the  direction  of  the  light  t 


ornamentation,  relief  designs  are  absolutely  dependent  upon  the  relatkM^ 

ly  a “ 


light  and  shade.  X Usually  they  require  not  onlv  a noticeable  directed 
. . ‘ > tht  ‘ - • 


nipone 

correct.  So  also,  in  the  general  appearance  of  a room  ana  of  the  obj« 
contained  in  it,  shadows  are  important  and  their  proper  direction  is  a pro 
nent  factor  in  determining  the  final  appearance  of  the  room.  The  direci 
of  incident  light  is,  to  some  extent,  a determining  factor  in  the  extent  i 
characteristic  of  the  reflection  from  surfaces.  || 


218.  Diffusion.  See  Par.  220.  If  light  from  a point  source  pass® 

through  crystal  glass  or  is  reflected  by  a mirror,  the  ray's  are  uniformly  direr* 
gent,  that  is  characteristically  radiating.  If  the  crystal  glass  or  the  mirror  be 
replaced  by  an  etched  glass  and  a mat  reflecting  surface  respectively,  the 
uniform  radiating  characteristic  is  lost,  the  rays  are  scattered,  and  further 
propagation  takes  place  in  a multiplicity  of  directions.  Such  light  is  called 


•"  Distribution  of  Luminosity  in  Nature.”  Ives  and  Luckiesh,  Tran* 
Ulg.  Eng.  Soc.,  1911. 

T Ives.  “ Some  Home  Experiments  in  Illumination,”  Trans.  Illg.  Eng 

Soc.,  1913,  p.  238. 

t Luckiesn.  “Importance  of  Direction,  Quality  and  Distribution  of  Light" 
Proceedings  American  Gas  Institute,  1913. 

II  “ The  Effect  of  Variation  of  the  Incident  Angle  on  the  Coefficient  of 
fuse  Reflection.”  Gilpin,  Trans.  Illg.  Eng.  Soc.,  1910. 
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may  be  represented  by  various  curves  having  radials  elongated  in  the 

tion  of  regular  transmission  and  reflection,  indicating  correspondingly 

distribution  in  other  directions  than  is  provided  by  perfect  diffusion 
A variety  of  reflection  characteristics 
is  illustrated  in  Fig.  53,  ranging  from  190° 
perfect  diffusion  to  a combination  of 
regular  and  diffuse  reflection  charac- 
teristic of  glossy  paper. 

221.  Need  for  diffusion.  Diffusion 
tends  to  avoid  glare  and  to  soTten 
shadows.  Its  accomplishment  in- 
volves the  substitution  of  secondary 
light  sources  which  are  relatively  large 
and  therefore  of  low  brightness  when 
compared  with  the  source  of  light. 

Artificial  lighting  is  usually  inferior  to 
natural  light  in  respect  to  diffusion,  t 
In  practically  every  installation  there 
is  a real  necessity  for  introducing  arti- 
ficial means  of  diffusing  the  light. 

222.  Color  in  its  physical  aspects 
has  been  treated  in  tne  discussion  of 
the  production  of  light  (Par.  27).  The 
spectrophotometric  values  of  light 
from  the  several  common  illuminants 


have  been  supplemen  ted  by  color-sensa- 
tion values  as  determined  1 


with  color- 

mixing  instruments.  Referring  fur- 
ther to  the  subject  in  its  physiological 
relations,  it  may  be  noted  that  there 
arc  three  primary  colors,  namely:  red, 
green,  and  blue-violet,  using  pure 
spectrallight.  With  these  three  colors, 
light  of  any  desired  color  value  may  be 
produced.  In  his  ability  to  modify 
the  color  of  light,  the  illuminating  en- 
gineer has  at  his  disposal  a means  of 
enhancing  the  attractiveness  of  an  in- 
terior as  will  be  brought  out  more  in 
detail  under  discussion  of  congruity  in  illumination.  Par.  232.  It  also  is 
field  in  which  there  is  an  opportunity  for  profiting  by  certain  peculiarities  < 
vision  (Par.  208) 


Fia.  53. — Various  degrees  of  diffua 
reflection.  Light  incident  45deg.b 
low  horizontal,  surface  being  verf 
cal.  A,  perfect  diffusion;  B.refle 
tion  from  glossy  paper ; C,  reflectk 
from  semi-glossy  paper;  D,  refleetiol 
from  mat  paper. 


PHYSIOLOGICAL  AND  PSYCHOLOGICAL  EFFECTS  OF 
ILLUMINATION 

223.  Contrast.  Once  the  correct  general  intensity  of  light  (Par  Jit 

is  secured,  all  other  aspects  involved  in  direction  (Par.  217),  diffusion  (Par 
218)  and  color  (Par.  222)  as  well  as  in  the  distribution  of  the  light  to  produa 
various  intensities,  must  be  so  manipulated  as  to  secure  the  proper  degrei 
of  contrast.  The  more  the  subject  of  good  illumination  is  considered,  tb 
more  prominently  does  contrast  force  itself  upon  attention  as  a fundaments 
which  must  be  served  if  an  installation  is  to  be  successful.  This  applie 
both  to  contrast  of  light  and  shade  and  to  contrast  of  color.  Contrast  0 
light  and  shade  resolves  itself  into  a question  of  varying  brightness,  embrae 
ing  the  range  of  brightness  values  from  a brilliant  incandescent-lamp  fils 
ment  or  an  arc,  down  to  the  deepest  shades  within  view-.  The  unshad* 


* Nutting^  “ The  Diffuse  Reflection  and  Transmission  of  Light,”  Transac* 

tions  Illg.  Eng.  Soc.,  1912. 

t Luckiesh.  "Investigation  of  Diffusing  Glassware,"  Electrical  World, 
Nov.  16,  1912  and  April  26,  1913. 
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incandescent  lamp  flowing  outdoors  in  the  daytime  does  not  appear  very 
bright  against  a background  of  sky,  and  may  be  viewed  directly  without 
discomfort.  The  same  unshaded  lamp  burned  at  night  in  a room  which  is 
decorated  in  light  colors,  will  prove  annoying,  while  if  burned  in  a room 
of  which  the  decorations  are  of  low  reflecting  quality,  as  dark  woodwork, 
the  lamp  will  prove  positively  intolerable.  In  the  three  oases  the  brightness 
of  the  lamp  remains  the  same,  and  it  is  the  varying  contrast  with  its  sur- 
roundings which  explains  in  the  one  case,  abeenoe  of  discomfort  and  in  the 
other  extreme  case,  the  most  serious  kind  of  ocular  discomfort. 

2*4.  Need  for  concealing  light  sources.  In  Par.  SI  brightness 
values  for  various  unshaded  light  sources  are  given.  It  will  be  observed,  for 
example,  that  these  range  from  less  than  one  oandle- power  per  sq.  in. 
for  the  Moore  tube  to  4,000  candle-power  per  sq.  in.  for  the  magnetite  arc. 
This  is,  indeed,  a wide  range  in  brightness.  When,  however,  it  is  remembered 
that  the  brightness  of  a very  well-lighted  wall,  decorated  in  some  light 
tone  is  of  the  order  of  0.003  candle-power  per  sq.  in.,  it  will  be  seen  that  the 
variations  in  brightness  of  commercial  light  sources  are  small  in  compari- 
son with  the  contrasts  between  any  of  them  and  the  surfaoes  with  which  they 
are  likely  to  be  surrounded  in  practioe.  Herein  lies  the  necessity  for  shading 
light  sources  in  order  to  protect  the  eye  against  excessive  ooatrasts.  Entirely 
capable  of  protecting  itself  against  excessive  brightness,  the  eye  is  not  able  to 
see  the  objects  of  relatively  Tow  brightness  ana  at  the  same  time  guard  itself 
against  the  very  high  brilliancy  of  an  exposed  light  source.  There  still 
remains  the  necessity  for  avoiding  the  intnision  of  reflected  images  of  the 
light  sources  in  the  ordinary  field  of  view.  A well-shielded  light  source  may 
be  exposed  in  the  direction  of  a polished  table  top,  the  surface  of  which  may 
reflect  an  image  of  the  light  source,  subjecting  the  eye  to  almost  as  great 
strain  as  though  the  actual  souroe  were  exposed.  Glossy  paper,  shiny 
materials  to  be  worked  upon,  polished  woodwork,  etc.,  are  likely  to  introduce 
this  sort  of  difficulty.  Nature's  surfaces  as  a rule  are  not  shiny:  artificial 
surfaces  are  likely  to  be  shiny.  In  abolishing  glossy  paper,  polished  wood- 
work, etc.,  a .long  step  is  taken  toward  the  elimination  of  exoessive  contrasts 
in  artificial  lighting.  It  is  not  possible,  however,  to  abolish  all  such  surfaoes, 
and  in  other  cases  it  is  not  done.  It  is,  therefore,  desirable  to  conceal  the 
light  source  further.  Accordingly,  the  improvement  of  a few  years  since  in 
providing  translucent  reflectors  which  largely  cover  incandescent  lamps  and 
shield  them  from  direct  view,  has  been  supplemented  more  recently  by  frost- 
ing the  lower  part  of  the  bulbs  of  the  lamps  and  the  interior  surfaces  of  the 
reflectors  in  order  to  soften  and  diffuse  the  light.  Consequently,  when 
reflected  images  are  encountered,  their  brightness  is  rendered  of  as  low 
an  order  as  practicable.  More  recently  still,  bowls  have  been  employed, 
either  opaque  or  translucent,  which  intervene  between  any  point  of  observa- 
tion and  the  light  souroe  proper,  softening  and  diffusing  the  light  and  direct- 
ing a part  or  all  of  it  toward  the  ceiling,  whence  it  is  further  diffused  and 
reflected  downward. 

2SS.  Glare  due  to  light  source.  Excessive  brightness  and  light  out 
put  of  surfaces  or  objects  within  the  field  of  view  give  rise  to  glare.  Where 
the  light  source  itself  is  within  view,  or  a more  or  leas  imperfect  image  is 
viewed  upon  a polished  surface,  the  effect  is  much  the  same  (Par.  123). 
Glare  may  actually  reduce  one's  visual  power  temporarily;  it  may  occasion 
discomfort  and  eyestrain;  or  if  continued  long  enough,  it  is  thought  likely  to 
impair  visual  organs.  The  effect  of  temporary  reduction  in  visual  power 
has  been  studied  extensivelv.  • In  Fig.  54  is  shown  the  reduction  in  visual 
power  due  to  the  presence  of  an  exposed  lamp  in  a dark  room.  The  observers 
viewed  a dimly  illuminated  test  object.  Tne  presen oe  of  a 16-oandle-power 
bare  lamp  2 deg.  from  the  test  object  reduced  the  observer’s  ability  to  discern 
the  test  object  to  about  the  same  extent  as  would  follow  a reduction  in 
illumination  of  80  per  cent.  As  the  light  source  was  removed  from  the 
observed  object,  its  detrimental  influence  became  less  marked,  falling  off 
rapidly  until  the  angle  of  separation  was  4 deg.,  and  thereafter  at  a slower. 


* Sweet.  “ An  Analysis  of  Illumination  Requirements  in  8treet  Lighting," 
Journal  of  the  Franklin  Institute,  May,  1010. 
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rate  until  at  about  15  deg.  the  effect  disappeared.  Because  of  the  ver| 
ge rated  conditions  of  dark  surroundings  and  dimly  illuminated  tea 
object,  the  results  here  obtained  shoyr  diminished  visual  power  far  bey  on 
that  which  would  likely  be  experienced  in  practice.  They  illustrate  th 
effect,  however,  and  are  suggestive  of  the  need  for  ooncealing  the  light  sourci 
It  is  to  be  noted  that,  though  no  reduction  in  visual  ability  could  be  men 
when  the  source  was  removed  16  deg.  from  the  centre  of  the  field 
view,  yet  the  discomfort  and  annoyance  due  to  its  presence  were  very  seved 


Visual  Angle- Degrees 


Fig.  54. — Influence  of  glaring  light  source  in  decreasing  visual  povd 


2 26.  Glare  due  to  reflected  image  of  light  source.  Glare  due  to  imsgM 

of  light  sources  reflected  from  shiny  surfaces  is  probably  more  produced 
of  harm  in  the  present  stage  of  practice  than  is  glare  directly  due  to  expose* 
light  sources.  While  the  imperfect  rendering  of  the  image  by  m 
usual  polished  surfaces  decreases  the  brightness  materially,  yet  the  loca 
tion  of  the  reflected  image  is  often  so  near  the  centre  of  the  field  of  vision  ■ 
to  1)6  much  more  serious  than  an  exposed  light  source  further  removed 
Viewing  a glossy  paper  at  the  critical  angle  in  which  the  image  of  tbeligM 
source  is  reflected  to  the  eve,  it  may  be  impossible  to  read  print.  This  efied 
is  cli  minished  by  altering  the  position  of  the  object  or  of  the  observer,  but,  OT 
to  minute  irregularities  of  the  surface  of  the  paper,  there  is  still  likely  to  M 
an  appreciable  regular  reflection  toward  the  eye.  Likewise,  paper  whidj 
is  only  slightly  glossy  may  reflect  regularly  toward  the  eye  an  appredsbk 
section  of  the  image  of  the  light  souroe  without  introducing  so  serious 
effect  as  to  prompt  the  observer  to  change  position.  Such  conditions  are  th< 
source  of  much  discomfort  and  dissatisfaction  experienced  in  artificial  lightj 
ing.  If  they  are  to  be  avoided,  light  sources  must  be  shielded  both  froia 
immediate  observation  and  from  possibilities  of  reflection  from  glos9| 
surfaces. 

227.  Reflection  Tacton.  If  it  be  assumed  that  softly  diffused  light  ■ 
distributed  generally  throughout  an  interior  producing  uniform  illuming 
tion,  contrasts  are  dependent  wholly  upon  the  reflecting  qualities  of  t« 
illuminated  surfaces.  As  these  are  usually  less  readily  changed  than  tM 
distribution  and  quality  of  the  light,  it  is  desirable  to  consider  them  before 
determining  upon  the  degree  of  uniformity  which  should  be  achieved  in  hgM 
distribution.  Uniform  illumination  with  uniform  decorations  in  an  interior 
would  be  undesirable  from  every  standpoint.  Uniform  illumination 
heavily  contrasted  decorations  and  fittings  may  be  acceptable.  It  is  there- 
for*; of  interest  and  value  to  obtain  information  on  the  reflection  factors* 
various  surfaces,  such  are  contained  in  Par.  8S8. 
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229.  Shadows.  Further  contrasts  are  encountered  in  shadows.  ’ 
more  generally  the  light  is  distributed;  the  lighter  are  the  shadows;  the  a 

Snerally  the  light  is  diffused,  the  less  sharp  are  the  shadow  cootot 
oth  depth  of  shadow  and  sharpness  of  outline  are  of  importance  in  oontnl 
ing  to  the  effect  of  contrast.  When  properly  treated,  relatively  deep  shad 
are  of  importance  in  contributing  to  perspective  and  in  producing  a satisfy 
effect.  In  some  kinds  of  industrial  work,  in  office  work  and  in  some  ot 
classes  of  work  all  but  very  soft  shadows  should  be  avoided.  Rolph* 
concluded  that  for  working  surfaces  when  the  shadow  has  sharply  de& 
outline,  it  should  not  be  more  marked  than  15  per  cent.,  while  if  the  out] 
is  quite  indefinite,  as  with  well-diffused  lighting,  it  may  be  as  much  as  50 
cent. 

2S0.  Color  contrast.  The  remaining  aspect  of  contrast  is  the  import 
one  of  oolor.  Pleasing  color  contrasts  are  of  value  in  affording  rest  for 
eye,  in  lending  perspective,  and  in  prevention  monotonous  effects.  1 I 
color  effect  of  a given  surface  depends  to  no  little  extent  upon  the  color 
other  surfaoes  in  the  field  of  view  with  which  it  is  contrasted.  Also,  n 
slight  modifications  of  the  light  may  produce  marked  changes  in  the  appe 
ance  of  the  colored  surfaces.  The  choice  of  the  correct  color  for  the  ni 
employed  in  a particular  case  is  therefore  essential  to  successful  illuminao 
from  the  decorative  standpoint. 

281.  Permissible  contrasts.  In  general,  authorities  state  that  bri| 
objects  to  which  the  eye  is  subjected  should  not  exceed  4 or  5 c-p.  per  sq 

¥>.62  to  0.78  c-p.  per  sq.  cm.)  if  physiological  requirements  are  to  be  m 
his  applies  to  interiors  at  night.  The  limitation  is  relative  rather  th 
absolute.  One  authority,  t while  asserting  the  impracticability  of  fixing  a| 
standard,  suggests  that  if  the  brightness  of  the  object  upon  which  the  eyes  il 
employed  is  of  the  order  of  10  times  that  of  surrounding  objects,  physiologsi 
requirements  will  be  met  satisfactorily. 

232.  Congruity.  The  requirements  of  esthetics  are  for  illuminatim 
and  an  illuminating  equipment  which  shall  be  pleasing  to  the  senses  and  a 
harmony  with  the  character  of  the  premises  illuminated.  In  buildings  oi 
notable  architectural  design  the  equipment  should  not  only  be  suitable  foe 
its  surroundings  but  the  illumination  should  produce  such  combinations  d 
light  and  shade,  such  contrasts,  such  oolor  effects  as  will  bring  out  in  tnx 
proportions  the  important  architectural  features  of  the  building,  and  vili 
render  its  ornamentation  in  the  manner  conceived  by  the  architect,  li 
churches  the  illuminating  equipment  and  the  illumination  must  be  of  i 
character  which  is  in  keeping  with  the  religious  purposes  for  which  thi 
building  is  designed.  In  manufacturing  establishments,  effective  illumin* 
tion  should  be  provided  from  simple,  practical  equipments.  Inooagruitj 
of  fixture,  auxiliary,  or  illuminant;  or  unsuitability  of  light  in  quality,  i» 
tensity,  direction,  etc.,  may  mar  an  otherwise  efficient  illuminating  system 
233.  Pigmentary  colors.  Color  of  light,  like  color  in  decoration,  is  u 
aspect  which  affords  many  opportunities  for  skillful  use  by  the  illuminati&i 
engineer.  In  pigments,  red,  yellow,  and  blue  of  certain  kinds  and  in  oertau 
proportions  will  produce  white  or  any  other  desired  color.  They  are  some 
times  referred  to,  therefore,  as  the  primary  colors,  though,  in  a scientific 
sense,  pure  prismatic  colors,  respectively,  red,  green,  and  blue-violet,  are  tb< 
primary  colors.  The  colors  used  for  aeooration  are,  however,  depended 
for  their  appearance  upon  the  quality  of  the  light  by  which  they  are  illu 
mi  nated. 

It  will  be  obvious,  of  course,  that  pigments  which  appear  to  the  ejn 
similar  as  regards  color  may  be  quite  different  physically,  and  that  there 
fore  their  rendering  underjight  of  various  colors  may  be  markedly  differen 
from  that  here  indicated.  This  is  a field  of  application  in  which  nothing 
may  bo  taken  for  granted;  only  by  trial  can  the  appearance  of  a given  pig 
ment  under  a given  light  be  determined.  In  decoration,  therefore,  a know! 
edge  of  the  quality  of  the  light  employed  is  of  first  importance.  It  ii 
essential  that  light  be  provided  of  such  color  value  as  will  produce  tb< 
effect  desired  in  decoration. 


• Rolph. 
t Cobb. 
1011. 


Trans.  Illg.  Eng.  Soc.,  1912,  p.  242. 

"Physiological  Points  Bearing  on  Glare,"  7Vons.  Illg.  Eng.  Soe 
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234.  Ultra-violet  light.  Some  alprm  has  been  felt  by  physiologists 
It  ultra-violet  light  from  our  ordinary  illuminants  should  prove  harmful  to 
W visual  organs.  It  appears  to  be  quite  clear,  however,  that  nothing  of  this 
ind  is  to  be  feared.  Recent  investigations*  show  that  little  is  to  be  appre- 
tnded  on  this  score.  The  ultra-violet  radiation  from  commercial  illumi- 
tnts  is  shown  in  Par.  235. 

The  data  in  this  table  arrange  illuminants  according  to  their  ultra-violet, 
idiation.  Luckiesh,  studying  the  same  subject  at  about  the  same  time, 
Rived  at  the  following  conclusion: 

" It  appears  that  when  glass  is  used  over  any  commercial  light  source  there 
in  be  very  little  harmful  effect  when  moderate  intensities  are  used.  Consid- 
ring  the  greater  intensities  of  daylight,  protection,  if  necessary  in  any  case,  is 
lily  needed  against  it  rather  than  against  artificial  illuminants  except  in  the 
lee  of  special  use  of  the  latter  light  sources." 

METHODS  OF  ILLUMINATION 

236.  Direct  lighting.  The  fact  that  light  sources  are  usually  placed 
igher  than  the  surfaces  to  be  illuminated  and  that  a downward  direction  of 
ke  light  is  rather  generally  desirable  under  such  conditions,  has  led  to  the 

235.  Ultra-violet  radiation 


Light  source 


Ergs  per  sec.  per  sq. 
cm.  per  foot-candle 


* globe) . 


Quarts  arc  ("Alba” 

Graetsin 

"Gem”  lamp,  100-w'att. . . . 

Cooper  Hew'itt  (glass) 

Sunlight  (direct) 

Acetylene  flame 

Tungsten  lamp  (100-watt) . 

Nernst  lamp  (globe) 

Magnetite  (glass) 

Magnetite  (quarts) 

01d-<iuartz  lamp  (bare) 

New-quartz  lamp  (bare) . . . 
Carbon  arc  (quarts) 


4.3 

11.7 

14.8 
15.5 
16.1 

18.4 
22.7 

25.5 

30.3 

36.3 

38.3 

87.6 
91.0 


aximum  percentage  of  the  total  light  upon  the  surfaces  to  be  illuminated. 
» important  has  it  been  considered  to  promote  this  end,  that  the  term  "effi- 
' ' " (Par.  188)  has  sometimes  been  applied  to  the  ratio  of 


ommon  use  of  inverted-bowl  or  cone-shaped  reflectors.  These  have  been 
Krnfinrid  at  length  in  Par.  131  of  this  section.  The  fact  that  much  of  the 
ight  of  such  equipments  is  reflected  toward  the  objects  to  be  illuminated 
nthout  the  interposition  of  reflecting  or  transmitting  media,  has  led  to  the 
kdoption  of  the  term  "direct  lighting"  for  installations  so  equipped.  The 
imployment  of  direct-lighting  equipments  usually  facilitates  the  delivery  of^a 

Hpn  aL  :'Ll  { “ 

ioimL 

aency  of  utilization"  — , ---  v. 

ight  delivered  upon  a working  plane  to  total  light  produced  within  a room. 
This  term  has  sometimes  been  applied  to  such  ratios  in  installations  w'here 
the  importance  of  illuminating  other  surfaces  is  as  great  or  greater  than  that 
of  illuminating  a w'orking  plane.  Such  misuse  of  the  ratio  of  light  delivered 
upon  the  working  plane  to  light  generated  has  brought  it  into  disrepute, 
which  has  been  the  greater  because  of  occasional  application  of  the  term 
"illuminating  efficiency."  This  term  is  especially  inappropriate  by  reason 
of  the  fact  that  other  considerations  than  intensity  of  light  have  come  to  be 
regarded  as  of  perhaps  equal  importance,  though  they  are  disregarded  in 
arriving  at  the  "illuminating  efficiency"  by  the  method  indicated  above. 
The  ratio  of  utilization,  or  the  per  cent,  of  light  flux  delivered  upon  a working 
plane,  other  things  being  equal,  is  greater  wnen  direct-lighting  equipment  is 
employed  than  under  other  circumstances.  It  is  more  difficult,  however,  to 

* Bell. . Electrical  World,  April  13,  1912. 

Luckiesh.  Electrical  World,  June  15,  1912. 
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obtain  that  degree  of  diffusion  of  light  which  is  essential  to  the  avoidance  4 
glare  and  the  elimination  of  excessively  deep  shadows.  Direct-lighti^ 
equipment  does  not  always  yield,  therefore,  the  most  effective  illuminatid 
obtainable  from  a given  amount  of  light  produced  within  a room. 

237.  Indirect  lighting.  Some  of  the  worst  difficulties  encountered  in  tk 
use  of  direct-lighting  equipments  were  eliminated  by  the  use  of  so-caDe 
‘ indirect-lighting  equipments,”  in  which  the  light  sources  are  entirely  ooi 
reeled  from  view  and  the  light  is  directed  upon  a reflecting  surface  such  i 
the  ceiling,  which  reflects  and  diffuses  it.  Tne  reflecting  surf  ace  in  such tr 
terns  becomes  the  apparent  light  source,  and,  being  of  large  area,  its  brigh 
ness  is  very  much  lower  than  that  of  the  real  source.  In  consequence, shs 
ows  are  softened,  immediate  glare  effect  is  much  diminished,  and  glare  cl 
to  reflection  from  specular  surfaces  is  likewise  diminished.  Indirect-lights 
equipments  produce  conditions  which  are  much  more  conducive  to  comfaj 
able  vision  than  are  those  usually  attending  the  use  of  direct-lighting  eq\a 
ments.  It  is,  however,  much  more  difficult  to  control  the  light,  and  a ms 
greater  portion  of  the  light  is  usually  lost  before  becoming  effective. 

238.  Setni-indlrect  lighting.  Equipments  intermediate  between  theJ 
two  in  respect  to  effectiveness  of  light  direction,  diffusion  of  light.  ioB 
cuing  of  shadows  and  reduction  of  glare,  have  been  classed  broadly  as* ‘kum 
indirect  lighting”  equipments.  These  consist  usually  of  translucent  boHH 
translucency  varying  widely  and  brightness  of  bowl  varying  in  a correnosa 
ing  manner.  In  point  of  fact  there  is  very  little  difference  between  fightilfl 
effects  obtained  with  some  indirect-lighting  equipments  and  some 
indirect  lighting  equipments  because,  in  both,  large  proportions  of  theliolj 
are  directed  toward  the  ceiling,  whence  they  are  diffused  throughout  W 
room.  Enclosing  globes  also  are  likely  to  produce  results  of  much  the  tsav. 
order.  When  the  translucency  of  the  serai-indirect  bowl  is  so  low  thstw 
brightness  of  transmitted  light  is  not  neater  than  that  of  the  ceiling,  the  bgktr 
ing  effects  are  likely  to  be  quite  similar  to  those  which  obtain  when  indiittf- 
lignting  fixtures  are  employed. 

232.  Intermediate  types  of  lighting  equipment.  In  brief,  opaq* 
reflectors  which  allow  little  light  to  be  distributed  elsewhere  than  upon  tk 
working  plane  are  distinctively  direct-lighting  equipments  and  form  o» 
extreme  of  a range  upon  the  other  extreme  of  which  indirect-lighting  equip- 
ments may  be  placed.  Between  these  two  extremes  are  a great  vxrw*T 
of  equipments,  all  of  which  distribute  part  of  the  light  upon  the  ceiling 
part  of  it  downward.  It  is  difficult  to  differentiate  among  these  intermedia 
equipments  from  the  standpoint  of  illuminating  results.  Most  such  equip- 
ments, however,  may  be  located  in  one  of  three  classes,  namely  : (a)  inverted 
bowls  or  cones;  (b)  totally  enclosing  glassware;  (c)  translucent  bowl*. 

240.  Local  illumination.  The  tendency  in  recent  yean  has  been  ti 
depend  upon  general  lighting  as  far  as  possible  and  to  supplement  it  by  Iocs 
illumination  only  where  unavoidable.  It  is  well  to  do  so  because  with  Iocs 
illumination  it  is  difficult  to  avoid  glare  either  from  the  source  directly  or  Iron 
the  illuminated  surface.  When,  however,  it  is  necessary  to  illuminate  loowf 
some  surface,  which  must  be  very  brightly  lighted,  every  precaution  should b» 
taken  to  avoid  the  evils  just  named.  The  application  of  diffusing  raediss^ 
care  in  locating  the  light  source  will  go  far  toward  accomplishing  this; 
satisfaction  is  doubly  assured  if,  in  addition,  there  is  an  ample  general  illumi 
nation  supplementing  the  local  illumination. 

ILLUMINATION  DESIGN 

241.  The  purpose  to  be  served.  In  laying  out  an  installation  t fin 
step — so  simple  and  obvious  that  its  mention  mi^ht  appear  unnecessary — 
determine  the  purposes  to  be  served  by  the  lighting  installation.  Usually  oi 
does  not  simply  ‘'light  a room.”  He  provides  lighting  in  order  to  make 
store  attractive  to  the  prospective  customer  and  to  promote  the  sale  of  good 
to  illuminate  the  work  on  the  machine  and  promote  its  prompt,  accurate  u 
safe  accomplishment;  to  facilitate  clerical  work,  promoting  speed  and  sccd 
acy  without  fatigue  to  the  clerks;  or  to  enhance  the  beauty  and  charm  of 
room  in  a residence.  As  a rule  there  are  two  or  more  principal  objects  to  1 
attained  in  every  installation.  And  the  practitioner  who  familiarises  hii 
self  t horoughly  with  the  conditions  underlying  the  requirements  establish 
by  these  objects  takes  the  first  essential  step  in  successful  lighting  design. 
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MS.  Oholc*  of  illuminant.  Usually  general  conditions  narrow  the 
choice  to  two  or  three  illuminants.  In  a residence  any  other  illuminant  than 
incandescent  lamps  would  be  unsuitable.  In  a steel  mill  the  choice  would 
probably  be  narrowed  to  Type  C Masda  or  mercury  lamps.  In  a store 
either  Masda  lamps  or  intensified  carbon  arc  lamps  would  be  employed, 
etc.  In  a street  either  magnetite  or  Type  C Masda  lamps  would  probably 
be  considered.  Reliability,  simplicity,  efficiency,  color  of  light,  steadiness, 
cost  (first,  operating  and  maintenance)  and  sise  usually  determine  this  choice. 

MS.  Choice  of  auxiliary.  Cost,  ease  of  cleaning,  ruggednees,  efficiency 
new  and  maintained,  light-directing  qualities,  diffusion,  color,  sise  and  appear- 
ance have  to  be  considered.  Obviously,  the  importance  of  each  qualification 
depends  upon  the  nature  of  the  installation. 

M4.  Spacing  and  height.  In  industrial  and  commercial  lighting  it  is 
generally  considered  that  the  spacing  should  be  something  like  50  per  cent, 
greater  them  the  vertical  distance  from  the  plane  of  illumination  to  the  light 
source.  This  is  a sufficiently  good  relation  to  form  a point  of  departure  in 
planning  an  installation.  In  large  rooms  it  is  useful  to  divide  the  floor  area 
into  squares  or  approximate  squares.  Desirable  sises  of  these  squares  are 
given  in  Par.  MS.  * One  light  source  may  be  placed  over  the  middle  of  each 
such  square.  Often,  however,  the  sauares  or  rectangles  which  form  the  unit 
of  space  to  be  lighted  are  established  by  the  confines  of  the  room  or  by  the 
pillars  or  beams  which  make  the  division  of  the  room  into  bays.  In  such 
cases  it  may  be  practicable  to  treat  the  space  as  a unit  or  it  may  be  necessary 
to  subdivide  it  into  say  four  rectangles.  Where  uniformity  of  illumination  or 
a distinctly  downward  direction  for  the  light  is  desired,  smaller  rectangles 
should  be  adopted.  Other  things  being  equal,  smaller  rectangles  should  be 
used  for  direct  lighting  and  larger  ones  for  indirect  lighting  because  in  the 
latter  case,  the  actual  light  source  (ceiling)  is  higher  and  the  diffusion  is 
neater.  In  general,  the  adoption  of  smaller  rectangles,  which  means  more 
frequently  spaoed  smaller  light  sources,  results  in  greater  uniformity  less 
marked  shadows  and  less  glare,  while  larger  rectangles  and  larger  iflumi- 
nants  afford  more  pleasing  appearance.  Balance  between  these  two  depends 
upon  local  conditions. 


Mi.  Desirable  sixes  of  gquarag 


Kind  of  room 

Ceiling  height 

Desirable  length 
of  side  of  square 

Armories 

12  to  16  ft. 

12  to  16  ft. 

Auditoriums 

12  to  16  ft. 

12  to  16  ft. 

Public  halls 

Over  16  ft. 

15  to  26  ft. 

Rinks. 

Over  16  ft. 

15  to  26  ft. 

Stores 

8 to  11  ft.  | 

8 to  11  ft. 

Stores 

11  to  15  ft. 

10  to  16  ft. 

Stores 

Over  15  ft. 

14  to  22  ft. 

Offices — with  desk  lights 

10  to  20  ft. 

12  to  18  ft. 

Offices — without  desk  lights 

9 to  12  ft. 

7 to  11  ft. 

Offices — without  desk  lights 

12  to  16  ft; 

9 to  14  ft. 

Offices — without  desk  fights 

Over  16  ft. 

11  to  18  ft. 

Mi.  Amount  of  light  to  be  provided.  Assume  that  it  is  desired  to  light 
a room  which  is  20  by  12.5  ft.  and  12  ft.  high.  The  ceiling  is  white  and  the 
walls  are  buff.  An  average  horizontal  illumination  of  4 foot-candles  or 
lumene  per  sq.  ft.  is  desired.  Under  such  conditions  it  is  reasonable  to  esti- 
mate that  50  per  oent.  of  the  light  flux  produced  in  the  room  can  be  delivered 
upon  a horizontal  plane  with  sufficient  diffusion  for  most  purposes,  and  with 
ample  light  upon  ceiling  and  walls.  About  30  per  cent,  should  be  allowed  for 
deterioration  due  to  dust,  etc.  Therefore  the  light  to  be  delivered  upon  the 
30-in.  horisontal  plane  is  to  be  considered  as  about  35  per  cent,  of  the  total 
fight  to  be  produced.  The  area  of  the  room  is  250  sq.  ft.  (20  by  12.5  ft.). 
This  multiplied  by  4 foot-candles,  or  lumens  per  sq.  ft.,  yields  1,000 
lumens,  which,  being  35  per  cent,  of  the  total  to  be  produced,  gives  2,860 
lumens  as  an  approximation  of  the  total  flux  required. 


* "Handbook  on  Incandescent  Lamp  Illumination,”  General  Elec.  Co.,  1013. 
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UghtmethoUCf?PatrhC1M"eCtne‘“  °f  *“•  e8timat*  U h,>d  b>’th<>  **’“*>*“'>' 


Surface 

Area 

Estimated 
average  foot- 
candles 

Estimated 
coefficient  of 
absorption 

Lumens 

Absorbed 

Ceiling 

250  sq.  ft. 
780  sq.  ft. 
250  sq.  ft. 

1 

1| 

0.3 

0.6 

Walls 

75  | 

702 

Floor 

4 

0.9 

900 

Total 

Allowance  for  20  per  cent,  loss  in  reflector 
Allowance  for  30  per  cent,  deterioration 

1,677 

419 

898 

Total 


2,994 


produce  about  10  lumens  per  watt  it  would  appear  that 
eUherqtUhrree  loT^V°n  C?uld  ^obtained  in  the  h^tSSSl nSSL 
arranaernent  JffuSf*  °r  lZ0  15?Tatt  la^ps.  To  permit  symmetrical 

ea^ovw  th^mif  Hl^%W°^?r°bably,be  cho8en  and  would  be  inst4U^ 
Diane  of  rpflr^dK  fuft  10_fl-  rectangle  with  a separation  of  10  ft  If  a 

mounted  9 to  10  ft  ^ ^ above  the  floor  and  the  lamp*  be 

lucent  r«flo  ♦ » above  the  floor,  no  difficulty  will  be  met  in  selecting  traw 
ifiurnfnisfon^”  wboso1llKht  distribution  will  provide  substantially  uniform 
mSon  to  beah^SlT  SCect*d'  stud>  in  detail  the  cu^e  of  iD» 

described  in  Par f a S ai??ly  m.c,thoda  of  point  to  point  calculation  u 

JKSrtsSsJssflK  sa-s;*  ** -* 
® wsscasa 

COSTS 

S^W^SSfiBSHSaS^ 

Kc^vSn-AsiS 

anco  for  those  i 1 1 u m i nan ts*  whi  c l^d o?  t0  <h°  dealrabdlty  of  regular  attend* 

— 083cntia1  aXfactory  o^ratior  that”  »."^7anfpa  apdlX^'u 

in  Performance  and  Coat  Dau 
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Author  I Where  published  I Title 
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leaned  at  regular  intervale,  hence  a fixed  charge  should  always  be  included 
or  this  service.  Lamps  which  require  frequent  trimming  are  cleaned  at  the 
ame  time,  and  the  cost  is  included  under  the  maintenance  charge. 

“The  energy  cost  can  usually  be  readily  computed,  but  will,  in  the  case  of 
ome  electric  llluminants,  depend  upon  the  voltage  of  the  circuit,  since  this 
Ictermines  either  the  wattage  or  the  power-factor.  The  effect  of  power-fac- 
or  is  seldom  considered,  although  it  governs  the  investment  in  (generators, 
ransformers,  and  wiring,  and,  in  a small  degree,  energy  required.  To  the 
entral  station  or  isolated  plant,  the  volt-amperes  required  by  a given  lamp 
re  perhaps  as  close  a measure  of  the  cost  of  service  as  the  actual  wattage 
onsumed.  When  the  consumer  is  purchasing  energy  on  a kilowatt-hour 
lasis  this  factor,  of  course,  is  eliminated  so  far  as  he  is  concerned.” 

Principles  of  cost  accounting  in  illumination  may  be  laid  down  and  with 
Liscri  ruinating  application  may  serve  to  yield  correct  cost  values.  So  largely, 
lowever,  are  costs  in  lighting  dependent  upon  local  conditions,  and  so  greatly 
lo  these  conditions  vary,  that  it  is  unsafe  to  apply  in  one  installation  cost 
lata  obtained  somewhere  else,  unless  the  differences  in  condition  are  first 
considered  and  allowance  is  made  in  the  data  for  differences  in  such  condi- 
ions.  But  little  in  the  way  of  reliable  impartial  cost  data  has  been  published. 


250.  Cost  of  light  in  relation  to  other  expenses.  THe  total  cost  of 
irtificial  light  as  a part  of  the  cost  of  living  or  as  a part  of  the  total  cost  of 
operation  of  a business  enterprise  is  very  small.  In  1912  the  Department  of 
Commerce  and  Labor  in  a bulletin  entitled  “Retail  Prices  1890  to  1911“ 


shows  that  as  an  average  of  2,567  workingmen’s  families  in  1901,  the  average 
rost  of  lighting  per  annum  was  $8.15  out  of  a total  cost  of  $768.54,  or  1.06 
per  cent,  expended  in  lighting.  The  report  of  the  Commission  of  Labor  for 
1903,  as  presented  at  the  58th  Congress,  offers  statistics  compiled  from  the 
expenditures  of  11,156  workingmen’s  families;  these  show  that  the  cost  of 
lighting  in  workingmen's  homes  averaged  then  1.13  per  cent.  The  average 
for  any  group,  in  a classification  according  to  wages  earned,  was  found  not  to 
depart  from  this  value  to  any  great  extent. 

251.  Proportion  of  lighting  costs  to  total  operating  costs.  (1913) 


Class  of  lighting  installation 


Approximate  cost  of 
artificial  lighting  in 
proportion  to  total 
operating  costs 


Small  wage-earner’s  home — ratio  of  cost  of  light- 
ing to  total  income 


Well-conducted  large  manufacturing  establish- 
ments which  are  well  lighted  with  modern  illum- 
inants — ratio  of  cost  of  artificial  lighting  to  total 
cost  of  output  exclusive  of  selling  expenses 


Large  retail  mercantile  establishments — ratio  of 
total  lighting  cost  to  total  sales 


Small  stores- 
aales 


-ratio  of  total  lighting  cost  to  total 


Modern  loft  buildings 


1 per  cent. 


i to  ^ of  1 per  cent. 


Probably  less  than 
1 . 0 per  cent. 


2 per  cent. 


1 to  2 per  cent. 


Street  lighting  appropriations  by  municipalities  are  of  the  order  of  60 
cents  to  $1  per  inhabitant  per  year. 


252. 


PHOTOMETRY 

FUNDAMENTAL  PRINCIPLES 


Disappearance  or  discrimination  photometers.  Various  pho- 

determination  of  the  threshold  of 


tometers  have  been  devised  based  upon  

^jaion.  Some  involve  the  discrimination  of  fine  detail  and  are  known  as 
^■Ual-acuity  photometers.  A well-known  example  is  the  “illuminometer" 
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or  r tiding  distanoe  instrument,  which  has  been  employed  to  some  extent  fee 
et  i et -lighting  work.  In  this  instrument  the  criterion  is  the  maximum  da- 
ta noe  from  the  light  source  at  which  a given  fine  print  may  be  read  or  tbs 
size  of  print  which  may  be  deciphered  at  a given  distance  from  a light  source. 
In  :unother  type  the  criterion  is  the  perception  of  a given  contrast,  and  may 
involve  either  the  adjustment  of  the  contrast  for  disappearance  or  the  adjust- 
ment of  the  illumination  for  disappearance  of  contrast.  An  example  of  tlu§ 
is  the  ‘‘illuminomoter”  of  Kennelly  and  Houston.*  Still  a third  tyi* 
disappearance  photometer  has,  as  a criterion,  the  minimum  perceptible 
flicker,  and  involves  adjustment  of  the  rate  of  flicker  to  determine  disap- 
pearance or  adjustment  of  the  illumination  to  determine  disappearance  of 
flicker.  These  several  types  of  photometers  and  others  involving,  m s 
modified  form,  the  application  of  the  same  principles,  are  impracticsble 
for  measurement  of  illumination  because,  like  any  threshold  or  limentwt 
apparatus,  they  are  subject  to  errors  which  are  ocular  or  mental  in  origin  sod 
are  of  an  order  bo  great  as  to  make  the  instruments  useless  as  photometers. 
Those  errors  may  be  reduced  by  circumscribing  the  use  of  the  instrument 
with  precautions  which  limit  the  physiological  variables.  Even  when  tb* 

utmost  precautions  are  taken,  errors  of  the  order  of  25  per  cent,  are  to  be 

expected.  It  is  sometimes  asserted  that  discrimination  photometers  are  to  « 
looked  to  for  the  ultimate  determination  of  illuminating  value.  This  has 
not  been  demonstrated  however.  The  true  field  for  such  apparatus  and  one 
in  which  their  utility  is  considerable,  ia  in  the  study  of  vision. 

255.  Physical  laws  underlying  photometry.  Regarded  as  a phy»»j 
measurement,  photometry  rests  upon  the  application  of  the  law  that  kg* 
from  a point  source  varies  inversely  as  the  square  of  the  distanoe  (Par.  wj 
and  that  the  illumination  of  a plane  surface  varies  as  the  oosine  of  the  asp 
of  inclination  to  the  incident  ray  (Par.  SOI).  These  laws  must  be  appW 
with  discrimination  and  with  striot  regard  for  their  practical  limitation 
The  inverse-square  law  holds  good  only  when  the  light  source  is  relathraj 
small  with  reference  to  the  distanoe  from  the  souroo  to  the  illuminated  wff- 
face.  If  the  distance  is  less  than  five  times  the  maximum  dimension  of 
source,  material  divergence  fromthe  inverse-square  law  will  result., 
law  may  not  hold  good  for  relatively  short  distances  when  reflectinf  * 
refracting  devices  are  employed  to  concentrate  the  light  in  a particular  direc- 
tion, as,  for  example,  when  a parabolic  reflector  is  employed  with  anincan- 
descent  lamp  or,  as  a more  extreme  example,  a search-light.  The  coeiw 
law  applies  to  any  plane  surface  insofar  as  the  inoident  light  is  concerned 
In  many  cases,  however,  the  incident  light  is  judged  by  the  reflected  or  tbe 
refracted  light.  In  such  applications,  the  oosine  law  holds  good  only  if  *b* 
surface  is  a true  diffusing  surface,  altogether  free  from  regular  refleetioo 
characteristics. 

254.  Ocular  characteristics  affecting  photometry.  In  the  com- 
parison of  lights  of  similar  color,  the  process  is  not  unlike  other  physical 
measurements  since  visual  peculiarities  do  not  affect  the  result.  In  hetero- 
chromatic  photometry,  in  which  lights  of  different  colors  are  compared 
ocular  characteristics  must  be  borne  m mind,  and  the  measurements  mustbt 
carried  out  with  due  regard  to  the  requirements  which  they  impose.  The 
three  characteristics  of  greatest  importance  are  as  follows:  (a)  the  Purlin/ 
effect  (Par.  255;;  (b)  yellow-spot  vision  (Par.  256);  (c)  partial  colorblind- 
ness (Par.  257). 

255.  The  Purkinje  effect  is  the  name  applied  to  the  greater  sensibility 
of  t he  human  eye  to  blue  and  green  light  at  very  low  intensities  than  to  red  or 
yellow  light.  In  accordance  with  this  characteristic,  if  a mercury-npor 
lamp  is  adjudged  equal  in  illuminating  power  to  a tungsten-filament  lamp 
when  the  two  are  compared  at  a distance  of  10  ft.,  the  mercury-vapor  lamp 
would  be  adjudged  of  higher  illuminating  power  than  the  tungsten  lamp  if 
the  comparison  were  to  be  made  at  a great  distance. 

256.  Yellow-spot  vision.  The  central  portion  of  the  retina  of  the  ere, 
the  vellow  spot,  comprehends  a visual  angle  of  6 to  8 deg.,  throughout 
which  the  eye  is  less  sensitive  to  groen  and  blue  light  than  is  the  surrounding 
portion  of  the  retina.  If  a comparison  of  a mercury-vapor  lamp  and  t 
tungsten  lamp  of  equal  power  were  to  be  made  upon  a surface  so  small  as  to 


* Electrical  World,  March  9,  1895. 
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fall  within  a visual  angle  of  6 deg. , the  mercury-vapor  lamp  would  be  adjudged 
of  lower  illuminating  power  than  the  tungsten.  While  a relatively  higher 
evaluation  would  be  accorded  the  mercury-vapor  lamp  if  the  illuminated 
surface  were  to  be  enlarged  so  as  to  comprehend  a visual  angle  of  say  24  deg. 

tST.  Partial  color  blindness  is  often  encountered.  Eyes  of  certain 
individuals  are  found  to  be  less  sensitive  to  light  of  a given  color  than  are 
normal  eyes.  The  characteristic  sensibility  of  the  eye  to  light  of  different 
colors  ana  of  a given  intensity  when  plotted  diagrammatically  is  known  as  the 
luminoeity  curve*  (Par.  10).  If  an  observer’s  sensibility  to  red  is  low,  as 
shown  by  the  luminosity  curve  for  his  eye,  he  would,  of  course,  adjudge  the 
illuminating  power  of  a mercury- vapor  lamp  to  be  relatively  high  as  com- 
pared with  that  of  a tungsten  lamp. 

SOB.  Psychology  In  photometry.  In  all  photometry  and  especially  in 
heterochromatic  photometry,  observers  whose  eyes  may  have  quite  similar 
characteristics  sometimes  secure  markedly  different  results,  due  to  the  fact 
that  they  form  different  concepts  of  the  appearance  which  two  illuminated 
surfaces  must  assume  when  they  are  balanced.  Usually,  an  observer  forms 
a concept  and  adheres  to  such  concept  until  persuaded  that  it  is  improper. 
This  is  a matter  of  memory,  tradition,  and,  sometimes,  of  external  influence. 
It  is  common  experience  that  observers  who  work  together  in  photometry 
tend  to  form  similar  concepts  and  to  agree  in  their  observations  under  ail 
conditions.  Sometimes  the  concept  agreed  upon  by^uch  observers  is  the 
probable  correct  concept  reached  as  a consensus  of  opinion.  On  the  other 
hand  it  may  be  the  concept  of  one  observer  which  another  observer  has  been 
influenced,  unconsciously,  to  accept. 

tB9.  Heterochromatic  photometry.  No  final  determination  of  the 
relative  illuminating  power  of  lights  of  different  colors  has  been  made.  It 
seems  probable  that  there  cannot  be  any  one  factor  to  express  this  relation 
because  the  illuminating  power  of  light  of  different  colors  depends,  first, 
upon  the  intensity  at  winch  it  is  employed  and  second,  upon  the  purpose 
for  which  it  is  employed.  Conditions  are  ripe,  however,  for  the  establish- 
ment of  arbitrary  standards  of  light  of  different  oolors  to  serve  for  purposes 
of  heterochromatic  photometry.  Much  work  is  being  done  on  the  suoject 
and  reliable  standards  representing  the  best  assignments  of  values  which 
have  been  made  will  shortly  be  available.  With  such  standards,  consisting 
either  of  sources  yielding  light  of  various  colors  or  of  color  filters  for  modifying 
tbs  light  of  a riven  source,  heterochromatio  photometry  is  reduced  to  the 
eomparison  of  lights  of  similar  colors,  under  which  conditions  the  ocular 
characteristics  affecting  the  problem  may  be  largely  ignored.  ' 

STANDARDS  07  LUMINOUS  INTENSITY 
MO.  Primary  standards  now  in  use.  All  primary  standards  which 
sre  employed  in  practical  photometry  are  flame  standards.  Flame  standards 
are  esteemed  rather  highly  in  the  gas  industry  because  their  candle-power  is 
considered  to  vary  more  or  less  as  does  the  illuminating  gas  flame  with 
changes  in  atmospheric  conditions.  Flame  standards  include  the  Hefner 
lamp f the  Pentane  lamp,  the  Carcel  lamp  and  candles.  All  are  capable  of 
yielding  accurate  results  when  employed  with  strict  regard  for  their  limita- 
tions. The  material  of  combustion  must  be  carefully  selected  in  accordance 
with  strict  specifications.  The  construction  must  be  accurate;  good  venti- 
lation and  freedom  from  drafts  is  essential;  accurate  adjustments  and  cor- 
rections for  variations  from  standard  atmospheric  conditions  are  funda- 
mentally important.  For  detailed  description  see  any  text-book  on 
photometry. 

Ml.  Proposed  primary  standards.  The  need  for  a primary  standard 
of  light  which  shall  have  a definite  value  and  be  absolutely  reproducible  has 
led  to  a number  of  iptereetir^  proposals.  Without  referring  to  a number  of 
proposals  which  have  been  given  a trial,  without  attaining  sufficient  sucess  to 
warrant  their  adoption,  it  may  be  said  that  there  are  two  recent  proposals 
of  considerable  merit.  Steinmetsf  has  suggested  that  the  red,  green  and 
blue  line  radiation  of  the  mercury  arc,  aggregating  one  watt,  be  adopted  as 
& standard  of  light.  Ivest  has  recommended  one  watt  radiated  in  energy 

•Ives.  Philosophical  Magazine,  December,  1912. 


t Transactions  A.  I.  E.  E.,  1908,  p.  1319. 
t Transactions  Illg.  Eng.  8oc.,  1912,  p.  376. 
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of  maximum  luminosity.  Both  suggestions  depend  for  successful  appticstw*. 
upon  the  accurate  measurement  of  radiant  energy,  and  Ives'  auggestwi. 
involves  further  the  accurate  transfer  from  green  to  white  light  through 
heterochromatio  photometry. 

211.  International  candle  and  its  equivalents.  An  important  stey 
toward  international  agreement  upon  a unit  of  light  was  taken  through  tbs 
cooperation  of  the  Illuminating  Engineering  Society  and  the  Bureau  <xi 
Standards  in  1900.  While  the  Hefner  lamp  is  the  official  unit  of  light  i* 
Germany,  yet  the  simple  relation  1 Hefner -0.9  international  candle 
ig reed  upon  as  the  result  of  the  same  international  cooperation.  The  fol- 
lowing relations  now  hold:  1 international  candle  — 1 Pentane  candle-1 
Bougie  decimale  — 1.11  Hefner  unit  — 0.104  Car  cel  unit. 

261.  Representative  standards.  Seasoned  incandescent  lamps  cafr 
brated  in  international  candles  and  held  in  the  custody  of  the  Govsnunes 
laboratories  in  England,  France  and  the  United  States  are  for  all  practical 
purposes  the  official  standards  of  light  in  these  countries.  Accurately 
ral ibrated  lamps  derived  from  these  standards  may  be  procured  from  trn 
Bureau  of  Standards  and  from  testing  laboratories  for  use  as  referent* 
{standards. 

264.  Reference  standards.  It  is  customary  in  important  photometm 
work  to  procure  a number  of  reference  standards  calibrated  in  internaUoMl 
candles  and  to  use  these  occasionally  for  the  verification  of  other  stauurai 
which  are  in  daily  use  and  which  are  known  as  working  standards.  That 
i n turn  are  used  for  the  occasional  calibration  of  comparison  standards  which 
are  burned  continuously  in  a photometer.  All  electric  incandescent  lamp ! 

andards  have  a limited  life;  hence  lamps  which  are  used  for  continuow 
comparison  purposes  must  be  verified  occasionally  and  the  repeated  use  © 
the  working  standards  employed  in  such  verifications  in  turn  limits  their 
period  of  constancy.  A complete  range  of  reference  standards  and  workisi 
standards  is  important  if  comparison  standards  are  to  be  relied  upon  f* 
accuracy. 

PHOTOMETERS  AND  PHOTOMETRIC  APPARATUS 

266.  Physical  or  non-ocular  photometers.  In  the  measurement  of 

radiant  energy  there  are  employed,  at  various  times,  the  thermopile,  the 
radiometer,  and  the  bolometer.  These  are  affected  by  radiation  of  Ttrious 
wave  lengths  in  several  characteristic  ways,  and,  for  some  classes  of  phyart) 
investigation,  have  very  important  usee.  The  photo-electric  cell,  the 
selenium  cell,  and  the  photographic  plate  also  have  been  investigated  with* 
view  to  employment  as  substitutes  for  the  eye  in  conjunction  with  aptot'*’ 
metric  device.  In  addition  to  characteristics  which  impose  serious  limit*- 
tions  to  their  use  for  practical  work,  these  devices  are  open  to  the  furtb* 
objection  that  radiation  within  the  visible  spectrum  does  not  affect  them  i* 
the  same  proportions  as  it  does  the  human  eye.  Their  sensibility  chsracttf- 
is tics  do  not  conform  to  the  luminosity  curve  of  the  human  eye.  The  photo- 
electric cell,  for  example,  is  most  sensitive  in  the  region  of  0.44*  in  the  viol* 
end  of  the  Bpectrum;  the  selenium  cell,  on  the  other  hand,  is  most  senator* 
to  radiation  in  the  region  of  0.7*.  which  is  in  the  orange-red  region  of  the 
spectrum.  It  is  possible  to  correct  these  devices  by  employing  color  sewn* 
of  such  characteristics  as  to  alter  the  sensibility  curve  to  the  desired  exteot 
It  is  understood  that  those  who  are  engaged  in  the  study  of  these  derirr* 
feel  encouraged  to  hope  that  they  may  yet  prove  their  value  in  some  clam*  « 
photometric  work.  Up  to  the  present  time,  however,  they  have  been  of 
scientific  interest  rather  than  of  utility,  in  so  far  as  ordinary  photometry  d 
concerned. 

266.  Photometric  devices — ocular.  It  is  a characteristic  of  the  human 
eye.  termed  "induction”  that  a uniform  dark  surface  placed  next  a lighter 
8u  face  appears  darker  in  the  region  immediately  adjacent  to  the  lighter 
surface  tnan  it  does  in  the  region  farther  removed.  It  follows  that  « 
bringing  two  surfaces  to  equivalent  brightness,  the  contrast  will  appear 
more  marked  if  the  surfaces  can  be  brought  into  close  juxtaposition,  ana.  il 
the  contrast  is  more  marked,  equivalency  can  be  established  with  great* 
accuracy.  Utmost  precision  in  such  adjustments  is  attained  if  the  surface* 
arc  made  continguous  and  w-ithout  distinguishable  separation.  A photo- 
metric device  (sometimes  called  a sight  box)  is  an  appliance  for  promotim 
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the  brightness  equivalency  adjustment  which  is  the  essence  of  photometry. 
The  more  usual  types  may  be  classified  as  comparison  devices,  oontrast 
devices,  and  flicker  devices. 

XfT.  Comparison  devices.  For  a description  of  many  simple  photo- 
metric devices  which  are  of  hist  one  interest,  see  text-books.  * The  caparison 

8 


F ia.  55. — Lummer-Brodhun  photometer,  comparison  type. 

device  in  most  general  use  at  the  present  time  is  the  simple  Lummer-Brodhun 
cube,  which  is  illustrated  in  Fig.  55.  Light  from  lamp,  L,  falls  upon  one  side 
of  white  plain  surface,  S,  ana  is  in  part  reflected  through  mirror,  M,  and 
that  part  of  the  two  prisms,  P and  Pi,  which  are  in  optical  contact,  to  the 
eye,  O.  Light  from  the  other  lamp,  Li,  falls  upon  tne  other  side  of  8,  is 
reflected  from  the  mirror,  Mi,  to  the  prism,  Pi.  That  part  of  it  which  falls 
upon  the  part  of  the  prism  which  is  in  optical  contact  with  prism  P,  passes 


Flo.  56. — Lummer-Brodhun  contrast  prism. 


through  P and  is  absorbed,  while  that  which  falls  upon  the  remainder  of  the 
hypotnenuse  face  of  Pi,  is  reflected  to  the  eye  O.  Portions  of  the  two 
surfaces  of  8 are  therefore  brought  into  juxtaposition,  as  indicated  iD  the 
diagram,  and  without  perceptible  line  of  separation.  This  form  of  photo- 
metric device  is  excellent  where  rapid  settings  are  desired,  but  is  not  quite 
equal  for  precision  work,  to  the  Lummer-Brodhun  oontrast  device. 

* Especially  " Illumination — Its  Distribution  and  Measurement,"  Trotter. 
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268.  The  Lummer-Brodhun  contrast  prism  is  employed  in  the  mis 

manner  as  the  comparison  prism  illustrated  in  Fig.  66.  its  comtructia 
is  different,  however,  as  illustrated  by  the  plan  in  Fig.  66.  The  hypothecs 
f ace  of  one  prism  is  ground  away  in  three  places,  as  indicated,  and  the  all 
nate  halves  of  the  outer  faces  of  the  two  prisms  are  covered  by  thin  $ 
plates,  O* and  Oi,  which  absorb  7 or  8 per  cent,  of  the  light  which  piss 
t hrough  them.  Tbephotometric  field  appears  as  illustrated  in  Fig.  56, jl 
light  from  one  side 
the  diagram  and  b:  

being  .7  or  8 per  cent,  less  bright  . 

the  light  from  the  other  photometric  surface.  Si,  is  represented  by  the  wi 
circle  in  the  right  of  the  figure  and  by  the  trapesoid  in  the  left  half  of  tl 
figure,  the  latter  again  being  7 6r  8 per  cent,  less  bright.  With  the  contra 
cube  in  proper  adjustment  and  of  proper  optical  characteristics,  a phot 
metric  balance  should  bring  to  equivalent  brightness  trapeaoids,  S andi 
and  also  semicircle  S and  Si;  in  addition,  the  contrast  between  traneg 
Si  and  semicircle  S should  equal  the  contrast  between  trapesoid  S anaaefl 
circle  Si  Devices  of  this  type  have  highest  known  sensibility  for  P*r 
tometry  where  no  considerable  color  difference  is  involved. 

269.  Bunsen  contrast  photometer.  In  the  Bunsen  photometer » 
translucent  screen  normal  to  the  photometric  is  rendered  of  high* 
translucency  at  the  centre,  and  the  appearance  of  the  opposite  surfx»» 
when  illuminated  by  the  two  lamps  between  which  it  is  located,  is  obserrw 
through  mirrors  placed  about  140  deg.  from  one  another,  as  illustrated  is 
Fig.  57.  The  greater  translucency  of  the  centre  of  the  screen  may  bfe  mad* 
by  the  application  of  hot  paraffin,  or,  as  in  the  Leeson  disc,  may  be  sceoa- 
p ished  by  cutting  a round  or  star-shaped  hole  in  the  disc  itself  and  paetuf 
thin  rice  paper  over  both  surfaces.  Care  and  skill  in  the  construction  of  & 
disc  are  essential  to  precision  of  operation.  As  in  the  Lummer-Brodis* 
contrast  photometer,  the  Bunsen  photometer  presents  to  view  two  contntf 
fields.  If  properly  constructed  with  mirrors  of  equal  absorbing  power.* 
condition  of  balance  should  bring  equality  of  brightness  and  equality  « 
contrast. 

The  Bunsen  photometer  is  pre- 
ferred by  some  for  routine  lamp 
testing  where  highest  precision  in 
individual  measurements  is  not  so 
important  as  good  maintenance  of 
accuracy  throughout  the  day’s 
work.  It  is  inferior  to  the  Lum- 
mer-Brodhun photometer  in  sen- 
sitiveness at  low  intensities.  It  is 
somewhat  easier  to  make  settings 
with  the  Bunsen  photometer  than 
with  the  Lummer-Brodhun  pho- 
tometer in  comparison  of  lights 
of  markedly  different  colors  for 
the  reason  that  the  illumination 
of  each  surface  of  the  disc  is  due 
in  part  to  transmitted  light  from 
the  other  surface.  Where  colors 
differ,  there  is  a tendency  to  blend 
and  decrease  the  color  contrast  be- 
low the  actual  contrast  encountered 
with  a photometer  like  the  Lum- 
mer-Broahun,  where  the  lights  are  not  mixed. 

270.  Flicker  photometer.  In  flicker  photometry  the  criterion  of  id 
j ustment  is  the  disappearance  of  the  flicker  effect,  or  rarely,  the  equality  c 

wo  flicker  effects.  The  flicker  photometer  is  used  as  a rule  only  wb« 
lights  of  markedly  different  colors  are  to  be  compared.  Due  to  penriateoc 

f vision,  the  colors,  though  markedly  different,  tend  to  blend  when  pn 
sonted  to  the  eye  in  rapid  alternation,  and  the  color  differences  cease  to  b 
perceptible,  while  differences  in  brightness  of  the  two  surfaces  are  still  visibb 
It  is  thus  possible  to  make  comparisons  of  markedly  different  lights  wit 
much  less  difficulty  than  when  the  equality-of-brightness  method  is  employ* 
and  different  observers  are  much  more  likely  to  secure  similar  results,  been* 
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Fio.  57. — Bunsen  photometer. 
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the  criterion  rata  upon  a physiological  effect  and  leaves  room  for  lose  differ- 
ence of  opinion  or  leee  venation  of  concept  then  doee  the  equality-of-bright- 
nees  method.  Ives®  has  found  that  with  the  flicker  photometer,  blue  and 
green  light  is  adjudged  of  lower  illuminating  power  when  compared  at  low 
intensities  with  red  and  yellow  light.  This  is  a reversal  of  the  Purldnje 
effect  (Par.  1M)  which  obtains  in  equality-of-brightnees  measurements  at 
very  low  intensities.  He  concludes,  as  the  result  of  his  investigations,  that 
the  flicker  photometer  offers  the  best  means  of  dealing  with  heterochromatio 
photometry,  but  its  use  should  be  limited  by  specif  ying  a standard  intensity 
at  which  comparison  shall  be  made,  a standard  visual  angle  for  the  pho- 
tometric field,  and  observers  who  are  free  from  peculiarities  of  color  vision. 
Incidentally,  a similar  prescription  applied  to  any  kind  of  photometry  would 
do  much  toward  standardisation.  Ultimately,  heterochromatio  photome- 
try must  be  based  upon  the  illuminating  power  as  judged  by  some  such 
criterion  as  equality  of  brightness  or  power  to  reveal  detail.  The  disappear- 
ance of  flicker  cannot  be  considered  as  an  ultimate  criterion.  However,  a 
flicker  photometer  once  verified  and  accepted  in  a given  form  as  a reliable 
device  for  heterochromatio  photometry,  should  prove  very  useful  in  that 
class  of  work  because  of  the  readiness  with  which  settings  can  be  made. 


Elevation  of  flicker  attachment. 


A . Front  lens. 

B.  Collar  for  lens. 

C.  Collar  to  hold  telescope  rigid 

in  head. 

D.  Belt. 

B.  Rotating  prism. 

F.  Rotator  bearing. 

H.  Stationary  bearing  for  rotator. 


Fio.  58.- 


J.  Front  of  eye-pieoe. 

K.  Eye-piece. 

L.  Collar  on  eye-pieoe. 

N.  Lamp  socket. 

O.  Rotating  oollar  for  lamp. 

P.  Eye  lens. 

Q.  Collar  for  lens. 

V . Wires  to  lamp. 


-Kingsbury-Ives  Flicker  attachment  for  Lummer-Brodhun  pho- 
tometer head. 


lens.  The  Whitman  photometer  is  provided  with  a wheel,  portions  of 
whose  rim  are  inclined  in  opposite  directions.  As  the  wheel  revolves,  it 
presents  to  the  eye  photometno  surfaces  illuminated  in  turn  by  each  source 
under  comparison.  The  Simmance-Abady  photometer  operates  on  a similar 
principle.  The  Schmidt  and  Haensch  flicker  photometer  is  a refinement  of 
the  original  Rood  photometer.  Kingsbury  % has  devised  a flicker  attach- 
ment for  a standard  Lummer-Brodhun  photometer  head  which  is  constructed 
in  accordance  with  the  principles  of  standardisation  suggested  by  Ives  (Par. 
>70).  This  attachment  is  illustrated  in  Fig.  58. 


• Philosophical  Magarine,  November,  1912. 
t Science,  Vol.  VII,  p.  757. 
t Kingsbury.  Jour.  Frkln.  Inti.,  1915,  p.  215. 
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art.  Moans  of  chancing  intensity  of  light  for  photometric  id* 

justment.  The  principal  methods  of  adjustment  of  the  intensity  of 
illumination  upon  a photometric  surface  are  variable  distance,  variable 
i i nation  of  tne  surface,  variable  rotating  sector  disc,  variable  diaphragm, 
polarising  devices. 

2TB.  Variable  distance.  This  adjustment  may  be  accomplished  by  movj 
inn  the  photometric  device  between  fixed  lamps;  by  fixing  tne  photometric 
device  and  moving  the  comparison  lamp;  or  by  joining  the  photometric  <W 
vice  with  the  comparison  lamp  and  moving  both  as  a unit.  The  first  mcn^ 
tioned  method  is  that  ordinarily  employed  in  commercial  photometry  of  in-: 
candescent  lamps.  TBe  moving  comparison  lamp  is  often  used  in  portibW 
photometers  and  in  tests  of  lighting  auxiliaries  where  it  is  desired  to  maintain 
a fixed  distance  between  the  photometer  and  the  light  source  under  test] 
Tho  movement  of  the  photometric  device  and  the  comparison  lamp  se  • 
unit  is  sometimes  employed  in  precision  photometry  where  it  is  .desirably 
to  maintain  a fixed  intensity  of  illumination  upon  the  photometric  surface 
In  all  applications  of  the  variable-distance  method  of  adjustment,  it  a 
neoessarv  to  keep  in  mind  the  limitations  of  the  inverse-square  law  (Pit 
253)  and  to  guard  carefully  against  errors  due  to  light  reaching  the  photo- 
met  rio  surface  after  being  reflected  og  refracted  from  other  surfaces  in  such  i 
manner  as  to  interfere  with  adherence  to  the  inverse-square  law. 

274.  Variable  rotating  sector  disc.  Serious  ifiechanical  difficulties  in 
encountered  in  constructing  a rotating  sector  diso-whoee  apertures  may  be 
varied  precisely  during  rotation.  Even  if  such  a device  is  constructed 
successfully,  it  is  inherently  of  low  precision  in  the  smaller  aperture  adjust- 
ments where  a slight  angular  adjustment  error  may  involve  a large  error  is 
the  total  percentage  of  light  transmitted.  One  of  the  interesting  applicants 
of  this  idea  is  embodied  in  the  Beckstein  photometer  (Par.  284)  in  vhicb 
the  beam  of  light  is  rotated  about  the  oentre  of  a stationary  sector  disc  who* 
angular  openings  are  adjusted  as  desired. 

272.  Variable  diaphragms.  Unlike  the  variable-distance  method  ini 
the  variable  rotating  sector  disc  method,  the  variable  diaphragm  methods 
dependent  exclusively  upon  empiric  calibration.  However,  when  used  ii 
conjunction  with  a uniformly  bright  surface,  as  a diffusing  surface  or  lev. 
it  in  a very  useful  device,  and  capable  of  very  accurate  calibration.  In 
principal  use  in  commercial  photometry  is  in  portable  photometers. 

274.  Methods  of  employing  photometric  apparatus.  The  photo- 
metric devices  which  have  been  described  may  be  used  upon  bars  for  ths 
measurement  of  candle-power  in  one  direction,  or  with  integrating  derk** 
for  the  measurement  of  total  flux,  or  in  portable  photometers.  In  all  ruck 
applications,  any  of  the  methods  of  varying  the  intensity  which  have  bee* 
described,  may  be  employed.  The  principles  are  the  same  and  the  tpplirv 
tions  differ  only  in  accordance  with  tne  dictates  of  convenience  im 
practicability. 

277.  Photometer  bars.  In  the  measurement  of  horizontal  candle-power 
and  in  the  measurement  of  distribution  of  light  about  a source,  it  is  customiO 
to  employ  a track  upon  which  carriages  supporting  lamps  or  photometric 
devices,  may  travel  smoothly  and  easily.  The  Baldwin  stalk  bar  ii  *• 
approved  type  which,  with  various  modifications,  may  be  procured  froa 
any  manufacturer  of  photometric  applianoes. 

278.  Light-distribution  apparatus.  A considerable  variety  of  tpph* 
ances  for  facilitating  the  determination  of  radial  distribution  of  lift** 
is  available.  These  appliances  include  the  Dibdin  photometer;  device* 
employing  respectively  one  mirror,  two  mirrors  and  three  mirrors;  th* 
Matthews  photometer,  employing  a ring  of  mirrors  and  apparatus  in  which 
the  last  plate  is  revolved  about  the  source.  For  detailed  description  w* 
text-books  on  photometry  and  manufacturers’  catalogues.  All  such  appb* 
ancc-t  are  designed  to  facilitate  the  determination  of  the  intensity  of  light  it 
various  angles  in  the  vertical  plane.  Since  the  inverse-square  law  dot* 
not  always  apply  strictly  to  light  from  reflectors  at  the  short  distances  it 
which  the  light  is  utilized,  it  is  good  practice  to  maintain  a fixed  distinct 
between  the  surfaces  of  the  photometric  device  and  the  oentre  of  the  Iv* 
source. 
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nmORATDVO  PHOTOMXT1BS 

Iff . Gtoner&l  description.  An  integrating  photometer  yields  in  a single 
measurement  the  value  of  the  total  flux  of  light  or  the  mean  spherical  candle- 
power  of  a light  source.  In  general,  most  such  devices,  by  optical  or 
mechanical  means,  reduce  the  intensity  of  the  light,  at  various  angles  to 
the  vertical  of  the  light  source,  in  proportion  to  the  area  of  the  srfne  which 
the  angle  bisects,  and  provide  a summation  of  such  reduced  intensities  for 
the  several  angles  throughout  the  vertical  plane  of  the  source.  The  inte- 
grating sphere  intercepts  and  provides  an  indication  of  the  total  light 
produced  by  the  Bource. 

Perhaps  the  earliest  inte- 
grating photometer  was 
Blondel’s  Its  meter.* 

Kennellyt  also  devised  an 
apparatus  for  mechanical 
integration.  The  instru- 
ments of  Matthews  and 
Ulbricht,  and  especially  the 
latter,  which  are  used  at 
the  present  time  are  de- 
scribed in  text-books. 

SCO.  Ulbricht  integrat- 
ing sphere.  The  inte- 


grating sphere  devised  by 


it  has  been  found  to 

be  the  most  accurate  and 
practical  form  of  integrat- 
ing photometer  It  has 
been  shown  that  if  a light 
source  be  located  within  a 
hollow  sphere  having  a dif- 
fusing inner  surface  and  be 
screened  from  a given  ele- 
ment of  that  surface,  the 
illumination  of  such  ele- 
ment, being  t^ue  entirely  to 
diffuse  reflection,  will  be  in- 
dependent of  the  location 

of  the  light  source  and  its  distribution  characteristic.  In  practice  the 
Ulbricht  photometer  is  a hollow  sphere,  usually  40  or  80  in.  in  diameter. 
It  is  equipped  to  facilitate  the  introduction  of  the  light  sources  to  be  meas- 
ured. It  is  provided  with  a suitable  screen  which  is  located  between  the 
light  source  and  a window  which  forms  one  surface  of  the  photometric  device. 
The  general  arrangement  of  the  sphere  is  indicated  in  Fig.  59.  The  inte- 
grating sphere  is  now  recognised  as  the  approved  appliance  for  the  determina- 
tion of  total  light  flux  or  mean  spherical  candle-power. 


Fio.  59. — Integrating  sphere  for  measuring 
total  lumens  or  mean  spherical  candle-power. 


POBTABLX  PHOTOMBTEB8 

181.  Test  pistes.  As  portable  photometers  are  generally  designed  for 
the  measurement  of  illumination  intensities,  they  are  equipped  with  test- 
plates  which  form  one  of  the  two  photometric  surfaces  of  which  the  bright- 
nesses are  compared.  As  such  plates  must  receive  light  at  all  angles  above 
the  horisontal  and  from  all  directions,  obedience  to  Lambert's  cosine  law 
(Par.  101)  is  important,  and  the  deviation  of  most  surfaces  which  it  is  practi- 
cable to  use  from  such  law  constitutes  a material  error.  When  the  test-plate 
is  translucent,  and  for  photometric  purposes  is  viewed  from  beneath,  errors 
of  this  kind  are  irrespective  of  aximutn  and  are  a function  of  the  angle  of 
incidence  of  the  flux  under  test.  When  the  test-plate  is  viewed  from  the 
side  on  which  the  teat  flux  is  incident,  directional  errors  intrude  hnd  are  in 
addition  to  those  of  inclination.  Deviations  from  true  value  encountered 
in  the  measurement  of  light  flux  incident  upon  the  test-plate  at  various  angles 

* Blondel.  “ La  Determination  de  l'intensite  moyenne  spherique  dea 
sources  de  lumiere,”  Comptes  rendus,  March  and  April,  1895  and  L'Edairao* 
Blectrique. 

t Houston  and  Kennelly.  “ Electric  Incandescent  Lighting,”  p.  461. 
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re  shown  in  the  following  table.  In  order  to  avoid  these  systematic  or 
nsystematic  errors  to  which  most  measurement  of  illumination  is  liable,  a 
ampensated  form  of  either  transmitting  or  reflecting  test-piste  has  been 
e vised*  one  form  of  which  is  illustrated  in  Fig.  60. 


Fio.  60. — Compensated  photometer  test-plate. 

In  order  to  compensate  for  the  deficiency  in  brightness  under  light  ind-j 
ent  at  very  acute  angles,  a part  of  such  flux  is  brought  to  bear  upon  the 
>wer  surface  of  the  test-plate,  enhancing  the  brightness  of  the  obsemd 
irface.  The  amount  of  this  compensating  flux  is  subject  to  adjustment 
nd  the  test-plate  can  therefore  be  made  as  accurate  as  it  is  possible  « 
leasure  its  brightness.  Comparison  of  measured  deviations  from  the  codae 
iw  for  two  different  uncompensated  test-plates  and  for  one  compensated 
late  are  shown  in  the  following  table: 

Test-plate  Errors 


Angle  of 

Deviation  from  true  value 

incidence, 

degrees 

Plate  A 

Plate  B 

Plate  A 
compensated 

0 

0.0 

0.0 

0.0 

10 

0.0 

+ 0.5 

0.0 

20 

0.0 

+ 0.5 

0.0 

30 

- 1.5 

+ 0.5 

+ 0.5  . 

40 

- 4.0 

+ 0.5 

+ 1.5 

50 

- 6.5 

- 3.5 

+ 1.0 

60 

-13.5 

-11.0 

+ 15 

70 

-15.0 

-20.5 

0.0 

80 

-48.0 

-44.0 

- 0.5 

85 

-72.0 

-11.0 

282.  Foot-candle  meter,  f This  is  an  instrument  without  morio* 
arts  designed  for  the  approximate  determination  of  illumination  intensities 
a any  plane.  It  is  of  a character  which  makes  it  adaptable  for  the  use  of 
lose  not  highly  trained  in  photometry  and  serves  satisfactorily  for  illumina- 
on  measurements  where  high  precision  is  not  required. 

283.  European  portable  photometers.  Perhaps  the  first  carefully 

^signed  portable  photometer  to  achieve  distinction  was  the  Weber  pbo- 
>meter.  While  portable  in  form,  this  instrument  is  adapted  to  laboratory 
ither  than  to  field  work.  The  Beckstein  photometer  is  of  the  eetp- 
Drtable  type  and  is  more  elaborated  and  complicated  than  the  Weber 
lotometer.  It  is  perhaps  more  suitable  for  academic  purposes  than  for 
■actical  photometry.  Several  English  photometers  have  been  designed 
it  as  a rule  these  have  been  of  a relatively  crude  character  not  capable  of 
elding  sufficiently  precise  results  to  command  much  use  in  Amerirai 
•actice.  

* 8harp  and  Little.  Trans.  Illg.  Eng.  8oc.t  1915,  p.  727. 
t Sharp.  Electrical  World,  1916,  p.  569. 
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M4.  Meebelta.  fllrnnlworntte.  This  instrument,  of  which  the  struc- 
tural features  are  indicated  in  Fit.  61.  is  designed  for  the  measurement  of 
illumination  intensities  and  brightness,  combining  reasonably  high  acouraoy 
with  a fair  degree  of  portability.  It  is  accompanied  by  a complete  equip- 
ment for  the  supply,  control  and  measurement  of  current  for  the  ojperation 
of  the  comparison  lamp  and  with  a reference  standard  for  recalioration. 


The  scale  of  the  illuminometer  yields  direct  readings  from  1 to  25  foot-candles, 
a range  which  is  increased  from  about  0.02  to  1.200  foot-candles  by  the  use 
of  neutral  glass  absorbing  screens.  The  optical  device  is  a Lummer-Brodhun 
cube  and  the  comparison  lamp  is  designed  to  operate  in  conformity  with 
the  inverse  square  law  according  to  which  the  scale  is  calibrated. 

. 28f . Sharp- Millar  photometer.  This  is  available  in  two  sises,  respec- 
tively 12  and  24  in.  long.  Fig.  62  shows  the  essential  features  as  embodied 


Fio.  62. — Small  Sharp- Millar  photometer. 

in  the  smaller  sise.  The  photometric  device  P,  consists  of  a Lummer-Brod- 
hun cube  or  a microscope  glass,  mirrored  except  for  a central  aperture. 
Looking  through  this  aperture  from  ocular  aperture  0,  the  observer  sees 
either  the  attached  test  plate  Tf  which  is  upon  the  end  of  a rotating  tube, 
or.  the  detached  test  plate  Td.  The  photometric  surface,  as  seen  through 
this  tube,  is  surrounded  in  the  photometric  field  by  a portion  of  translucent 
glass  comparison  window  W. . The  illumination  of  window  W varies  in- 
versely as  the.  square  of  the  distance  to  moving  comparison  lamp  C.  The 
value  of  a setting  is  indicated  upon  a direct-reading  translucent  scale,  illumi- 
nated from  within  by  the  comparison  lamp.  A system  of  baffle  screens, 
5—1,  etc.,  protect  the  window  against  stray  light.  The  range  of  the  instru- 
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white  when  awnii  daylight  is  reosived  upon  the  colored glasses.  Color 
sensetion  values  ere  expressed  in  terms  of  such  maxima.  The  colorimeter 
may  be  employed  in  the  study  of  light  from  line  spectrum  sources,  whereas 
the  spectrophotometer  is  limited  to  the  study  of  continuous  spectrum  or  ap- 
proximately continuous  spectnpn  sources.  Sensation  values  (Par.  ST)  may 
be  shown  with  the  aid  of  the  Maxwell  triangle,  Fig.  64. 

In  this  diagram,  several  illuminants  are  located  as  to  color,  and  are  shown 
in  comparison  with  the  theoretical  black  body  at  several  temperatures.  The 
sum  of  the  expressions  of  oolor  sensations  is  unity.  The  sum  of  the  per- 
pendicular distances  from  the  three  sides  of  an  equilateral  triangle  is  equal  to 


Fio.  64. — Color  triangle.  For  key  to  numbers  see  Par.  ST.  * 


the  altitude  of  the  triangle,  which  also  is  taken  as  unity.  Hence,  the  three 
color  sensations  for  any  llluminant  may  be  indicated  by  a point  on  the  tri- 
angle. The  dotted  line  represents  the  color  of  the  black  Dody  at  several 
temperatures. 

PHOTOMETRIC  ADJUNCTS 

S88.  Standardising  equipments.  An  adequate  supply  of  reference 
standard  lamps  is  important.  As  far  as  practicable,  these  should  be  of  the 
same  types  and  sixes  as  the  lamps  to  be  tested.  For  use  with  a portable 
photometer  there  should  be  a standard  lamp  box,  in  which  the  lamp  is 
enclosed  and  in  which,  preferably,  there  is  some  device  for  facilitating  the 
establishment  of  a standard  distance  between  the  lamp  and  the  photometer. 

18t.  Photometer  scales.  In  practical  photometry,  the  desirability  of 
having  all  photometers  direct-reading  will  be  obvious.  In  the  case  of  a fixed 
photometric  device  and  a moving  comparison  lamp,  the  scale  is  computed  in 
accordance  with  the  simple  application  of  the  inverse-square  law.  A funda- 
mental distance  is  established  at  which  a given  light  intensity  will  be  indi- 
cated. Distances  for  other  intensities  are  obtained  by  the  simple  application 
of  the  inverse  square  law,  thus: 
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* In  the  case  of  a fixed  distance  between  the  teat  and  comparison  lamps  aadi 
photometric  device  moving  between  them,  the  midway  point  is  aarigned  t k 
value  at  which  it  is  desired  to  maintain  the  comparison  lamp.  All  crtfas 
points  are  determined  in  accordance  with  the  following  equation: 


+ 1 


(Hi 


where  d is  the  distance  between  the  test  lamp  and  the  photometric  device. J 
is  the  distance  between  lamps,  It  is  candle-power  of  the  comparison  lamp  id 
It  is  the  candle-power  of  the  test  lamp.  j 

290.  Color  filters.  Where  light  sources  of  a variety  of  types  are  to  n 
tested,  it  is  desirable  to  have  an  adequate  range  of  color  filters  which  will  t*s| 
to  eliminate  most  of  the  problems  of  heterochromatio  photometry.  Tb* 
should  have  authoritative  calibration.  Both  glass  and  liquid-solution  cold 
filters  are  being  developed  on  comprehensive  scales.  I 


291.  Required  accuracy  in  electrical  instruments.  Too  much 
cannot  be  devoted  to  the  electrical  measuring  instruments  employed  in  ph* 
tometry.  To  emphasize  this  it  is  necessary  only  to  repeat  that  with  Miss 
lamps  the  candle-power  error  involved  in  a 1-per  cent,  voltage  error  » i 
per  cent.,  and  that  the  corresponding  error  due  to  a 1-per  cent,  ampere  err* 
is  6 per  cent.  Practically  all  portable  voltmeters  and  ammeters  have  zppr** 
ciable  scale  errors.  The  extent  of  such  errors  should  be  determined  by  leer) 
in,-  calibration  curves  for  the  instruments',  and  corrections  should  be  mak 
ac  cordingly.  Some  instruments  have  temperature  coefficients  which  i:  tra- 
duce material  errors  at  times.  Also  some  voltmeters  and  ammetsn  m 
influenced  appreciably  by  external  fields.  All  the  precautions  takes  » 
electrical  measurement  should  be  applied  in  the  use  of  electrical  instrumou 
for  photometric  work. 


299.  Rotating  sector  discs.  In  most  laboratory  photometry  it  has  b«» 
found  desirable  to  use  a number  of  sector  discs  which  are  interchangtsb* 
on  the  rotating  shaft  and  which  have  fixed  angular  openings,  yielding  tna*! 
musion  coefficients  of  respectively  0.1,  0.01,  etc.  Such  employment  of  the 
rotating  sector  disc  promotes  ultimate  accuracy,  since,  if  adjustable  dw* 
arc  used,  the  opportunity  for  undetected  adjustment  errors  is  considsnfek. 
and  the  adjustment  accuracy  is  low  with  small  angular  openings. 

298.  Absorbing  screens  form  a valuable  adjunct  to  photometric  equip 
meat.  Their  transmission  coefficient,  however,  is  not  accurately  control- 
able,  and  a simple  decimal  value  is  therefore  rarely  obtained.  Absorbs*! 
screens  should  transmit  without  diffusion,  and  should  be  free  from  senws 
selective  absorption.  Unfortunately,  the  usual  absorbing  screens  having  Ve* 
coefficients  of  transmission,  have  considerable  selective  absorption. 

294.  Baffle  screens.  In  practically  all  photometry  it  is  essential  to  gnsd 
the  photometric  device  against  stray  light.  Opaque  screens  having  suitabh 
proportioned  apertures  are  largely  employed  for  this  purpose.  A series  <■ 
these  screens,  painted  black  (lor  most  precise  work  they  may  be  covero 
with  black  velvet),  is  used,  for  example,  on  a photometer  bar.  Where  tb 
photometric  device  or  the  comparison  lamp  travels  along  a track,  the* 
screens  must  be  re-located  as  occasion  requires.  A most  satisfactory  method 
is  to  so  install  them  that  they  will  be  adjusted  automatically  to  the  movemaJ 
of  the  lamp  or  photometer  carriage.  This  may  be  accomplished  by  mound* 
them  upon  lazy  tongs,  as  in  several  types  of  commercial  lamp-testing  pb» 
tometers,  or  allowing  them  to  slide  upon  the  track,  being  pushed  in  fro* 
of  the  lamp  as  it  approaches  the  photometric  device,  and  drawn  after  tb 
lamp  by  cords  or  otherwise  as  it  recedes,  as  in  the  Sharp-Miliar  photometw 
An  alternative  to  the  use  of  baffle  screens  is  the  employment  of  Slack  velwl 
to  rover  all  surfaces  which  may  possibly  reflect  stray  light  to  the  photo* 
metric  device. 


295.  Rheostats.  The’  easy  fine  adjustment  of  the  current  or  voltage  of 1 
lamp  is  important  to  precise  work  in  photometry.  Too  much  care  &nno<  t* 
expanded  in  providing  thoroughly  satisfactory  rheostats  for  this  purpsw- 
Step  rheostats  are  unsatisfactory  unless  the  steps  are  of  such  low  reoataarr 
tn  relation  to  the  magnitude  of  the  current,  that  the  change  per  steps 
extremely  small.  A helix  of  resistance  wire,  with  the  coils  well  inenlsw^ 
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wound  upon  an  insulated  tube  and  mounting  a sliding  collar  haying  a 
multiplicity  of  contact  points,  is  the  most  generally  acceptable  form  of 
rheostat  for  photometric  work. 

tH.  Lamp  rotators.  It  is  usually  desired  to  obtain  mean  angular  inten- 
sity of  light  rather  than  the  light  in  some  particuhu*  direction  at  a given 
angle.  Wherever  the  nature  of  the  iUuminant  permits,  it  is  desirable,  there- 
fore, to  rotate  the  light  source  during  test,  allowing  the  eye  to  integrate  the 
intensities  to  obtain  a mean.  Most  forms  of  illuminants  can  be  rotated. 
The  speed  of  rotation  of  course  depends  upon  the  extent  to  which  the  light 
distribution  is  asymmetrical.  If  the  distribution  is  approximately  symmet- 
rical, a low  speed  of  rotation  will  suffice.  This  beings  the  case,  it  has  been 
found  practicable  to  rotate  almost  all  types  of  illuminants,  including  most 
arc  lamps  and  some  forms  of  gas  lamps.  The  lamp  rotator  therefore  be- 
comes a valuable  adjunot  in  a photometric  laboratory.  It  must  be  good 
both  mechanically  and  electrically.  As  the  moving  electrical  contact  re- 
quired for  the  supply  of  the  lamp  may  involve  some,  potential  drop,  it  is 
oustomary  in  the  best  construction  to  provide  auxiliary  moving  contaots 
either  of  the  brush  type  or  of  the  mercury-cup  type,  in  order  to  allow  the 
measurement  of  voltage  immediately  at  the  lamp  terminals. 

PHOTOMETRIC  TESTING 

StT.  Ths  substitution  method  of  photometry  consists  in  calibrating 
a photometer  by  means  of  a standard  lamp  of  as  nearly  as  possible  the  same 
characteristics  as  the  lamps  to  be  tested,  and  substituting  the  lamp  to  be 
tested  for  the  standard  lamp.  A skilled  photometrist  employing  a pho- 
tometer of  exact  construction  which  is  perfectly  screened  and  is  used  with 
correct  electrical  instruments  for  determining  the  electrical  conditions  of  cir- 
cuits which  are  free  from  potential  drop,  may  obtain  correct  results  in  the 
practical  comparison  of  a test  lamp  against  a standard  lamp.  Whatever  the 
methods  employed,  every  care  should  be  exercised  to  secure  these  favorable 
conditions  for  photometry,  but  if,  in  spite  of  care,  some  conditions  exist 
which  are  not  exactly  as  they  should  be,  ft  is  quite  possible  that  the  substitu- 
tion method  may  result  in  cancelling  the  effect  of  such  conditions  and  avoid- 
ing erroneous  results.  By  using  standard  lamps  of  the  same  sise  and  type  as 
the  lamp  to  be  tested,  the  substitution  method  results  in  correcting  both  er- 
rors of  illumination  and  errors  of  electrical  measurement.  If  stray  fight  from 
a 100-candle-power  lamp  adds  6 per  cent,  to  the  illumination  of  a photomet- 
ric surface  when  a moving  photometric  device  is  set  at  100  on  a scale,  it  will 
have  the  same  effect  when  a standard  lamp  of  the  same  sise  is  used.  If  then 
s comparison  lamp  be  calibrated  for  temporaiy  use  by  means  of  the  100-can- 
dle-power standard  lamp,  it  will  be  adjusted  5 per  cent,  too  high.  When 
the  1 00-eandle-power  test  lamp  is  measured,  the  light  of  the  comparison  lamp 
against  which  it  is  balanced  and  the  light  from  the  test  lamp  will  both  be>5 
per  cent,  too  high.  The  result  WQ1  be  a correct  setting.  If  a voltmeter  be 
employed  which  has  an  error  of  1 per  cent.,  the  effect  of  the  error  will  be 
cancelled  in  the  same  way  if  the  substitution  method  is  followed.  Where 
considerable  photometric  work  is  to  be  done,  the  provision  of  an  ample  range 
of  reference  standard  lamps,  in  order  to  permit  the  extensive  application  of 
the  substitution  method,  is  true  economy. 

It8.  Good  practice  in  measuring  illumination.  It  is  well  to  be  pro- 
vided with  reference  standard  lamps  and  a box  equipped  with  baffle  screens  or 
black  velvet  to  prevent  stray  light,  in  order  to  produce  illumination  of  known 
intensities  from  the  standard  Tamp  upon  the  photometer  test  plate.  It  is 
well  to  have  sufficient  standardising  equipment  of  this  kind  to  permit  of  the 
verification  of  the  photometer  scale  at  a few  points  throughout  its  range  and 
also  the  verification  of  photometer  absorbing  screens.  The  same  equipment 
may  be  used  in  verifying  the  brightness  calibration  of  the  photometer,  pro- 
vided a standard  surface  of  known  qualities  is  obtained  with  the  standard 
lamps.  In  such  calibration,  fight  of  a known  ntensity  is  thrown  upon  the 
standard  surface  and  the  corresponding  brightness  of  the  surface  is  computed 
(Par.  S09) . employing  its  coefficient  of  diffuse  reflection. 

In  some  illumination  work  it  is  sufficient  to  measure  the  intensity  of  illumi- 
nation at  certain  points  in  a room,  and  it  is  usually  sufficient  to  measure  the 
brightness  of  certain  objects  in  the  room,  as  far  as  data  on  brightness  are 
concerned.  More  frequently,  however,  it  is  desired  to  know  the  average 
marirrmin  and  minimum  illumination  intensities  on  oertain  planes,  and  * 
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derive  the  coefficient  of  utilisation  (Par.  188).  In  such  instances  has 
ternary  to  divide  the  plane  of  reference  into  rectangles,  usually  providing 
to  30  such  rectangles  for  the  room,  or  for  each  bay  in  the  room.  A del 
mi  nation  of  the  illumination  intensity  is  then  made  at  the  centre  of  each  % 
rectangle.  The  mean  of  such  values  is  usually  a fair  approximation  of 
average  intensity  for  the  entire  plane.  Where  a detached  test  {date  i»« 
ployed  in  the  measurement  of  illumination  on  a horizontal  plane  or  at  i 
given  angle  of  inclination  to  the  horizontal,  it  is  often  desirable  to  employ 
automatic-leveling  test  plate.  In  the  measurement  of  horizontal  flfunri 
tion  in  interiors,  a plane  30  or  36  in.  above  the  floor  is  usually  selected, 
complete  Btudy  of  a room  used,  for  example,  for  office  purposes,  she 
include  the  average  horizontal  illumination  on  such  a plane;  the  uniform 
of  such  illumination  intensities;  the  brightness  of  the  walls,  light  sources 
other  especially  prominent  objects  within  view;  and  measurements  of  «l_ 
illumination  intensities  or  brightness  on  desks  to  show  depth  and  natur 
shadows  encountered. 


189.  Precautions  for  avoidance  of  error.  The  following  suggests 

asuJtial 


are  commended  by  experience,  and,  if  followed,  are  likely  to  rest 
avoidance  of  some  of  the  most  common  errors.  • 

Reduce  color  differences  by  the  use  of  authoritatively  calibrated 
filters  (Par.  190). 

Follow  the  substitution  method  (Par.  197)  as  closely  as  prartied 
Provide  reference  or  working-standard  lamps  of  the  same  aiae  and  type  u1 


lamps  to  be  tested. 
Consult  1’ 


t the  characteristics  of  the  light  source  under  teat  and  adapt 

tice  accordingly.  For  example,  allow  an  arc  lamp  or  a large  aeries  irvet 
cent  lamp  to burn  for  a short  period  in  order  to  attain  working  tempers 
before  making  measurements.  In  testing  *rc  lamps  whose  values 

cyclr Ji !lt  '“Ji J — * 


through  a cycle  corresponding  with  the  feeding  period,  make  certain 
results  are  average  for  such  period. 

Verify  photometer-scale  calibration  by  teats  of  standard  lamps. 
Repeat  verification  at  reasonable  intervals  even  though  photometer  ba 

been  used  in  interim. 

Verify  indications  of  electrical  instruments  used. 

Observe  strict  cleanliness  of  apparatus.  Dust  on  transmitting  gU 
increases  coefficient  of  absorption.  Dust  on  black  velvet  reflects  light. 

Verify  a few  test  results  by  tests  upon  other  apparatus.  It  is  relsui 
simple  for  an  observer  to  repeat  settings  with  a given  photometer. 


r , ngs _ J 

certain  that  such  settings  are  in  accord  with  results  determined  by  odl 
employing  different  equipment.  ’ 


..n  tests  of  reflectors  make  certain  that  the  light  source  is  strictly  in  accafl 
with  the  manufacturer’s  standard  of  construction,  both  as  to  type  a* 

di  pensions. 

Assure  oorrect  location  of  the  reflector  with  reference  to  the  light  soum 


Slight  variation  in  any  of  these  conditions  may  affect  the  result  materially, 
fi 


look  along  tb 


In  tests  for  candle-power  and  in  light-distribution  testa,  look 
photometric  axis  from  the  position  of  the  photometric  device  to  tb*  tM 
lamp  and  to  the  comparison  lamp.  Make  certain  that  all  of  the  lip} 
emanating  from  the  light  sources  in  the  direction  of  the  photometric  dene 
r eaches  the  photometric  surface.  Make  certain  that  no  other  light  read* 
the  surface,  that  is,  avoid  stray  light. 

800.  Sampling.  In  sampling  for  test  purposes^  whether  the  samples  b 
lamps,  lighting  auxiliaries,  or  illumination  installations,  it  is  important  tin 
the  samples  be  unquestionably  representative  of  the  product  which  is  to  t 
judged  by  the  results  of  the  test.  It  is  also  essential  that  the  samples  l 
sufficient  in  number  to  guard  against  the  exertion  of  undue  influence  upon  d 
final  result  due  to  the  presence  of  an  eccentric  individual  among  the  samph 
It  is  hardly  possible  to  judge  intelligently  in  these  matters  unless  one 
thoroughly  acquainted  with  the  characteristics  of  the  product  which  is  beii 
sampled.  No  small  port  of  expertness  in  testing  lies  in  the  sncoeaaful  **'■ 
pling  of  the  product  to  be  tested.  Lamps,  reflectors,  etc.,  are  not  unifors 
and  very  misleading  results  may  follow  upon  injudicious  sampling. 

801.  Principles  of  comparison.  In  comparing  illuminants  it  is  imps 
tant  to  bear  in  mind  first,  that  some  illuminants  require  more  adaptation  ti 
suffer  in  efficiency  more  in  adaptation  for  a given  service  than  do  other  ilium 
nants;  and,  second,  that  some  illuminants  deteriorate  more  largely  is  ^ 
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ctawy  during  life  than  do  others.  For  example,  a magnetite  arc  lamp  as 
•quipped  is  well  adapted  to  street-lighting  service,  and  its  efficiency  in  the 
condition  delivered  by  the  manufacturer  is  substantially  its  service  efficiency. 
On  the  other  hand,  incandescent  lamps  may  have  to  be  equipped  with  globe 
or  reflectors  or  both  before  application  to  street-lighting  service,  and  their 
efficiency  as  shipped  by  the  manufacturer  is  materially  higher  than  is  their 
sarvioe  efficiency.  As  another  example,  the  candle-power  depreciation  of  a 25- 
watt  Masda  lamp  is  lees  d tiring  its  life  than  is  the  candle-power  depreciation 
of  a 100-watt  Masda  lamp.  Conclusions  based  upon  initial  laboratory 
values  should  be  modified  where  necessary  before  determining  upon  rela- 
tive merit  of  two  different  kinds  or  msec  of  illuminantsfor  a given  class  of 
service.  Likewise^  lighting  auxiliaries  are  not  always  directly  comparable  on 
tbs  basis  of  their  initial  laboratory  values.  The  deterioration  of  reflecting 
surfaces  may  be  rapid.  Some  surfaces  collect  and  retain  dust  more  largely 
than  do  others,  and,  in  oonsequence,  their  deterioration  of  light  ia  greater  In  a 
given  period. 

SOS.  Discussion  of  results.  In  discussion  of  test  results  it  is  rarely 
possible  to  draw  unqualified  conclusions  as  to  relative  merit  between  appli- 
ances or  installations  which  are  of  more  or  less  the  same  order  of  merit.  In 
any  teat  all  that  ia  demonatrated  is  that  a sample  or  a set  of  samples  or  an 
installation  has  been  found,  in  a given  instance,  to  be  superior  in  oertain 
respects.  It  is  dangerous  to  draw  sweeping  conclusions  from  tests.  To  do  so 
may  mislead  when  test  data  are  applied  to  appliances  or  installations  which 
have  not  actually  been  tested.  In  discussing  results  of  tests  and  drawing 
conclusions  from  tests  it  is  well  to  be  cautious  in  accepting  the  basis  of 
measurement  as  a final  indication  of  value.  The  candle-power  of  an  incan- 
descent lamp  is  one  direction  or  in  one  plane  is  not  neoeas&nly  an  indication  of 
the  illuminating  power  of  the  lamp,  in  the  long  run,  the  total  light  flux  or 
the  mean  spherical  candle-power  is  most  nearly  a correct  indication,  but  even 
this  measurement  may  fail  to  indicate  the  real  value  of  an  Uluminant  for  a 
certain  class  of  service.  It  may  be  shown  that  the  minimum  normal  illumi- 
nation intensities  provided  by. two  installations  of  iiluminants  for  street- 
lighting  service  are  equal,  but  this  does  not  demonstrate  that  the  two  sys- 
tems are  of  equal  value.  One  may  deliver  twice  as  much  light  as  the  other 
upon  the  street.  The  mean  horisontal  illumination  may  be  in  the  long  run  a 
reasonably  good  measure  of  street-lightii^  effectiveness,  but  even  this  meas- 
ure may  fail  to  indicate  the  facte  for  certain  classes  of  service.  In  short,  tests 
of  illumination  should  be  conducted  and  conclusions  should  be  drawn  from 
rach  tests  in  aooordanoe  with  the  dictates  of  common  sense  and  good  engi- 
neering practice. 
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INDUSTRIAL  MOTOR  APPLICATIONS 
MACHINE  TOOLS 

BY  LEON  P.  ALFORD 


Former  Editor  American  Machinist;  Member , American  Society  of  Met 
Engineers 


1.  Definition.  The  term  44  machine  tools”  cannot  be  accurately  defii 
Broadly  they  are  machines  used  to  work  and  shape  metals.  A legal  definf 
taken  from  the  Underwood  tariff  law,  Par.  167,  reads  as  follows:  “ M» 
tool  as  used  in  this  paragraph  shall  be  held  to  mean  any  machine  op 
by  other  than  hand  power  which  employs  a tool  working  on  metal.” 

2.  The  two  principal  classes  into  which  they  divide  are  distin_ 
by  the  kind  of  motion  of  the  w ork  or  cutting  tools.  This  motion  may  be  e 
rotating  or  reciprocating.  In  the  former  instance  the  speed  is  usually  < 
stant  throughout  each  operation,  and  the  energy  absorbed  is  used  in  on 

■ coming  the  friction  of  the  machine  and  in  doing  useful  work  in  cutting^ 
forming  metals.  The  exceptions  are  machines  that  accelerate  during  I 
cutting  operations,  such  as  squaring-up  lathes  and  lathe-type  cuttini 
machines.  In  the  second  class  the  power  is  subject  to  great  fiuctu 
during  a working  cycle.  For,  in  addition  to  the  friction  losses  and 
work. done  there  are  large,  regular  demands  for  energy  with  which  to  * 
and  accelerate  heavy  parts  of  the  machine,  or  the  pieces  which 
shaped. 

S.  The  friction  losses  in  rotating  machines,  such  as  lathes,  1 

mills,  drilling  machines,  milling  machines,  grinders,  and  the  like  vary  i 

directly  as  the  speed,  the  gear  ratio  I 
maining  constant.  The  loss  in  the  ge* 
ing  and  feeding  mechanism  comprises tl 
larger  part  of  the  friction  losses. 

4.  The  friction  losses  in  recipt 
eating  machines,  such  t , 
shapers,  Blotters,  and  the  like,  are  i 
small  in  comparison  with  the  losses  da 
inertia.  In  fact  the  inertia  losses. < 
exceed  the  useful  work  to  such  an  ext 
as  to  determine  the  sixe  of  motor  (this I 
especially  the  case  with  short-stroke  at 
chines).  Fig.  1 shows  a power  ceil 
taken  by  Q.  M.  Campbell  for  a 60  Xi 
in.  X 20  ft.  Pond  planer.  It  shows  t 
power  input  when  running  light  plot* 
with  time.  The  cutting-stroke  spt 
was  25  ft.  per  min.  (7.6  m.  per  min.)  a 
the  return-stroke  speed  60  ft.  per  i 
(18.3  m.  per  min.). 

6.  Oroup  drive  and  individual  driia 
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modifying  factors.  Very  large  machines  (those  located  under  a crane)  I 
all  machines  requiring  variable-speed  drive  are  commonly  provided  ~ 
individual  motors.  Small  and  medium-sised  machines  are  usually  t — 


in  groups  and  driven  from  a line  shaft  which  in  turn  is  driven  by  a com 
speed  motor.  If  there  are  a number  of  reciprocating  machines  in  the  g 
it  is  not  uncommon  to  add  a fly-wheel  to  the  motor. 
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%.  A comparison  of  lineshaft  and  individual- motor  drive* , * for 
machine  tools  is  given  in  the  following  table: 


Lineshaft  drive 


Individual  motor 
drive 


Advantage  of  in- 
dividual motor 


1.  Power  con- 
sumption. 

Constant  friction 
loss  in  shaft,  belts 
and  motor,  power 
for  cutting. 

Friction  loss  (motor 
and  tool  dnly)  use- 
ful  power  only 
while  working. 

Less  power  re- 
quired. 

2.  Speed  con- 
trol. 

No.  speeds  — No. 
cone  pulleys  X No. 
gear  ratios. 

No.  speeds  = No. 
controller  points  X 
No.  gear  ratios. 

More  speeds  pos- 
sible; time  saved  in 
speed  adjustments. 

3.  Reversing. 

Clutch  and  crossed 
belt. 

Reversible  con- 
troller. 

Time  saved  in  re- 
versing. 

4.  Adjusting 
tool  and 
work. 

Stopping  at  any 
definite  point  very 
difficult. 

Can  be  started  in 
either  direction 
and  stopped  at  any 
point. 

Time  saved  in  set- 
ting up  and  .lining 
up. 

5.  Speed  ad- 
justment. 

Large  speed  incre- 
ments between 

pulley  steps. 

Small  speed  incre- 
m e n t s between 
controller  steps. 

Time  saved  by  ob- 
taining proper  cut- 
ting speed. 

6.  8ise  of  cut. 

Limited  by  slipping 
belt:  large  belts 
hard  to  shift. 

Limited  by  strength 
of  tool  and  sise  of 
motor. 

Time  saved  by  tak- 
ing heavier  cuts. 

7.  T i m e to 
oomplete 
a job. 

Much  less  time  re- 
quired as  indicated 
for  previous  items. 

8.  Liability 
to  acci- 
dents. 

Slipping  or  break- 
ing belt;  injury  to 
machine  tools,  cut- 
ting tool  or  prime 
mover. 

Injury  to  machine 
tool,  cutting  tool 
or  motor. 

Much  less  liability 
to  accident. 

9.  Checking 
economy 
of  opera- 
tions. 

Close  supervision 
required,  very  dif- 
ficult to  locate 
causes  of  delay. 

Accurate  testa  pos- 
sible by  means  of 
graphic  meter 
which  records  au- 
tomatically all  de- 
lays and  rate  of 
cutting. 

Causes  of  delay  and 
remedies  easily  lo- 
cated without  per- 
sonal supervision. 

10.  Flexibility 
of  loca- 
tion. 

Location  determin- 
ed by  shafting,  and 
changes  difficult. 

Looation  deter- 
mined by  sequence 
of  operation 
changes  readily 
made. 

Greater  conven- 

ience in  handling 
and  increased  econ- 
omy of  operation; 
more  compact  ar- 
rangement possible. 

7.  Motors  for  individual  drives  have  been  tentatively  standardised 
y a committee  of  the  National  Machine  Tool  Builder’s  Association  confer- 
,ng  with  a committee  of  the  American  Association  of  Electric  Motor  Manu- 
icturers.  Although  the  design  data  were  agreed  upon  in  substance  early  in 
910,  the  motor  manufacturers  have  failed  to  use  it  in  the  manufacture  of 
tieir  product.  An  abstract  of  the  report  of  these  committees  appears  in 
*ar.  8. 

• Robbins,  Charles.  Trans.  A.  8.  M.  E.t  Vol.  XXXII,  page  182. 
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8.  Standardized  specifications  for  individual-drive  motors. 

(a)  Horse  power.  Ten  sizes  are  considered  necessary  for  practical 
all  requirements  of  electric  drive  for  machine  tools.  These  sizes  are  as  fol 
lows:  1, 1.5  (for  direct  current  only),  2,  3,  5,  7.5,  10.  15,  20  and  25. 

(b)  Voltages  for  direct-current  motors  should  be  115  and  230  volti 
For  alternating-current  motors  the  voltages  should  be  1 10  and  220  volte. 

(c)  Horse-power  ratings.  Where  approximately  standard  load  eondi 
tions  exist,  motors  are  to  be  given  a continuous  constant  horse-power  ratini 
For  variable-speed  motors  used  under  intermittent  service  conditions,  th 
standard  2-hr.  continuous-duty  rating  is  to  be  used  for  ordinary  sho 
conditions. 

(d)  Direct-current  motor  speeds.  Variable-speed  motors  are  to  l 
standardized  for  two  ranges,  namelv,  2 to  1,  and  3 to  1.  The  following  tab 
includes  the  recommended  speeds  for  variable-speed  direct-current  motor 


Horse  power 

Speeds 

Speeds 

Ratio  2 : 1 

Ratio  3 : 1 

1 

r.p.m. 

1,500-750 

r.p.m. 

1,500-500 

H 

1,500-750 

1,500-500 

2 

1,500-750 

1,500-500 

3 

1,500-750 

1,500-500 

5 

1,200-600 

1.200-400 

71 

1,200-600 

1.200-400 

10 

1,200-600 

1,200-400 

15 

1,200-600 

1,200-400 

20 

900-450 

900-300 

25 

900-450 

900-300 

(e)  Alternating-current  motor  speeds.  The  following  table  grns 

the  recommended  speeds  for  polyphase  60-cycle  alternating-current  motors 


Horse 

power 

Speeds 

Horse 

power 

Speeds 

1 

1,800  and  1,200 

II  10 

1,200  and  600 

2 

1,200 

15 

900  and  600 

3 

1,200 

20 

900  and  600 

5 

1,200 

25 

900  and  600 

71 

1,200  and  900 

(f)  Frequency.  In  considering  constant-speed  al ternating -current  moton 
CO  cycles  is  to  be  used  as  the  basis. 

9.  Methods  of  applying  motors  to  machine  tools.* 

(a)  Bench  lathes  should  be  driven  from  a countershaft  attached  to  tb« 
bench  and  driven  in  its  turn  by  motor.  Any  type  of  motor  may  be  uss { 
except  the  series-wound  or  the  heavily  compounded  motors.  It  is  essentia 
to  locate  the  machine  in  the  most  advantageous  manner  without  regard  ti 
the  position  of  the  shaft. 

(b)  Speed  lathes  should  be  driven  from  a self-supported  countershaft 
or  by  a direct-connected  motor.  In  the  latter  case  a vanable-speed  machin 
is  to  be  preferred. 

(c)  Engine  lathes.  For  these  both  variable-speed  and  constant-epe« 
motors  arc  used  although  engine  lathes  are  usually  group-driven.  When 
individual  motors  are  used,  each  is  placed  on  a bracket  attached  to  the  laths 
and  connected  to  it  with  a geared  or  chain  drive. 

(d)  Heavy  engine  lathes,  forging  lathes,  etc.,  should  be  driven  H 
direct-connected  direct-current  motors.  The  position  of  the  motor  shooH 
be  low  to  reduce  vibrations  in  its  support.  The  output  of  these  lathes  may  bi 
increased  from  20  to  25  per  cent,  by  motor  drive. 


* DeLeeuw,  A.  L.  Trans.  A.  S.  M.  E.,  Vol.  XXXII,  page  137. 
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(•)  Adi  lath—,  wh— 1 lath—  and  dririiig-wh— 1 lath—  should  bs 
driven  by  direct-current  motors. 

(f)  Chucking  lath—  usually  are  not  motor-driven.  If  motors  are  used 
they  should  be  of  variable  speed. 

(f)  Automatic  screw  machines  in  small  sixes  should  be  group-driven; 
in  the  larger  sixes  they  should  preferably  be  driven  by  variable-speed  motors. 

(h)  Sensitive  drilling  machines  in  general  should  not  be  motor-driven. 
However,  if  machine  is  placed  in  an  isolated  location,  a motor  may  be  directly 
applied  to  the  machine  itself  or  the  machine  may  be  driven  through  a counter- 
shift,  from  a motor  on  the  floor. 

(1)  Vertical  and  radial  drilling  machines  are  usually  group-driven  un- 
less they  are  isolated.  If  such  machines  are  motor-driven,  the  variable- 
speed  type  should  be  selected.  The  motor  may  be  direct  connected  to  the 
machine  itself  or  set  up  to  drive  the  machine  countershaft. 

0)  Boring  machines,  if  used  for  specialised  work,  are  preferably  belt- 
driven.  If  used  for  a variety  of  operations,  a vanable-epeed  motor  is 
desirable. 

(k)  Grinders  should  be  driven  by  oonstant-speed  motors  belted  to  the 
pinder  countershafts. 

(l)  Planers,  particularly  those  of  small  sise,  if  located  under  a crane, 
ihould  be  driven  by  variable-speed  motors.  A recent  development  is  the 
teversing-motor  planer  drive  which  is  now  being  extensively  tested,  and 
promisee  to  prove  successful. 

(m)  Shapers,  Blotters,  etc.,  should  usually  be  group-driven. 

(n)  Knee  ana  column-type  milling  machines  in  the  large  sixes  should 
be  driven  by  variable-speed  motors,  especially  if  used  in  “gang"  operations. 

(o)  Planer-type  muling  machines  should  be  motor  driven.  Either 
the  oonstant-speed  or  the  variable-speed  types  will  prove  satisfactory. 

10.  Values  of  hone  power  required  to  cut  metal* 

Lathe-type  tools 


Material 

Horse  power  required  to  remove 

1 cu.  in.  per  min. 

0.2  to  0.3 

Cast  iron 

0.3  to0.6 

Wrought  iron 

Mild  steel  (0.30-0.40  per  cent,  carbon) 
Hard  steel  (0.60  per  cent,  carbon) .... 
Very  h&rd  tire  steel 

0.6 

1.00  to  1.25 

1.5 

Drills 


Material 

Horse  power  required  to  remove 

1 cu.  in.  per  min. 

0.4  to  0.6 

0.6  to  1.0 

Cast  iron 

Wrought  iron . 

1.2 

2.0  to  2. 5 

3.0 

Mild  steel  (0.80-0.40  per  oent.  carbon) 
Hard  steel  (0.50  per  oent.  carbon) 

Very  herd  tire  steel 
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have  been  checked  by  their  application  to  a number  of  factories  whose 
power  load  was  known.  This  showed  that,  for  a group  of  machines,  the 
of  the  power  values  given  in  the  table  is  about  20  per  cent,  higher  than 
average  working  load.  This  is  because  of  the  intermittent  service  of 
for  various  reasons,  or  the  departmental  slip. 

12.  Power  machine  tools  in  groups  (see  Par.  11) 


Kind 


Boring  Machines: 

Bullard,  single  head. 
Bullard,  double  head. 
Cam  Cutters: 

Brainard 

Brainard 

Brainard,.... 

Lathe  type,  single  head.  . 
Lathe  type,  double  head. 
Cutting-off  Machines. 

H ur  lb  ut- Rogers 

Hurlbut-Rogers 

Hurlbut- Rogers 

Drilling  Machines: 

Prentice  Bros,  radial. 

Prentice  Bros,  radial .... 


Woodward  <k  Rogers. 


Dwight-Slate 

Woodward  A Rogers. 


Woodward  A Rogers 

Woodward  A Rogers 

Prentice  upright 

Prentice  upright 

Prentice  upright 

Prentice  upright 

Blaisdell  upright 

Blaisdell  upright 

Blaisdell  upright 

Blaisdell  upright 

Blaisdell  upright 

Blaisdell  upright 

Blaisdell  upright 

Blaisdell  upright 

Gear  Cutters: 

Brainard 

Gould  A Eberhardt 

Brown  A Sharpe 

Grinders: 

Brown  A Sharpe  cutter  and 

reamer  grinder 

C.  H.  Besly  & Co.  Gardner 

grinder 

Brown  A Sharpe  plain 

Brown  A Sharpe  surface 

Brown  A Sharpe  surface 

Brown  A Sharpe  universal 

Brown  A Sharpe  universal 

Diamond  wet  tool  grinder 

Leland  A Faulconer  wet  grinder. 


• Carrying  1 20-in.  wheel. 


Sise 

Observed 

horse 

power; 

in  fkxi  ynmn 

Observed 

horse 

power; 

average 

36  in. 

0.78 

0.52 

42  in. 

1.72 

108 

No.  2 

0.67 

No.  4 

0.48 

0 32 

No.  5 

0.48 

0 32 

0 32 

0 50 

1)1  in. 

0 12 

2 in. 

6.28 

0.  14  toOj 

3 in. 

0.34 

0.20  to  0.1 

No.  0 

0.72 

No.  1 

3.18 

1.12 

Sensitive 

1 

single- 

)  0 31 

spindle 

) 

2-spindle 

0.33 

Sensitive 

1 A %C 

3-spindle 

>0.3* 

4-spindle 

' 0 4S 

6-spindle 

0.71 

16  in. 

0.25 

18  in. 

0.35 

20  in. 

0.42 

22  in. 

0.59 

24  in. 

0.47 

26  in. 

0.22 

28  in. 

0.25 

30  in. 

0 30 

34  in. 

0.45 

36  in. 

0.53 

46  in. 

0 63 

50  in. 

0.S3 

• No.  4* 

0.15  toO.I 

No.  3 

0 20 

No.  3 

0.20 

No.  3 

0.32 

No.  4 

1.42 

0.53 

No.  11 

0 80 

No.  2 

0 40 

No.  3 

0.50 

No.  1 

0.60 

No.  2 

0.76 

3.29 

0 97* 

0.41  toO.S 
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it.  Powtr  mtchlnt  tools  In  groups. — Continued 


r 

1 Kind  > 

t 

Sise 

Observed 

horse 

power; 

maximum 

Observed 

horse 

power; 

average 

Mop  Hammers: 
fttObdeU 

40  lb. 

250  lb. 

400  lb. 

600  lb. 

800  lb. 
1,000  lb. 

1,500  lb. 

100  lb. 

150  lb. 

No. 4. 

20  in.  ~ 
30  in. 

12  in. 

14  in. 

16  in. 

16  in. 

18  in. 

20  in. 

0.10 

2.00 

2.50 

3.00 

3.50 

4.00 

5.00 

1.50 
1.75 

0.28  to  0.32 

0.35 

0.41 

0.24 

0.26 

0.34 

0.36 

0.39 

0.44 

TfMtt  k Whitney 

1 Pratt  k Whitney 

'PMtt  k Whitney 

Platt  k Whitney 

Pratt  k Whitney 

Power  Hammers : 

L Bindley 

[Bradley 

Keyeeater: 

f Baker  Bros 

Lathee: 

Reed  boring  lathe 

0.64 

Reed  boring  lathe 

iRcirt  engine  lathe 



pMd  lathe 

Prentice 

0.48 

BM>d 

Haiadell 

0.48 

:Btaiedell 

22  in. 

0.37 

0.32 

-Reed 

0.25 

Blaisdell 

24  in. 

0.31 

'Prentice 

0.31 

fffctoer 

0.58 

0.10 

Bead  speed  lathe 

14  in. 

0.12 

ntuun  squaring-up  lathe 

15  in. 

0.25 

fOUidt  turret  lathe 

Size  H. 

0.70 

pbtter  k Johnston  semi-auto- 
t-matio 

No.  1. 

1.63 

0 . 33  to  0 . 63 

Jones  A Lamson  flat  turret 

2X24  in. 

1.97 

1 . 20  to  1 . 80 

Hftg  Machines: 

BninsrH 

No.  1 

0.47 

0.30 

fcsimnl 

No.  3 

0.64 

0.26 

No.  4 

0 . 19  to  0.29 

trEaard 

No.  4J 

0. 13  to  0. 19 

*Brainard 

No.  6 

0.26 

'Rrainard 

No.  7 

0.83 

iBrainard 

No.  14 

0.25 

tficaiaard 

No.  15 

0.25 

ffibcker  vertical 

1 No.  3 

0.26 

Beeker  vertical 

No.  5 

0.55 

Beeker-Brainard 

No.  3 

0.17  to  0.25 

Brown  k Sharpe 

No.  1 

0.15 

Brown  k Sharpe 

No.  2 

0.25 

No.  5 

0.30 

Read. . . . . .Qar  . 

No.  7 

0.83 

,P*att  k Whitney  hand 

liners:  " 

No.  H 

0.20 

Whitcomb 

17  in. 

2.01 

1 .00  to  0.43 

t Whitcomb 

22  in.  X5  ft. 

2 34 

1 . 16  to  0.53 

rjetnam 

22  in.  X 5 ft. 

1.44 

0.70 

Pntnam 

24  in.  X 6 ft. 

0.84 



26  in.  X 5 ft. 

1.59 

0.81 

Putnam 

30  in.  X6  ft. 

4.91 

1.31 

‘■Pntnam.  

30  in.  X 8 ft. 

5.46 

1.56 

|oweU 

36  in.  X 10  ft. 

4.00 

1.60 

L Pond. 

50  in.  X9  ft. 

2.94 

1.14 
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Sec.  16-12  INDUSTRIAL  MOTOR  APPLICATIONS 


11.  Power  machine  tool*  in  group#. — Continued 


Kind 

Sise 

Observed 

horse 

power; 

maximum 

Polishing  Stands: 

No.  3 

No.  5 

Punch  Presses: 

Bliss 

No.  3 

2.50 

Profiling  Machines: 

No.  1 

Pratt  A Whitney 

No.  6 

Hack  Saw: 

12  in.  to  14  in. 

Screw  Machines: 

Brown  A Sharp**  automatic 

No.  1 

Pratt  A Whitney  automatic. . . . 
Pratt  A Whitney 

No.  2 

No.  2 

Pratt  A Whitney -. 

No.  3 

Brown  A Sharpe  automatic 

No.  3 

Pratt  A Whitney  automatic. . . . 
Pratt  A Whitney 

No.  3-0 

No.  3-B 

1.04 

1.04 

Brown  & Sharpe 

No.  00 

Cleveland 

{ in. 

2 in. 

Cleveland 

Cleveland  

2}  in. 

No.  2 

i.04 

Pratt  A Whitney  hand 

Pratt  A Whitney  hand 

No.  2} 

No.  3 

Pratt.  A Whitney  hand 

Shapers; 

T.oHpo  it  Davis  

14  in. 

Hendey 

20  in. 

Hendey  

24  in. 

.... 

Hendey  

28  in. 

.... 

Tapping  Machine; 

Prutt  <fc  Whitney 

No.  2 

Observed 

bone 

power; 

average 


1.00 

1.19 


1.26 


0 50 
0.40 


0.06 


0.60 

0.27 

0.71 

0.10 

0.10. 

0.00 

0.90 

0.20 

0.60 

0.19 

0.90 

0.4* 

0.4* 

o.«r- 


0.2i 

0.f~ 


iliij 

to  6.f 
to  0.1 

MO 

thine  tod 
eating  hog 


12.  The  hone-power  values  for  individually  driven  machine  I 

Even  in  the  following  paragraphs  are  recommended  by  the  Wealing).  . 

lectric  and  Manufacturing  Co.  As  these  valuee  are  based  on  arenj 
practice,  they  may  be  decreased  for  very  light  work  and  must  often  be  c 
creased  for  very  heavy  work.  The  recommended  type  of  motor  is  indict* 
by  the  symbols  A,  B,  C.  (A)  Adjustable-speed,  shunt-wound,  direct-curre 
motors  are  used  wherever  a number  of  speeds  are  essential.  (B)  Cosstsa 
speed,  shunt-wound  direct-current  motors  are  used  where  the  speeds  ■ 
attainable  by  a gear  box  or  cone-pulley  arrangement  or  where  only  « 
speed  is  required.  (C)  Squirrel-cage  induction  motors  are  used  where  din 
current  is  not  available.  A gear  box  or  oone-pulley  arrangement  must  1 
used  to  obtain  different  speeds. 


14.  Boring  machines 


Motor  A,  BorC  (Par.  12) 


Diameter  of  spindle 

(in.) 

Maximum  boring 
diameter  (in.) 

Horse  power 

4 

20 

7* 

6 

30 

10 

8 

40 

15 
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INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  15-15 
15.  Bolt  and  nut  machinery 


(a)  Bolt  cutters — motor  A,  B or  C (Par.  IS) 

Style 

Size  (in.) 

Horse  power 

1.  U.H 

1 to  2 

Single 

If.  2 

2 to  3 

* • 

21.3* 

3 to  5 

4,  6 

5 to  7* 

Double 

!.  11 

2 to  3 

2,  2* 

3 to  5 

Triple 

1,  11.  2 

3 to  7* 

(b)  Bolt  pointers — motor  B or 

C 

H.  n 

1 to  2 

(c)  Nut  tappers — motor  A,  B or  C 

Four-spindle 

1.  2 

3 

8ix-spindle 

2 

3 

Ten-spindle 

2 

5 

(d)  Nut  facer — motor  B or  C 

1.2 

2 to  3 

16.  Bolt  heading,  upsetting  and  forging  machines 


Motor  A,*  Bf  or  CJ  (Par.  13) 

Size  (in.) 

Horse  power 

1 tol* 

5 to  7* 

1*  to  2 

10  to  15 

2*  to  3 

20  to  25 

4 to  6 

30  to  40 

17.  Boring  and  turning  mills 

Motor  A,  B or  C (Par.  IS) 

Size  (in.) 

Horse  power 

Average  work 

Heavy  work 

37  to  42 

5 

to  7* 

7*  to  10 

50 

7 

7*  to  10 

60  to  84 

7 

t to  10 

10  to  15 

Size  (ft.) 

7 to  9 

* 10 

to  15 

10  to  12 

10 

to  15 

30  to  40 

14  to  16 

15 

to  20 

16  to  25 

20 

to  25 

* Speed  variation  is  sometimes  desired  when  different  sizes  of  bolts  are 

leaded  on  the  same  machine, 
t Compound-wound,  direct-current  motor. 

X Wound  secondary  or  squirrel-cage  motor  with  approximately  10  per 

ent.  slip. 
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Sec.  15-18  INDUSTRIAL  MOTOR  APPLICATIONS 


18.  Bulldozers 


Motor  B*  or  Cf  (Par.  IS) 

Width  (in.) 

Head  movement  (in.) 

Horse  power 

29 

14 

5 

34 

16 

71 

39 

16 

10 

45 

18 

15 

63 

20 

20 

19.  Drilling  machines 


Motor  A,  B or  C (Par.  IS) 

(a)  Sensitive  machines  up  to  } in.  drill  capacity 

0.25  to  0.75  horse  power 

(b'l  Vertical  drilling  machines 

Sise  (in.) 

Horse  power 

12  to  20 

1 

24  to  28 

2 

30  to  32 

3 

36  to  40 

5 

50  to  60 

5 to  7| 

(c)  Radial  drilling  machines 


Length  of  arm — ft. 

Horse  power 

Average  conditions 

Heavy 

3 

1 to  2 

3 

4 

2 to  3 

5 to  71 

5,  6 and  7 

3 to  5 

5 to  71 

8.  9 and  10 

5 to  7* 

71  to  10 

SO.  Drilling,  boring  and  milling  machines 


Motor  A,  B or  C (Par.  IS) 

Sice  of  spindle  (in.) 

Horse  power  for  Single  spindle 

il 

\ to  4] 
\ to  5 
i to  6] 

1 

5 to  7} 

. 71  to  10 

10  to  15 

For  machines  with  double  spindles  use  motors  of  double  the  horse  power 

given. 


* ( ompound  wound  motor. 

t Wound  secondary  or  squirrel-cage  motor  with  approximately  10  per  oset 


1228 


Digitized  by  Google 


INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  15-21 


Si.  Drilling  machines  -mnltipU  spindle 


Motor  A,  B or  C (Par.  IS)  j 

Siae  of  drills  (in.) 

No.  of  spindles 

Horse  power 

A to* 

6 to  10 

8 

A to  I 

10 

6 

A to  I 

10 

71 

i to  J 

10 

10 

| to  1 

10 

10  to  16 

2 

4 

7* 

2 

6 

10 

2 

8 

15 

SI.  Our  cutters 


Motor  A,  Bor  C (Par.  IS)  j 

Siae  (in.) 

Horse  power 

SOX  9 

2 to  3 

48X10 

3 to  5 

30X12 

5 to  7} 

60X12 

5 to  7| 

72X14 

7*  to  10 

64X20 

10  to  15 

IS.  Orinden 


(a)  Tool,  snagging,  etc.-*— motor  B or  C (Par.  IS)  | 

Wheels 

No. 

Diameter  wheel  (in.) 

Horse  power 

2 

6 

* to  1 

2 

10 

2 

2 

12 

3 

2 

18 

5 to  7* 

2 

24 

7*  to  10 

2 

26 

7\  to  10 

(b)  Cylindrical — motor  A,  B or  C (Par.  IS) 


Dia.  wheel  (in.) 

Length  work  (in.) 

Horse  power  | 

Average*work 

Heavy  work 

10 

50 

5 

•71 

10 

72 

6 

7* 

10 

96 

5 

7* 

10 

120 

6 

7* 

14 

72 

10 

15 

18 

120 

10 

15 

18 

144 

10 

15 

18 

168 

10 

15 
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Sec.  15-23  INDUSTRIAL  MOTOR  APPLICATIONS 


S3.  Grinders.-— -Continued 

Miscellaneous — motor  B or  C (Par.  13) 


Horse  power 

Wet  tool  grinder 

2 to  3 

Flexible  swinging,  grinding  and  polishing  machine 

3 

3 

Piston-rod  grinder 

3 

Twist-drill  grinder 

2 

Automatic  tool  grinder 

3 to  5 

24.  Hammers 

Motor  B*  or  Cf  (Par.  13) 

Size  (lb.) 

Horse 

power 

15  to  75 

1 to  5 

100  to  200 

5 

to  7* 

Drop-hammers  require  approximately  1 h.p.  for  every  100-lb.  w«j 
of  hammer  head. 


25.  Lathes — motor  A,  B or  C (Par.  13) 
(a)  Engine  lathes 


Horse  power 

j 

Swing  (in.) 

Average 

Heavy 

12 

4 

2 

14 

I to  1 

2 to  3 

16 

1 to  2 

2 to  3 

18 

2 to  3 

3 to  5 

20  to  22 

3 

7\  to  10 

24  to  27 

5 

74  to  10 

30 

5 to  71 

7\  to  10 

32  to  36 

7i  to  10 

10  to  15 

38  to  42 

10  to  15 

15  to  20 

48  to  .54 

15  to  20 

20  to  25 

60  to  84 

20  to  25 

25  to  30 

(b)  Axle  lathes 

Horse  power 

Single 1 

I 

5,  7|  10 

Double 1 

: 

10,  15,  ’ 20 

(c)  Wheel  lathes 

Horse  power 

Sizo  (in.)  ^ 

Main-drive  motor 

Tail-stock  motor  J 

48 

15  to  20 

5 

51  to  60 

15  to  20 

5 

79  to  84 

25  to  30 

5 

90 

30  to  40 

5 to  7| 

100 

40  to  50 

5 to  74 

* Compound-wound  motor. 

t Wound  secondary  squirrel-cage  motor  with  approximately  10  per  cent- 
X Standard  machine-tool  traverse  motor. 
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INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  16-26 

SI. 

Motor  A,  B or  C (Par.  If  ) 


Vertical  slab  milling  machines 

Width  of  work  (in.) 

Horse  power 

24 

7* 

32  to  36 

10 

42 

16 

Vertical  milling  machines 


Height  under  Work.  (In.) 

Horse  power 

12 

5 

14 

7* 

18. 

10 

20 

15 

24 

20 

Plain  muling  machines 


Table  feed  (in.)  I Cross  feed  (in.)  Vertical  feed  (in.)  Horse  power 


Universal  milling  machines 


Honsontal  slab  millmg  machines 


Width  between  housings 

Horse  power  | 

(In.) 

Average 

Heavy 

24 

7f  to  10 

10  to  15 

30 

7j  to  10 

10  to  15 

36 

10  to  15 

20  to  25 

60 

25 

50  to  60 

72 

25 

75 
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Sec.  15-27  INDUSTRIAL  MOTOR  APPLICATIONS 


I 


lit 


27.  Pipe  threading  and  cutting  off  machines 


Motor  A,  B or  C (Par.  13) 

Sise  pipe  (in.) 

Horse  power 

i to  2 

2 

Lto  3 

3 

1 to  4 

3 . 1 

U to  6 

3 to  5 

2 to  8 

3 to  5 

3 to  10 

5 

4 to  12 

5 

8 to  18 

7* 

24 

»! 

28.  Planers 


Motor  B*  or  C (Par.  13) 

Width  (in.) 

Distance  under  rail 

(in.) 

Horse  power 

22 

22 

< 

3 

24 

24 

3 to  5 

27 

27 

3 to  5 

30 

30 

5 to  7* 

36 

36 

10  to  15 

42 

42 

15  to  20 

48 

48 

15  to  20 

54 

54 

20  to  25 

60 

60 

20  to  25 

72 

72 

25  to  30 

84 

84 

30 

100 

100 

40 

Normal  length  of  bed  in  feet  is  about  l the  width  in  inches. 


29.  Rotary  planers 


Motor  A,  B or  C (Par.  13) 

Dia.  of  cutter  (in.) 

Horse  power 

24 

5 

30 

7* 

36  to  42 

10 

48  to  54 

15 

GO 

20 

72 

25 

84 

30 

96  to  100 

40 

■ ■■  J 

30.  Polishing  and  buffing  machines 

Motor  B or  C (Par.  13) 

Wheels 

Horse  power . 

No. 

Diameter  (in.) 

2 

2 

2 

2 

6 

10 

12 

14 

J to  * 

1 to  2 

2 to  3 

3 to  5 

For  brass  tubing  use  double  the  above  horse-power  values. 


* Compound-wound  motor. 
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INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  15-31 


tl.  Presses,  hydrostatic  wheel 


Motor  B or  C (Par.  IS)  | 

Sue  (tons) 

Horse  power 

100 

• 

6 

200 

300 

?! 

400 

10 

600 

16 

Freeses  for  notching  sheet  iron  or  steel,  motor  A,  B or  C,  1 to  3 horse 
power. 

SI.  Punching  machines 


Motor  OB*  or  Cf  (Par.  IS) 


Thickness  (in.) 

Horse  power 

j 

1 

2 to  3 

2 to  3 

3 to  6 

6 

5 

1 

, Ik 

1 

71  to  10 

1 

10  to  15 

1 

10  to  15 

1* 

15  to  25 

SS.  Rolls — bending  and  straightening 


Motor  B$  or  CJ  (Par.  IS) 

Width  (ft.) 

Thickness  (in.) 

Horse  power 

4 

1 

5 

6 

h 

6 

6 

h 

7* 

6 

15 

8 

25 

10 

1 

35 

10 

lj 

50 

24 

1 

50 

S4.  Saws,  cold  and  cut-off 


Motor  A,  B or  C (Par.  IS) 

8ise  of  saw  (in.) 

Horse  power 

20 

3 

26 

5 

32 

7| 

36 

10  to  15 

42 

20 

48 

25 

Compound-wound  motor. 

t Wound  secondary  or  squirrel-cage  motor  with  approximately  10  per  cent. 


stip  on  the  larger  sixes. 

1 Standard  bending  roll  motor. 

I Wound  secondary  induction  motor. 
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Motor  A,  B or  C (Par.  IS) 


Stroke  (in.)  • 

Horse  power 

If  to  16 

2 

18 

2 to  3 

20  to  24 

3 to  5 [ 

30 

5 to  7ft 

Traverse  head  shaper 

Stroke  (in.) 

Horse  power 

20 

7ft 

24 

10 

S6.  Shears 


Motor  B*  or  Cf  (Par.  If) 

Horse  power 

Width  (in.) 

Cut  ft-in.  iron 

Cut  ft-in.  iron 

30  to  42 

3 

5 

50  to  60 

4 

7ft 

72  to  96 

5 

10 

Bolt  shears 7$  horse  power  | 

Double-angle  shears 10  horse  power  _! 


Lever  shears 


Motor  BX  orCft  (Par.  11) 

Capacity  (in.) 

Horse  power 

1X1 

5 

nx  H 

7ft 

2 X2 

10 

6 XI 

2ftX2ft 

15 

1 X 7 

2J  X 2J 

20 

1ft  X 8 

3ft  X 3ft 

30 

4ft  round 

1 

• Compound-wound  motor. 

t Wound  secondary  or  squirrel-cage  induction  motor  with  approximate 
10  per  cent.  slip. 

| Compound-wound  motor. 

. ft  Wound  secondary  or  squirrel-cage  motor  with  approximately  10  per  cet 


slip. 
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INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  1&-37 


Plate  shears 


Motor — B*  or  Cf  | 

8ise  of  metal  cut 
(in.) 

Cuts  per  min. 

Length  of  stroke 
(in.) 

Horse  power 

IX  24 

35 

3 

10 

1 X 24 

20 

3 

15 

2 X 14 

15 

41 

30 

1 X 42 

20 

4 

20 

1)X  42 

15 

41 

60 

1|X  54 

18 

6 

75 

lJx  72 

20 

51 

70 

11X100 

10  to  12 

7} 

75 

Tin-plate  squaring  shears 


Motor — B or  C J 

Sis©  of  plates  (inj 

Cuts  per  min. 

Horse  power 

54  by  54 

A packs 

72  by  72 

30 

71 

A packs 

30 

71 

17.  Blotters  and  key-seating  machines 


Motor  A,  Bor  C (Par.  IS)  f 

Stroke  (in.) 

Horse  power 

Stroke  (in.) 

Horse  power 

6 

3 

16 

71 

8 

3 to  5 

18 

71  to  10 

10 

5 

20 

10  to  15 

12 

5 

24 

10  to  15 

14 

5 to  71 

30 

10  to  15 

M.  Comparison  o t five  planer  drives 

shown  in  Figs.  2 to  6 incl.  is  as  follows: 


Figure  numbers 

2 

3 

4 . 

5 

6 

Drive,  horse  power 

25.0 

25.0 

25.0 

25.0 

25  0 

Stroke,  feet 

8.0 

8.0 

8.0 

8 0 

8 0 

Approximate  cutting  load,  horse 

25.0 

25.0 

24.0 

26.0 

31  io 

6ower. 

Peak  load  reverse  to  return,  horse 

55.5 

45.3 

75.0 

25.0 

20.0 

power. 

Peak  load  reverse  to  cut,  horse 

25.0 

55.0 

36.0 

15.0 

20.0 

power 

Time  return  stroke,  seconds .... 

7.2 

7.2 

7.6 

6.8 

5 6 

Time  cutting  stroke,  seconds. . . 
Time  of  cycle,  seconds. 

20.9 

20.0 

19.5 

16.0 

13.4 

27.2 

27.2 

27.1 

22.8 

io!o 

Feet  per  minute,  return  stroke . . 

66.6 

66.6 

63.2 

70.5 

85  7 

Peet  per  minute,  cutting  stroke. . 

24.0 

24.0 

24.6 

30.0 

35.8 

Ratio  cut  to  return,  1 to 

2.78 

2.78 

2.57 

2,35 

2.4 

* Compound-wound  motor. 

t Wound-secondary  or  squirrel-cage  motor  with  approximately  lO  per  cent. 
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See.  15-38  INDUSTRIAL  MOTOR  APPLICATIONS 


Fia.  3. — Double-belt  drive. 


0 

Fio.  4. — Pneumatic-clutch  drive,  hivh  epee d. 


-Putting  


Full  Load 


160 

120 

80 


Fio.  5. — Pneumatio-clutch  drive,  slow  speed. 


. 1 _ P-ullXOart  /*' 


Fio.  6. — Reversing  direct-connected  motor  drive. 
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INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  15-39 


if.  Th«  direct-connected  adjustable- speed  reversing  motor  is  the 
moat  reoent  development  in  motors  for  machine  toola.  It  haa  been  applied 
to  planers.  Blotters,  key-eeaters,  wire  and  tube  drawing  machines  ana  large 
boring  mills.  Its  advantages  lie  in  increased  production  and  saving  of 
power.  Figs.  2 to  6,  inclusive  show  five  planer  drives.  * These  curves  are 
drawn  to  tne  same  scale  and  show  the  power  required  to  drive  “ light"  and 
with  normal  cuts,  see  Par.  SB. 


40.  Power  required  by  portable  armature  drills 

(Andrew  Stewart,  before  Glasgow  Techn.  College  8c.  8oc.) 


Sixe 

of 

tool 

Spindle 
rev.  per 
min. 

Wt.  of 
tool, 
lb. 

Diam. 

hole, 

in. 

Depth 

hole, 

in. 

Time 

sec. 

Metal 

Watte 

Breast 

800 

13 

1 

1.5 

65 

Cast  iron 

305 

1 M 1 

450 

17 

{ 

1.0 

120 

Cast  iron 

330 

1 M2 

250 

30 

I 

0.5 

40 

Steel 

495 

K f jjHH 

1 M 2 

250 

30 

t 

1.5 

70 

Cast  iron 

660 

1 M3 

150 

32 

1 

1.5 

WEm 

Cast  iron 

550 

k r 

1 M3 

150 

32 

1 

0.5 

80 

Steel 

495 

Sr  £ 

1 M3 

150 

32 

U 

1.5 

Cast  iron 

440 

4,125 

1 M 41 

52 

2 

1.5 

Cast  iron 

990 

•TTSmi 

3 M 3 

150 

48 

li 

1.6 

Cast  iron 

770 

Hull 

100 

58 

ii 

2.75 

Cast  iron 

1,320 

mu 

100 

58 

ii 

3.0 

240 

Cast  iron 

1,540 

3 M 4 

100 

58 

2 

2.0 

Cast  iron 

1.880 

Ttw 

3 M 4 

100 

58 

2H 

2.75 

Cast  iron 

2,200 

3 M 4 

100 

58 

2 

1.3 

Mild  steel 

1,860 

B&fiiiH 

» WOOD- WORKING  MACHINERY 

BY  CHX8TBB  W.  D&AXI 

General  Engineer,  Westinghouse  Electric  A Manufacturing  Co.,  Member , 
American  Institute  of  Electrical  Engineers 

SAWING 

41.  Band  saws  are  replacing  circular  saws  in  most  saw  mills,  since  the 
saving  they  effect  in  the  serf  much  more  than  offsets  their  higher  first  cost, 
labor  and  maintenance  charges.  Band  saws  having  wheels  8 ft.,  9 ft.  and  10 
ft.  diameter  are  in  principal  use  and  their  power  requirements  vary  widely 
with  the  kind  and  aise  of  logs  and  the  cutting  speed. 

,41.  Typo  of  motor  suitable  for  band  saws.  Induction  motors,  either 
of  the  squirrel-cage  or  wound-rotor  type  may  be  used  for  driving  band  mills, 
but  special  attention  to  the  motor  ana  control  characteristics  are  necessary* 
The  band  wheels  have  a total  weight  of  several  tons,  and  when  running  at 
a saw  speed  of  10,000  ft.  per  min.  have  a very  large  fly-wheel  effect.  Con- 
sequently, a motor  is  required  which  has  a high  starting  torque  and  is  able 
to  bring  the  mill  to  speed  in  about  a minute.  A squirrel-cage  motor  with  a 
high  dip  (7  or  8 per  cent.)  will  develop  a high  torque  at  starting,  and  besides 
this  haa  the  additional  advantage  due  to  its  slip  of  allowing  the  band  saw  to 
slow  down  at  times  of  heavy  load,  and  give  up  some  of  its  stored  energy. 
In  this  way  the  load  fluctuation  on  the  motor  and  the  system  may  be  con- 
siderably reduced.  A slip-ring  motor  gives  a high  starting  torque,  but  with 
the  secondary  short-circuited  has  a low  slip,  and  consequently  the  motor  is 
subjected  to  all  the  instantaneous  peaks  of  load.  A permanent  resistance 
may,  however,  be  connected  in  the  secondary  circuit  to  give  any  desired  slip. 
An  advantage  of  this  method  is  that  the  heat  thus  generated  is  external  to 


* Fair,  Charles.  American  Machinist,  Vol.  XXXVIII,  page  103. 
t These  figures  include  losses  in  the  motor.  Careful  testa  in  which  the 
motor  losses  were  separated  showed  that  the  power  utilised  at  the  drill 
point  varied  from  3.13  to  4.1  kw.  per  lb.  of  mild  steel  per  min.  and  from  1.57 
to  2.60  kw.  per  lb.  of  cast  iron  per  min.,  the  low  figures  referring  to  2-in. 
hdes  and  the  high  ones  to  small  holes. 
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the  motor.  The  squirrel-cage  motor  is  simpler  and  somewhat  more  rugged, 
but  has  the  disadvantages  of  having  a fixed  slip,  of  requiring  a comparatively 
large  current  at  starting  and,  with  high  slip,  of  radiating  a large  amount  of 
heat.  Both  types  are  in  satisfactory  service  but  slip-ring  motors  are  in 
more  common  use  especially  for  the  larger  sises  of  saws. 

43.  The  average  horse  power  required  by  band  mills  usually  variea 
from  75  to  125  h.p.  but  to  take  care  of  heavy  cuts  and  maintain  the  speed, 
motors  of  from  150  to  250  h.p.  are  usually  supplied  for  each  saw.  These 
motors  should  preferably  be  of  the  3-bearing  belted  type  and  with  speeds  from 
about  570  to  850  rev.  per  min.  The  following  table  shows  the  characteristics 
of  motors  which  are  now  installed  in  saw  mills  and  giving  satisfactory  servicej 


Motor 

Band  saw 

Horse  power 

Rev.  per  min. 

Wheel  diam.  (ft.) 

Width  of  saw  (in.) 

200 

580 

9 

15 

150 

570 

8 

14 

•150 

075 

9 

14  double  ed#r 

200 

850 

9 

200 

580 

10 

44.  Circular  saws.  When  the  head  saw'  is  of  the  circular  type,  both 
saws  are  usually  driven  by  one  belted  motor,  and,  due  to  the  larger  kerf, 
more  power  is  usually  required  than  for  band  mills.  The  following  drives 
nrc  in  actual  operation. 


Motor 

Saws 

Horse  power 

Rev. 

per  min. 

Diameter 

250 

580 

2-60  in. 

300 

850 

2-60  in.  with  carriage  and  live  rolls 

45.  Resaws.  Time  can  usually  be  saved  by  cutting  planks  and  timber 
at  the  head  saw  and  then  resawing  to  the  desired  dimensions.  Band  resawi 
are  in  almost  universal  use,  but  circular  resaws  are  sometimes  installed. 
One  72-in.  circular  resaw  in  operation  is  belt-driven  by  a 100-h.p..  1,120- 
rev.  per  min.  squirrel-cage  motor.  Band  resaws  are  generally  driven  io 
the  same  manner  as  the  head  saw's  although  for  the  smaller  sises  the  pulley 
speed  is  sufficiently  high  so  that  coupled  motors  become  practicable.  The 
following  band  resaws  are  in  successful  operation  in  saw  mills. 


Motor 

Band  resaw 

Drive 

Horse  power 

Rev.  per  min. 

Wheel  diam. 
(in.) 

Width  of  saw' 
(in.) 

125 

850 

72 

10 

Belted 

75 

850 

t62 

9 

Belted 

60 

850 

f54 

6 

Belted 

35 

580 

60 

5 

Coupled 

46.  Edgers  may  in  most  cases  be  economically  driven  by  coupled  squirrri- 
cage  induction  motors.  There  is  practically  no  fly-wheel  effect  in  edgers,  and 
motors  are  subjected  to  a severe  and  rapidly  fluctuating  load.  Since  ow 
self-feed  rip  saw  on  2-in.  stock  may  easily  require  25  h.p.,  it  is  seen  that  as 
edger  with  six  or  eight  saws  cutting  2-in.  to  4-in.  stock  may  at  times  require 
from  150  to  200  h.p.  The  actual  load  depends  principally  upon  the  kind  of 
wood,  feed  and  number  of  saws  in  the  cut.  The  following  motor-drives 
edgers  are  installed  in  saw  mills. 


* High-slip  squirrel-cage  motor. 
T These  are  horizontal  resaw's. 
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[ Motor 

Remarks 

saws 

Horse  power 

Rev.  per  min. 

200 

860 

6-32  in. 

Belted 

150 

860 

8-32  in. 

Coupled 

76 

1,700 

8-24  in. 

Coupled 

Larger  motor  required 

for  stock  over  2-in. 

60 

1,700 

/ 4-18  in. 
\ 4-24  in. 

Coupled 

thick. 

See  test  below 

60 

850 

6-24  in. 

Belted 

Saws  run  1,690  rev.  per 

min. 

30 

3,480 

2-6  in. 

Coupled 

Lath  edger 

Test  on  the  above  50-h.p.  coupled  motor  showed  a friction  load  of  0 kw. 
With  a feed  of  from  180  to  190  ft.  per  min.(  on  hemlock  stock,  the  following 
results  were  obtained: 


4 cuts  in  3-in.  stock 68  kw.,  peaks  reaching  75  and  80  kw. 

2 cuts  in  6-in.  stock 68  kw.,  peaks  reaching  76  and  80  kw. 


47.  Trimmers.  The  driving  shafts  of  trimmers  can  be  readily  driven 
by  coupled  squirrel-cage  motors  and  speeds  of  680  to  850  rev.  per  min.  are 
customary.  Th?  following  are  instances  of  successful  applications. 


| Motor 

Saws 

Horse  power 

Rev.  per  min. 

l/nve 

Remarks 

50 

680 

20-30  in. 

Coupled 

50 

860 

21-32  in. 

Coupled 

Also  drives  transfer 
chains. 

30. 

860 

12-24  in. 

Coupled 

5 

1,120 

2-18  in. 

Coupled 

Lath  bundle  trimmer 

4ft.  Hashers  are  beet  driven  by  standard  squirrel-cage  motors  coupled 
to  the  saw  shafts.  The  speed  is  determined  by  the  saw  diameter  since  it  is 
not  desirable  to  use  a cutting  speed  much  higher  than  10,000  ft.  per  min. 
The  following  are  typical  installations. 


Motor 

Saws 

Drive 

Horse  power 

Rev.  per  min. 

60 

850 

14-40  in. 

Coupled 

40 

680 

6—36  in. 

Belted 

30 

850 

6-46  in. 

Coupled 

25 

1,120 

6-38  in. 

Coupled 

20 

850 

4—36  in. 

Belted 

4ft.  Hogs.  The  rotating  element  of  a hog  is  very  heavy  and  the  discussion 
of  squirrel-cage  versus  slip-ring  motors  (Par.  41)  applies  here  also. 


Diamond  Iron  Works*  hogs 


No. 

Style 

Rotor 

Capacity 

Horse 

power 

Diam.  (in.) 

Rev.  per  min. 

Cords  per  hr. 

1 

B 

60 

650 

16 

65 

1J 

B 

48 

825 

12 

50 

2 

B 

34 

1,000 

10 

40 

3 

8 

48 

825 

16 

75 
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Test  on  a No.  1 hog  driven  by  a 75-h.p.,  690-rev.  per  min.,  alin-ria* 
ooupled  motor  gave  a friction  load  of  25  kw.  Average  load  with  feed  from 
two  band  mills,  40  to  50  kw.  Peaks  90  kw. 

Unless  the  hog  is  carefully  fed  the  motors  are  subject  to  severe  load 
fluctuations. 

ftp.  Miscellaneous j 

Drop  cut-off  saw,  72  in.  diam.,  510  rev.  per  min.;  20-h.p.  570-rev.  per  min. 

motor,  belted. 

Lath  bolter,  5 12-in.  saws;  40-h.p.,  1,700-rev.  per  min.  motor,  coupled 

Log  haul,  230  ft.  total  length,  100  ft.  on  60  per  cent,  grade;  30-h.p.,  1,130 
rev,  per  min,  motor,  belted. 

Conveyors  in  mill;  5 to  15  h.p.  according  to  conditions,  usually  back-geared 
or  belted  through  a counter-shaft. 

Covel  band  saw  grinder;  3-h.p.,  1. 120-rev,  per  min,  motor,  back-geared. 


PLANING  MILLS 

51.  Selection  of  motor.  Standard  squirrel-cage  induction  motors  art 
satisfactorily  applied  to  almost  all  machines  used  in  planing  and  other  wood- 
working establishments  with,  perhaps,  the  exceptions  of  large  band  re*aw- 
of  great  inertia,  heavy  planers  and  matchers  with  considerable  static  frictaoi 
which  must  be  overcome  at  starting,  and  in  cases  where  each  inir^ 
motor  requires  a largo  percentage  of  the  generator  capacity.  For  i 
special  cases  slip-ring  motors  are  used.  The  data  in  the  following  paragT 
give  the  average  sizes  and  the  power  requirements  of  machines  as  supp 
by  several  of  the  leading  manufacturers.  Nearly  all  of  these  machines  I 
met  practical  service  with  the  motors  as  indicated,  although  for  very  1 _ 
or  for  very  heavy  service,  smaller  or  larger  motors,  respectively,  are  soa 
times  used. 

52.  High-speed  induction  motors.  Various  machine  designs 

been  made  for  planers,  jointers,  shapers,  etc.,  using  2-pole  (3,600  r.p.c 
60-cycle  squirrel-cage  motors  w’ith  a view  of  eliminating  belts  and  maki 
the  motors  integral  with  the  machines.  This  speed  has  been  found  took 
for  most  cutting  heads,  but  the  advantages  of  self-contained  units  w'a 
in  many  cases  the  installation  of  induction  frequency  changers  which  < 
two-  or  foui -pole  induction  motors  would  give  the  desired  speed.  Ma 
applications  are  satisfactorily  taken  care  of  with  frequencies  from  100-lSO 
cycles  giving  motor  speeds  from  6,000-10,800  r.p.m.,  but  frequencies  as 
high  as  300  cycles  are  sometimes  used  for  small  grinders  or  carving  machine*. 
Special  attention  should  be  given  to  mechanical  details,  such  as  bearing*, 
lubrication,  alignment  and  balance  when  using  high-speed  motors.  Far 
a description  of  the  construction  and  operation  of  induction-frequeo^l 
changers,  refer  to  Sec.  7,  Par.  S54. 


53.  Band  saws 


Scroll  and  rip 

Wheel  diam. 
(in.) 

Max.  width  of 
saw’  (in.) 

Feed  (ft.  per  min.) 

Aver,  horse 
power 

30 

1 

Hand 

2 

34-38 

Hand 

3 

40 

3 

60-150 

10 

42 

Hand 

5 

42 

3J 

60-200 

15 

48 

H 

Hand 

71 

Resaw  and  combination  scroll  and  resaws 

38 

2 

20-42 

7* 

40 

3 

20-42 

10 

44 

4 

18-60 

15 

48 

5 

20-120 

20 

54 

6 

24-140 

30 

60 

8 

24-145 

40 

1240  by  Google 


INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  15-54 


44-in.  band  rip  and  resaw.  Berlin  No.  282  44-in.  X 4-in.  wheel,  680  rev. 
per  min.,  seared  to  a 16  h.p.  1,120  rev.  per  min.  squifrel-oa^e  motor.  Fric- 
tion load  4 kw.  Resawing  6-in.  to  8-in.  poplar,  24  ft.  per  min.;  average  load, 
12  kw. 

54-in.  band  reeaw.  Mershon  saw,  540  rev.  per  min.,  belted  to  a 20-h.p 
1,120  rev.  per  min.  squirrel-cage  motor;  friction,  5.5  Jew.  Resawing  oak 
4 in.  to  6 in.  wide.  70  ft.  per  min.;  average  load,  18  kw.;  peaks,  21  kw. 

Horisontal  band  resaw.  Berlin  No.  287  hopper  feed,  width  of  hopper 
26 in.;  belted  to  a 40  h.p.,  850-rev.  per  min.  Bquirrel-cage  motor;  friction  load, 
9 kw.;  tests,  sawing  oak. 


Feed 

Load  (kw.)  ! 

Width  (in.) 

(ft.  per  min.) 

Average 

Peaks 

134 

30 

32 

50 

24 

22 

44 

50 

64.  Circular  saws 


Cut-off  saws 

Combination  benches,  dado,  eta 

Diam.  (in.) 

Aver.  h.p. 

Diam.  (in.) 

Aver.  h.p. 

10-14 

3 

12-16 

5 

16 

5 

20 

74 

•16 

74 

24 

74 

30 

10* 

t32 

25 

36 

. 15 

Rip  saws 


Diam.  (in.) 

No.  of  saws 

Feed  (ft.  per  min.) 

Aver.  h.p. 

12-14 

1 

Hand 

6 

16-20 

1 

Hand 

74 

14-16 

1 

65-200 

10-15 

16 

2 

50-160 

20 

36 

1 

Hand 

20 

36 

1 

50-160 

30 

Self-feed  rip  saw.  13-in.  saw,  2,250-rev.  per  min.,  belted  to  a 10  h.p,, 
1,700-rev.  per  min.  squirrel-cage  motor;  friction  load,  2.5  kw. 


Stock 

Feed  (ft.  per  min.) 

Aver,  load  (kw.) 

1 in.  oak 

73 

5 

1 in.  oak 

116 

7.5 

1 in.  oak 

150 

9.2 

2 in.  hemlock 

150 

12.5 

Resaws 


Diam.  (in.) 

Feed  (ft.  per  min.) 

Aver.  h.p. 

24-30  . 

30-80 

15 

36-42 

30-80 

20 

48 

30-80 

30 

• Double  cut-off  or  trimmer, 
t Double  automatic  cut-off. 
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56.  Jointers 


Width  (in.) 

Aver.  h.p. 

8-12 

2 

16-24 

3 

30-36 

5 

Glue  jointers 

3-5 

66.  Surfacers 


Capacity  (ini 
width  and  height 

No.  of 
feed  rolls 

No.  of 
heads 

Feed 

(ft.  per  min.) 

Aver.  h.p. 

18X6 

2 

1 

22-32 

5 

24X7 

4 

1 

18-32 

7.5 

24X8 

4 

2 

20  35 

10 

24X6 

6 

2 

30-45 

15 

24X8 

6 

2 

40-80 

30 

24X8 

4 

2 

40-80 

20 

30X6 

4 

2 

30-50 

20 

30X8 

6 

2 

40-100 

30 

30X7 

4 

2 

16-50 

15 

67.  Planers,  matchers  and  flooring  machines 


Capacity  (in.) 

No.  of  rolls 

No.  of  heads 

Feed 

(ft.  per  min.) 

Aver,  h.p 

9X6 

6 

4 

40-80 

30 

15X6 

6 

4 

40-102 

40 

15X8 

4 

4 

30-45 

30 

24X6 

6 

4 

59-104 

40 

24X8 

6 

5 

40-80 

40 

30X8 

6 

4 

40-80 

40 

Planers  and  matchers.  Berlin  No.  94  15-in.  P.  <fc  M.  with  a 30-h.pJ 
1,120-rev.  per  min.  squirrel-cage  motor  coupled  to  countershaft;  fricuol 
load,  2 heads,  8 kwv  Double-surfacing  12-in.  wet  oak  at  60  ft.  per  mia., 
reducing  from  lf-in.  to  J-in.,  required  average  of  30  kw„  peaks  40  kw. 

Hoyt  No.  33  19-in.  X 8-in.  P.  & M.  belted  to  a 30-h.p.,  1 , 1 20-rev.  p«l 
min.  squirrel-cage  motor;  friction  load,  2 heads,  8 kw.;  4 heads,  12  W 
Double-surfacing  cypress  12  in.  wide,  reducing  from  1-in.  or  lj-in.  thick  m 
I in.  thick,  feed  50  ft.  per  min.;  average  load,  18  kw.;  oak,  same  cut  U 
above,  22  kw.,  peaks  32  kw. 


58.  Timber  sizers 


Cap.  (in.) 

No.  of  rolls 

No.  of  heads 

Feed 

(ft.  per  min.) 

Aver,  h.p 

20X12 

8 

4 

25-85 

50 

20  X 16 

6 

4 

25-85 

40 

30X20 

8 

4 

25-85 

50 

For  extra-heavy  service,  75  h.p.  is  sometimes  required. 


59.  Tenoning  machines 


Aver,  h.p 

Single  end,  hand  feed,  average  duty 

5 

Double  end,  hand  feed,  average  duty 

10 

Double  end,  power  feed,  average  duty 

15 

Automatic  blind  slat  tenoner * .» 

3 
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10.  Outside  moulders  or  stlokers 
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63.  Shapers 

Single  spindle — 3 h.p.  Double  spindle — 5 hp. 


64.  Linderman  automatic  dovetail  glue  jointer.  This  machine  as 

be  driven  by  one  motor  and  countershaft,  or  by  three  motors.  Si*  ii 
given  by  the  maximum  length  of  lumber  which  can  be  jointed. 


Horse  power 

— 

Size,  ft. 

1 

Group  drive 

Individual  drive 

Left 

Right 

3-4-5 

15 

5 

7.5 

5 

6-7-8-10 

20 

7.5 

10 

5 

12-14-16 

25 

7.5 

15 

5 

65.  Nailing  machines.  (Mayes  Mach.  Co.,  N.  Y.) 

Size  No.  1 drives  6 nails  1 in.  to  11  in.  long,  any  gage;  will  nail  a ba 
which  is  2 in.  to  18  in.  deep,  of  any  length  average,  2 h.p.  No.  6Combu< 
tion  nailing  machine  and  clincher,  feeds  16  nails  lj  to  21  in.  long,  as 
clinches  lj-in.  nails;  will  nail  a box  40  in.  square:  average,  5 h.p. 


66.  Lathes. 

Speed  lathes „ . . 0 . 5 to  1 h.p. 

Pattern  lathes  16  to  20  in.  swing 3 h.p 

Pattern  lathes  24  to  32  in.  swing 5 h p. 

Automatic  back-knife  lathes 5 to  15  hp 

67.  Carving  machines:  1 to  2 h.p. 

68.  Knife  grinders. 


Automatic  self-feed  wheel  26  in.  X 11  in.,  30  in.  to  50  in.  long,  3 h.p. 
Automatic  cup-wheel  grinder,  wheel  8 in.  X4J  in.  29  in.  to  32 
in.  long,  3 h.p. 

69.  Panel  raiser:  hand  feed,  3 h.p.;  power  feed  5 h.p. 

70.  Excelsior  machines.  lewis  T.  Kline  8-block  horizontal  machias 
capacity  2 tons  of  wood  wool  or  5 to  6 tons  of  coarse  excelsior  per  10  hr. 
average  load,  30  to  40  h.p. 

TRAVELING  CRANES 

BY  ARTHUR  C.  EASTWOOD 

President,  Electric  Controller  and  M anufacturing  Co.,  Fellow,  American  In- 
stitute of  Electrical  Engineers 

71.  Standard  electric  overhead  traveling  cranes.  These  erzae 

are  in  general  characterized  by  the  fact  that  they  travel  upon  an  overbe* 
structure.  Usually  they  are  supplied  with  three  motors,  one  for  operaunf 
the  hoist,  one  for  propelling  the  bridge  along  the  runway,  and  one  for  proper 
ling  the  trolley  carrying  the  hoisting  mechanism  backward  and  fornn 
across  the  bridge  girders  of  the  crane.  In  special  cases  the  trolley  may  b» 
equipped  with  two  or  more  separate  hoisting  mechanisms,  and  in  ««• 
instances  two  entirely  separate  trolleys,  each  equipped  with  its  own  howttH 
and  trolley  motor,  are  used.  • 

72.  Gantry  cranes.  These  cranes,  as  far  as  functions  are  concerned.** 
similar  to  electric  overhead  traveling  cranes,  but  are  characterized  by  tw 
fact  that  in  place  of  traveling  on  an  overhead  runway,  the  bridge  merob* 
of  the  crane  is  supported  on  structural  legs  of  suitable  height,  which  ** 
provided  with  wheels  and  suitable  gearing,  so  that  the  crane  may  be  P*0, 
pelled  bodily  along  tracks  on  the  ground. 

73  Telpherage  systems  are  treated  fully  in  another  portion  of  *h* 
section,  Par.  227  to  239. 
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T4.  Jib  Grant!  comprise  suitable  jib*  or  booms,  provided  with  motor- 
driven  hoisting  tackle.  In  some  oases,  also,  a motor  with  suitable  gearing 
is  provided  for  swinging  the  jib  into  different  positions. 

78.  Electric  locomotive  cranes  comprise  a jib  or  boom,  usually  carried 
by  a turn-table  which  is  mounted  upon  trucks.  Frequently  individual  motors 
are  provided  for  raising  and  lowering  the  boom,  for  rotating  the  boom,  for 
hoisting  the  load,  ana  for  propelling  the  machine  along  the  tracks.  _ In 
other  oases  only  a single  motor  is  used,  the  different  functions  being  set  into 
operation  through  mechanical  clutches. 

7t.  Miscellaneous.  Under  this  head  may  be  mentioned  charging  cranes 
for  open-hearth  steel  furnaces,  skip  hoists  for  elevating  and  dumping  ore, 
coke,  etc.,  into  blast  furnaces,  also  special  cranes  ana  unloaders  for  un- 
loading bulk  cargoes,  such  as  ore  or  coal,  from  vessels. 

77.  Types  of  motors.  The  type  of  motor  most  commonly  used  for 
operating  the  various  motions  of  cranes  is  the  series-wound,  direct-current 
motor.  The  series-wound  motor  is  admirably  adapted  to  the  purpose 
because  under  heavy  load  it  has  the  tendency  to  slow  down,  thus  relieving 
the  power  station  ox  a heavy  load  fluctuation;  on  the  other  hand,  in  the 
case  of  light  loads,  the  motor  speed  increases,  thus  producing  what  is  generally 
known  as  a "lively”  crane.  Compound-wound  diroct-current  motors 
are  used  only  in  special  cases.  Where  alternating  current  is  available,  and 
its  conversion  into  direct  ourrent  would  entail  a very  considerable  expense, 
alternating-current  motors  may  be  used.  The  preferable  type  of  alternating- 
current  motor  for  this  service  is  the  slip-ring  type,  in  which  resistance  is 
introduced  in  the  rotor  circuit  in  order  to  obtain  variation  in  speed.  This 
type  of  motor  affords  much  better  results,  as  far  as  torque  and  speed  varia- 
tions are  concerned,  than  the  squirrel-cage  motor,  the  torque  of  which  de- 
creases very  rapidly  as  the  voltage  applied  to  the  terminals  of  the  primary 
winding  is  reduced.  The  speed  range  of  both  of  these  types  of  alternating- 
current  motors  is  limited  and  hence  they  do  not  produce  nearly  so  active  a 
crane  as  one  equipped  with  direct-current  series-wound  motors.  In  many 
large  industrial  plants,  covering  considerable  areas,  energy  is  generated  and 
distributed  in  the  form  of  alternating  current.  The  motors  which  require 
but  slight  speed  variation  are  operated  directly  from  the  alternatjng-current 
nuuni,  while  synchronous  converters  or  motor-generator  sets  are  installed  to 
produce  direct  current  for  the  operation  of  cranes,  hoists,  and  other  machines 
which  must  operate  through  a wide  range  of  speed  and  under  greatly  varying 
load. 

78.  The  selection  of  the  proper  normal  rating  of  hoist  motors* 
to  be  used  is  in  general  a difficult  problem  on  account  of  wide  variations  in 
service  requirements,  particularly  as  to  the  matter  of  frequency  of  operation. 
As  an  illustration,  two  extreme  cases  may  be  taken:  1st,  that  of  a crane 
installed  in  an  engine  room  or  pump  house,  the  crane  having  been  installed 
originally  to  assist  in  erecting  the  heavy  machinery,  being  subsequently 
used  only  at  varying  and  infrequent  intervals  for  lifting  parts  of  machinery 
when  it  becomes  necessary  to  make  adjustments  or  repairs;  2nd,  the  case  of 
a traveling  crane  provided  with  a lifting  magnet  for  handling  pig-iron  or  other 
magnetic  material  in  bulk,  or  equipped  with  a grab  bucket  for  handling 
coal,  sand,  slag,  etc.  There  are  instances  of  the  operation  of  cranes  of  this 
type  four  times  per  min.,  praotically  24  hr.  per  day  for  indefinite  periods,  the 
lifted  load  being  practically  constant  in  value  and  almost  equal  to  the  rated 
capacity  of  the  crane.  It  is  obvious  that  in  the  first  case  cited,  the  heating 
of  the  motor  windings  presents  a small  problem,  while  in  the  latter  case  this 
item  is  of  paramount  importance.  Of  course  the  torque  exerted  by  the  hoist 
motor  in  lifting  the  maximum  load  which  will  be  encountered,  must  be  taken 
into  consideration  in  both  cases.  If  possible  the  cycle  of  operations  should 
be  considered  as  follows:  1st,  the  time  required  to  hoist  with  maximum  load; 
2fid,  the  period  of  rest  at  the  upper  limit  of  travel;  3rd,  the  time  of  lowering; 
4th,  the  period  of  rest  at  the  lower  limit  of  travel  before  the  next  cycle  is 
started.  The  current  required  in  lowering  with  a mechanical  brake,  or  the 
current  required  in  dynamic  braking  (Par.  83  and  537)  must  also  be  taken  into 
consideration.  These  figures  known,  they  may  be  plotted  in  terms  of  time 
and  current,  so  that  the  square-root  of  the  mean-square  current  may  be 

• See  "Horse  Power  of  Crane  Motors,”  Machinery , Dec.,  1913,  page  286, 
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determined.  Since  practically  all  series-wound  motors  are  given  fairly 


definite  ratings  in  terms  of  current  which  the  motor  can  carry  continuously 
for  1 hr.  without  overheating,  the  proper  motor  may  thus  be  selected. 
In  many  cases,  however,  such  as  in  the  design  of  cranes  for  ordinary  machine- 
shop  service,  where  the  full  capacity  of  a hoist  is  brought  into  play  infre- 
quently, the  judgment  of  the  crane  designer  must  be  relied  upon  to  determine 
the  proper  sise  of  the  hoist  motor.  Many  crane  builders  find  it  convenient 
from  the  viewpoint  of  standardisation  of  manufacture,  to  build  trolleys  ol 
a given  hoisting  capacity  in  duplicate.  In  some  applications  of  these 
standard  cranes  the  hoisting  motor  may  have  much  greater  capacity  than  u 
required,  while  in  other  cases  the  work  which  must  be  performed  by  the  horn 
may  prove  to  be  greater  than  was  anticipated,  necessitating  adjustment! 
in  the  field. 

79.  The  magnetic  brake.  The  hoisting  motor  of  a crane  is  usually 
provided  with  a magnetic  brake.  This  brake  is  so  arranged  that  only  wb« 
power  is  applied  to  the  hoisting  motor  is  the  brake  released.  At  all  other 
times  the  brake  is  set  either  by  means  of  a weight  or  a sufficiently  powerhl 
spring.  These  brakes  are  ordinarily  designed  to  apply  on  the  armaturt 
shaft  of  the  motor  at  the  commutator  end.  The  series-wound  brake  (in  coa- 
nection  with  direct-current  motors)  is  by  all  means  the  safest  and  tb* 
most  reliable.  Shunt-wound  brakes  of  course  are  necessary  in  eonnectic* 
with  alternating-current  hoisting  motors,  because  a series-wound  brake 
would  act  as  a choke  coil  and  materially  reduce  the  voltage  at  the  motcr 
terminals. 

80.  Types  of  brakes  in  common  use,  see  Par.  SSt  to  SSt. 

81.  Brake  lining.  In  present  practice  the  friction  members  in  all 
the  types  of  brakes  mentioned  above  are  lined  or  faced  with  a compost#! 
of  asbestos,  woven  together  with  bronse  wire.  This  material  anordi  i 
very  much  higher  and  much  more  constant  coefficient  of  friction  than  » 
the  leather,  wood  or  metal  brake  facings  used  in  the  past. 

82  The  mechanical  brake.  After  a load  has  been  hoisted,  it  a 
usually  necessary  that  it  be  lowered,  at  least  a certain  distance.  If  no  meani 
were  provided  for  checking  the  lowering  speed,  the  load  might  soon  attaia 
almost  the  speed  of  a freely  falling  body,  and  in  the  case  of  a series-wound 
hoisting  motor,  might  soon  attain  a speed  which  would  destroy  the  motor. 
On  olectric  overhead  traveling  cranes  a so-called  "mechanical  brake”  n*4 
been  employed,  this  brake  being  so  designed  as  to  prevent  the  losd  frco 
appreciably  accelerating  the  hoist  motor,  when  it  is  running  inthelowennf 
direction,  or  from  "overhauling"  the  motor,  as  this  action  is  commonly 
designated.  Many  ingenious  designs  of  such  brakes  have  been  developed- 
All  of  them,  however,  act  upon  the  common  principle  that  if  the  losd  begus 
to  overhaul  the  motor,  the  brake  is  applied. 


Dynamic  braking.  During  recent  years  this  method  of  retard^! 
ced  of  the  hoisting  motor  when  lowering  a load  has  been  quite  generally 


83. 


the  spe 


adopted  on  electric  cranes.  The  hoisting  motor  is  driven  as  a generatorby 
the  lowering  load,  and  is  caused  to  generate  energy  which  is  either  returns 
to  the  line  or  dissipated  through  a resistance,  or  both.  This  generation 
of  energy  imposes  a magnetic  drag  on  the  machine  and  thus  retards  the 
downward  speed  of  the  load.  Dynamic  braking  with  a series-wound  boat 
motor  is  accomplished  by  connecting  the  field  winding  in  series  with  i 
resistance  across  the  supply  mains,  thus  giving  the  machine  the  charif- 
teristics  of  a separately-excited  shunt-wound  generator.  In  some 
the  armature  is  connected  in  a local  circuit  containing  a resistance  vb id 
may  be  varied  at  the  will  of  the  operator.  In  other  cases  the  armature  » 
connected  across  the  supply  mains  in  series  with  a resistance  which  may 
varied  by  the  operator,  this  latter  connection  being  the  one  most  generally 
used.  See  Par.  039- 

84.  Motor  control  in  dynamic  braking.  Fig.  7 is  a diagram  d 
wiring  connections  of  a face-plate  type  of  controller  arranged  for  dynaro: 
braking.  When  the  load  is  traveling  in  the  lowering  direction,  the  rtstf- 
auces  in  series  with  both  the  armature  and  the  field  of  the  motor  may  b* 
varied  by  the  operator  by  manipulation  of  the  lever  of  this  controller.  U 
hoisting,  the  motor  is  connected  as  an  ordinary  series-wound  motor,  tk 
controlling  resistance  being  in  series  with  the  motor  circuit  and  varied^ 
vary  the  hoisting  speed.  In  lowering,  however,  it  will  be  seen  that  u* 
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umature  and  the  field  are  connected  in  separate  circuits.  On  the  first 
>oint  of  the  controller,  in  lowering,  the  field  is  excited  through  a resistance 
irhich  allows  practically  full-load  current  to  pass  through  the  field  winding; 
dso  a considerable  amount  of  resistance  is  included  in  the  armature  circuit, 
it  will  be  seen  that  on  the  first  lowering  point  the  armature  is  shunted  by 
he  field  winding  and  the  brake  winding.  This  naturally  produced  an 
extremely  low  speed.  As  the  controller  lever  is  moved  from  step  to  step, 
:h«  resistance  in  the  field  circuit  is  increased,  while  the  resistance  in  the 
irmature  circuit  is  decreased.  Increase  in  resistance  in  the  field  circuit 
Iftturally  reduces  the  field  excitation  and  counter  e.m.f.,  thus  allowin  » the 
ipeod  to  increase.  The  resistance  in  the  field  circuit  is  ordinarily  so  pro- 
portioned that  the  speed  can  increase  as  much  as  100  per  cent,  to  150  per 


cent,  above  normal  full-load  speed.  It  will  be  seen  that  at  all  times  the 
field  is  supplied -with  current  from  the  mains,  and  at  full  speed  this  may 
amount  to  only  half  of'  the  full-load  current.  On  the  other  hand,  the 
armature  is  also  connected  to  the  supply  mains,  and  as  soon  as  the  counter 
e.m.f.  reaches  a value  sufficient  to  overcome  line  voltage,  current  is  actually 
returned  to  the  line,  so  that  the  net  current  required  in  lowering  the  load  is 
the  difference  between  the  current  supplied  to  the  field  from  the  line  and  the 
current  returned  to  the  line  by  the  armature.  In  lowering  heavy  loads  the 
current  returned  to  the  line  is  greater  than  the  current  drawn  from  the  line 
by  the  field,  so  that  the  lowering  load  is  made  to  do  useful  work. 

85.  Slow-hoisting  motor  control.  This  type  of  control  differs  from 
the  one  illustrated  in  Fig.  7 only  in  tho  respect  that  a shunt  is  placed  around 
the  armature  in  order  to  reduce  the  speed,  thus  producing  an  extremely  slow 
hoisting  speed.  This  typo  of  controller  is  frequently  used  in  foundries 
where  extremely  slow  speeds  are  required  in  lifting  patterns  from  flasks,  etc. 

86.  Limit  stops  are  now  customarily  provided  in  connection  with 
the  hoisting  motion  of  cranes  and  hoists.  In  the  absence  of  a limit  stop, 
the  hoisting  block,  perhaps  carrying  a load,  might  be  carried  upward  into 
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the  mechanism  of  the  trolley,  provided  the  operator  did  not  open  his  « 
troller  at  the  proper  time.  Where  the  block  of  the  hoist  must  be  fi 
quontly  run  up  to  a point  very  close  to  the  mechanism  of  the  trolley,  i 
is  advisable  to  UBe  a limit  stop  which  not  only  cuts  off  the  curreot  from  tl* 
motor,  but  includes  the  motor  in  a dynamic  braking  circuit  of  suck  k 
resistance  that  the  hoist  is  stopped  almost  instantly,  irrespective  of  t 
condition  of  the  brake. 

87.  Drive  of  the  crane  bridge.  The  designed  speed  of  crane  l 
varies  between  very  wide  limits.  In  the  case  of  cranes  used  in  m 
shops,  structural  shops,  and  plants  of  like  nature,  it  is  advisable  to  1 
the  bridge  of  the  crane  driven  at  a speed  of  from  250  to  300  ft.  per  i 
This  corresponds  to  between  3 and  3$  miles  per  hr.  which  is  a r 
at  which  a man  can  walk  while  steadying  long  pieces  of  material  r 
by  the  crane,  and  passing  through  a busy  shop.  In  other  esses,  s 
the  handling  of  bulk  material,  where  long  runs  are  necessary,  the  bn< 
mechanism  may  be  geared  to  operate  at  or  above  1,000  ft.  per  min.  1 
power  required  to  drive  the  bridge  motion  of  cranes  varies  betwre 
exceedingly  wide  limits,  depending  upon  the  span  of  the  crane  girder 
condition  of  the  rails  on  which  the  bridge  runs,  and  particularly  upon  t 
rigidity  with  which  the  end  trucks  are  fastened  to  the  girders  of  the  bridi 
Unequal  wear  of  driving  wheels  is  also  a factor  to  be  taken  into  aocoui 
because,  if  the  driving  wheels  on  the  opposite  truck  frames  of  the  err1 
become  of  unequal  diameter,  one  end  of  the  crane  will  tend  to  travel  fw 
than  the  other,  thus  producing  a severe  torsional  strain  on  the  drivinc  s' 
and  the  bridge  structure.  Frequent  starting  and  stopping  are  also  faete 
which  should  be  carefully  considered  in  designii^  the  gearing  of  the  bri<k 
drive.  Where  many  starts  and  stops,  and  particularly  short  moves  are! 
be  made,  facility  in  starting  and  Stopping  is  a prime  requisite. 

As  an  example,  a certain  crane  with  gearing  designed  for  a bridge  ip«w 
of  500  ft.  per  min.  performed  a regular  cycle  of  operations,  mac* 
short  moves  of  approximately  24  in.,  24  times  in  succession,  and  then  r- 
turning  to  the  starting-point,  this  oycle  being  carried  out  substantially 
hr.  per  day.  At  the  outset  the  performance  of  this  crane  was  extremely 
unsatisfactory,  as  the  operator  would  invariably  run  beyond  the  pea' 
at  which  he  was  required  to  stop,  would  then  reverse,  and  perhaps  run  too 
far  in  the  opposite  direction,  so  that  two  or  three  attempts  were  required  ifl 
each  case  to  reach  the  proper  position.  The  gear  ratio  between  tire  bridge 
motor  and  the  driving  shaft  was  altered  in  order  to  secure  a gear  reduction 
of  three  times  the  original  reduction.  Theoretically,  this  should  haw 
materially  slowed  down  the  operation  of  the  crane,  but  through  (renter 
facility  in  starting  and  stopping,  the  output  of  the  crane  was  increased 
more  than  400  per  cent. 


88.  Bridge  drive  with  very  lonf  span.  In  this  esse  two  drivinc 
motors  are  frequently  provided,  one  being  placed  at  each  end  of  the  bridle 
and  driving  the  truck  wheels  directly;  the  motors  are  coupled  together  by 
a line  shaft  carried  on  the  girder  of  the  crane.  In  such  cases  it  is  preferable 
to  connect  the  two  driving  motors  in  parallel  and  to  provide  each  of  them 
with  a separate  reversing  switch,  so  that  each  will  have  its  own  connectioni 
to  the  line. 


89.  Safety  devices.  Under  this  heading  might  be  Mentioned  limit 
stops,  as  described  in  Par.  86.  and  also  what  are  known  as  crane  switchboards 
These  boards  usually  include  two  "solenoid-operated  switches  or  contactor* 
which  connect  all  of  the  circuits  of  the  crane  to  the  main  feed  wires.  Whtf 
these  switches  are  open,  all  wiring  on  the  crane  is  disconnected  from  tb 
line.  These  switches  are  controlled  by  a plug,  which,  when  pushed  in 
enrrgixes  the  windings  of  the  switch  solenoids  and  causes  the  switches  * 
close;  when  pulled  out,  it  opens  tbe  switches,  thereby  interrupting  the  ener® 
supply.  The  plug  is  also  provided  with  attachments  whereby  it  may  b 
positively  locked  in  the  open  position  by  a padlock.  When  a motor  in 
spector  or  repairman  mounts  the  crane  he  pulls  open  the  plug  and  locks  i 
positively  in  the  open  position,  so  that  the  crane  cannot  be  operated  unt> 
as  finished  his  work  and  removed  his  padlock.  In  addition  the  two  mac 
netic  switches  are  usually  arranged  for  overload  protection,  and  are  operate 
by  t he  action  of  overload  relays  in  the  circuit  leads  of  each  motor  on  tb 
crane.  In  case  the  overload  is  merely  temporary,  the  operator  is  «mpi: 
required  to  reset  the  magnetic  switches,  which  are  conveniently  si  haw 
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If,  however,  the  overload  relays  continue  to  act  when  energy  is  applied,  the 
operator  must  necessarily  look  for  trouble  in  the  mechanism  of  the  crane. 

90.  Energy  supply.  In  a plant  in  which  a large  number  o i cranes 
are  employed,  it  is  by  no  means  necessary  to  provide  generator  capacity 
equal  to  the  total  rated  horse  power  of  all  of  the  motors  used.  In  a large 
Indus  trial  plant  in  which  127  cranes  were  installed,  generator  capacity  cor- 
responding to  25  per  cent,  of  the  total  rated  horsepower  of  motors  used  on 
the  cranes  was  found  ample  to  care  for  the  load.  Where  only  a single  crane 
? 1 Vs  P^ide  generator  capacity  sufficient  to  take  care  of 

full-load  on  the  hoist  and  bridge  motions,  leaving  it  to  the  overload  capacity 
of  the  generator  to  take  care  of  the  current  required  by  the  trolley,  in  case 
aU  three  motions  of  the  crane  should  be  operated  at  the  same  time.-  Naturally, 
the  larger  the  number  of  cranes  installed  in  a given  plant  where  a definite 
cycle  of  operations  is  not  carried  out,  the  smaller  may  be  the  proportion  of 
generator  oapaeity  to  the  total  horse  power  of  the  crane  motors. 


ELECTRIC  HOISTS 

BT  WIUPBXD  SYKES 

Steel  A Tube  Co.  of  America ; Fellow , American  Institute  of  Electrical 
Engineers 

91.  Drums.  Hoists  are  generally  classified  according  to  the  shape 
of  the  drum.  In  general  use  are  the  cylindrical,  the  conical  and  the  oylin- 
dro-oonioal  drums,  the  last  mentioned  being  a com- 
bination of  the  first  twot  part  of  the  drum  being 
cylindrical  and  part  oomoal  (Fig.  9).  The  object 
of  the  comical  drum  is  to  reauoe  the  starting 
torque,  as  the  load  is  exerted  on  the  drum  at  a 
smaller  radius  when  the  oage  is  at  the  bottom  of 
the  shaft.  The  cylindro-comcal  drum  is  used  with 
the  same  object.  All  other  things  being  equal, 
the  rope  wear  is  less  with  the  cylindrical  drums 
than  with  other  types  of  drums. 

91.  Flat  ropes.  The  above  types  (Par.  91) 
use  round  ropes.  Flat  ropes,  generally  about  0.5 
in.  thick,  are  sometimes  used,  the  rope  being 
wound  upon  itself  on  a reel,  so  that  the  radius  at 
which  the  load  is  suspended  gradually  increases, 
the  effeot  being  similar  to  that  of  the  conical 
drum.  Flat  ropes  on  reels  are  used  only  to  a very 
small  extent,  on  account  of  the  excessive  main- 
tenance charges. 

99.  Balanced  and  unbalanced  hoists.  When  running  balanced  the 
empty  cage  descends  as  the  loaded  cage  ascends,  the  cages  and  cars  balancing 
each  other.  When  working  unbalanced  only  one  cage  is  used,  and  the  load. 


w 1/  v 

*Pf  f 

A .A  A 

Fick  8. — Unbalanced 
hoists. 


A B C 


Fig.  9. — Balanced  hoists. 
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due  to  the  cage  and  the  car,  must  be  added  to  that  due  to  the  weight 


material  hoisted  in  order  to  ascertain  the  load  on  the  motor.  See  lei.  I 
and  0. 

94.  Power  requirements.  In  the  case  of  small  or  medium-shed  hoiSi 
it  is  usuallv  difficult  to  determine  a definite  hoisting  cycle,  although  tl 
maximum  load  to  be  hoisted  can  generally  be  assumed.  In  such  cw 
the  rating  of  the  motor  required  is  usually  determined  from  the  follow] 
formula: 


h P " 33,000X0.8 


Where  L — total  unbalanced  load  and  V — speed  of  hoisting  in  ft  per  mm 
For  large  hoists,  the  cycle  of  operation  is  usually  well  defined,  and  M 
required  motor  rating  can  be  accurately  determined.  The  calculation  m 
load  digrams  will  be  found  useful  in  such  investigation.*  . I 

95.  Mechanical  efficiency.  The  over-all  efficiency  of  the  mechanical 
parte  of  the  equipment  is  assumed  in  general  to  be  80  per  cent  I 

95.  Service  affecting  motor  rating.  As  the  service  ia  intermitteel 
and  as  the  motors  have  an  opportunity  to  oool  during  the  intervals  betvees 
trips,  it  is  not  necessary  that  the  motor  should  be  capable  of  continuously 
carrying  the  load  as  determined  above  (Par.  94).  In  order  to  presem  i 
good  balance  between  the  maximum  torque  capacity  of  the  motor  and  il 
heating  capacity,  at  the  same  time  keeping  down  the  cost,  intermittent 
rated  motors  are  used  for  such  hoists.  Experience  has  shown  thst  if  a mow 
has  sufficient  capacity  to  carry  the  load,  as  determined  above,  for  half  m 
hour  continuously,  it  will  operate  the  hoist  under  ordinary  conditions 
In  cases  of  very  severe  service,  where  the  hoist  operates  a large  portions^ 
the  time,  and  where  the  peak  loads  due  to  acceleration  may  be  high,  sucks 
simple  rule  cannot  be  used. 

97.  Types  of  motors  adaptable  to  hoists.  Direct-current  motes 
for  small  hoists  are  usually  series-wound,  but  occasionally  compound-won* 
motors  are  adopted,  in  order  to  simplify  the  control  if  dynamic  braking^ 
required.  With  an  alternating-current  supply,  slipping  motors  are  uifd. 
being  designed  for  great  momentary  overload  capacity.  The  high  vsh*  of 
maximum  torque  for  which  these  motors  are  designed  necessitates  s Ian* 
magnetising  current,  and  usually  such  motors  cannot  be  run  continuous! 
even  at  light  load.  For  small  and  moderate-sise  hoists,  motors  hsriac 


speeds  from  300  to  500  rev.  per  min.  are  generally  used/being  connected 
to  the  drum  through  single-reduction  gearing.  Large  induction  motors 
designed  for  direct-connection  to  hoists,  have  been  built  in  a few 
where  the  speed  has  been  in  the  neighborhood  of  100  rev.  per  min.  Sock 
machines  are  very  expensive  and  rather  unsatisfactory  from  an  operstiifl 
standpoint.  The  difficulty  of  controlling  large  machines  by  rbeosai 
practically  confines  the  large  motors  to  direct-current  machines  used  n 
conjunction  with  a fly-wheel  motor-generator  set,  or  a plain  motor-generxta 
set  (Par.  100  and  104). 

In  the  case  of  hoists  operating  under  severe  conditions  when  the  ayera* 
rotating  speed  of  the  motor  over  the  whole  cycle  is  low,  and  especially  in  tb 
case  of  direct-current  hoist  motors  working  with  constant  field  exatatio 
which  is  not  interrupted  during  periods  of  rest,  it  has  been  found  desirabl 
to  use  forced  ventilation.  For  this  purpose,  the  back  end  of  the  motor  i 
enclosed  and  air  forced  through  the  machine  by  a constantly  running  fai 
In  this  way  the  cooling  of  the  motor  goes  on  continuously  whether  it  > 
rotating  or  not.  Unless  this  is  done  the  rate  of  cooling  when  the  motor  is* 
rest  is  very  slow  and  excessively  large  machines  would  be  required  to  k« 
the  heating  within  permissible  limits.  Usually  this  is  only  necessary  iO« 
hoist  must  run  at  full  capacity  for  long  periods  and  in  the  case  of  machio 
of  500  h.p.  and  over. 

98.  Direct-connected  and  feared  motors.  Direct-current  machin 
can  be  built  in  all  sixes  for  comparatively  slow  speeds,  60  to  75  rev.  p 
min.  being  quite  common  for  machines  of  500  h.p.  and  upward.  The  use 
machine-cut  double-helical  gears  has  made  possible  the  gearing  of  large  hot 
motors  in  many  cases,  and  the  very  satisfactory  operation  of  this  typ® 

* Sykes,  Wilfred.  “Large  Electrically-driven  Hoists,"  Tranaaeti ** 

American  Institute  of  Electrical  Engineers,  1910. 
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fearing  when  property  built  is  a strong  argument  in  favor  of  using  moderate- 
speed  motors  instead  of  the  extremely  slow-epeed  motors  necessary  for 
direct-connection. 

99.  Balancing  systems.  The  high  peak  loads,  caused  by  hoists  of 
large  capacity,  especially  during  their  periods  of  acceleration,  make  it 
desirable  in  many  cases  to  adopt  some  system  of  making  the  load  on  the 
line  more  uniform.  Practically  all  balancing  systems  utilise  a fly-wheel, 
the  speed  of  whioh  is  varied,  so  that  it  gives  up  or  absorbs  energy  according 
to  the  demands  of  the  hoist.  The  main  requirements  of  a balancing  system 
are  that  it  should  be  capable  of  preventing  sudden  excessive  demands  for 
energy  from  the  line,  it  should  be  automatic  in  operation,  and  that  the 
looses,  due  to  it,  should  be  as, low  as  possible. 

100.  Signer  balancing  system.  The  arrangement  now  most  widely 
used,  was  devised  by  Mr.  Karl  Ilgner.  As  arranged  for  alternating-current 
supply,  it  consists  of  an  induction  motor  with  a wound  rotor,  coupled  mechan- 
ically to  a direct-current  generator,  which  in  turn  supplies  energy  to  a direct* 
current  separately  excited  hoist  motor.  The  motor-generator  set  is  supplied 
with  a fly-wheel  of  sufficient  capacity  to  care  for  the  peak  loads.  The  field 


Exciter  Circuit 


Fig.  10. — Ilgner  balancing  system. 


of  the  direct-current  generator  is  separately  excited,  and  a controller  is 
provided  so  that  the  excitation  and  the  polarity  of  the  generator  can  be 
varied  as  desired. . The  field  polarity  of  tne  hoist  motor  remains  constant, 
so  that  by  reversing  the  armature  current  the  direction  of  rotation  can  be 
changed.  By  varying  the  excitation  of  the  generator,  the  voltage  applied 
to  the  armature  of  the  hoist  motor  can  be  varied,  and  in  turn  the  speed  of 
the  hoist. 

101,  Action  of  the  automatic  regulator.  A regulator  is  provided 
for  automatically  inserting  resistance  in  the  rotor  circuit  of  the  induction 
motor,  thereby  reducing  the  speed  of  the  motor-generator  set,  which  causes 
the  fly-wheel  to  give  up  part  of  the  energy  stored  in  it.  The  rate  at  which 
the  speed  is  changed  depends  upon  the  difference  between  the  input  that  is 
to  be  maintained  on  the  induction  motor  and  the  power  required  to  drive 
the  generator.  When  the  load  on  the  generator  is  reduced  below  the  valus 
for  which  the  automatic  regulator  is  set,  the  fly-wheel  speed  is  increased  by 
automatically  removing  resistance  from  the  rotor  circuit,  energy  being 
stored  in  the  fly-wheel  in  order  to  enable  it  to  carry  the  peak  load,  due  to 
the  succeeding  cycle. 

109.  Details  of  Ilgner  balancing  system.  This  system  provides 
not  only  for  power  equalisation,  but  also  for  the  oontrol  of  the  hoist  motor 
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r h e t i 1 “ 1 ' °5  ?l  ‘h*  generator  excitation.  thereby  elimuutiw 

rheostatic  losses,  and  the  difficulty  of  controlling  Laree  machiiM  t2 
general  arrangement  of  this  scheme  is  shown  by  Fur  10  In  nrArtic*  Om 
speed  of  the  fly-wheel  set  is  varied  fr?J i?  , In  Pnctm  da 


penaatea  for  the apP"*tU<  ffi0re  tk“  ““j 

“„Dt’  HCconaT.Uof  f ™b  *** 

curreot  machine  which  i.  S^^ZSlSS^SST*"  “d  * ^ 


v Field  Rheostat 

Fio.  11.  Converter  balancing  system. 
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celerate  the  flv.uKnni  * » - OKn  the  synchronous  converter,  will  i 
dueed  in  the  'field  dpnp^f.^f™  »t  which  the  resistance  is  intro- 
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wheel  and  the  line  load  is  kept  approximately  constant.  The  synchronous 
converter  chances  either  direct  current  to  alternating  current,  or  vies  verso, 
depending  upon  whether  the  fly-wheel  is  delivering  or  receiving  energy. 

10t.  Comparison  of  Ilgner  system  with  converter  system.  It 
will  be  seen  that  the  fly- wheel  speed  variation  in  the  converter  method  is 
obtained  by  field  regulation  of  the  direct-current  motor,  so  that  the  loss  is 
negligible.  With  the  Ilgner  system  the  loss  is  from  7.6  per  oent.  to  10  per 
cent  of  the  input  to  the  driving  motor.  This  is  a very  important  feature 
in  equalising  systems  using  direct-current  machines,  as  a much  greater 
fly-wheel  speed  variation  can  be  economically  obtained  with  the*  converter 
method,  it  oeing  the  usual  practice  to  allow  from  20  per  cent  to  25  per  cent., 
and  consequently  the  fly-wheels  can  be  comparatively  light.  The  machines 
of  the  converter  equalising  equipment  need  be  only  large  enough  to  deal- 
with  the  load  variations  from  the  mean  value,  and  under  ordinary  circum- 
stances, the  capacity  need  not  be  more  than  about  one-half  that  of  the 
motor-generator  set  for  the  same  duty.  The  equalising  equipment  is  quite 
independent  of  the  hoisting  motor,  so  that  it  may  be  out  of  service  without 
cessation  of  hoisting.  However,  in  this  event  the  peak  loads  will  be  felt 
on  the  line.  With  the  Ilgner  system  the  hoist  is  directly  dependent  upon 
the  motor-generator  set. 

10T.  Control  for  alternating-current  motors.  Magnetic-switch 
controllers  are  used  to  a considerable  extent.  Liquid  controllers  for  the 
rotor  circuit  are  also  used,  and  these  have  the  advantage  of  providing  smoother 
acceleration  and  of  being  simpler  in  construction. 

109.  Types  of  switches  in  use.  For  the  control  of  the  primary,  both 
oil  and  air4>reak  magnetic  switches  are  in  use.  For  circuits  of  660  volts  and 
under  ordinary  magnetic  switches  are  quite  satisfactory.  For  2 ,200-volt 
motors,  special  air-break  switches  are  in  use,  and  when  properly  designed 
are  preferable  to  other  types  on  account  of  the  accessibility  of  the  contacts 
and  their  ability  to  withstand  hard  service.  Oil  switches  are  used  to  a 
considerable  extent  but  for  very  severe  service  they  must  be  very  liberally 
rated,  otherwise  there  is  danger  of  explosion,  due  to  the  heat  generated 
in  the  oil.  Drum  controllers  can  be  used  only  for  small  hoist a requiring 
motors  not  larger  than  75  h.p.,  and  are  not  at  all  suitable  for  severe  operating 
conditions.  Magnetic-switch  controllers  can  be  used  for  all  sixes,  but 
liquid  controllers  are  used  only  for  motors  of  about  300  h.p.  and  above. 

* 109.  Control  for  direct-current  hoist  motors.  Drum  controllers 
are  satisfactory  for  direct-current  motors  under  100  h.p.,  providing  the 
service  is  not  too  severe.  Magnetic  switches  should  be  used  for  motors 
above  this  capacity.  Liquid  controllers  are  not  satisfactory  for  direct  cur- 
rent. In  cases  of  very  large  hoists  with  peak  loads  of  1,000  h.p.  and  above, 
rheostatic  control,  for  either  direct-current  or  alternating-current  motors 
is  not  very  practicable.  When  power  equalisation  is  not  required,  a motor- 
generator  set  is  used  without  a fly-wheel.  In  every  respect  the  operation 
is  the  same  as  with  the  Ilgner  system,  except  that  the  speed  of  the  set  is 
not  varied.  The  efficiency  of  such  an  arrangement  is  often  greater  than 
that  of  the  hoist  with  rheostatie  control,  and  the  maintenance  is  usually 
less  than  that  of  a large  rheostatic  controller,  although  the  amount  of 
apparatus  involved  is  greater. 

ELEVATORS 

BY  DAVID  L.  LINDQUIST 

Chief  Engineer  Otie  Elevator  Company;  Associate,  American  Institute  of 
Electrical  Engineers 

110.  Classification  of  electric  elevators.  There  are  two  general  classes 
of  electric  elevators,  those  employing  grooved  traction  sheaves  and  those 
having  spirally  grooved  drums.  The  cables  of  the  former  are  frictionally 
driven  by  suitably  grooved  sheaves,  while  those  of  the  latter  are  wound  up 
on  a drum  to  which  they  are  positively  attached.  Traction  type  elevators 
are  adapted  to  all  kinds  of  elevator  service,  regardless  of  length  of  travel  or 
car  speed.  They  are  frequently  operated  at  700  feet  per  minute  and  speeds 
of  1000  feet  per  minute  are  equally  practical  for  high  rise  express  service. 
Drum  type  elevators  are  limited  to  travels  of  about  100  feet  and  to  car  speeds 
of  about  200  feet  per  minute.  The  general  superiority  of  the  traction 
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type,  particularly  as  to  safety,  has  brought  about  the  gradual  riiminstiw 
of  the  drum  type,  so  that  comparatively  few  drum  elevator  machines  art  m* 
manufactured. 

111.  Grooving  of  drums  and  traction  sheaves.  Drums  and  tnctw 
sheaves  with  double  cable  wraps  usually  have  semi-circular  grooves  a 
shown  in  Fig.  12(6).  Traction  sheaves  with  single-cable  wrap  usually  ha* 
grooves  of  the  V-eection  (Fig.  12a)  or  of  semi-circular,  under-cut  sectio 
(Fig.  12c). 


6 

Fio.  12. 


c 


The  circular  groove  gives  the  best  support  for  the  cable,  minimal 
pressure  between  sheave  and  rope,  and  consequently  the  least  traction  for 
given  arc  of  contact.  To  obtain  sufficient  traction  it  is  usually  necessary  1 
resort  to  double  wrap  (Fig.  15)  when  round  grooves  are  used.  Suffiae 
traction  can  usually  be  obtained  with  a single  wrap  when  the  V or  under-o 
groove  is  used.  In  this  oase  the  secondary  sheave  shown  in  Fig.  15, 
omitted. 

The  latter  type  of  grooves  gives,  however,  greater  unit  pressure  betw« 
cable  and  sheave.  This  unit  pressure  is  particularly  high  with  a drim 
sheave  of  small  diameter  and  steep  angle  V groove,  which  has  not  b H 
worn.  As  excessive  unit  pressure  will  cause  rapid  wear  of  rope  groove*  i 
well  as  cables  this  matter  must  be  given  careful  consideration  particuhd 
where  plain  V-grooves  are  used. 

112.  Roping  and  counterbalancing  of  elevator*  with  winding  drun 
Necessary  connections  are  usually  made  between  drum  and  car  ana  counM 
balance  by  means  of  two  ropes  for  each  connection,  thereby  decreasing  ■ 
of  ropes  required,  the  increased  flexibility  permitting  the  use  of  smsB 
diameter  drums  and  sheaves.  Fig.  13  indicates  the  roping  arrangement  f< 
lowed  when  a single  or  back  drum  counterbalance  only  is  used;  while  F 
14  portrays  similarly  the  arrangement  necessitated  by  the  use  of  a doul 
counterbalance.  With  this  latter  arrangement,  one  counterbalance  m 
stitutes  the  back  drum  weight,  while  the  other  is  attached  directly  to  the  < 

The  total  counterbalancing  should  be  proportioned  to  the  average  lo*i 
to  be  carried,  which  usually  range  from  30  to  40  per  cent,  of  the  rated  ms 
mum  load.  When  only  one  counterbalance  is  used,  therefore,  its  w 
should  equal  that  of  the  car  plus  from  30  to  40  per  cent,  of  the  maximum  la 
in  the  car.  With  the  double  counterbalance,  sum-total  weight  should  a 
be  equal  to  the  weight  of  the  car  plus  from  30  to  40  per  cent,  of  the  maximi 
load  in  the  car.  In  this  event,  the  counterbalance  attached  to  the  csi 
proportioned  to  approximately  70  per  cent,  of  the  actual  weight  of  the  c 
the  weight  of  the  back  drum  counterbalance  ual  to  the  differs! 


between  the  total  weight  and  that  of  the  car  counterbalance.  Either  met! 
of  counterbalancing  imposes  on  the  motor  a net  maximum  load  of  apprc 
mately  two-thirds  the  rated  capacity  of  the  elevator. 

For  car  travels  in  excess  of  100  ft.  it  is  advisable  to  compensate  variation 
load  on  motor,  produced  by  change  in  position  of  cables  during  run,  by  me 
of  a compensating  chain  attached  from  the  car  to  the  midale  point  of 
hatchway,  as  shown  in  Fig.  13,  or  attached  from  car  to  counter-balance  as 
Heated  in  Fig.  14.  The  following  formulas  derive  total  compensating  wei 
required,  where  h — weight  of  hoist  ropes  per  ft. ; die  » weight  of  drum  co 
terbalance  ropes  per  ft.;  cw ■*  weight  of  car  counterbalance  ropes  per 
c— weight  of  compensating  chain  (or  ropes)  per  ft.  With  compensaf 
ohain  attached  to  car  and  middle  point  of  hatch:  c — 2(A+dte+etc).  R 
compensating  chain  attached  to  car  and  counterbalance:  e — (6  -4-dw  Hr  2cv] 
For  installations  employing  the  single  counterbalance  only;  etc  — 0. 
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lit.  Hoping  ond  counterbalancing  of  elevaton  with  traction 
heave.  From  Fig.  15,  which  clearly  indicates  roping  required  by  what  is 
310 wn  as  the  1 : 1 traction-sheave  double-wrap  type,  it  will  be  noted  that 
he  single  length  of  ropes  used  are  directly  connected  to  car  and  counter- 
talance  at  either  end.  By  the  use  of  a secondary  or  idler  sheave  these  ropes 
tre  passed  over  the  traction  sheave  a second  time  as  a means  for  increasing 


balance. 


pe  contact,  which,  under  the  influence  of  the  combined  weight  of  cor  and 
Knterbalance,  provides  the  adhesion  requisite  to  elevator  service. 

The  foregoing  arrangement  corresponds  to  that  used  for  the  2:1  traction- 
ftave  type  with  the  exception  that  the  ropes,  instead  of  being  directly  con- 
sted  to  car  and  counterbalance,  are  passed  under  traveling  sheaves  located 
the  upper  end  of  both  car  and  counterbalance;  from  this  point  they  are 
tended  vertically  to  the  top  of  the  hatchway  and  there  securely  and  per- 
mently  anchored.  Fig.  16  represents  the  2 : 1 roping  arrangement. 
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Counterbalancing  must  in  all  oases  be  proportioned  for  an  equal  margin  of 
safety  to  counteract  the  tendency  to  slip  on  both  up  and  down  direction  of 
tram  under  maximum  load  conditions.  Where  there  is  a considerable  sur- 
plus of  traction,  however,  the  weight  of  the  counterbalance  should  be  made 
dependent  upon  the  average  loads  in  the  car,  which,  for  this  type  of  elevator, 
usually  range  from  approximately  33  to  45  per  cent,  of  the  maximum.  Ordi- 
narily, the  total  weight  of  the  counterbalance  should  equal  that  of  the  car 
plus  from  33  to  45  per  cent,  of  the  maximum  load  in  the  ear. 

Elevators  with  traction  sheaves  should  in  all  cases  be  provided  with  rope 
compensation  and  with  connections  arranged  in  accordance  with  Fig.  14; 
the  weight  per  hatchway  ft.  of  the  compensating  ropes  should  equal  approxi- 
mately the  weight  of  the  hoist  ropes  per  hatchway  ft.  minus  one-fourth  the 
weight  per  ft.  of  the  electric  control  and  lighting  eablea 

114.  Electric  elevator  machines.  The  machines  used  for  driving  the 
two  types  of  electric  elevators  mentioned  are  distinguished  by  their  methods 
of  power  transmission  between  motor  and  winding  drum  or  traction  sheave, 
namely,  (a)  worm  gear;  (b)  worm  and  spur  gear;  (o)  helical  or  herring- 
bone near;  (d)  1:1  gearlees  traction:  (e)  2:1  gearless- traction  machines. 
All  of  these  machines  should  preferably  be  mounted  over  the  hatchway 
although  they  can  be  located  below  where  conditions  demand. 

Ilf.  Worm-gear  machines.  These  machines  are  used  for  both  pas* 
•enger  and  freight  service  and  may  be  arranged  with  either  winding  drum  or 
traction  sheave.  For  the  smaller  rises,  known  as  dumbwaiter  machines, 
duties  range  from  500  lb.  at  100  ft.  per  min.  to  100  lb.  at  500  ft.  per  min., 
while  in  the  larger  rises  the  duties  usually  range  from  500  lb.  to  20,000  lb. 
and  the  speeds  from  100  ft.  to  400  ft.  per  min. 

In  order  to  preserve  alignment,  all  parts  should  be  assembled  on  a ribbed 
bedplate  extending  underneath  the  entire  machine.  The  armature  shaft 
of  tne  motor  is  usually  coupled  direct  to  the  worm  shaft,  the  face  of  this 
coupling  being  utilised  as  the  brake  pulley.  The  worm  and  shpft  should  be 
solid  ana  integral  and  of  high-grade  steel,  the  worm  meshing  with  a bronse- 
rim  worm  wheel  attached  to  a cast-iron  spider.  This  spider,  being  directly 
and  mechanically  connected  to  the  winding  drum  or  traction  sheave,  renders 
power  transmission  at  this  point  entirely  independent  of  keys.  Self-align- 
ing ball  thrust  bearings  are  provided  on  the  worm  shaft. 

114.  Worm  and  spur-gear  machines.  The  two  types  may  be  classified 
is  safe  lift  machines  and  geared  freight  machines,  the  former  being  a special 
adaptation  of  the  worm-gear  machine  when  it  is  desired  occasionally  to  lift 
loads  greater  than  the  normal  and  at  considerably  reduced  speeds.  This  type 
is  generally  installed  in  office  buildings,  where,  with  the  special  arrangement 
applied  to  one  or  more  of  the  ordinary  passenger  elevator  machines,  the 
handling  of  safes  averaging  from  4,000  lb.  to  9,000  lb.  in  weight  at  a slow  rate 
of  speed,  is  greatly  facilitated.  To  accomplish  the  increase  in  lifting  capa- 
city, a special  provirion  is  made  for  placing  necessary  gears  in  mesh  between 
the  armature  and  worm  shaft,  thereby  reducing  the  car  speed  and  increasing 
the  lifting  capacity  in  direct  proportion  to  the  ratio  of  tne  gearing  inserted. 
By  this  method,  therefore,  and  usually  with  a slight  addition  in  counter- 
balance, the  safe-lift  loads  are  carried  without  requiring  more  current  from 
the  line  than  during  normal  operation.  Geared  freight  machines  differ  from 
the  worm-gear  type  by  the  addition  of  a single  spur-gear  reduction  between 
the  worm  gear  and  the  winding  drum,  thereby  constituting  them  essentially 
slow-epeea  machines  with  relatively  large  lifting  capacities. 

117.  Helical  gear  or  herringbone  gear  machines.  These  machines, 
which  can  be  arranged  for  use  with  either  winding  drums  or  traction  sheaves, 
ore  provided  with  a single  gear  reduction  to  the  motor  by  means  of  the  helical 
or  herringbone  type  ofgear.  Such  gears  permit  a larger  ratio  of  reduction 
with  greater  efficiency  than  can  be  obtained  with  ordinary  spur  gears.  The 
motor  speeds  usually  range  from  300  to  600  r.p.m. 

lit.  Gearless  traction  machines,  1 : 1 ratio.  This  machine  represents  a 
combination  of  extreme  simplicity,  maximum  economy  and  highest  efficiency. 
Briefly,  it  is  a two-bearing  electric  machine,  the  armature,  traction  sheave 
and  brake  pulley  being  contained  on  the  same  shaft,  all  parts  being  oompactly 
grouped  on  a cast-iron  bed.  The  motor  is  of  the  plain  shunt-field,  slow-speed 
type  of  about  60  r.p.m.  transmitting  energy  direct  to  the  traction  sheave. 
Contrary  to  general  belief,  these  motors  have  remarkably  high  efficiency 
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i a distinctive  procedure  haa  been  to  arrange  design  with  a tuw  toreal 
[ the  highest  efficiency  (about  90  per  cent.)  at  half  rated  capacity.  Ip 
lire  corresponds  with  the  average  loads  for  this  class  of  service,  the  fl 
d efficiency  being  approximately  87  per  cent.  Frequently  these  msehi 
> provided  with  ball  Dealings  as  a means  for  further  increasing  the  effidsC 
d decreasing  the  space  required. 

Machines  of  this  type  should  be  located  over  the  hatchway  whenever  I 
all  possible.  They  are  used  for  car  speeds  of  from  500  to  800  ft.  per  a 
kh  loads  ranging  from  2,000  to  4,000  lb.  inclusive.  To  date  only  msefci 
ploying  direct-current  motors  have  been  produced. 

By  means  of  a special  arrangement,  the  regular  machines  can  be  conver 
as  to  enable  the  lifting  of  safes  weighing  from  5,000  to  8,0001b.  1 
angement  includes  the  placing  of  a second  magnet  brake  in  operation 
o the  adding  of  extra  weight  to  the  regular  counterbalance.  Whea  1 
[ safes,  maximum  field  strength  of  motor  is  utilised,  producing  a prog 
nately  slow  car  speed. 

119.  Oearless  traction  machines,  1: 1 ratio.  All  mechanical  feat 
these  machines  correspond  to  those  of  the  1 : 1 gear! cse- traction  S 
ey  have  been  designed  for  traction  sheave  elevators  requiring  lover 
sects  than  obtained  with  the  1 : 1 machine  without  the  necessity  of  | 

luctions  the  oar  speed  reduction  being  produced  by  the  2-1  roping  anf 

>nt  previously  described.  The  machines  have  been  designed  for  <ii 
rrent  service  only,  using  shunt-field  motors  of  from  80  to  140  rev.  perl 
th  resultant  car  speeds  of  from  250  to  450  ft.  per  min.,  and  they  havel 
tailed  for  capacities  up  to  12,000  lb.  By  an  arrangement  similar  to 
th  which  the  1 : 1 gearless-traction  machines  are  equipped,  these  mad 
a also  be  used  for  safe  lifting.  ^ 

1 10.  ▲ common  characteristic  of  all  elevator  motors  is  that  imj 
ist  be  specially  constructed  to  withstand  repeated  stresses  produced  H 
quant  starting  and  stopping.  In  general,  however,  the  performautl 
er nating- current  and  direct-current  motors  differ  to  such  an  extent  a a 
oessitate  their  separate  consideration. 

LSI.  Direct-current  motors.  This  class  of  motors  must  be  designed  to 
arkless  commutation  at  starting,  stopping  and  reversal  of  rotation  oak 
fluctuations  of  load  within  their  rated  capacity,  and  be  capable  of  exatis 
leavy  starting  torque  with  minimum  requirements  ss  to  starting  turrw 
lecially  where  frequent  starts  and  stops  are  made,  in  order  to  reduce  ti 
ergy  consumption  and  the  reaction  on  the  generating  plant.  Beeautf  < 
»e  requisite  features,  commercial  motors  are  rendered  generally  un»ui 
le.  As  a means  for  reducing  starting  currents,  those  motors  uecd  (< 
ving  geared  elevator  machines,  and  usually  operating  at  from  300  to  91 
r.  per  min.,  are  arranged  to  start  as  compound- wound  motors  having 
%vy  series  field  which  should  be  cut  out,  usually  by  a short-circuiting  pro 
i,  as  the  motor  speed  increases.  At  full  speed,  therefore,  the  mot 
crates  as  a plain  shunt-field  type. 

Because  of  tne  high  self-induction  of  the  field  winding  required  by  mote 
:d  for  driving  the  1 : 1 and  2 : 1 gearless-traction  machines,  which  general 
erate  at  from  60  to  140  rev.  per  min.,  when  at  full  speed,  the  field*  a 
inected  permanently  across  tne  supply  lines,  with  reduced  current  wb 
ichiue  is  at  rest;  this  procedure  shortens  the  length  of  time  required 
ng  the  field  to  full  strength  on  starting.  Such  a method  of  field  count 
n materially  reduces  motor  starting  current.  For  direct-current  elevat 
>tors  the  starting  torque  required  is  usually  double  full -load  torque  ri 
tarting  current  of  about  126  per  cent,  of  full-load  current. 

LS2.  Single-speed  polyphase  slip-ring  induction  motor.  This  t r 
motor  has  been  extensively  used  in  the  past  for  elevator  service  and  u 
tain  extent  is  still  used  in  the  larger  sises. 

123.  Single-speed  polyphase  squirrel-cage  induction  motor.  T 

iirrel-cage  motor  haa  always  appealed  to  the  engineer  for  use  in  conn 
n with  elevator  drives,  because  of  ite  simpler  construction  due  to  i 
lence  of  slip  rings,  brushes  and  external  resistance  with  its  necessary 
cuiting  devices.  Until  recently  motors  of  this  type  have  been  found  m 
less  unsatisfactory  except  in  the  smaller  sises  because  of  their  high  ft 
: current  and  tendency  to  overheat  where  the  service  was  at  all  severe.. 
The  squirrel-cage  motor  has,  however,  lately  been  very  materially  * 
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proved.  The  principal  improvements  are  the  welding  of  the  end  rings  to 
the  rotor  bars  and  the  use  of  end  rings  of  large  radiating  surfaces  and  very 
well  ventilated.  Such  a design  permits  using  a sufficiently  high  internal 
rotor  resistance  to  reduce  the  starting  current  to  about  twice  full-load  run- 
ning current  and  a smaller  and  consequently  lighter  rotor  without  objec- 
tionable temperature  rise  in  severe  service.  Due  to  the  fact  that  the  modern 
squirrel-cage  rotor  has  less  momentum  than  a corresponding  slip-ring  rotor 
the  starting  torque  required  to  start  the  complete  elevator  in  a given  time 
is  less  with  the  squirrel-cage  motor.  With  lees  torque  required  and  usually 
higher  starting  torque  efficiency  the  squirrel-cage  motor  takes  about  the 
same  starting  current  and  power  consumption  as  the  slip-ring  motor  with 
its  external  starting  resistance  properly  proportioned  and  short  circuited  in 
correct  sequence  and  time. 

With  the  poor  attention  that  elevator  controllers  usually  receive  it  is  not 
surprising  to  find  that  in  service  a slip-ring  motor  frequently  takes  a starting 
current  much  greater  than  a corresponding  sise  squirrel-cage  motor  and  is 
sometimes  stalled  and  burned  out  because  the  starting  resistance  happens 
to  be  left  short-circuited  or  is  short-circuited  too  rapidly. 

For  the  purpose  of  preventing  the  starting  ourrent  of  the  brake  adding 
to  the  full  starting  ourrent  of  the  squirrel-cage  motor,  and  also  to  give  a 
smoother  start,  it  is  customary  to  insert  momentarily  at  starting  a certain 
amount  of  external  stator  resistance.  While  the  equirrel-cage  motor  usu- 
ally has  a greater  speed  variation  than  the  slip-ring  motor  with  the  slip  rings 
well  short-circuited,  this  disadvantage  is  more  than  offset  by  the  increased 
reliability  and  safety.  The  squirrel-cage  motor  has  a definite  resistance, 
not  materially  altered,  even  if  several  rotor  connections  should  become  open, 
which  is  not  likely  to  occur  as  these  are  welded. 

With  the  slip-nng  rotor  there  are  several  possibilities  of  getting  excessive 
rotor  resistance  and  even  open  rotor  circuits  since  the  rotor  connections  are 
usually  soldered  and  connected  in  series.  There  also  are  possibilities  of 
resistance  grids  breaking  and  brushes  and  bolted  connections  failing  to  ' 
make  proper  contact,  as  well  as  the  failure  of  the  starting  device  to  short* 
circuit  the  starting  resistance.  It  is  obvious  that  when  the  load  is  sufficient 
to  overhaul  the  motor,  excessive  or  dangerous  over-speed  may  occur  when 
the  rotor  resistance  is  too  high  or  the  rotor  circuits  are  open.  Due  to  the 
simplification  of  both  motor  and  control  apparatus,  increased  reliability 
and  safety,  lesser  first  cost  and  maintenance,  the  squirrel-cage  motor  is,  at 
the  present  time,  in  most  oases  considered  preferable. 

114.  Two-spaed  polyphase  induction  motors.  For  ear  speeds  of 
150  ft.  per  min.  and  upwards  it  is  advisable  to  use  two  speed  motors  and 
while  it  is  possible  to  use  motors  of  slip-ring  type,  having  double  windings 
both  in  the  stator  and  rotor,  better  results  are  obtained  by  m»ing  here  also 
motors  of  the  squirrel-cage  type  with  double  windings  in  the  stator.  One 
stator  winding  is  arranged  with  a number  of  poles  corresponding  to  the  high 

rad  and  the  other  winding  for  a larger  number  of  poles  corresponding  to 
slow  speed.  The  high  speed  is  usually  three  or  more  times  the  slow  speed. 
The  control  is  arranged  in  such  a way  that  the  operator  can  run  either  on 
high  or  slow  speed,  but  the  motor  will  always  start  on  slow  speed  and  when 
practically  full  slow-speed  is  reached  the  slow-epeed  winding  is  automatically 
rendered  inoperative  and  the  high-speed  winding  is  energised.  In  stopping 
from  high  speed,  the  high-speed  winding  is  first  rendered  inoperative  and 
the  slow-speed  winding  is  automatically  energised  and  as  soon  as  slow  speed 
obtains  the  power  is  cut  off  and  the  brake  applied.  In  changing  from  ons 
speed  to  the  other  there  should  be  no  instant  where  the  motor  is  without 
power  with  the  brake  released.  One  way  to  accomplish  this  is  to  connect 
the  two  windings  in  series  and  so  arrange  them  that  one  or  the  other  oan  be 
short  circuited.  This  arrangement  together  with  the  use  of  a squirrel-cage 
rotor  has  practically  eliminated  the  arcing  at  the  controller  contacts. 

A single  stator  winding  may  be  used  by  changing  certain  connections  to 
give  different  numbers  of  poles  but  this  requires  a rather  complicated  switch- 
ing arrangement,  particularly  as  the  power  should  not  be  interrupted  while 
changing  from  one  speed  to  the  other. 

ISf . Single-phase  motors.  Up  to  the  present  a type  known  as  the  re- 
pulsion-induction  motor  alone  has  proven  successful  and  in  sices  up  to  and 
including  15  h.p.  These  motors,  which  start  as  one  of  the  repulsion 
type,  are  provided  with  a centrifugal  governor,  usually  located  within  the 
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comlition  is  not  objectionable  in  the  smaller  sixes,  and  in  the  larger  sues  th» 
starting  current  may  be  appreciably  reduoed  by  an  external  resistance  in  thi 
stator  circuit  so  connected  that  it  is  effective  at  the  moment  of  starting  ant 
during  the  first  period  of  acceleration. 

12ft.  Brakes.  All  elevator  machines  are  equipped  with  brakes  for  tin 
purpose  of  assisting  in  stopping  and  holding  the  car  securely  at  a landing 
under  any  and  all  conditions  of  loads  up  to  and  including  the  maximun 
specified.  The  brakes,  which  must  be  ao  designed  as  to  be  equally  effective 
for  cither  direction  of  rotation,  generally  consist  of  two  separate  and  inde* 
pendent  shoes,  lined  with  leather  or  asbestos  preparations,  and  actuated  bj 
heavy  helical  steel  springs.  Brake  release  should  be  obtained  by  means 
of  a o electromagnet,  as  this  method  enables  the  making  of  such  connections 
that  the  brake  will  be  instantly  and  positively  applied  on  failure  or  inter* 
rup  ion  of  current  supply. 

127.  Methods  of  control.  The  controlling  apparatus  of  an  elevator  con- 
stitutes one  of  its  most  important  features,  indudinjg  devices  for  establishing 
direction,  for  producing  proper  acceleration,  retardation,  and  speed  regulation 
and  also  including  the  necessary  safety  appliances.  .Usually  slate  panels 
bolted  to  floor  standards  are  provided,  the  switches  being  mounted  on  its 
face  with  connections  to  these  switches,  and  all  resistances  located  on  the  rear. 
All  contacts  of  the  various  safety  devices  are  usually  connected  in  circuit 
with  the  holding  coil  of  what  is  known  as  a potential  switch,  and.  since  ail 
current  to  the  controller  and  machine  is  carried  through  the  contacts  of  this 
switch,  the  operation  of  any  one  safety  feature  immediately  interrupts  all 
current  to  the  equipment.  This  switch  also  constitutes  a no-voltage  circuit 
breaker  and  an  excessive  drop  in  voltage  will  cause  the  switch  contacts  to 
open.  The  motor  circuits  are  completed  by  the  reversing  switches,  two  in 
number,  one  for  the  “up”  and  one  for  the  r‘down”  direction,  respectively. 
The  brake  circuits  are  made  simultaneously  with  the  closing  of  either 
direction  switch.  In  order  to  prevent  conflict,  reversing  switches  are 
gen. rally  electrically  or  mechanically  interlocked. 

128.  Automatic  starting*  It  is  advisable,  with  direct-current  eleva- 
tors, to  arrange  the  stepping-out  of  the  armature  starting  resistance  en- 
tirely independent  of  the  operator,  and  by  this  process  eliminate  the 
damage  which  would  result  from  a reduction  of  this  resistance  at  too  high 
a rate.  As  a means  for  reducing  energy  consumption,  however,  starting 
resin tance  should  be  stepped-out  as  rapidly  as  the  load  on  the  motor  permits; 
this  is  accomplished  by  means  of  either  Beries  relay  magnets  or  magnets  de- 
pendent on  the  counter-electromotive  force  of  the  motor  for  operation.  See 
article  on  “Motor  Control”  elsewhere  in  this  section. 

129.  Dynamic  braking.  Except  with  the  small-capacity  machines,  the 
wiring  of  direct-current  controllers  invariably  includes  a dynamic-brake 
circ  it  which  \€  obtained  by  introducing  a resistance  across  the  armature 
terminals  on  stopping.  The  stopping  field  in  some  cases  is  obtained  by 
having  the  shunt  field  (permanently  in  series  with  a limiting  resistance) 
connected  directly  across  the  Bupply  line.  In  other  cases  it  is  obtained  by 
providing  an  extra  low^resistance  shunt  field;  in  the  smaller  machines  the 
residual  magnetism  of  the  field  poles  is  sufficient.  Although  connecting  the 
fielc:  permanently  across  the  supply  line  slightly  increases  energy  loss,  an  im- 
portant safety  feature  is  gained,  for  with  such  connections  it  becomes  im- 
possible to  attain  excessive  car  speeds  either  up  or  down  should,  for  any 
reason,  the  machine  brake  fail  to  apply.  By  various  methods  stopping 
res  tance  is  automatically  stepped-out  as  the  load  on  the  motor  permits, 
thereby  strengthening  the  dynamio-braking  effect.  With  two-speed  altsr- 
nati  ng-current  induction  motors  dynamic  braking  is  obtained  while  chang- 
ing rom  high  to  the  slow  speed.  Usually  no  dynamic  braking  is  provided 
in  f topping  from  slow  speed.  As  explained,  single  speed  alternating-cur- 
rent motors  cannot  readily  produce  a dynamic  stop  and  the  machine  brakss 
must,  be  relied  upon  entirely  in  bringing  the  car  to  rest. 
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130.  Bmtor  speeds.  Direct-current  elevators  are  generally  arranged 
with  one  speed  only  for  car  speeds  up  to  150  ft.  per  min.,  except  in  the  case 
el  automatic  push-button-controlled  elevators  which  are  provided  with  two- 
tpeed  control  for  car  speeds  above  100  ft.  per  min.  With  car  speeds  above 
150  ft.  per  min.,  two  or  more  speeds,  under  control  of  the  operator,  are  pro- 
vided tor  convenience  in  making  accurate  landings.  Alternating-current 
elevators  are  generally  arranged  lor  one  speed  only-  up  to  150  ft.  per  min., 
except  for  automatic  push-button-controlled  elevators  where  two  speeds  may 
be  used  with  car  speeds  exceeding  100  ft.  per  min.  The  foregoing  applies 
with  equal  force  to  winding-drum  and  worm-gear  traction-sheave  machines, 
but  where  accurate  stopping  is  essential  two  speeds  may  be  provided  with 
car  speeds  lower  than  those  specified  above.  The  methods  of  operation  from 
the  car  are  given  in  Par.  131  to  133. 

131.  Car  switch — magnet  control.  This  method  is  suitable  for  all  car 
speeds  and  consists  of  a master  switch,  located  within  the  car,  electrically 
connected  to  the  operatic  coils  of  the  magnetically  actuated  switches  on  the 
control  panel.  Connections  are  so  arranged  that  after  direction  has  been 
established  the  proper  sequence  of  switches  is  obtained  for  the  desired  ac- 
celeration and  retardation.  The  car  switch  should  be  so  designed  that  it  will 
automatically  return  to  centre  or  stop  position  should  the  operator’s  hand,  for 
any  cause,  be  ’ momentarily  removed. 

133.  Automatic  push-button  control.  By  means  of  a special  type  of 
magnet  controller,  elevators  can  be  operated  by  a selective  arrangement  con- 
sisting of  a call  button  located  at  each  floor  and  a series  ol  buttons,  corre- 
sponding to  the  floors  to  be  served,  located  within  the  car. 

133.  Hand-rope  control.  The  contacts  of  the  reversing  swatches  are 
operated  by  the  revolving  of  a small  sheave,  to  which  they  are  directly  or 
indirectly  attached,  the  revolving  of  the  sheave  being  accomplished  by  a pull 
on  an  endless  rope  connected  to  it  and  installed  in  the  hatchway  in  order  to  be 
available  from  tne  car.  For  convenience  this  rope  is  occasionally  connected 
to  a hand  wheel  or  revolving  lever  device  located  w'ithin  the  car.  Hand  rope 
control  becomes  difficult  to  manage  as  the  speed  of  car  is  increased  and  for 
this  reason  is  generally  limited  to  car  speeds  below  150  ft.  per  min. 

134.  Automatic  terminal  stopping  device.  With  machines  of  the 
winding-drum  type  this  consists  of  a series  of  contacts  usually  located  above 
the  drum  and  positively  operated  cither  directly  or  indirectly  by  an  ar- 
rangement on  the  extended  arum  shaft  at  the  gear-case  end.  These  contacts 
are  so  connected  in  the  controller  circuits  that  car  speed  is  automatically 
reduced  at  predetermined  distances  from  the  terminal  landings,  and  finally 
brought  to  rest  approximately  near  either  terminal  landing,  provided  the 
operator,  for  any  reason,  has  neglected  to  centre  his  controlling  device. 

Since  with  traction-sheave  machines  no  fixed  relation  exists  between  the 
traction  driving  sheave  and  the  position  of  the  car  in  the  hatchway,  because 
of  the  creeping  action  of  the  hoiBt  ropes,  a machine-driven  automatic  ter- 
minal-stopping device  cannot  be  used.  With  the  worm-gear  traction-sheave 
elevators  it  has  become  the  practice  to  locate  a scries  of  switches  in  the 
hatchway,  properly  spaced,  operated  by  a cam  mounted  on  the  car,  for  pro- 
ducing the  necessary  slow-down  and  stop  at  the  terminal  landings.  Because 
of  thelncreased  number  of  speed-reducing  steps  required  with  the  higher-speed 
(earless  traction-sheave  elevators,  the  swatch  arrangement  in  the  hatchway 
would  present  wiring  complications  and  increase -the  difficulty  of  adjustment, 
and  for  this  reason  it  has  become  advisable  to  carry  the  switches  on  the  car 
completely  enclosed  in  a metal  case  for  protection,  operated  by  one  cam  located 
at  the  top  and  one  at  the  bottom  of  the  hatchway. 

Iff.  Black-cable  switch.  This  device  is  used  with  winding-drum  ele- 
vators only  for  the  purpose  of  stopping  the  machine  and  preventing  the 
unwinding  of  hoist  ropes  in  case  the  car  is  obstructed  in  its  descent.  The 
contact  of  the  slack-cable  device  is  connected  in  series  writh  the  holding  coil 
of  the  potential  swritch  or  circuit-breaker  which,  on  opening,  interrupts  all 
current  to  the  machine.  Slack-cable  swatches  are  not  required  with  traction- 
sheave  elevators  for,  as  previously  described,  the  obstructing  of  either  car  or 
counter- weight  immediately  causes  sufficient  loss  of  traction  to  prevent  fur- 
ther motion  of  the  car  and  counterbalance. 

134.  Final  hatchway-limit  switches.  To  guard  against  the  Dossibility 
of  damage  through  disarrangement  of  the  automatic  terminal-stopping 
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device,  final  limit  switches  are  located,  one  each,  beyond  the  tomad 
landings,  and  are  operated  by  a cam  on  the  car,  in  case  the  car  overtrsrdijl 
a point  at  which  these  switches  become  operatiye.  The  contacU  of  ttag 
switches  are  also  placed  in  series  with  the  holding  coil  of  the  circuit*brealMB 
causing  immediate  interruption  of  current  to  the  machine  when  opened,  f 

1ST.  Governor  switches.  With  high-speed  elevators,  regulating  devios#* 
are  usually  provided,*  these  being  operated  by  a speed  governor.  Than 
devices  control  car  speed  by  means  oi  field  regulation  of  the  motor,  and  sv 
usually  applied  when  the  car  speed  exceeds  normal  by  certain  predetermine! 
amounts.  One  or  more  speed-regulating  switches  are  usea,  the  numb* 
depending  upon  the  average  speed  of  the  car,  and,  by  their  use,  maximum  apes 
variation  is  retained  within  certain  predetermined  limits.  Governors  shout 
preferably  be  provided  with  a breaking  contact  adjusted  to  open  at  & ci 
speed  slightly  lower  than  that  at  which  the  car  safeties  are  set  to  opera*! 
Therefore,  connecting  this  contact  in  series  with  the  holding  coil  of  4 
potential  switch  or  circuit-breaker,  usually  stops  the  elevator  by  interrupts 
all  current  to  the  motor,  without  the  necessity  of  applying  the  car  safetiai 

138.  Car  safety  switch.  All  electric  elevators  should  be  provided  withi 
small  enclosed  switch,  located  within  the  car  and  so  connected  in  the  coaj 
trolling  circuits  that  current  to  the  machine  will  be  interrupted  when  it  t 
opened.  This  switch  is  furnished  for  emergency  purpose*  only.  ] 

188.  Car-safety  devices.  The  expression  ** car  safety”  is  usually  apjpl«l 
to  that  form  of  safety  which  is  designed  to  bring  the  car  to  rest  by  locking  Sj 
to  the  guide  rails,  in  case  excessive  speed  has  been  attained,  irrespective  of  m\ 
cause.  All  elevators  should  be  equipped  with  a device  of  this  nature.  Tbj 
application  of  car  safeties  should  be  made  dependent  upon  on  a centrifugal  * . 
inertia  governor,  adjusted  with  a definite  and  fixed  relation  to  She  speed  of  da 
car  and  arranged  to  operate  at  approximately  from  30  to  60  per  cent,  abot* 
normal  car  speed.  The  general  practice  is  to  support  the  safety  derier 
within  the  lower  member  of  the  car  frame,  with  the  governor  substantial!? 
supported  at  the  top  of  the  hatchway,  although,  in  some  cases,  specially 
designed  governors  are  mounted  on  the  car.  With  the  governor  located 
over  the  hatchway,  it  is  driven  by  an  endless  rope  attached  to  the  ear  sad 
safety  mechanism  in  such  a manner  that,  in  case  of  exoeesive  speed,  tbe 
governor  holds  or  grips  this  rope  and  the  safety  is  applied,  usually  by  mean* 
of  a drum,  sheave  or  lever  arrangement. 

Under  certain  building  conditions,  namely:  where  a room  or  vault  is  located 
directly  underneath  the  hatchway,  it  is  advisable  to  furnish  a guide  grip  safety 
for  the  counterbalance  as  well  as  for  the  car,  in  order  to  prevent  damage  such 
as  might  otherwise  occur  through  the  breaking  of  the  ropes.  On  all  of  th* 
recent  higher  class  installations  counterbalance  safeties  have  been  furnished 
even  where  the  foregoing  condition  has  not  existed. 

140.  Micro-leveling  elevators.  The  micro-leveling  elevator  is  obi 
capable  of  giving  automatically  any  desired  accuracy  of  landing,  irrespec 
tive  of  the  load  and  speed.  It  is  intended  for  use  wherever  level  landing 
are  desired  and  is  particularly  applicable  where  it  is  necessary  not  only  U 
make  but  also  automatically  maintain  accurate  landings  during  loading  am 
unloading,  independent  of  the  stretch  of  the  hoist  ropes  or  leaking  pastes 
Where  conditions  necessitate  that  the  car  be  brought  to  rest  against  a sofa 
abutment,  as  is  usually  the  case  with  double  cage  elevators  or  inclined  hoisti 
a landing  can  be  effected  without  shock  or  injury  to  any  part  of  the  apparatm 

Micro-leveling  elevators  can  be  made  for  any  load,  any  speed,  any  kiw 
of  motive  power  and  for  any  type  of  hoisting  machine  and  method  of  control 
Up  to  the  present  time  only  the  electric  and  hydraulic  types  have  been  buiti 

141.  Electric  micro-leveling  elevators.  The  electric  micro-lcvefin 
elevator  embodies  two  essential  parts,  consisting  of  the  main  hoisting  machi* 
and  the  micro  attachment.  The  main  hoisting  machine,  with  theexoeptis 
of  the  magnet  brake,  may  be  of  any  type  and  involves  no  special  featura 
The  main  brake  is  usually  of  the  regular  shoe  type  except  that  the  boosa* 
nstead  of  being  bolted  to  the  bedplate  is  fastened  to  the  worm  gear  of  th 
micro  and  revolves  with  it.  This  main  brake  performs  a double  function 
First,  with  the  micro  at  rest  it  acts  as  a brake  to  stop  the  main  machine  and 
second,  when  the  micro  operates  it  acts  as  a friction  clutch  driving  the  max 
machine.  The  micro  is  in  itself  a small  elevator  machine  consisting  of  mota 
brake  and  worm  gear  reduction. 
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With  the  micro-leveling  machine  there  are  two  controllers,  one  to  control 
the  operation  of  the  main  motor  and  the  other  to  control  the  operation  of  the 
micro  motor.  The  main  controller  is  operated  in  the  usual  manner,  either 
by  push  button,  car  switch  or  mechanical  control  (hand  rope,  lever  or  wheel). 
The  micro  controller  is  operated  by  a leveling  switch  mounted  on  the  car 
frame.  This  leveling  switch  consists  of  two  sets  of  contacts  which  control 
the  micro  motor,  one  for  up  and  the  other  for  the  down  direction.  These 
contacts  are  operated  by  stationery  cams  in  the  hatchway,  there  being  two 
cams  at  each  landing,  one  of*  which  operates  the  up  contacts  and  the  other 
the  down  contacts. 

As  the  car  approaches  the  landing  at  which  it  is  intended  it  shall  stop,  the 
circuit  of  the  main  motor  is  interrupted  by  either  the  floor  controller,  car 
switch  or  mechanical  operating  mechanism,  and  the  leveling  switch  engages 
the  hatchway  cams  thus  operating  the  micro  motor.  If  the  main  maohine 
brings  the  platform  either  above  or  below  the  landing,  the  micro  will  then 
raise  or  lower  it  until  it  is  level  with  the  landing,  when  the  leveling  switch 
will  interrupt  the  circuit  of  the  micro  motor  ana  stop  the  car.  This  posi- 
tion of  the  platform  will  now  be  maintained  under  all  conditions  of  loading, 


Fio.  17. — A.  C;  micro-drive  elevator  machine. 


as  the  automatic  control  of  the  micro  motor  is  independent  of  the  door  or 
pate  contacts;  i.e.t  if  the  position  of  the  platform  be  changed  either  by 
increasing  or  decreasing  the  load,  the  micro  will  immediately  return  it  to 
its  proper  level. 

There  are  two  types  of  leveling  switches.  One  for  use  where  there  are 
top  and  bottom  landings  only  and  the  other  for  use  where  there  are  inter- 
mediate landings.  With  the  top  and  bottom  landings  only,  the  leveling 
switch  is  so  arranged  that  as  the  car  approaches  the  upper  landing  it  will 
engage  the  cam  at  this  landing  and  while  the  car  approaches  the  lower 
landing  it  will  engage  the  cam  at  that  landing.  Where  there  are  inter- 
mediate landings  it  is  necessary  to  prevent  the  leveling  switch  from  engaging 
the  hatchway  cams  at  these  landings  as  the  car  passes  them  at  full  speed. 
This  is  accomplished  by  means  of  a magnet  mounted  on  the  switch,  which, 
when  the  car  is  being  operated  from  the  main  motor,  prevents  the  leveling 
switch  from  engaging  the  cams.  When  the  power  is  cut  off  from  the  main 
motor  this  magnet  is  de-energized  and  if  the  car  is  in  the  micro  sone  the 
leveling  switch  will  engage  the  cam.  The  accuracy  with  which  the  platform 
stops  relative  to  the  landing  depends  upon  the  location  of  the  leveling  switch 
on  the  car  and  the  setting  of  the  natch  way  leveling  cams. 

To  obtain  the  greatest  degree  of  accuracy  the  leveling  switch  should  be 
located  in  a vertical  plane  through  the  edge  of  the  platform  it  is  desired  to 
level,  thus  eliminating  any  slight  misalignment  caused  by  the  deflection  of 
the  car  structure  and  lost  motion  between  the  car  and  guides.  The  maxi- 
mum micro  sone  is  determined  by  the  length  of  the  leveling  cams  and  varies 
with  the  speed,  control  system  and  service.  The  actual  micro  sone  is  the 
space  in  which  the  micro-drive  operates. 
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For  push-button  control  the  actual  micro  tone  is  determined  by  the  art- 
ting  of  the  floor  controller  and  the  adjustment  of  the  dynamic  and  meehsn- 
inti  brake  of  the  main  machine.  The  floor  controller  should,  therefore.  b< 
set  so  that  with  the  average  load  it  will  stop  the  main  machine  when  th< 
i Uit form  is  level  with  the  landing.  For  car  switch  and  mechanical  contro 
the  actual  micro  sone  depends  entirely  upon  the  operator.  It  is,  of  course 
essential  that  the  operator  brings  the  car  within  tne  maximum  micro  *one 
otherwise  no  micro  operation  will  be  obtained.  In  all  cases  the  actual  mien 
should  be  as  snort  as  practicable  in  order  to  save  time  in  levehns 
With  a push-button  machine  where  the  actual  micro  sone  is  comparativel? 
large,  it  is  preferable  to  use  a two-speed  micro  which  will  permit  of  the  cs 
being  brought  close  to  the  landing  at  fairly  high  speed  and  the  final  levelii* 
done  at  the  slow  speed  required  for  an  accurate  landing.  For  the  purpoa 
of  sa  ing  time  it  is  also  preferable  to  use  a two-speed  micro  for  high-sped 
car  switch  control  machines  and  alsd'on  machines  of  moderate  speed  when 
great  accuracy  of  landing  is  required. 

142.  Safe  lift  operation.  The  micro-leveling  elevator  either  of  tk 
worm  geared  or  gearless  type  is  readily  used  for  safe  lifting  and  when  m 
used  has  several  advantages  over  other  types' of  machines  arranged  far 
the  sume  purpose.  For  the  ordinary  worm-geared  machine  it  is  necewwy 
to  furnish  back  gearing  with  its  shaft  and  bearings,  a special  motor  shift 
n ml  extra  coupling.  For  the  gearless  machine  a complete  extra  brake » 
necessary. 

To  use  the  micro-leveling  elevator  for  carrying  safes,  it  is  only  necewsy 
to  increase  the  main  brake  spring  tension  sufficiently  to  enable  tne  micro  a 
lift  the  load,  since  the  power  is  transmitted  from  the  micro  to  the  ms* 
machine  through  the  main  brake  acting  as  a friction  clutch.  As  the  or 
usually  rests  on  locking  bars  while  loading  or  unloading  a safe,  it  is  evideat 
that  should  any  attempt  be  made  to  lift  the  car  before  the  proper  sprue 
tension  has  been  obtained,  no  injury  could  result  as  the  brake  shoes  wostd 
simply  slide  on  the  brake  wheel  and  the  car  would  not  be  lifted  off  the  bsn. 

If.  however,  we  consider  the  ordinary  back-geared  worm-gear  msdsw 
used  for  lifting  safes,  where  the  brake  is  mounted  on  the  worm  shaft,  it « 
evident  that  the  motor  acting  through  the  back  gearing  could  reedily  lift 
the  car  containing  the  safe,  although  the  brake  might  be  unable  to  stop  tbs 
car  iu  the  down  direction  provided  the  brake  springs  had  not  been  tightened 
before  the  car  was  lifted  off  the  locking  bars.  With  the  gearless  machine, 
should  the  safe  lift  brake,  which  is  ordinarily  blocked  out  of  action,  sot  be 
thrown  into  service,  it  will  be  impossible  to  stop  the  car  by  the  brake  sod  it 
will  accelerate  until  stopped  by  tne  safety  or  the  buffers. 

143.  Hydraulic  micro-leveling  elevators.  The  hydraufic  micro- 
leveling  elevator  with  electrical  micro  control  consists  of  two  independent 
operating  devices  which  may  be  termed  the  main  operating  mechanism  sod 
the  micro-operating  mechanism.  The  former  is  operated  by  push  button, 
hand  rope  or  lever  device,  while  the  latter  is  operated  in  the  micro  sone  sfttf 
the  main  valve  has  been  centered.  The  main  machine  may  be  of  any  « 
the  recognised  types  of  hydraulic  machines. 

The  micro-operating  mechanism  consists  of  a micro  valve  which  refulsta 
the  supply  and  discharge  of  water  to  the  hydraulic  cylinder  through  s br 
pass  around  the  main  operating  valve  and  is  controlled  by  two  electro- 
magnets.  The  control  system  for  operating  the  micro  valve  is  ewentisllj? 
the  same  as  for  the  electric  micro-leveling  machine,  having  a leveling  switcb 
mounted  on  the  car  frame  engaging  the  leveling  switch  cams  at  each  land®! 
This  switch  controls  the  magnets  operating  the  micro-pilot  valve,  vni« 
brings  the  car  level  with  the  landing  and  maintains  it  tnere. 

144.  General  features  common  X o both  electric  and  hydrad* 
micro-leveling  elevators.  Since  the  car  is  leveling  at  micro  speed  dun« 
part  of  the  time  that  the  hatchway  doors  and  car  gates  are  being  opeu» 
suitable  precautions  must  be  taken  for  the  protection  of  passengers  attempt- 
ing to  enter  or  leave  the  car  during  that  period.  The  depth  of  the  plstforo 
at  landing  edge  plus  the  depth  of  the  landing  sill  must  be  greater  than  ttf 
length  of  the  micro  sone  or  it  should  be  made  impossible  to  open  the  hate* 
way  door  while  either  the  upper  edge  of  the  car  platform  is  below  the  w*? 
edge  of  the  landing  sill  as  the  car  approaches  the  landing  from  below  or  tcc 
lower  edge  of  the  car  platform  is  above  the  upper  edge  of  the  landing 
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the  oer  approaches  the  lending  from  above.  In  other  words,  it  must  be 
made  impossible  for  a person  to  get  his  foot  between  the  landing  sill  and  the 
oar  platform. 

146.  Micro- emergency  operation.  An  emergency  operation  can  be 
furnished  with  any  system  of  oontrol.  This  consists  of  two  extra  push 
buttons  installed  in  the  oar,  one  for  operating  the  oar  by  the  micro  in  the 
up  direction  and  one  for  the  down  direction. 

146.  The  number  of  elevators  required  in  a building  depends  on  several 
conditions,  namely:  height  of  building,  relation*  of  area  ot  building  to  its 
height,  net  rentable  area  in  sq.  ft.  per  floor,  character  of  elevator  service 
required  by  prospective  tenants  and  relative  location  of  building.  In 
average  office  buildings  it  is  not  considered  good  practice  to  attempt  to  serve 


more  than  from  18,000  to  24,000  sq.  ft.  of  rentable  floor  area  per  elevator. 
The  mileage  of  each  elevator  in  a modern  office  building  ranges  from  15 
to  40  miles  per  day,  depending  on  the  character  of  service  and  type  of  ele- 
vators used.  These  are  general  figures  only,  and  complete  service  data  must 
receive  detailed  consideration  to  accurately  specify  the  most  suitable  elevator 
equipment  for  a given  installation. 

14T.  General  consideration  of  energy  consumption.  Usually,  it  is 
safe  to  assume  that  the  loads  distributed  by  an  elevator  to  the  different  floors 
of  a building  are  the  same,  approximately,  as  those  loads  returned  to  the 
starting  point,  and  with  such  load  conditions  the  work  done  consists  merely  of 
overcoming  the  friction.  Of  greater  importance,  therefore,  in  the  energy 
consumption,  is  the  power  expended  in  imparting  the  kinetic  energy  required 
to  bring  the  masses  up  to  speed,  and  the  machine  which  will  register  the 
lowest  power  consumption  must  have  a low  moment  of  inertia  together  with  a 
low  value  of  friction. 

The  machine  at  present  fulfilling  the  foregoing  requirements  to  the  most 
satisfactory  degree,  is  the  1 : 1 gearless  traction-sheave  machine  and  this 
fact  is  clearly  evidenced  by  the  following  comparison  between  a I : 1 traction 
machine  with  motes  .running  at  74  rev.  per  min.,  and  a herringbone-gear 
traction-sheave  machine  driven  by  a 600-rev.  per  min.  motor,  both  of 
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these  machines  being  designed  for  a lifting  capacity  of  2,500  lb.  at s aped 
of  700  ft.  per  min.  It  was  found  that  the  kinetio  energy  required  to  biiai 
the  1 : 1 traction  machine  up  to  speed,  without  the  car.  counterbalance  oi 
ropes,  was  3,600  ft-lb.,  while,  under  the  same  conditions,  the  herringbone- 
r traction  machine  required  the  expenditure  of  17.900  ft-lb.  in  attaint 
in.  full  speed.  The  total  number  of  starts  and  stops  of  an  elevated 
constitute  an  important  factor  in  the  resultant  power  consumption  per  mil 
of  car  travel,  because  of  resistance  losses  which  are  greatly  increased  vitfl 
increased  kinetic  energy.  1 

148.  Multi -voltage  system.  This  system,  as  applied  to  elertrj 
elevators,  usually  results  in  a very  considerable  reduction  of  power  cot 
sumption  as  well  as  better  and  smoother  operation.  The  voltage  is  divide!, 
into  equal  steps  successively  applied  to  the  motor  without  any  extern^ 
armature  resistance.  Four  voltage  steps  are  usually  sufficient  for  tbs 
purpose.  Where  the  primary  souroe  of  power  is  direct  current  the  fouw 
voltage  steps  are  obtained  by  floating  four  direct-current  armatum  all 
mechanically  connected  and  in  series  across  the  line.  Where  the  primarr] 
source  of  power  is  alternating  current  the  four  armatures  are  driven  by  u 
al' ernating-current  motor.  Usually  two  armatures  are  combined  inane 
armature  having  two  separate  windings  and  two  commutators. 

Phis  Multi- Voltage  Balancer  has  only  a fraction  of  the  capacity  sum  of  tbs 
elevator  motors  supplied  by  it  during  a part  of  their  periods  of  accelentioi 
in  I retardation.  Tne  elevator  motors  are  so  connected  to  the  balancer  thd 
half  of  them  start  from  each  side  of  the  line.  During  the  periods  that  the  dr- 
vator  motors  are  connected  to  the  line,  the  balancer  is  relieved  from  tbar 
loads,  and  only  supplies  at  any  time  the  unbalanced  current  required; 
balanoed  current  coming  directly  from  the  line. 

The  smooth  operation  and  practically  constant  rate  of  acceleration  ui 
retardation  with  all  loads,  of  the  elevators  supplied  with  Multi-Volt*** 
Control,  enables  them  to  be  accelerated  and  retarded  more  rapidly  than  mu 
single  voltage  control,  so  that  higher  elevator  speeds  are  practical  me 
th»-  service  obtainable  from  a given  number  of  elevators  is  generally  increase 
The  power  consumption  with  Multi-Voltage  Control  is  lower  than  with  any 
other  type,  since  external  resistance  looses  are  practically  eliminated  and  the 


continuous  running  equipment  is  reduced  in  a minimum.  It  is  decidedly 
superior  to  the  Ward-Leonard  system  in  economy  and  in  amount  of  specui 
generating  equipment  necessary.  Multi- Voltage  Control  requires  only  1 
single  balancer  having  a small  fraction  of  the  capacity  sum  of  the  elevatcr 
motors  supplied.  Ward-Leonard  control  requires  an  individual  generator 
of  full  capacity  for  each  elevator  motor.  The  Ward-Leonard  equipment 
must  also  carry  the  full  current  of  the  elevator  motors  for  a much  larpf 
percentage  of  the  running  time  than  the*  multi-voltage  balancer  and.  « 
usually  arranged,  carries  all  the  ourrent  supplied  to  the  elevator  mojor 
armatures  while  they  are  running.  Thus,  both  constant  and  variable 
generating  losses  are  higher  for  Ward-Leonard  than  for  Multi  Voltage  Centra 
Wird-Leonard  control  is  also  handicapped  by  requiring  large  field  wist** 
in  the  special  generators.  It  is  not  only  difficult  to  design  the  apparatus  w 
allow  the  field  to  be  changed  with  sufficient  rapidity,  but  it  is  also  neceasar* 
to  provide  special  devices  for  commutation.  ( 

149.  The  line  to  load  efficiency  is  determined  by  ascertaining  the 
electrical  input,  and  the  net  work  done  on  the  load. 

150.  Required  power  ia  best  determined  by  means  of  a records 
wattmeter  writing  a graph  which  shows  the  existent  relation  between  watt* 
and  time,  the  energy  consumption  in  kw-hr.  being  represented  by  the  v* 
surrounded  by  the  graph  and  the  axis  of  time.  Rg.*19  is  a rewroduefco® * 
such  a graph  taken  in  one  of  the  largest  office  buildings  in  New  York  City 
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152.  Influence  of  number  of  stops  on  energy  consumption 

( Test  data) 


Specification  type  of 
machine  and  control 

Load  in  car 

Average  speed, 

ft.  per  min. 

• 

Number  of  stops 

between  termi- 

nal landings  per 
milo  of  travel 

Energy  cons,  in 

kw-fir.  per  mile 

of  travel 

T 

?2 

Irs 

*3  C 

Worm-gear  drum  machine 
Direct-current  motor 
Magnet  control 

Duty 

Maximum  load  2,500  lb. 
2.000  lb.  at  300  ft.  per  min. 
Rise,  69  ft.  6 in. 

Overbalance  650  lb. 

2,150 

326 

0 

76 

152 

380 

2.04 

3.31 

4.33 

7.34 

56.0  pel 
cent. 

1>350 

320 

0 

76 

152 

380 

1.48 

2.47 

3.35 

6.21 

1 : 1 traction  direct  duty 
motor 

Magnet  control 

0 

1.15 

Duty  2.500  lb.  at  600  ft. 
per  min. 

Rise  537  ft.  Oin.  overbalance 
1,125  lb. 

1,500 

600 

50 

2.45 

68  per 
cent. 

with  maxi- 
mum 
load. 

153  Testing  of  electric  elevators.  When  an  elevator  is  completed  the 

usual  test  consists  of  carrying  the  rated  load  at  full  speed,  setting  the  e*r 
safety  by  overspeeding,  and  a trial  operation  of  all  electrical  or  mechaiurxl 
safety  features  to  determine  their  effectiveness.  A more  complicated  test 
comprises  determinations  as  to  friction,  line  to  load  efficiencies  with  different 
loads  in  the  car,  the  energy  consumption  with  various  net  loads  on  the  motor 
and  number  of  stops,  and  the  speed  characteristics  and  the  kinetic  energy. 


154.  Energy  calculations.  As  previously  explained  the  kinetic  energy 

W required  to  accelerate  the  masses  of  the  speed  V has  an  important  bearing 
on  the  power  requirements.  Its  determination  is  made  accurate  and  com- 
paratively simple  by  application  of  the  formula: 


/t  rr 

fv6t  = 0.7373  I P*it 


(watt-sec.) 


(U 


Jfo*  18- 30  Motor  ‘. 
Dutr  2500  LUat  TU 
Machine 

140 

OF 

V.-57  R.P.M. 

• l'.M.aOO'J  LU.M 
rhead 

r 

1 

zr 

r 

rr 

lx 

30  40 

R.P.M. 


CO  60  70 


Fia.  20. — Watt  input — speed  curve. 


in  which  / is  the  accelerating  or  retard- 
ing  force  in  lb.  nnd  t the  velocity  in  ft 
per  sec.  at  the  time  t.  T is  the  total 
time  in  sec.  for  the  body  to  come  to 
rest  from  velocity  *. 

In  the  foregoing  formula/*  repre- 
sents the  work  per  sec.  performed  by 
the  accelerating  or  retardingforce. and 

is  equal  to  0.7373  P*  if  P*  is  expressed 
in  watts.  Consequently  P,  represent! 
the  accelerating  or  retarding  watt*  s* 
the  speed*  and  timet,  and  the  quantity 
under  the  integral  sign  is  the  areo 
contained  between  the  accelerating  <* 


rctafding  watt-time  curve  and  the  ax* 

of  time.  This  curve  is  readily  obtained,  for  if  sufficient  load  be  placed  in  : 


the  car  so  that  the  weight  on  the  hoist  ropes  equals  the  weight  on  th® 
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counterbalance  ropes,  the  watts  input  into  the  armature  necessary  to  drire 
the  elevator  at  the  speed  »,  minus  the  I*R  losses,  must  equal  the  retarding 
watts,  if,  at  the  speed  v,  the  armature  current  be  interrupted. 

Under  this  method,  a watt  input-speed  curve,-  FIs.  20,  is  first  secured, 

following  which  a retardation  curve. 
Fig.  21.  is  obtained;  this  latter  curve  is 
a speed-time  curve  giving  the  relation 
bet  ween  speed  and  time  if,  at  the  speed 
r,  the  armature  circuit  is  interrupted 
and  the  elevator  system  allowed  to 


2 

£ 

3 


Fia.  21. — Retardation  curve.  Fio.  22. — Retarding  watt-time  curve. 

come  gradually  to  rest.  From  these  two  curves  the  retarding  watt-time 
curve.  Fig.  22,  is  constructed  and  the  area  obtained  with  a plani meter.  The 
retarding  watt-time  curve  is  practically  a parabola,  and  an  inappreciable 
eiror  is  made  by  considering  the  curve  as  such.  Instead  of  obtaining  the  area 
with  a planimeter  it  is  permissible  to  use  that  property  of  parabolaaby  which 


POWER  PUMPS 
BT  FBBD  J.  POBTSL 

Consulting  Engineer,  Aeeoc.  Mem.  A.  I.  B.  B.t  Member  Western  Soe . Eng. 


OKNERAL 

1M.  Classification  of  power  pumps.  Power  pumps  for  all  practical 
purposes  can  be  divided  into  two  general  classes— displacement  pumps  and 
centrifugal  pumps.  Displacement  pumps  may  be  further  divided  into 
reciprocating  pumps  ana  rotary  pumps,  while  centrifugal  pumps  may  be 
divided  into  turbine  and  volute  pumps.  As  will  be  shown  later,  the  two 
classes  of  displacement  pumps  differ  radically  in  design  and  are  really  dis- 
tinct classes,  while  the  difference  between  turbine  and  volute  pumps,  is  a 
difference  of  detail  of  construction,  rather  than  a difference  of  type. 

166.  Calculation  of  the  horse  power  required,  is  based  upon  a con- 
sideration of  the  opposed  head  (expressed  in  ft.  or  lb.  per  sq.  in.)  the 
pump  delivery  (expressed  in  gal.  per  min.  or  ou.  ft.  per  sec  );  and  the 
efficiency  of  pump  and  mechanical  transmission.  Pump  efficiencies  vary 
with  the  different  types,  sises,  and  working  conditions.  See  Par.  161, 164, 
and  171. 

The  head  will  include  the  static  head  pumped  against  and  also  the  head 
cfpipe  friction.  A calculation  of  required  horse  power  should  always  con- 
sider the  latter  component  of  total  head  if  the  pipe  is  of  considerable  length. 
Friction  head  may  be  calculated  with  reasonable  accuracy  by  means  of 
Eq.  3.  Accuracy  within  6 per  cent,  may  be  expected  for  new,  smooth  pipes, 
while  accuracies  within  20  per  cent,  may  be  secured  by  its  use  on  practically 
all  pipes  met  in  common  practice.  This  expression  is  a modification  of  the 
well-known  "Exponential”  formula  for  straight  smooth  pipe.* 


* Morits,  E.  A.  Bng.  Record , Deo.  13,  1913. 
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where  O is  the  delivery  in  gal.  per  min.;  L is  the  total  length  of  the  pipe ii 
ft.;  d is  the  inside  diameter  of  the  pipe  in  in.;  and  A/  is  the  frietion  heed* 
expressed  in  ft.,  for  the  whole  pipe  length.  The  horse  power  required  W 
pump  a certain  quantity  of  water  through  a given  length  of  pipe  of  know* 
diameter  against  a given  head  is  expressed  as  follows: 

h n °XH  (ij 

*P' *3,950  X Efficiency  j 

where  O is  the  delivery  in  gal.  per  min.,  and  H is  the  sum  of  the  static  btei 
and  the  friction  head,  both  expressed  in  ft.  I 

In  using  these  formulae  it  is  well  to  note  that  1 cu.  ft.  per  sec.  correspond! 
to  448.8  gal.  per  min.;  also  a pressure  of  1 lb.  per  sq.  in.  corresponds  to  I 
head  of  2.304  ft.,  for  water  weighing  62.5  lb.  per  ou.  ft.  I 

DISPLACEMENT  PUMPS  I 

167.  Slip.  In  all  displacement  pumps,  the  volume  of  liquid  pumped  w 

always  lees  than  the  piston  displacement,  or,  in  the  case  of  the  rotary  pumM 
(Par.  166)  the  displacement  of  the  rotating  element.  This  difference  is  d\s, 
partly,  to  leakage  past  the  piston  (in  the  case  of  the  reciprocating  pump), 
or  the  rotating  element  (in  the  case  of  the  rotary  pump),  and  partly  dwta 
leakage  through  the  valves.  The  difference  between  the  displacement  of  tk 
moving  part  (piston  or  rotating  element)  and  the  volume  of  water  discharg'd 
is  called  the  slip,  and  is  usually  expressed  in  per  cent,  of  the  total  display 
ment.  This  slip  may  vary  from  2 per  cent,  in  a new  pump  to  50  per  cent  is 
a badly  worn  pump.  Generally  speaking,  anything  under  5 per  oent.  or 
be  considered  fairly  good  performance  for  pumps  that  have  been  in  serve  1 
any  length  of  time.  I 

168.  Effect  of  speed  on  capacity  of  displacement  pumps.  Ned**- 
ing  slip,  the  capacity  of  all  types  of  displacement  pumps  varies  dire«J 
with  the  speed,  regardless  of  the  head  pumped  against.  For  constant  hat 
the  horse  power  required  varies  almost  directly  as  the  speed  and,  there!**' 
as  the  capacity.  This,  of  course,  is  not  strictly  true,  for  the  pump  effidetfJ 
will  be  slightly  greater  and  the  slip  in  per  cent,  slightly  leas  as  the  po»P 
approaches  rated  capacity.  These  characteristics  and  the  service  to  be 
performed  will  determine  the  type  of  motor  to  be  installed. 

189.  Displacement  pumps  under  constant  head  require  practically 
constant  driving  torque  at  all  speeds  and,,  therefore,  at  all  capaotM 
This  characteristic  has  a very  direct  bearing  on  the  type  of  motor  to  1*  se- 
lected in  cases  where  it  is  required  to  operate  the  pump  at  variable  espsoty 
and,  therefore,  at  variable  speed.  From  this,  it  is  evident  that  no  mtu* 
of  power  will  result  if  variable  speed  of  the  pump  is  obtained  by  inserting 
resistance  in  the  armature  circuit  of  a direct-current  motor,  or  in  the  rotor 
circuit  of  an  induction  motor.  To  effect  a saving  of  powrer,  it  is  necewarj 
to  use  field  control,  in  the  case  of  the  direct-current  motor,  or  a pole-chsnfing 
device  for  an  alternating-current  motor,  or  any  similar  device  in  which  the 
torque  of  the  motor  remains  constant,  for  reduced  power  consumption  « 
the  motor  service  switch.  In  considering  the  question  of  head,  it  shouldw 
kept  in  mind  that  the  total  head  on  a pump  includes  both  the  static  hew 
and  the  friction  head  in  the  pipe  connections.  Where  this  friction  head 
constitutes  a large  proportion  ot  the  total  head,  another  factor  must  be  tak« 
into  consideration.  The  velocity  in  the  discharge  pipe  varies  directly 
the  quantity  discharged,  while  the  friction  head  varies  as  the  squye  ^j 
velocity,  consequently  a pump  under  these  conditions,  running  at  redoert 
capacity,  will  not  be  discharging  against  a constant  head,  even  though  tw 
static  head  is  constant,  but  instead,  the  head  against  which  the  pump  opersw’ 
will  be  less  at  partial  loads. 

160.  Starting  torque  of  displacement  pumps.  Displace®*^ 
pumps  operating  at  constant  speed  against  a variable  head  will  have  a 1 
stant  rate  of  discharge.  The  torque  and  horse-power  input  will  vary 
ing  minor  losses)  directly  W'ith  the  head.  In  starting  these  pumps  agaiw 
the  normal  working  pressure,  the  motor  must  exert  full-load 
this  requires  very  heavy  starting  currents,  especially  in  the  case  of  induce- 
motors,  the  expedient  of  by-passing  the  pump  in  starting  is  usually  empioj 
wherever  this  is  practicable.  Where  the  by-pass  is  installed,  the  head 
starting,  and  therefore  the  starting  torq\ie,  can  be  reduced  to  a neghf10* 
quantity.  After  the  pump  is  up  to  speed,  the  by-pass  is  dosed. 
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in.  The  efficiency  of  reciprocating  pumps  is  generally  higher  than  the 
efficiency  of  any  other  type  of  pump  for  the  same  servioe.  This  assumes 

the  pump  to  be  in  good 
condition  and  the  slip  com- 
paratively small.  The 
curves  in  Fig.  23  illustrate 
the  efficiency  that  can  rea- 
sonably be  expected  of 
triplex  pumpe  of  good 
manufacture.  It  should 
be  understood  that  these 
curves  do  not  represent 
the  performance  of  a single 
pump,  but  rather  the  effi- 
ciency of  a series  of  pumps, 
each  designed  for  a partic- 
ular point  on  that  curve,  or 
for  a given  capacity  and 
head.  These  pumps  are 
ordinarily  designed  to  oper- 
ate at  a piston  speed  of 
from  30  ft.  per  min.,  for 
pumps  of  6-in.  stroke,  or 
less,  to  7 5 or  80  ft.  per  min., 
for  pumps  of  16-in.  stroke 
or  over.  These  low  piston 
speeds,  in  turn,  require  extremely  low  shaft  speeds,  as  oompared  with  the 
ordinary  motor  speeds.  This  condition  is  met  by  installing  a slow-epeed 
motor  with  belt  or  silent-chain  drive,  by  a double  gear  reduction,  or  by  a 
combination  of  the  two.  This  reduction  in  speed,  especially  when  accom- 
plished by  the  double  gears,  necessarily  involves  a considerable  loss  of  power, 
and  this  loss  should.  De  considered  m comparing  pump  efficiencies.  The 
efficiency  increases  with  the'  capacity  of  the  pump,  for  tne  same  reason  that 
the  efficiency  of  similar  pieces  of  apparatus  increases  with  the  sise. 

ICS.  Reciprocating-pump  types.  Most  displacement  pumpe  are  of 
the  reciprocating  type.  In  very  small  sixes,  they  are  generally  single-cylinder 
pumps,  while  m the  larger 


Pio.  23. — Efficiency  curves  of  triplex  pumps 
under  various  beads. 


sixes  they  are  more  frequently 
triplex  pumpe.  While  moet 
manufacturers  of  this  type  of 
pump  build  duplex  pumps,  the 
latter  have  not  found  favor  to 
the  same  extent  that  the  other 
two  types  have.  All  simplex, 
duplex  and  triplex  pumps  are 
buut  in  both  the  single-acting 
and  double-acting  pattern,  t.e., 
built  to  discharge  only  during 
one  stroke  of  eaoh  revolution 
or  during  both  strokes.  It 
should  be  noted  that  in  the 
ease  of  the  single-acting 
pump,  the  simplex  pump 
gives  one  impulse,  the  duplex 
two  and  the  triplex  three  im- 
pulses per  revolution,  while  in 
the  case  of  the  double-acting 
type,  the  simplex  gives  two, 

S’  t^^revol*  ^-Efficiency  curve,  of  rotary  pump. 
Where  uniformity  of  discharge 
and  absence  of  pulsations  is 
of  primary  importance,  this  feature  will  have  a very  direct  bearing  on  the 
type  of  pump  selected. 

1M.  Rotary  pumps  in  their  essential  parts  consist  of  two  rotating 
elements,  sometimes  called  impellers  or  earns,  enclosed  in  a casing.  These 


under  various  heads. 
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two  dements  “mesh”  in  much  the  same  manner  aa  a pair  of  gea n,  bearing 
on  each  other  in  line  contacts.  Consequently,  any  wear  that  occurs  cannot 
be  compensated  for  by  paoking  or  by  adjustment  of  the  moving  parts.  The 
slip  in  this  type  of  pump  is  caused  by  the  leakage  through  the  line  contact 
of  the  impellers  ana  through  the  clearance  space  between  the  ends  of  the 
i Hipellers  and  the  pump  oasing.  While  these  pumps  do  not  require  priming, 
they  frequently  have  a small  connection  from  the  discharge  pipe  back  into 
the  pump  casing  to  “seal"  the  joints  between  the  impellers,  as  well  as  the 
small  clearance  space  between  the  impellers  and  the  casing. 

These  pumps  are  primarily  designed  for  low-head  work  and  show  thei' 
atest  efficiency  at  low  heads.  When  used  for  high-head  work,  it  is  gen- 
erally  for  intermittent  service,  such  as  fire-pump  service.  They  probabl; 
find  their  greatest  field,  however,  in  pumping  heavy  oils,  liquid  tar,  syruj 
and  liquid  food  products  of  various  kinds.  The  speeds  are  usually  so  lo* 
that  motors  of  ordinary  speed  must  be  geared  or  belted  to  the  pump  shaft. 

1*4.  Efficiency  of  rotary  pumps.  Typical  efficiency  curves  of  this 
type  of  pump  are  shown  in  Fig.  23.  These  curves,  like  the  ourves  in  Fig.  23, 
do  not  represent  the  performance  of  a single  pump,  but  rather  the  eft- 
cie notes  of  a series  of  pumps,  designed  for  definite  conditions  of  capacity  and 
load,  plotted  in  a single  curve. 

CENTRIFUGAL  PUMPS 

it*.  Mechanical  construction.  Centrifugal  pumps  for  low  heads  are 
almost  always  of  volute  type,  but  manufacturers  and  designing  engineer* 
apparently  differ  as  to  the  beet  practice  to  be  followed  for  pumps  dischargisc 
against  higher  heads.  The  turbine  and  the  volute  types  of  pump  use  sub- 
stantially the  same  type  of  impeller.  The  difference  between  the  two  type 
lies  in  the  design  of  the  water  passages  of  the  casing.  The  volute  pump,  asits 
name  implies,  has  these  water  passages  built  in  the  form  of  a volute,  increaaag 
in  sise  toward  the  discharge  opening.  For  the  lower  heads,  the  velocity  « 
the  water  is  comparatively  slow  and  there  is  little  or  no  “ churning”  and 
“eddying."  Moreover,  as  this  type  of  pump  is  .cheaper  to  build  than  a tur- 
bine pump,  the  reason  for  its  popularity  for  low  heads  is  evident.  For  higher 
heads,  however,  the  velocity  in  the  pump  casing  is  necessarily  great,  and  this 
increases  the  tendency  to  form  eddies  with  resultant  loss  of  efficiency.  To 
meet  this  situation,  some  builders  resort  to  diffusion  vanes.  These  vanes  are 
a part  of  the  pump  casing  and  simply  act  as  guides  to  direct  the  flow  of  the 
water  and  prevent  eddies.  To  be  effective  and  not  cause  loss  of  head,  they 
must  be  of  a design  which  will  provide  water  passages  with  long  easy  curves 
and  will  change  the  velocity  head  of  the  water  leaving  the  impeller,  to  pressure 
head  without  shock.  When  these  vanes  are  added,  the  casing  is  no  longer 
built  of  volute  shape  and  the  pump  is  then  called  a turbine  pump. 

144.  The  Importance  of  suction  lift  in  the  selection  of  a pomp. 
One  of  the  fundamental  factors  in  the  relative  performance  of  displacement 
pumps  and  centrifugal  pumps  is  that  the  former  are  capable  of  creating  a 
partial  vacuum  in  the  suction  connection  without  priming  (Par.  147),  while 
the  latter  are  not.  This  one  characteristic  at  once  eliminates  the  centrifu- 
gal pump  from  consideration  in  all  cases  where  the  pump  must  necessarily 
be  located  above  the  level  of  the  water,  and  where  it  is  not  practicable  to 
prime  the  pump  at  starting.  Where,  for  other  reasons,  it  appears  deetrabk 
to  install  a centrifugal  pump  under  conditions  where  it  must  “lift"  its 
supply,  some  provision  must  be  made  to  prime  the  pump  and  its  suctioa 
connections,  ».«.,  to  fill  them  with  water  and  expel  all  of  the  air  that  may 
have  accumulated. 

147.  Priming.  In  large  centrifugal  pumps,  this  priming  is  usually  ac- 
complished by  actually  "lifting"  the  water  through  the  suction  pipe  and  the 
pump  from  the  source  of  supply  by  some  auxiliary  device.  Where  steam  ii 
available,  a steam  syphon  is  a very  satisfactory  means  of  accomplishing 
this  result.  Where  condensing  apparatus  is  used,  the  water  may  be  lifted  ’ 
into  the  pump  by  means  of  a connection  from  the  vacuum  chamber  of  the 
condenser  to  the  pump  casing.  Where  no  such  auxiliary  devices  are  avail- 
able or  their  installation  impracticable,  a hand  pump  may  be  installed.  Is 
the  case  of  small  pumps,  this  result  is  usually  accomplished  by  installing  s 
check  valve  in  the  suction  line  or,  better  still,  a foot  valve  at  tine  bottom  of 
the  suction  line.  In  addition,  a "priming"  connection  is  made  to  some 
available  supply  so  that  by  opening  the  valve  or  connection,  the  pump  and 
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motion  line  are  filled  with  water,  a vent  cock  being  usually  provided  in  the 
top  of  the  easing  to  allow  the  escape  of  air  while  the  pump  and  suction  line 
are  being  filled.  The  pump  is  then  started,  but  not  until  the  suction  line 
and  pump  easing  are  entirely  filled  with  water.  Once  the  pump  is  in  opera* 
tion,  it  will  continue  to  pump  with  practically  no  danger  of  losing  its  priming, 
unless  the  suction  lift  becomes  abnormally  high  or  air  leaks  into  the  suction 
pipe  or  pump  casing. 

ltt.  Attainable  suction  lift.  With  all  air  leaks  eliminated,  almost  any 
good  centrifugal  pump  may  be  depended  on  for  a suction  lift  of  15  ft.  (after 
it  has  been  primed  and  started).  Under  favorable  conditions,  this  may  be 
increased  to  20  ft.  suction  lift.  While  there  are  centrifugal  pumps  operating 
under  greater  than  20  ft.  suction  lifts,  this  requires  the  beet  of  conditions, 
both  as  to  pump  and  connections,  and  even  then  it  must  be  understood 
that  these  same  pumps  would  be  much  more  reliable  and  dependable  if  the 
suetion  lift  were  reduced  to  20  ft.,  or  less.  This  same  characteristic  makes  a 
centrifugal  pump  much  more  sensitive  to  air  leaks  in  the  suction  connection 
than  a displacement  pump.  An  air  leak  in  the  suction  line  of  a centrifugal 
pump  which  is  not  even  sufficient  to  cause  a displacement  pump  to  “ knock" 
may  cause  a centrifugal  pump  to  ‘‘lose  its  suction”  or  ‘‘priming.” 


ltt.  Multi-stage  pumps.  A pump  designed  to  deliver  100  gal.  per  min., 
against  a head  of  75  ft.,  will  require  exactly  the  same  h.p.  to  deliver  100  gal. 
per  min.,  against  80  ft.  head,  with  the  supply  flowing  to  the  pump  under  a 
head  of  5 ft.,  or  to  deliver  100  gal.  per  min.,  against  125  ft.  nead,  with  the 
supply  flowing  to  the  pump  under  a head  of  50  ft.  This  characteristic  is 
taken  advantage  of  in  designing  pumps  for  heads  higher  than  can  be  satis- 
factorily met  by  single-stage  pumps,  by  using  two  or  more  pumps  in  series. 
These  may  be  entirely  separate  and  distinct  pumps,  the  discharge  of  one 
oonnected  into  the  ouotion  of  the  other  by  pipe,  or  all  of  the  pumps  or  stages 
may  be  housed  in  one  easing.  For  ordinary  motor  speeds,  centrifugal 
pumps  are  usually  built  single-stage  for  heads  up  to  100-150  ft.,  depending 
on  the  capacity  of  the  pump  and,  therefore,  the  sice  of  the  impeller.  As 


on  the  capacity  of  the  pump  and,  therefore,  the  sice  of  the  impeller.  As 
the  peripheral  speed  of  the  impeller  increases,  either  on  account  of  larger 
diameter  or  of  higher  rotative  speed,  the  allowable  head  per  stage  increases 
correspondingly.  When  several  centrifugal  pumpe  are  installed  in  the  same 
station,  they  may  be  so  connected  that  by  the  operation  of  a few  valves, 
the  pumpe  can  be  operated  in  series  against  a head  aggregating  the  combined 
working  heads  of  all  the  pumpe,  the  capacity  remaining  the  same  as  for  one 
pump;  or  they  may  be  operated  in  parallel,  giving  the  total  combined  ca- 
pacity, the  limiting  head  in  this  case  being  the  same  as  for  a single  pump. 

170.  The  up-keep  expense  of  centrifugal  pumps  is  usually  small 
for  the  reason  that  the  only  moving  parts  in  contact  are  the  shaft  and  bear- 
ings. The  clearance  between  the  impeller  and  casing  is  almost  always 
neater  than  the  permissible  wear  of  the  bearings,  so  that  there  is  little 
likelihood  of  the  two  ooraing  into  contact.  Even  if  they  did,  this  would 
probably  be  detected  and  the  pump  shut  down  before  any  damage  was  done. 

High-head  conditions  require  nigh  impeller  velocity,  which  giree  high 
velocity  to  the  water  leaving  the  impeller.  In  order  to  obtain  good  efficiency 
these  conditions  demand  high  velocities  in  the  diffusion  chamber  (if  there 
be  one)  and  in  the  volute.  High  velocity  of  water  results  in  rapid  corrosion 
of  east  iron,  the  usual  material  used  for  volute  pumps.  This  corrosion 


occurs  wherever  the  water  at  high  velocity  comes  in  contact  with  the  iron, 
and  particularly  so  wherever  a sudden  change  in  direction  of  flow  occurs 
which  will  cause  shock  and  the  formation  of  eddies.  However,  it  is  often 
found  that  the  efficiency  of  centrifugal  pumps  increases  slightly  after  they 
have  been  in  service  for  a time  and  this  is  due  to  the  scouring  action  of  the 
water  on  the  surfaoe  of  the  water  chambers. 

171.  Piping  connections.  From  the  principle  of  operation  of  centrifu- 
gal pumps  and  especially  of  turbine  pumps,  the  velocity  in  the  pump 
oastag  is  very  likely  to  be  higher  than  good  practice  would  permit  for  velocity 
of  water  in  pipes,  consequently  the  sise  of  the  pipe  connection  should  be 
ealculated  on  the  basis  of  allowable  velocity  in  the  pipe  rather  than  simply  to 
make  the  connection  of  the  site  of  the  suction  and  discharge  openings  of  the 
pump.  To  avoid  shook,  due  to  sudden  change  of  section  of  the  pipe,  this 
change  in  sise  of  pipe  should  be  made  by  means  of  a standard  “increaser” 
or  "reduoer,"  and  this  fitting  should  be  installed  at  the  pump  opening.  As 
already  pointed  out,  the  auction  connections  must  be  absolutely  air  tight  if 
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satisfactory  operation  is  to  be  obtained.  Incidentally,  also  the  nackinf 
glands  must  be  drawn  up  tight,  but  only  tight  enough  to  prevent  l2u«* 
care  being  taken  to  avoid  excessive  friction  on  the  shaft  at  this  point.  8oat 
pumps  have  a connection  from  the  discharge  chamber  to  the  glands  in  order 
to  keep  them  under  a “ water  seal  ” at  all  times.  When  this  connection  » 
provided,  the  glands  Bhould  be  loose  enough  to  permit  constantly  a slight 
leakage. 
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the  preeetire  rises  at  first  above  the  “shut-off  pressure  ” and  then  falls  as  the 
capacity  is  increased.  While  the  shape  of  the  curve  depends  primarily  on 
the  shape  of  the  impeller  vanes,  it  will  be  found  in  general,  although  by  no 
means  in  every  case,  that  volute  pumps  will  show  a curve  similar  to  Fig.  26 
and  turbine  pumps  a curve  similar  to  Fig.  27.  With  a capacity- head  char- 
acteristic curve  similar  to  that  in  Fig.  26,  the  horse-power  curve  usually 
reaches  a maximum  slightly  above  normal  capacity  and  then  drops  off. 
This  feature  is  very  important  in  the  selection  of  a pump  for  service  where 
the  head  is  likely  to  be  materially  reduced  at  times,  as  it  will  prevent  the 
motor  from  being  overloaded.  A pump  with  the  characteristics  shown  in 
Fig.  27  should  be  used  only  where  there  is  no  likelihood  of  its  being  operated 
at  heads  greater  than,  equal  to,  or  approaching  the  ‘ ‘shut-off  pressure/’  or 
where  the  head  is  likely  to  be  reduced  to  a value  considerably  below  the 
normal  working  head.  At  heads  equal  to,  or  greater  than  the  "shut-off 
pressure/’  there  are  two  capacities  corresponding  to  each  condition  of  head. 
At  these  points,  the  operation  becomes  unstable  with  a probability  that  the 
pump  will  discharge  intermittently,  the  water  surging  up  and  down  in  the 
discharge  pipe.  With  heads  below  normal,  the  capacity  and  the  horse 
power  keep  increasing  with  the  result  that  the  motor  is  likely  to  become 
dangerously  overloaded.  In  general,  the  characteristic  curve  of  the  volute 
pump,  ana  at  least  within  the  ‘ ’working  limits/'  the  curve  .of  the  turbine 
pump,  show  that  for  constant  speed,  the  capacity  increases  as  the  head 
decreases  and  vice  versa,  with  but  little  change  of  power  required. 

173.  Performance  under  variable  speed.  Fig.  28  shows  the  effect 
of  operating  a given  pump  at  variable  speed.  It  will  be  noted  that  the 
efficiency,  the  head  and  the  capacity  all  fall  off  rapidly  as  the  speed  is  de- 
creased, so  that  there  is  little  or  nothing  to  be  gained  by  the  use  of  a vari- 
able speed  motor  except,  perhaps,  in  special  cases.  These  curves  also  show 
that  the  power  required  at  starting  is  very  low,  permitting  the  pump  to  be 
started  even  against  normal  head  without  the  use  of  a by-pass  and  without 
requiring  heavy  starting  currents  in  the  motor — a most  desirable  feature. 

AIR  COMPRESSORS 

BT  JOSEPH  H.  BROWN 

Manager,  Sullivan  Machinery  Co. 

174.  Rating.  . The  rating  of  air  compressors  is  made  on  the  basis  of  the 
pistdn  displacement  of  free  air  per  min.,  and  in  designing  a motor  drive, 
the  first  problem  which  arises  is  the  determination  of  the  power  output 
required  of  the  motor  for  the  compressor  operating  under  the  desired 
conditions. 

176.  Measurement  of  discharge.  The  relation  between  the  piston 
displacement  and  the  amount  of  air  actually  delivered  has  been  taken,  in 
the  past,  from  indicator  cards,  but  this  method  is  extremely  inaccurate, 
since  slippage  due  to  leakage  past  the  piston  rings  and  leakage  back  into  the 
oylinder  through  discharge  valves,  cannot  be  deteoted.  As  a matter  of 
fact,  these  leakages  tend  to  make  an  apparently  better  card  and  to  increase 
the  apparent  volumetrio  efficiency.  Recent  tests  have  been  made  by  dis- 
charging .the  compressed  air  through  orifices  and  calculating  the  quantity  of 
free  air  delivered  per  min.  by  the  following  formula  (Par.  176). 

176.  The  discharge  formula  may  be  stated  as  follows: 

Q - 3.64Xd*\/ HT/Pm  where  Q — ou.  ft.  of  air  per  min.  at  observed 
temperature  of  upstream  side  of  nossle;  d — diameter  of  smallest  part  of 
nossle  throat  in  inches:  H — observed  water  column  in  inches;  T — abso- 
lute temperature  of  air  entering  nossle,  which  is  observed  temperature 
F + 460;  Pm  ■»  absolute  mean  pressure  between  entering  and  leaving  sides 
of  nossle,  lb.  per  sg.  in.;  K -»  coefficient  of  nossle.  With  well-rounded 
edges  the  coefficient  is  between  0.08  and  0.99.  The  nossle  should  be  of  such 
a sue  that  the  pressure  on  the  upstream  side  will  not  be  more  than  a pound 
per  square  inch  above  the  atmosphere.  The  air  delivered  by  the  compressor 
is  first  passed  into  the  regular  discharge  line  receiver  where  the  pressure  is 
maintained  constantly  at  the  rated  point  by  bleeding  the  air  through  a 
valve  into  a second  receiver  which  is  provided  with  the  nossle.  The  diame- 
ter of  this  seoond  receiver  must  be  at  least  two  and  a half  times  the  smallest 
diameter  of  nossle  throat  (preferably  larger)  and  should  be  from  10  to  15 
or  more  feet  long. 
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The  quantity  Q is  reduced  to  Qi,  its  equivalent  at  the  temperatonofikt 
compressor  intake,  by  the  following  formula  Qi  — Q X Ti/T,  where  ri* 
absolute  temperature  of  air  at  compressor  intake.  The  delivery  of  cn.fi  of 
air  per  minute  then  equals  Qi. 

177.  Efficiency.  In  practice  it  is  found  that  two-stage  compressor! 
show  volumetric  efficiencies  varying  from  84  per  cent,  to  76  per  cent  *t 
speeds  of  about  200  rev.  per  min.  with  a terminal  pressure  of  100  lb.  gue. 
Single-stage  compressors  under  the  same  conditions  show  volumetric  effi- 
ciencies varying  from  71  per  cent,  to  57  per  cent. 

The  above  figures  may  be  used  in  determining  the  actual  amount  of  air 
delivered  by  the  compressor.  The  power  required  per  cu.  ft.  of 
depends  upon-  the  type  of  compressor,  whether  single-stage  or  multi-stage, 
and  upon  the  method  of  driving,  whether  direct-connected,  belted  or  gesred 
(Par.  180  and  181). 

178.  Two-stape  compression  should  be  used  for  capacities  over  200  or 
300  cu.  ft.  per  min.,  where  the  pressure  is  between  40  and  200  lb.  per  aq.  ia 
Not  only  is  there  a saving  in  power  of  approximately  10  to  20  per  cent.,  but 
the  reduced  terminal  temperature  permits  better  lubrication. 

179.  Theoretical  power  required  to  compress  air.  For  the  ordinary 
working  pressure  of  100  lb.,  the  theoretical  power  required  for  isotherm) 
compression  of  1 cu.  ft.  of  free  air  per  min.  is  0.131  h.p.  To  this  must  be 
added  the  power  lost  in  friction  and  that  given  off  as  heat,  during  compreaaio: 
(Par.  182). 

180.  Test  of  a direct-connected  compressor.  In  a test  made  in  N> 

York  City  in  January,  1912,  the  power  input  to  the  motor  was  23.26  bp. 
per  100  cu.  ft.  of  free  air  per  min.  compressed  to  100  lb.  per  sq.  in.  gsp 
pressure  and  actually  delivered  through  orifices.  The  compressor  tesMi 
was  direct-connected  to  a 400-h.p.,  188-rev.  per  min.,  self-starting  synchron- 
ous motor  with  belted  exciter.  The  low-pressure  cylinder  was  26  in.  is 
diameter,  the  high-pressure  cylinder  15.5  in.  in  diameter,  stroke  18  in-, 
and  the  displacement  capacity  2,070  cu.  ft.  at  188  rev.  per  min.  The 
volumetric  efficiency  at  this  speed  as  shown  by  the  orifice  test  wss  88  per 
cent.  The  horse-power  input  at  full-load  was  425,  and  the  indicated  her* 
power  of  the  air  cylinders  was  350.  The  overall  mechanical  effideary 
including  motor,  exciter  and  compressor  was  82.3  per  cent. 

181.  Comparison  of  direct-connected  compressor  with  belted 
compressor.  For  the  purpose  of  comparison  with  a belted  compressor 
where  the  power  is  usually  specified  as  that  delivered  at  the  compressor 
pulley,  the  efficiency  shown  in  Par.  180  may  be  divided  into  91.5  per  cent,  for 
motor  and  exciter  and  90  per  cent,  for  the  compressor.  This  givee  a motor 
output  of  389  h.p.,  or  21.4  h.p.  per  100  cu.  ft.  of  air  delivered.  Compered 
with  isothermal  compression,  the  overall  efficiency,  exclusive  of  motor  end 
exciter,  is  61  per  cent.,  and  with  motor  and  exciter  included,  the  orerell 
efficiency  is  56  per  cent.  In  a belt  drive  there  will  be  a further  loss  of  from 
5 per  cent,  to  10  per  cent.,  depending  upon  the  efficiency  of  the  belt  drite. 

182.  Computation  of  required  horse  power.  The  figures  in  Par  181 
may  be  used  in  computing  required  horse  powers  from  tables  showing  po*« 
used  in  isothermal  compression  at  other  pressures,  and  will  be  found  approxi- 
mately correct  for  machines  of  over  100  n.p.  rating.  In  the  case  of  maebrna 
of  less  than  100  h.p.  rating,  allowance  should  be  made  for  reduced  meehaB- 
ical  efficiency  of  both  compressor  and  motor.  In  comparing  these 
with  those  obtained  from  other  sources,  it  should  be  noted  that  these  result* 
are  calculated  from  actual  delivery,  and  not  from  piston  displacement 

183.  Advantages  of  direct  connection.  The  ideal  motoe-drm  to 
air  compressors  is  direct  connection,  and  this  should  be  used  w*ier^? 
possible  on  machines  of  100  h.p.  and  above.  No  power  is  wasted  in  the  ben 
transmission,  the  upkeep  cost  of  the  belt  is  eliminated  and  there  is  a grew 
saving  in  floor  space.  Compressors  are  new  designed  to  give  good  volume#* 
efficiency  at  speeds  up  to  225  or  250  rev.  per  min.  by  the  use  of  piste  ralvw* 
unobstructed  air  passages,  and  ample  discharge  valve  area. 
synchronous  motors  can  be  obtained  which  will  operate  at  the  desired 
and  this  type  of  motor  is  admirably  adapted  for  such  service.  The  exottf 
is  usually  belt-driven  from  a pulley  on  the  compressor  shaft. 
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184.  Un  of  fly-whoola  with  synchronous  motor  drive.  Unless  the 
compressor  is  of  a type  thftt  requires  no  fly-wheel  effect  (such  as  tne  ancle 
compound  design)  a fly-wheel  must  be  provided,  since  the  rotors  of  standard 
synchronous  motors  do  not  give  the  necessary  WR1. 

188.  Belt-drive  is  used  on  small  compressors,  also  in  the  case  of  larger 
installations  of  a temporary  nature,  where  economy  of  power  and  floor  space 
is  not  imperative,  or  where  first  cost  and  delivery  must  be  considered. 
In  this  connection,  however,  it  is  important  to  note  that  on  the  New  York 
City  tunnel  of  the  Catskill  Aqueduot,  where  the  compressors  were  in  service 
only  from  2 to  3 years,  the  great  majority  were  of  the  direct-connected 
typo. 

188.  The  short  bolt-drive  has  come  into  active  use  and  makes  a very 
desirable  arrangement  for  small  installations.  The  motor  and  compressor 
shafts  are  brought  closely  together  and,  by  use  of  an  idler  pulley  which  rides 
on  the  belt,  sufficient  are  of  belt  contact  is  secured  on  both  driving  and  driven 
pulleys,  and  the  results  are  entirely  satisfactory.  For  this  purpose  the  belt 
should  be  made  endless,  in  order  that  no  lacing  will  be  required.  The  econ- 
omy of  floor  space  obtained  by  this  arrangement  has  practically  done  away 
wish  tsar-drive  for  air  compressors  except  in  the  case  of  very  small  machines 
of  the  portable  type.  The  only  redeeming  quality  of  the  gear-drive  was  its 
compactness,  and  it  was  always  objectionable  on  account  of  noise  and  wear 
even  when  the  drive  was  of  the  most  improved  type. 

187.  Regulation  of  air  discharge.  Since  the  demand  for  air  is  almost 
always  intermittent,  and  the  compressor  must  operate  at  constant  speed, 
some  method  of  regulating  the  amount  of  air  compressed  and  delivered  must 
be  employed.  # Various  devices  are  used.  With  some  types  of  mechanic- 
ally operated  inlet  valves  provision  is  made  to  hold  them  open  during  the 
whole  or  part  of  the  compression  stroke,  but  any  mechanism  of  this  nature 
has  the  objection  of  complicated  moving  parts,  and  furthermore  the  com- 
pressor must  be  limited  to  comparatively  slow  speed  to  allow  for  proper 
operation. 

188.  Regulation  bv  clearance  control.  In  this  method  clearance 
spaces  are  provided  which  communicate  with  the  cylinder  through  valves 
controlled  by  the  governor.  The  compressed  air,  instead  of  being  delivered 
to  the  line,  passes  into  this  clearance  space  and.  on  the  return  stroke  of  the 

• piston,  returns  to  the  cylinder  and  expands  again  behind  the  piston.  A part 
of  the  work  of  compression  is  recovered  in  this  re-expansion,  but  this  method 
of  control  is  inefficient  because  a considerable  amount  of  power  is  wasted  in 
heat  which  cannot  be  regained,  and  there  is  also  some  leakage. 

188.  Regulation  by  use  of  an  unloading  valve.  The  most  satisfactory 
and  eoonomical  method  of  regulation  is  the  combination  of  an  unloading 
valve  on  the  intake  cylinder  and  an  atmospheric  relief  valve  on  the  dis- 
charge, or  high-pressure  cylinder.  The  unloading  valve  on  the  intake  is  con- 
nected to  the  air  receiver,  and  a rise  in  pressure  causes  it  to  close.  All  air 
is  then  cut  off,  and  as  soon  as  the  system  is  pumped  out,  the  low-pressure 
piston  operates  in  a vacuum.  But  there  will  be  a slight  leakage  past  the 
valve  ana  around  the  piston-rod  stuffing  box,  and  provision  must  be  made  for 
allowing  this  air  to  escape.  If  this  is  not  done,  a small  amount  of  air  will  be 
carried  over  into  the  high-pressure  cylinder  and  compressed  over  and  over 
again,  resulting  in  dangerously  high  temperatures  ana  waste  of  power.  An 
atmospherio  relief  valve  is  therefore  provided  which  is  operated  automatically 
after  tne  unloading  valve  is  closed.  This  relief  valve  shuts  off  communica- 
tion between  the  pressure  line  and  the  high-pressure  cylinder,  and  at  the 
same  time  opens  a free  exhaust  from  the  high-pressure  cylinder  to  the 
atmosphere. 

When  the  pressure  in  the  receiver  falls  slightly,  the  intake  unloader  opens, 
then  the  relief  valve  closes,  and  the  work  of  compression  is  again  taken  up. 
This  cycle  is  secured  without  shock,  as  the  operation  is  comparatively  gradual 
and  as  an  appreciable  space  of  time  is  taken  to  fully  load  or  unload.  With 
this  method  of  control  the  machine  is  either  operating  at  its  most  efficient 
point  (full-load)  or  else  no  work  is  being  done  except  that  necessary  to 
overcome  the  friction  of  the  moving  parts. 

180.  A load  factor  of  60  per  cent,  may  be  taken  as  an  average  figure  for 
compressor  operation.  In  the  test  referred  to  above  (Par.  180),  the  com- 
was  equipped  with  combination  unloading  valves  and  the  power 
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required  at  60  per  cent,  load  factor  was  3.1  kw-hr.  per  1,000  cu.  ft.  of  free  sir 
actually  delivered  at  100  lb.  pressure.  A compressor  of  the  same  capacity 
and  type,  but  fitted  with  clearance  oontrol,  was  also  tested  at  the  same  tine, 
and  at  60  per  cent,  load  factor  the  power  required  was  3.5  kw-hr.  per  UQOO 
cu.  ft.,  or  12.9  per  fcent.  greater. 

191.  Starting . No  special  difficulties  are  encountered  in  starting,  aac* 
the  compressor  is  started  without  load  and  the  load  is  not  thrown  on  until 
the  machine  is  up  to  normal  speed. 

191.  Automatic  starting  and  stopping  is  not  recommended  for  lance- 
units  or  for  installations  where  the  starting  and  stopping  is  at  all  frequent . 
It  is  of  value  where  the  compressor  is  of  small  sise  and  the  demand  for  air  very 
intermittent  with  long  intervals  where  no  air  whatever  is  required.  The 
compressor  should  be  arranged  so  as  to  start  unloaded  and  not  throw  on 
the  load  until  the  motor  is  up  to  speed. 

FANS  AND  BLOWERS 

BT  MERTON  8.  LEONARD 

Chief  Engineer,  B.  F.  Sturtevant  Co.,  Member  American  Society  of  Mechanical 
Engineer  t 

191.  Definitions.  Fans  will  here  include  only  centrifugal  fans  having 
inlet  at  centre  and  discharging  at  the  periphery,  either  directly  or  through  a 
casing  which  directs  the  air  to  the  outlet;  and  propeller  fans  which  move 
the  air  in  an  axial  direction  by  propulsive  force,  similar  to  the  propeller  of  s 
ship;  Blowers  will  here  include  only  positive  rotary  blowers,  which,  by 
the  action  of  a rotating  impeller  or  impellers  in  a very  closely  fitting  cash*, 
create  pressure  by  direct  compression. 

194.  Characteristics  of  fans  and  blowers.  Fans  and  blowers,  fcke 
pumps  and  unlike  most  other  machines,  may  operate  with  equal  efficiency 
at  any  speed  which  their  mechanical  strength  Bafely  allows  They  nay 
also  discharge,  in  practice,  through  orifices  varying  in  area  from  that  of  their 
full  discharge,  to  a very  small  per  cent,  of  the  full  outlet.  The  efficiency 
varies  with  different  orifice  areas,  but  not  according  to  any  fixed  law  for  all 
designs. 

The  horse  power  for  any  fan  or  blower,  if  the  area  of  the  discharge  orifice 
remains  unchanged,  varies  directly  as  the  cube  of  the  speed;  also,  if  the  sren 
of  the  discharge  orifice  remains  unchanged  and  the  speed  is  constant,  the 
horse  power  varies  directly  with  the  density  of  the  gas  being  handled. 

195.  The  horse  power  of  a centrifugal  fan,  if  the  speed  remains  un- 
changed, generally  decreases  as  the  area  of  discharge  orifice  is  decreased  - 
In  some  designs  the  horse  power  with  rated  orifice  is  not  over  one-third  of  the 
horse  power  with  orifice  equal  to  area  of  fan  outlet,  and  in  other  designs  it 
is  very  little  less  at  rated  orifice  than  with  unrestricted  orifice. 

196.  The  horse  power  of  a propeller  fan,  if  the  speed  remains  un- 
changed, increases  as  the  area  of  the  discharge  orifice  is  decreased.  In  some 
designs  the  horse  power  with  rated  orifice  is  not  over  one-quarter  of  the  horse 
power  with  complete  restriction. 

197.  The  horse  power  of  a positive  blower  t if  the  speed  remains  un- 
changed, increases  as  the  area  of  the  discharge  onfice  is  decreased.  Owing 
to  the  small  clearances  in  these  machines  the  horse  power  increases  great  hr 
with  decrease  of  orifice,  but  blowers  are  provided  with  relief  valves  which 
can  be  set  to  limit  this  as  desired. 

198.  Types  of  motors  adapted  to  various  fans.  For  driving  centri- 
fugal fans,  with  direct-current  supply,  shunt-wound  motors  should  be  used 
For  driving  propeller  fans  either  snunt-wound  or  series-wound  motors  car 
be  used,  with  direct-current.  The  series-wound  motor  is  preferable,  d 
readily  obtainable.  For  driving  positive  blowers,  with  direct-current  supply, 
shunt-wound  motors  should  be  used.  Induction  motors  are  commonly  used, 
with  alternating-current  supply,  for  all  types. 

199.  Starting  torque.  As  the  torque  required  to  start  any  fan  or  blower 
is  only  that  required  to  overcome  the  friction  of  the  bearings,  which  are 
usually  two  in  number,  and  the  inertia  of  a comparatively  ught  rotating 
part,  no  special  consideration  need  be  paid  to  this  feature. 
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tM.  Method  of  control  (direct- current) . .When  a fan  or  blower  ii 
required  to  operate  at  only  one  speed  under  all  conditions  of  servioe,  a start- 
ing rheostat  with  no-voltage  release  should  be  used.  If  there  is  a possibility 
of  a condition  arising  in  the  system  whioh  will  increase  the  horse  power  above 
the  capacity  of  the  motor,  as  in  the  case  of  a centrifugal  fan  so  arranged  that 
all  air  resistance  may  be  removed  by  the  changing  of  dampers  or  opening  of 
doors,  or  in  the  case  of  a propeller  fan  which  may  have  its  delivery  entirely 
blocked  by  a shutter,  or  in  the  case  of  a positive  blower  which  may  have  its 
delivery  restricted  by  the  closing  of  blast  gates,  an  overload  release  should 
also  be  provided. 

A starting  and  regulating  rheostat  with  no-voltage  release  should  be  used 
where  a fan  or  blower  is  required  to  operate  under  varying  conditions  at 
speeds  below  normal,  but  operates  the  greater  part  of  the  time  at  normal 
speed.  Such  equipment  should  also  be  used  where  speed  varying  below 
normal  is  required,  and  the  cost  of  energy  is  not  important.  See  Par.  919. 

When  a fan  or  blower  is  required  to  operate  at  varying  speeds,  and  operates 
the  greater  part  of  the  time  at  less  than  its  maximum  speed,  or  where  varying 
speed  is  required  and  economy  of  operation  is  more  desired  than  low  first 
cost,  a starting  rheostat  with  no- voltage  release  should  be  used  in -combina- 
tion with  a field  controller.  The  speed,  with  this  arrangement,  is  adjusted 
by  variation  of  resistance  in  the  field  circuit.  From  10  per  cent,  to  25  per 
oent.  speed  increase  by  field  control  and  50  per  cent,  decrease  by  armature 
regulation,  are  very  common  specifications  for  fan  motors  in  high-grade 
installations. 

SOI.  Remote  control.  Any  of  these  devices  (Par.  100)  may  be  arranged 
for  remote  control,  or  for  automatic  speed  control  to  maintain  constant 
volume  or  constant  pressure  of  air  from  the  fan  or  blower,  or  to  maintain 
constant  steam  pressure  at  the  boilers  in  the  case  of  mechanical  draft  fans. 
Automatic  speed  control  of  fan  and  blower  motors  is  not  recommended, 
sinoe  it  is  very  likely  to  give  trouble  on  account  of  its  complexity  ana 
refinement. 

SOS.  Method  of  control  (alternating-current).  Any  method  of  con- 
trol which  is  adaptable  to  alternating-current  motors  in  general  is  suitable 
for  alternating-current  fan  motors.  However,  such  motors  are  usually 
arranged  to  operate  at  only  one  speed,  and  are  provided  only  with  a start- 
ing device.  If  it  is  necessary  to  vary  the  volume  or  pressure  of  the  fan  or 
blower,  it  may  be  accomplished  by  throttling  the  air  with  a damper. 

SM.  Methods  of  direct  connection.  Whenever  feasible  it  is  best  to 
mount  the  fan  wheel  directly  upon  the  motor  shaft.  This  can  usually  be 
done  with  small  centrifugal  fans  and  with  propeller  fans  up  to  about  60  in. 
diameter;  however,  the  deflection  and  the  critical  speed  of  the  shaft  should 
be  investigated  to  determine  whether  or  not  this  is  safe. 

When  it  is  not  feasible  to  mount  the  fan  wheel  upon  the  motor  shaft,  it  is 
best  to  provide  the  fan  with  two  bearings  and  connect  the  motor  by  means  of 
a flexible  ooupling.  It  is  more  common,  however,  on  account  of  low  cost  and 
•pace  economy  to  provide  the  fan  with  one  bearing  and  connect  the  motor 
by  means  of  a solid-flange  ooupling.  If  this  is  done,  care  must  be  taken 
properly  to  align  the  bearings,  and  to  maintain  the  alignment. 

104.  If  a fan  handles  hot  gases,  means  must  be  provided  for  the  pro- 
tection of  the  motor  from  the  neat.  This  is  accomplished  by  cooling  the 
•haft  or  the  bearings  with  water,  or  by  separating  the  motor  and  the  fan  with 
a long  shaft  extension,  or  by  driving  the  fan  with  a belt  or  chain. 

100.  Suppression  of  noise.  If  there  is  danger  of  noise  being  trans- 
mitted through  the  air  ducts,  as  in  auditoriums,  theatres,  schools,  churches 
and  hospitals,  it  is  often  better  to  drive  the  fan  by  belt  from  the  motor. 
This  is  particularly  true  of  alternating-current  motors. 

104.  Belt  drive  for  fans.  It  is  often  possible  to  use  a smaller  and  less 
costly  motor  by  use  of  belt-drive,  when  the  fan  speed  is  lower  than  necessary 
for  a motor  ol  the  same  horse  power.  It  is  generally  preferable  to  belt 
alternating-current  motors,  because  the  most  desirable  speed  of  a standard 
fan  for  a given  duty  is  seldom  the  same  as  the  available  motor  speed,  making 
H necessary  to  build  a special  fan,  and  thus  increasing  the  cost,  if  direct- 
connected. 

It  is  desirable  to  drive  by  belt,  when  the  required  fan  speed  or  the  fan 
horse  power  is  in  doubt,  as  an  inexpensive  change  in  sise  of  pulley  will  correct 
the  error,  if  one  is  made. 
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207.  Method  of  motor  application  to  blowers.  Blowers  are  essen- 
tially slow-speed  machines.  It  is,  therefore,  almost  always  desirable  to  belt 
or  Rear  the  motor.  If  geared,  the  motor  and  the  blower  should  be  mounted 
on  the  same  base  to  assist  in  maintaining  alignment. 


208.  Approximate  horse  power  of  centrifugal  fans.  The  horse  power 

required  to  drive  any  centrifugal  fan  may  be  represented  by  the  following 
formula: 

h’-*(i4)W(oS7s)  <« 

Where  K (Par.  210)  is  a constant  depending  upon  the  design  and  upon 
other  conditions,  T is  the  peripheral  velocity  or  the  tip  speed  of  the  blast 
wheel  in  ft.  per  min.;  D is  the  mean  diameter  of  the  blast  wheel  in  feet; 
W is  the  mean  width  of  the  blast  wheel  in  feet;  w is  the  absolute  density  of 
the  gas  handled,  in  lb.  per  cu.  ft.;  0.075  is  the  weight  of  standard  air  at 
65  deg.  fahr.  in  lb.  per  cu.  ft. 

209.  Approximate  horse  power  of  propeller  fans.  The  horse  power 

required  to  drive  any  propeller  fan  may  be  represented  by  an  expression  o I 
the  form, 

‘-"''•(toMwb) 

Where  K\  (Par.  211)  is  a constant  depending  upon  the  design  and  up« 
other  conditions,  T is  the  peripheral  velocity  or  the  tip  speed  of  the  wheela 
ft.  per  min.;  A is  the  gross  area  of  the  wheel  in  sq.ft.;  iris  the  absolute  density 
of  the  gas  handled  in  lb.  per  cu.  ft.;  0.075  is  the  weight  of  standard  air  at  68 
deg.  fahr.  in  lb.  per  cu.  ft. 


210.  Table  of  constants  for  centrifugal  fans 


(B.  F.  Sturtevant  Company) 


Values  of  K 

Type  of  fan 

Minimum 

Normal 

Maximum 

Paddle-wheel  with  0 to  10  straight 
blades  and  W = 0.45Z) 

0.0020 

0.0060 

0 0090 

Steel  pressure  with  24  backward 
curved  blades  and  W = 0.15D.  . . . 

0.0020 

0.0050 

0.0142 

Slow  speed  conveying  with  18  for- 
ward curved  blades  and  W « 
0.25D 

0.0026 

0.0100 

0.0260 

Single-inlet  multiblade-drum  with  60 
narrow  curved  blades,  inclined  for- 
ward and  W = 0.50D 

0.0065 

0.0240 

0 0390 

Double-inlet  multiblade-drum  with 
60  narrow  curved  blades,  inclined 
forward  and  W = 0.50Z) 

0.0091 

0.0330 

0.0550 

Double-inlet  multiblade-drum  with 
60  narrow  curved  blades,  inclined 
forward  and  W = 1.00D 

0.0065 

0.0250  | 

0.0390 

High  speed  with  16  backward  in- 
clined blades  and  W » 0.8Z) 

0.0008 

0.0017 

0.0019 

211.  Table  of  constants  for  propeller  fans 

(B.  F.  Sturtevant  Company) 


Type  of  fan 

Values  of  K 

• 

Minimum 

Normal 

Maximum 

Sturtevant  propeller 

Multiblade  disc 

Blackman  propeller 

Davidson  propeller 

0.0004 

0.0009 

0.0007 

0.0009 

0.0006 

0.0012 

0.0012 

0.0015 

oooo 
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US.  Horse  power  of  positive  blowers.  The  horse  power  of  a positive 
blower  at  any  speed  varies  over  such  a wide  range,  depending  upon  the  pres- 
sure, that  any  nils  for  the  approximate  horse  power  would  have  to  take  into 
aoeount  the  volume  and  the  pressure  of  the  air  and  the  displacement  of  the 
blower,  all  of  which  are  so  difficult  of  determination  that  it  is  thought  best 
not  to  attempt  to  state  a rule  here.  For  estimating  purposes,  the  efficiency 
of  such  machines  may  be  taken  as  00  per  cent. 

COAL  AND  ORE  HANDLING  MACHINERY 

BT  C.  D.  GILPIN 

Electrical  Engineer 


HI.  Definition.  The  term  "coal  and  ore  handling  machinery”  is  in- 
tended to  cover  the  apparatus  used  in  re-handling  coal  and  iron  ore  between 
the  mine  and  point  of  ultimate  consumption.  Such  apparatus  consists  in 


t£e  main  of  unloaders,  bucket-handling  gantry  cranes,  car  dumpers,  self- 
propelled  transfer  cars  and  belt  conveyors.  Fig.  29  represents  a stiff-leg 
unloader,  with  a gantry  crane  for  stocking  such  ore  as  is  not  to  be  immedi- 
ately loaded  into  cars.  Fig.  30  shows  a gravity-type  unloader  and  a gantry 
crane. 


114.  Motors  for  severe  service  are  usually  of  the  mill  type  with  large 
•hafts,  fire-proof  insulation,  heavy  frames,  small  moment  of  inertia  of 
armature  and  great  commutating  capacity.  Shafts  are  generally  tapered 
at  the  pinion  end  to  allow  for  easy  removal  of  the  pinion,  and  axle  bearings 
are  'often  used  where  a gear  ratio  of'  about  five-to-one  is  desired.  *nie 
frames  are  generally  entirely  enclosed,  although  many  of  the  larger  sizes 
are  constructed  with  part  of  the  upper  frame  cut  away  in  order  to  facilitate 
the  dissipation  of  heat.  It  is  possible  that  in  the  future,  forced  ventilation 
may  become  common  practice,  as  is  already  the  case  in  electric  locomotives. 

111.  Motors  for  light  service  where  direct  current  is  available,  and  of 
25  h.p.  or  under,  are  usually  of  the  crane  type.  This  construction  is  much 
cheaper  than  the  mill-type  construction,  yet  is  quite  satisfactory  for  inter- 
mittent service  where  no  severe  overloads  occur.  The  frames  are  entirely 
enclosed,  as  heating  is  not  a consideration. 

» i2sGoogIe 


Sec.  16-216  INDUSTRIAL  MOTOR  APPLICATIONS 


216.  Motors  for  cor  dumpers,  where  there  is  usually  abundant  wgmm 
available,  and  where  the  electrical  apparatus  is  well  protected  from  the 
weather,  are  often  of  the  open  type  with  commutating  poles  The  speed  of 
rotation  is  preferably  lower  than  for  the  mill  motor,  owing  to  the  (renter; 
radius  of  gyration  of  the  armature. 

217.  Motors  for  transfer  cars  are  commonly  either  of  the  raihray  or 
•mini*  type,  the  latter  often  being  preferable  on  account  of  their  low  speed 
high  torque  and  large  gear  reduction.  Standard  drum-type  controller 
are  ordinarily  furnished  with  these  motors. 

218.  Mill  motors,  where  alternating  current  only  is  available,  may  b 
obtained  for  3-phase,  25-cycle,  220-volt  or  440-volt  circuits.  For  a frequency 
of  60  cycles  it  is  necessary  to  use  an  open  type  of  frame,  an  outboard  bearing 
being  desirable  for  siies  above  25  h.p.  Alternating-current  motor*  shod* 
be  of  the  slip-ring  type,  except  for  belt  oonveyors  with  light  starting  require- 
ments, where  squirrel-cage  motors  may  be  used.  They  should  be  of  sturdy 
mec  anical  construction,  and  should  be  wound  for  high  torque.  Lev 
rotor  speeds  are  desirable  as  tending  to  keep  the  acceleration  load  at » 
minimum. 

219.  Controllers  for  heavy  duty  are  always  of  the  contactor  or  m»g- 
netie-switch  type  with  overload  and  automatic  acceleration  relays.  Dr 
•namic  braking  for  lowering  buckets,  etc.,  is  practically  universal;  not  only* 
the  energy  of  the  lowered  mass  dissipated  in  resistors  instead  of  brake  fric- 
tion, but  the  operator  is  given  a very  delicate  control  by  means  of  his  master 
controller  instead  of  having  to  manipulate  an  air  or  hand  brake.  Whor 
direct  current  is  not  available,  dynamic  braking  is  obtained  by  means  of » 
small  low-voltage  generator  set,  which  provides  direct  current  for  exriuif 
the  st-ator  winding  of  the  motor  lowering  the  load,  thus  allowing  it  to  becoo* 
an  alternating-current  generator.  Since  only  part  ol  the  winding  can  be 
used  for  this  purpose,  and  since  an  induction  motor  possesses  inherently  » 
limited  torque,  this  system  of  dynamic  braking  is  not  as  reliable  as  who? 
direct-current  motors  are  used.  See  artiole  on  r> Motor  Control"  ebewheren 
this  section. 

220.  Distribution  systems.  The  standard  source  of  energy,  eapedsDy 

on  the  lower  lake  docks  (Lake  Michigan  and  Lake  Erie)  and  in  toe  gres* 
steel  plants,  is  a 250-volt  direct-current  circuit,  a metallic  return  riremt 
beim  generally  used.  In  purchasing  energy,  part  of  the  charge  is  usually 
> < i on  the  peak  loads,  and  where  these  peaks  are  figured  on  the basuaj 

five  econds  or  less,  the  cost  of  energy  can  often  be  substantially  reduced 
by  the  introduction  of  a fly-wheel  balancer  set  in  connection  with  rotary 
converters. 

221.  ▲ fly-wheel  balancer  set  consists  of  a direct-current  machine  ol 
very  high  commutating  capacity  mounted  on  the  same  shaft  with  a fly-wbceJ 
and  .so  arranged  that  when  the  station  load  exceeds  a certain  amount,  the 
field  of  the  balancer  machine  will  be  automatically  strengthened  so  that 
energy  will  be  given  out  by  the  fly-wheel  as  it  decreases  in  speed. 

the  demand  ceases,  the  balancer  field  is  weakened  and  the  machine  become* 
a motor,  thus  accelerating  the  wheel  to  normal  speed.  Such  balsncen 
are  commonly  rated  at  from  200  kw.  to  300  kw.  of  continuous  capacity,  with 
a commutating  capacity  for  200  per  cent,  overload;  the  fly-wheels  vary' 

25.000  lb.  (11,350  kg.)  to  50,000  lb.  (22,700  kg.)  with  nm  speeds  of  about 

16.000  ft.  per  min.  (4,880  m.  per  min.)  for  cast  steel  wheels  and  28.000  ft- 
per  min.  (8,540  m.  per  min.)  for  laminated  plate  wheels.  A very  camw 
study  of  load  conditions  and  the  power  contract  is  desirable  before  install 
one  of  these  balancer  seta. 

222.  The  power  requirement*  of  coni  and  ore  handling  apparatus 

may  be  considered  under  two  classes:  (a)  those  in  which  a nxea  fort*  v 
constant  torque  predominates,  such  as  gravity  or  friction,  and  (6)  tbow  »* 
which  acceleration  or  variable  torque  is  the  main  feature.  To  the 
belong  the  hoist  motions,  where  the  speed  is  comparatively  low  and  the  ** 
quireinent  for  acceleration  is  a small  part  of  the  total  power.  For  this  tyy^ 
of  motion  a compound- wound  motor  has  been  commonly  used,  the  compo°®“ 
winding  being  originally  provided  to  facilitate  dynamic  braking. 
developments  of  control  have  made  dynamic  braking  practicable  for 
motors,  and  the  tendency  now  is  toward  the  use  of  that  type  of  winding 
control  should  include  at  least  one  “power  point"  in  the  lowering  dirw®0*’ 
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and  should  be  so  arranged  as  to  provide  dynamio  braking  or  armature  shunt- 
ing at  all  times  while  lowering,  so  that  it  will  be  impossible  for  the  load  to 
overhaul  the  mechanism  at  a dangerous  speed.  An  emergency  spring-closing 
•witch  is  often  desirable;  this  should  be  so  arranged  as  to  connect  the  arma- 
ture in  series  with  the  field  and  a small  amount  of  resistance,  in  case  of  failure 
of  the  line  current.  The  motors  should  be  provided  with  magnetic  brakes, 
the  shunt  type  of  winding  being  preferable  in  many  cases. 

•23.  The  approximate  motor  loads  may  be  obtained  as  follows: 
The  hoisting  h.p.  equals  the  hoisted  load  in  lb.  multiplied  by  the 
hoisting  speed  in  ft.  per  min.,  divided  by  33,000  and  again  divided  by  the 
efficiency  expressed  as  a decimal.  The  nominal  lowering  h.p.  equals 
the  lowered  load  in  lb.  multiplied  by  the  hoisting  speed  in  ft.  per  min., 
divided  by  33,000  and  multiplied  by  the  efficiency.  In  this  case  the  lowering 
h.p.  really  represents  current  or  torque  as  read  on  the  characteristic 
curve  of  the  motor.  Variations  in  lowering  speed  are  obtained  by  changing 
the  dynamio  braking  resistance  and  thereby  the  motor  voltage  for  the  same 
current  value.  The  approximate  heating  of  the  motor  can  be  determined 
M shown  in  Par.  131. 

134.  Thepower  required  by  a belt  conveyor  is,  normally,  almost 
constant.  The  sise  of  motor  is  commonly  obtained  by  referring  to  the  manu- 
facturer of  the  conveyor.  The  motor  should  have  a continuous  rating  and 
may  be  of  the  variable  speed  type.  Electrical  weighing  devices  are  some- 
times used  to  weigh  the  material  as  it  passes  a given  point.  Such  a device 
consists  essentially  of  a magneto  generator  driven  by  the  conveyor,  connected 
in  scries  with  a resistance  which  varies  inversely  with  the  instantaneous 
weight  of  the  material  at  that  point  on  the  conveyor.  It  is  obvious  that  ths 
output  of  the  generator  depends  both  on  the  speed  of  the  conveyor  and  on 
the  amount  of  material  which  it  carries;  an  indicating  wattmeter  will  there- 
fore show  the  rate  at  which  the  material  is  being  handled,  and  a watt-hour 
meter  will  record  the  total  amount  of  material  handled  during  a given  time. 

SSI.  Equipment  for  transfer  can  and  trolleys.  In  the  case  of  trans- 
fer cars  and  the  trolleys  of  unloaders  and  bridges,  acceleration  is  the  pre- 
dominant factor.  For  loads  of  this  kind,  two  motors  are  used  as  a rule,  in 
order  to  obtain  good  traction;  in  such  cases,  series-parallel  control  is  gener- 
ally preferable.  If  the  motors  are  permanently  connected  in  parallel,  it  is 
safer  to  provide  a separate  set  of  reversing  contacts  for  each  armature. 
Armature-shunting  points  are  occasionally  employed  to  obtain  very  low 
speeds,  and  dynamic  braking  is  sometimes  provided  in  the  case  of  a gantry 
crane  or  unloader  trolley.  To  obtain  dynamic  braking  for  a series-wound 
trolley  motor,  it  is  necessary  to  connect  the  field  in  series  with  a resistance 
across  the  line,  so  that  the  characteristics  of  a shunt  generator  may  be  ob- 
tained. An  air  brake  ia  generally  preferable  for  trolley  servioe,  except  when 
the  operator  is  located  at  some  distance  from  the  mechanism,  in  which 
case  the  motor  should  be  provided  with  a magnetic  brake,  preferably  of  the 
disc  type,  and  the  controller  should  give  dynamio  braking  on  or  near  ita 
central  position. 

SIS.  The  frictional  resistance  of  the  ordinary  trolley  may  be  taken 

at  25  lb.  per  ton;  for  a transfer  car  with  standard  trucks,  15  lb.  per  ton  is 
ample.  The  horse  power  for  the  nnal  assumed  speed  should  first  be  figured 
as  follows:  h.p.  — friction  force  at  rim  of  wheel  multiplied  by  the  speed  m ft. 
per  min.  and  divided  by  the  efficiency  (expressed  as  a decimal)  and  by  33,000. 
About  twice  the  result  should  be  taken  as  the  nominal  horse  power  required, 
this  value  being  based  on  a rise  of  75  deg.  cent,  in  1 hr.  The  per- 
formance of  the  trolley  or  car  can  then  be  easily  worked  out  by  means  of  the 
motor  curves,  the  step-by-step  method  being  used  as  explained  in  Par.  238. 
It  will  sometimes  be  found  that  the  motor  chosen  is  too  small;  where  there 
is  any  doubt,  the  moment  of  inertia  of  the  armature  should  be  obtained 
awf  should  be  translated  into  its  equivalent  weight  at  the  trolley  speed.  The 
calculations  should  then  be  gone  over  more  carefully;  for  slow  trolley  speeds, 
the  inertia  of  the  armature  beoomes  a very  considerable  part  of  the  whole. 

227.  The  longitudinal  drive  of  an  unloader  or  bucket-handling 
gantry  partakes  of  the  nature  of  a trolley  drive,  but  owing  to  the  much  lower 
•peed  and  higher  friction,  inertia  plays  a smaller  part,  and  dynamic  braking 
is  unnecessary.  Friction  may  be  taken  at  about  40  lb.  per  ton,  although 
this  figure  is  quite  uncertain.  The  heating  is  not  a factor  in  this  class  of 
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service,  bat  sufficient  commutating  capacity  should  be  allowed  to  \M 
care  of  a wind-pressure  equivalent  to  one  and  one-hslf  times  the  fririiaj 
this  is  merely  a general  rule,  but  is  one  which  works  well  in  practice.  M 
some  cases  long  gantry  cranes  are  driven  by  independent  motors  at  each  estf 
this  scheme  is  quite  successful,  evpn  with  series  motors,  although  an  tots 
matio  device  should  be  provided  to  prevent  one  end  from  leading  the  otta 
With  this  type  of  drive,  the  motors  should  be  provided  with  magnetic braini 
the  diso  type  being  preferable  because  the  shock  when  stopping  ii  leu  tisfl 
with  the  poet  brake.  For  the  ordinary  gantry  or  unloader,  one  motor  H 
generally  connected  by  bevel  gears  to  both  trucks;  a mechanical  foot  brsfl 
which  is  held  in  the  released  position  by  the  weight  of  the  operator  is  pnkl 
able  to  a magnetic  brake  in  this  case,  since  it  can  be  applied  more  gently. 

218.  The  gear  efficiency  of  one  reduction  of  cut  spur  gears  in  this  da 
of  work  may  be  generally  taken  as  95  per  cent.;  for  out  bevel  gears,  90m 
cent.  For  important  motions,  the  cut  herringbone  fear  is  becoming  popds 
it  should  have  an  efficiency  of  at  least  97  per  cent,  if  properly  erected.  XI 
coefficient  of  friction  for  the  ordinary  bearing  will  average  about  OJ 
while  for  sheaves  it  is  better  to  allow  a value  of  0.07.  These  figures  mayl 
safely  followed  except  in  special  cases,  suoh  as  in  gearing  for  loogituam 
drives  where  there  is  decided  likelihood  of  poor  alignment  of  shafts  and  gesO 

229.  The  calculation  of  power  house  or  substation  capacity  far! 
dock  is  a long  and  tedious  process,  sinoe  it  is  a matter  of  some  conjectun* 
to  just  how  the  peak  loads,  which  are  usually  violent,  will  coincide.  A HHd , 
stiff-leg  ore-unloader  having  a total  capacity  of  400  h.p.  in  five  motors  rt 
show  a momentary  peak  load  of  1,200  amp.  and  an  average  load  of  400  m 
Two  such  machines  working  together  will  occasionally  take  1,800  m- 
for  1 or  2 sec.  One  15-ton  stiff-leg  ore-unloader  with  seven  motor*  to- 
tal ling  700  h.p.  and  requiring  an  average  load  of  about  500  amp.  will  dr»f 
a peak  of  1,800  amp.  The  maximum  current  for  four  such  machines,  how- 
ever, will  not  exceed  4,000  amp.  Gravity-type  unloaders  are  likely  to  *fcct 
a higher  proportional  peak  load  because  practically  all  the  workisdaoeb? 
the  hoist  and  the  trolley;  operators  of  this  type  of  machine  ai 


cautioned  not  to  work  too  nearly  in  synchronism  with  the  other  untoscenu 
the  power  bouse  capacity  is  limited.  If  possible,  it  is  much  better  to  oban 
data  from  an  installation  similar  to  the  one  contemplated.  In  any  esm t 
generators  or  converters  should  have  a high  oommutating  capacity  sod 
circuit-breakers  should  have  time-limit  relays.  The  tendency  of  lste  > 
distinctly  toward  the  purchase  of  energy  where  possible;  in  many  cm»»» 
excellent  rate  can  be  obtained  owing  to  the  fact  that  work  is  carried  on  by 
night  as  well  as  by  day.  A better  rate  is  sometimes  obtainable  by  reducmi 
the  demand  during  hours  of  normal  oentral-station  peak  load. 

280.  Example  of  calculations  for  typical  ore-handling  gantryersaa 
The  hoist-motion  calculations  are  given  in  Par.  881,  the  trolley  calmnstMMM 
in  Par.  888,  and  the  bridge  calculations  in  Par.  888.  The  following cslew 
tions  relate  to  the  case  of  a typical  18-ton  ore-handling  gantry  crane,  T* 
estimated  average  duty  is  to  lift  one  bucket  of  ore  80  ft.  every  min„  *» 
Average  distance  to  be  trolleyed  being  200  ft.  Assuming  that  10  per  csntj 
the  total  time  is  lost  in  moving  the  crane  longitudinally,  etc.;  the 
must ( be  such  as  to  perform  the  given  cycle  in  54  sec.  Esti®**®  “ 
time  in  which  the  trolley  will  not  be  working,  as  follows:  Closing 

6 sec.;  hoisting  clear  of  ore  pile,  2 sec. ; opening  bucket,  4 sec. : lowering  bow 
after  trolley  comes  to  a standstill,  2 sec.;  total,  14  sec.  Time  available  w 
trolley  trip  in  one  direction,  20  sec.  Average  speed  of  trolley,  600  ft  J# 
min.  Assume  a maximum  trolley  speed  of  900  ft.  per  min.  and  a botftm 
speed  of  180  ft.  per  min.;  the  latter  speed  is  not  required  for  tbs  saw®* 
cycle,  but  will  be  useful  when  making  long  hoiats  with  a short  trolley  haT* 

281.  Calculation#  for  hoist  motion  (Par.  880).  The  hoist  mo**® 
assumed  to  be  of  the  type  in  whioh  each  of  two  motors  is  geared  throng  J* 
reductions  to  its  own  drum,  each  of  the  two  drums  carrying  one  ofw*  ' 
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'198;  or  say  200  h.p.  The  lowering  horse  power  for  No.  2 motor 
(30,000 X 180/33,000) X 0.90 -147  h.p.;  or  say  150  h.p.  Assume  the 
rerage  dosing  load  for  No.  1 motor  is  150  h.p.,  and  for  opening,  50  h.p. 
he  foot-mean-aquare  or  effective  horse  power  for  No.  1 motor  will  then  be 
150*X6+200*X10  + 50*X4)/60)*-95  h.p.  The  mean  effective  horse 
>wer  for  No.  2 motor- [(200*  X 10  + 150*  X7)/60l*  -96  h.p.,  assuming 
tat  actual  lowering  takes  place  in  7 sec. 

The  smallest  motor  whicn  suggests  itself  for  this  service  is  one  having  an 
itirely  enclosed  frame  and  aimU  rating  of  150  h.p.;  the  mill  rating  is  based 
i the  power  the  motor  can  develop  for  1 hr.  with  a temperature  rise  not  to 
tceed  75  deg.  cent.  Investigation  of  the  manufacturers'  data  shows  that 
le  150- h.p.  mill-rated,  fully  enclosed  motor  will  not  have  sufficient  heat- 
* capacity  if  the  crane  is  to  be  operated  at  full  speed  continuously,  although 
le  commutating  capacity  is  ample.  This  same  motor,  however,  if  built 
ith  a semi-enclosed  frame  will  have  a mill  rating  of  approximately  165  h.p. 
sd  a root-mean-square  rating  of  about  130  h.p.,  which  is  ample  for  the 
nrioe.  Generally  speaking,  there  is  less  trouble  from  heating  than  is  indi- 
ited  by  the  calculations,  owing  to  unavoidable  interruptions  to  continu- 
os  operation,  and  to  good  ventilation  due  to  the  movement  of  the  trolley. 
232.  Calculations  for  trolley  motion  (Par.  230).  Assume  that  the 
•olley  with  bucket  and  ore  weighs  170,000  lb.,  and  is  driven  by  two  motors, 
ich  geared  through  two  reductions  to  one  of  the  four  axles.  Take  the 
ictional  resistance  per  motor  at  25/2,000X170,000X1-1,060  lb.  Final 
•p.  — (1,060  X900)/(33, 000  X 0.90)  —32.  Assume  two  80- h.p.  [temperature 
se  of  75  deg.  Cent,  for  1 hr.)  series- wound  motors;  from  the  characteris- 
c curve  it  will  be  found  that  at  32  h.p.  the  motor  speed  equajs  820  rev.  per 
lin.  and  the  torque  eauals  205  lb.  at  1 ft.  radius.  Therefore  the  gear  ratio 
lust  be  such  that  the  desired  trolley  speed  of  900  ft.  per  min.  is  equivalent  to 
motor  speed  of  820  rev.  per  min.;  then  ft.  per  min.  — (900/820)  X rev.  per 
iin.  — 1.1  X rev.  per  min.;  also  the  force  at  the  rim  of  the  wheel  will  have 
be  same  ratio  to  the  motor  torque  as  the  friction  force  has  to  the  friction 
orque;  or,  force  — (1,060/205) X torque- 5.17 X torque.  Assume  effect  of 
rmature  weight  equail  to  1,500  lb.  at  0.7  ft.  radius;  equivalent  weight  of 
ne  armature  at  trolley  speed  - [1, 500  X 0.9  X (2rX  0.7  X rev.  per  min.)*)/ 
ft.  per  min.)*  — ([1,600 X 0.9  X(2vX 0.7  X rev.  per  min.)*)/ (1.1  Xrev.  per 
un.)*— 2,160  lb.;  or  say  5,000  lb.  including  gearing.  Total  weight  per 
mtor  for  acceleration  — 85,000  + 5,000  — 90,000  lb.  Assume  that  accelera- 
ton  while  short-circuiting  the  resistance  is  2.5  ft.  per  sec.  per  seo.,  which 
i m high  a value  as  the  operator  can  endure  with  comfort;  this  initial  rate 
f acceleration  is  determined  by  the  rapidity  with  which  the  starting  re- 
■stance  is  cut  out.  Since  the  force  of  acceleration  - F*  - (wt.  in  lb./y) 
(acceleration  in  ft.  per  sec.  per  sec.,  then  FB  — (90,000/32.2)  X 2. 5 — 7,000  lb. 
u»oe  the  friction  force  is  1,060  lb.,  the  total  force  — 7,000  + 1,060  — 8,060  lb. 
Aotor  torque  — T — 8,060/5.17  — 1,560  ft-lb.  From  the  characteristic  curve, 
rhen  T — 1,560,  h.p.  —119;  rev.  per  min. — 402.  Therefore  ft.  per  min. 
■402X1.1  —442,  and  ft.  per  sec.  —7.4.  This  is  the  speed  which  is  attained 
t the  instant  the  last  section  of  resistance  is  cut  out.  The  time  — h — 
peed/acceleration -7.4/2.5- 3.0  sec.  The  distance  - d\  - average  speed 
< time  — (1/2)  X7.4X3.0  — 11  ft.  Aft et  the  starting  resistance  is  cut  out, 
be  trolley  will  continue  to  accelerate  at  a diminishing  rate,  as  long  as  the 
woe  supplied  by  the  motors  exceeds  the  friction  force.  Assume  that  the 
erse  power  has  decreased  to  60;  then  from  the  motor  curve,  rev.  per  min. 
■560.  Since  ft.  per  min.  — 1.1  Xrev.  per  min.,  the  ft.  per  min. — 616,  or 
^ per  sec.  — 10.3,  and  the  increase  — 2.9  ft.  per  sec.  The  average  speed 
■ (10.3 +7.4)/2  — 8.85  ft.  per  sec.  Referring  again  to  the  curve,  T-560, 
berefore  F- 2,900  lb.;  Fa -F-F/- 2 ,900- 1,060  - 1,840  lb.,  acceleration  - 
l-aXFV90.000  - 0.66,  average  A - (2.5+0.66)/2 - 1.58,  *»- (increase  in 
Pjed)/(average  acceleration) -2.9/1.58- 1.8  sec.,  dj-8.85X  1.8-  16  ft., 
time  up  to  this  point  — ( — 3 + 1.8 -4. 8 sec.;  total  distance  up  to  this 
pint -d— 11  + 16  — 27  ft.  Assume  the  horse  power  has  (dropped  to  35; 

rev.  per  min.  — 760,  ft.  per  min.  — 836,  ft.  per  sec.  — 13.9,  increase  — 3.6, 
**age  speed  « 12.1  ft.  per  sec.;  T - 240,  F-  1,240,  F„  = 180,  A -0.06,  aver- 
I®  A -0.36,  <*  — 10.0  sec.,  d*  — 121  ft.,  t — 14. 8 sec.,  d — 148  ft..  Assume  trolley 
for  1 sec.  at  13.9  ft.  per  sec.;  f*-  1,  di  = 14  ft.,  t — 15.8  sec.,  d — 162  ft. 
wune  retardation  — 2.5  ft.  per  sec.  per  sec.;  f«  — 13.9/2.5  — 5.6  sec.,  d»  — 39 
*•••<•21.4  seo.,  d — 201  ft.  The  time  originally  allowed  for  a trip  one  way 
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was  20  sec.,  bat  since  the  trolley  will  return  light  at  a somewhat  high* speed 
the  gear  ratio  originally  assumed  is  close  enough.  If  the  heating  is  fiftutd 
for  the  loaded  trip  and  for  one-half  the  cycle,  the  results  will  be  on  the  nie 
side.  Mean  effective  h.p.  - (((119«X3)  + (119«X  1/2X  1.8)  + (00* X 1/2X18) 
+ <60*X  1/2X10)  + t35*X  1/2X10)1/160X1]}* -52.  A fully  enclosed  mill 
motor  can  keep  up  this  cycle  for  about  3 hr.,  but  not  indefinitely.  If  the 
crane  will  not  operate  for  over  3 hr.  at  any  one  time,  80-h.p.  mill-rated  en- 
tirely enclosed  motors  should  be  used.  For  continuous  operation  use  the 
same  motors  with  the  semi-enclosed  frames,  which  will  have  a mill  rating 
of  about  90  h.p.  and  root-mean-square  rating  of  about  70  h.p.;  or  if  nec-| 
essary.  forced  ventilation  may  be  used  with  the  totally  enclosed  motor* 
In  any  case,  the  armature,  fields,  etc.,  will  be  the  same,  the  difference  in  rating 
being  due  to  the  different  methods  of  cooling.  The  maximum  loads  to  be 
commutated  should  not  exceed  those  shown  on  the  motor  curve. 

2S3.  Calculations  for  bridge  drive  (Par.  ISO).  Assume  that  the  total 
crane  weighs  1,200  tons,  and  tnat  a 2 motor  longitudinal  travel  drive  is 
desired.  Friction  force  per  motor  at  40  lb.  per  ton  * 40X  1.200X  1 = 24.000 
lb.  Assume  that  a speed  of  75  ft.  per  min.  is  desired,  and  that  each  motor 
has  one  spur-gear  and  two  bevel-gear  reductions.  The  efficiency  would  be 
approximately  77  per  oent.  The  friction  load  per  motor  -71  h.p.  H 
8(  h.p.  mill-rated  motors  were  used,  the  friction  torque  read  from  the  com 
would  be  about  720  lb.  at  1 ft.  radius.  Assuming  the  wind  load  *36,000  lb 
and  acceleration  at  0.25  ft.  per  sec.  per  sec.  *9,300  lb.,  the  total  maximus 
load  *69,300  lb.  and  approximate  maximum  torque  — (69,300/24.0001 
X 720  * 2,080ft.-lb.,  which  is  well  within  the  commutating  limit  of  an  8©4f 
mill  motor.  Note  that  the  wind  load  to  be  resisted  by  the  mechanism  ns 
be  greatly  in  excess  of  the  above;  benoe  rack  drives  are  sometimes  used  f» 
greater  safety. 


TELPHERAGE  SYSTEMS 

BT  H.  McL.  HABDDTO 


Consulting" Engineer,  Associate  American  Institute  of  Electric  Engineer* 
214.  Classification.  There  are  two  main  divisions  of  telphers,  autom*« 
tel  phers  and  man- telpher  a Automatic  telphers  are  those  which  an  driven 


Fio.  31. — Telpher  train* 


by  electric  motors,  the  control  being  apart  or  remote  from  the  telpher.  TV 
original  telphers  were  automatic,  the  telpher  being  placed  in  the  middle  « 
the  train.  The  chief  use  of  the  automatic  telpher  is  for  coal,  ore  and  b«!k 
material.  Won*  automatic  or  man-telphers  are  those  which  are  «c* 
tr.  lled  by  an  operator  who  travels  with  the  load,  and  who  operates  both 
telpher  and  the  hoists  from  a cab  or  cage  which  is  attached  to  ths  td]** 

1286 

. Google 


INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  15-235 


or  the  carriage.  It  is  employed  for  bulk  material,  like  the  automatic  telpher, 
and  is  also  used  for  the  hoisting  and  oonveying  of  miscellaneous  material, 
boxes,  eases  and  barrels,  the  package  freight  of  railways  and  the  mixed  cargoes 
of  steamships,  see  Fig.  31. 


189.  Suspension.  A telpher  is  suspended  from  one  or  more  wheels  in 
tandem,  of  which  one  or  all  are  driven  by  the  electric  motor  or  motors. 

119.  Clearances.  In  the  minimum-headroom  2-ton  (4,000  lb.)  type 
designed  for  railway  and  steamship  terminals  (Fig.  32)  the  vertical  space 
from  the  underside  of  the  roof  girders  to  the  bottom  of  the  hoist-hook  is 

4 ft.  9 in.  (144.8  cm.).  The  width  of  the  hoist  is  3 ft.  3 in.  and  4 ft.  8 in. 
to  the  limit  line  for  10-deg.  swing.  From  the  centre  of  the  rail  to  the  inner 
limit  of  the  telpher  and  hoist  is  16  m. 

137.  Energy  supply,  in  the  form  of  either  direct  or  alternating  current 
is  communicated  to  the  motors  by  conductors  which  lie  parallel  to  the  track, 
the  oontact  being  made  by  shoes  or  wheels.  Sometimes  storage  batteries, 
suspended  from  the  telpher  or  the  carriage,  are  employed.  On  steep  grades 
the  telpherage  traction,  in  some  installations,  has  been  assisted  by  supple- 
mentary cables,  either  fixed  or  movable. 

138.  Motors.  The  sixes  of  motors  for  telphers  and  hoists  will  depend 
upon  the  class  of  work  to  be  done ; the  motors  for  telpher-tractors  vary  from 

5 to  15  h.p.,  and  for  the  hoists  from  8 to  76  h.p.,  the  loads  being  from 
600  lb.  to  30,000  lb.  The  load  factor  for  the  tractor  motor  is  0.25  and 
for  the  hoisting  motor  0.10.  The  driving  wheels  and  the  motors  may  be 
connected  by  gears  or  by  chain  drive.  The  maximum  service  efficiency 
of  the  motors  is  that  corresponding  to  the  efficiency  obtained  between  one- 
half  and  three-quarters  full-load.  The  motors  are  of  slow  or  medium  speed. 

Direct-current,  250-volt  or  500-volt,  series-wound  motors  are  preferable 
for  tractors  and  hoists  although  alternating-current  motors  afford  satisfactory 
results.  The  motors  should  be  dust  and  weather  proof,  and  should  have  a 
50  per  cent,  reserve  in  their  rating.  The  average  combined  efficiency  of  the 
motors  and  gearing,  for  the  tractor  and  hoist,  is  from  65  per  cent,  to  75  per 
cent. 

139.  Brakes.  The  telpher  brake  is  of  the  mechanical  type,  and  the  hoist 
brake  is  of  either  the  electro-mechanical  or  electro-dynamic  types.  Spur 
gears  and  chain  drive  on  the  tractor  transmit  the  power  from  motor  to  track 
wheels,  and  either  spur  or  wopn  gear  is  used  to  transmit  power  to  the 
hoisting  drum. 

340.  Trackage.  Telphers  either  run  in  one  direction  on  a closed  track 
circuit  (Fig.  30),  or  to  and  fro  over  a single  line.  On  the  single  line  the 
automatic  telphers  reverse  themselves  on  completing  their  trips.  The  spac- 
ing between  the  cars  is  automatically  regulated  by  a block  system,  and  the 
cars  are  ala?  automatically  controlled  at  switches  and  crossings.  The  track 
consists  of  either  a cable,  or  a T-rail  supported  on  a wooden  stringer,  or  upon 
the  top  or  lower  flange  of  an  I-beam.  There  are  also  track  rails  of  special 
section.  The  radii  of  the  curves  are  from  8 ft.  to  20  ft. 

841.  Track  supports.  The  track  is  supported  on  brackets  attached  to 
buildings,  or  is  supported  on  “ A ” bents.  Supports  under  straight  track  are 
spaced  20  ft.  apart,  and  on  curves  the  spacing  is  8 ft.  For  long  spans  cables 
or  trusses  are  used. 
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242.  Tracks  mftjr  be  filed  or  monbU.  Ln  Fig-  33  the  ade  traeka  BE1. 
are  fixed,  but  ('  movable,  being  attached  to  a travelling  bridge.  The  spied 
of  this  bridg*  from  300  ft.  to  900  ft.  per  min.  The  motor  drivinf  Uu» 
bridge  would  have  a load  factor  of  0.16. 

The  telphe  r train  passes  from  the  side  track  B by  means  of  a (lidiac 
switch,  upon  the  movable  track  C.  This  track  therefore  may  be  placed  say- 
where  over  the  area  between  the  fixed  side-track*.  The 
telpher  returns  by  means  of  the  track  &,  to  its  start- 
ing-point. By  the  operation  of  this  movable  track,  all 
the  space  can  be  served ; this  operation  is  called  trana- 
ferage.  The  minimum  allowable  radius  of  curves  is  8 ft. 

242.  Performance.  The  loads  hoisted  and  con- 
veyed on  telpher  hoists  have  been  as  high  as  fifteen 
tons.  The  maximum  speed  of  conveying  on  a straight 
level  track  is  about  1,000  ft.  per  min.  The  runnmf 
speed  is  reduced  at  curves,  according  to  their  radii. 

244.  For  terminal  work,  the  capacity  of  each  hoi* 
is  2 tons  at  60  ft.  per  min.  (18.288  m.  per  min.).  Two 
hoists  can  be  combined  so  as  to  raise  4 tons.  The 
motors  being  series-wound,  the  speed  of  hoisting  will 
increase  as  the  load  is  diminished. 

242.  For  freight  handling,  from  two  to  four  car- 
riage hoists  constitute  a train  which  has  a total  mur 
imum  carrying  capacity  of  8 tons.  Such  train*  as 
used  for  assorting  as  well  as  for  distributing,  aecordia 
to  consignments.  Many  telphers  can  be  operated  a 
one  installation,  the  number  being  limited  only  by  tit 
design  of  the  track  layout.  In  freight  or  cargo  fiandlis*, 
the  fixed  overhead  tracks  may  be  parallel  or  at  right 
angles  to  the  surface  railway  tracks  or  to  the  wsterfrost 
wail,  but  preferably  at  right  angles. 

246.  Installation  costs.  The  overhead  trackage,  made  part  of  sad 
attached  to  the  building  structure,  costs  the  same  in  proportion  as  other 
structural  steel.  The  weight,  including  the  brackets,  averages  about  50  Ik 
per  lineal  foot.  The  steel  is  fabricated  at  the  mill. 


Fio.  33. — Typical 
arrangement  of  tel- 
pherage tracks. 


STEEL  MILLS 

BT  WILFRED  STUB 

The  Steel  A Tube  Co.  of  America,  FeRoir,  American  Institute  of  Sledneat 
Engineer* 

247.  Classification.  Rolling  mills  are  usually  named  after  the  material 

fjroduced  by  tht*m,  although  they  are  sometimes  classified  according  to  the 
ayout  of  the  mills.  The  principal  types  of  mills  are  as  follows: 

(a)  Blooming  mills,  rolling  ingots,  as  cast,  to  blooms  or  billets.  AD 
material  rolled  in  a steel  mill  must  pass  through  the  blooming  mill  or  iti 
equivalent,  to  be  reduced  to  proper  dimensions  for  handling  in  the  finuhiai 
mills.  The  mills  are  built  either  two-high  reversing,  or  three-high  runnui 
continuously  in  one  direction. 

(b)  Slabbing  mills  (modification  of  the  two-high  blooming  mill)  produce 
slabs  with  finished  edges,  which  are  afterward  rolled  into  plates.  VertM* 
rolls  are  provided  for  finishing  the  edges.  N 

(c)  Billet  mills  are  usually  of  the  continuous  type,  with  rolls  in  Undent 
and  roll  material  from  the  blooming  mill  to  a suitable  sise  of  billet  for  tw 
finishing  mills.  Material  passes  directly  from  one  stand  to  the  other.  tb» 
speed  of  the  rolls  being  arranged  to  correspond  to  the  reduction  in  area  ah* 
each  pass. 

id)  Plate  mills  may  be  either  two-high  reversing,  or  three-high  runnim 
continuously  in  one  direction,  and  roll  slabs  to  plates  of  various  thickness* 

1 hev  are  sometimes  provided  with  vertical  rolls  for  finishing  the  edge*  * 
the  plates  and  are  then  known  as  universal  mills. 

<ei  Structural  mills  are  usually  three-high  and  are  used  for  roflu* 
K'rders,  heavy  angles,  channels,  etc.  In  small  plants  such  material  may®* 
rolled  by  the  re  rsing-blooming  mill. 
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(f)  March  ant  mill#  are  ueed  for  rolling  small  angles,  ehannels  and  all 
types  of  profiles.  They  are  usually  three-high,  with  the  finishing  stand 
sometimes  two-high. 

(g)  Bar  mills  are  usually  three-high,  and  generally  consist  of  roughing 
stand  and  a separate  finishing  stand.  These  are  used  for  rolling  bars  of 
all  sections  and  sues. 

(h)  Bod  mills  are  special  types  of  bar  mills,  and  are  used  for  rolling  small 

sections  at  high  speeds.  A 

(I)  Bail  mills  generally  roll  bloomB  or  heavy  billets  to  rails  of  various  * 

sections,  and  are  made  two-high  or  three-high,  according  to  the  layout. 

0)  Sheet  mills  roll  0.5-in.  to  1-in.  bars  to  sheets  of  all  gapes;  they  are  ^ 

always  two-high,  and  generally  have  separate  roughing  and  finishing  stands. 

In  addition  to  the  foregoing  types,  there  are  several  other  forms  of  con- 
struction, used  for  rolling  certain  sections  of  material,  but  their  use  is  generally 
oonfined  to  one  particular  installation. 


tQportOaiQp 


Fla.  34. — Simple  mill  for  rolling  light  sections. 


[fl  [p  Boughing  Stand. 


Flnlahing  Stands 

cfl  ft  Off  piCDifl  [ft 


Fia.  35. — Mill  with  separate  roughing  stand. 

t48.  Arrangement  of  mills.  The  simplest  type  of  mill,  having  more 
than  one  stand,  is  arranged  on  one  axis,  all  stands  being  driven  by  one  set 
of  pinions  in  the  middle  or  at  one  end  of  the  mill  (Fig.  34).  This  type  of 
mill  is  generally  used  for  rolling  small  sections  only,  but  is  occasionally 
used  for  heavy  sections  when  transfer  tables  are  provided  to  move  the  metal 
from  one  stand  to  the  other. 

The  usual  arrangement  for  rolling  light  sections  is  shown  by  Fig.  35. 
the  roughing  stand  Tuns  at  a slower  speed  than  the  finishing  stand,  and 
usually  haa  larger  rolls  to  obtain  (greater  strength,  in  order  that  large  reduc- 
tions can  be  made.  The  metal  is  roughed  down  to  such  sise  that  it  can 
be  readily  handled  by  the  higher-speed  finishing  stands.  The  motor  is 
generally  direct-connected  to  the  finishing  stands,  the  roughing  stands  being 
rope  driven.  A better  arrangement  is  to  drive  the  roughing  and  finishing 
it&nds  separately,  so  that  the  speed  of  each  can  be  adjusted  for  different 
products  to  give  the  maximum  output. 
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Occasionally  the  various  stands  are  arranged  on  one  axis,  the  fimakic 
stands  being  separately  driven  to  give  the  proper  speed  adjustment  Tl 
object  of  driving  the  finishing  stands  at  different  speeds  than  the  roughii 
stands  is  to  increase  the  capacity  of  the  mill,  and  to  finish  the  material : 
such  a rate  that  it  does  not  become  too  cool;  this  difference  in  ipeedi  si 
makes  it  possible  to  work  without  an  exceedingly  large  loop  from  one  pa 
to  the  other. 

149.  Direct-connected  drive.  The  best  arrangement  is  to  connect  t 
motor  direct  to  the  mill,  if  the  mill  speed  is  such  that  this  is  feasible, 
general,  the  lowest  speeds  possible  for  direct-connection  at  25  cycles  are 
follows:  250  to  500  h.p.,  125  rev.  per  min.;  500  to  1,000  h.p.,  100  rev.  per  mi 
1,000  to  2,000  h.p.,  85  rev.  per  min.;  2,000  h.p.  and  upward,  70  rev.  per  m 

150.  Geared  drive.  The  first  cost  of  slow-speed  motors  is  high,  sndj 
very  large  motors  are  not  required,  some  speed-reducing  arrangement  | 
generally  used  for  slow-speed  mills.  ^ The  low  power-factor  of  the  riow-spd 
motor  is  a serious  objection.  Gearing  has  been  used  extensively  for  cot 
necting  motors  to  mills,  and  the  use  of  cut  double-helical  gears  makes  pa 
sible  pitch-line  speeds  previously  impracticable.  Although  the  mainteaaof 
is  increased,  gears  permit  th'e  installation  of  high-meed  motor  of  foa 
performance  at  low  cost.  The  use  of  gears  introduces  losses  and  offsets  ti 
increased  efficiency  of  high-speed  motors,  but  the  advantage  of  high  pows 
factor  is  important.  An  important  advantage  of  gear  dnve  is  that  is  tfc 
case  of  very  slow-speed  mills,  the  fly-wheel  (Par.  2f4)  can  be  located  os  * 
pinion  shaft  and  run  at  such  a speed  that  comparatively  small  weigh1 
required.  This  is  of  particular  importance  in  sneet  mills,  which  raid 
approximately  30  rev.  per  min.,  as  sufficient  fly-wheel  effect  csnaoih 
obtained  to  equalise  the  input  properly  if  the  fly-wheel  is  located  oad* 
mill  shaft. 

When  connecting  the  motor  to  the  mill,  the  fly-wheel  (Par.  SM)  sfceJ 
be  so  placed  that  the  shocks  from  the  rolls  are  not  transmitted  to  the  met:* 
The  best  location  is  on  the  mill  shaft,  but  with  very  slow-speed  i 
may  be  necessary  to  place  the  fly-wheel  on  the  pinion  shaft  for  the  mad 
above  mentioned. 

When  the  fly-wheel  is  mounted  on  the  pinion  shaft,  the  gear  must  be  p« 
portion  a tel  y larger,  as  it  transmits  the  peak  loads.  When  the  fly-vbfd  1 
mounted  on  the  mill  shaft  (Fig.  36),  the  gear  need  only  be  large  enough  t 
transmit  the  motor  load.  In  practice,  pitch-line  speeds  up  to  1,500  ft  p 
min.  are  used  with  plain  spur  gearing,  and  up  to  2,500  ft.  per  min.  wit 
double-helical  gears.  The  best  practice  is  to  mount  the  gears  in  asubstantt 
case  and  to  run  them  in  oil,  which  decreases  the  noise  and  reduces  mail 
te  nance. 


S01.  Hope  drive  is  extensively  used  in  steel  mills  where  the  milHpwflj 
suitable.  Rope  speeds  up  to  6,000  ft.  per  min.  are  used,  the  rooc 
acting  as  a fly-wheel  for  the  mill.  General  practice  does  not  differ  fro®dJ 
of  rope  drive  in  other  industries.  Large  ny- wheels  are  generally  reqdj 
to  prevent  rapid  fluctuations  in  the  amount  of  power  transmitted  IjJJJ 
the  motor  ana  consequent  whipping  of  the  ropes.  Belt  drives  are  used 
to  a small  extent  in  steel  mills,  usually  where  a number  of  stands  are  arruff 
m tandem  to  be  driven  from  one  source  of  power,  the  belt  being 
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ftroond  several  pulleys.  The  present  practice  is  to  substitute  gears  lor 
belts  In  this  type  of  mill. 

Mi.  Reversing  blooming  mills  cannot  be  driven  directly  by  alternating* 
current  motors,  due  to  the  difficulty  of  control,  and  to  the  unsuitable  char- 
acteristics of  suoh  machines.  Direct-current  motors  are  used  for  driving 
the  rolls,  and  are  supplied  with  power  from  fly-wheel  motor-generator  sets, 
the  field  of  the  generator  being  varied  and  reversed  to  control  the  speed 
and  the  direction  of  rotation  of  the  roll  motors.  The  roll  motors  are  always 
excited  with  the  same  polarity,  and  the  reversal  of  the  armature  current  of 
the  generator  reverses  the  rotation  of  the  roll  motor.  The  fly-wheel  is  used 
to  equalise  the  input  to  the  motor-generator  set,  and,  in  practice,  limits 
the  load  in  the  line  to  about  one-fourth  of  the  maximum  output  of  the 
generator. 


M3.  Reversing  rolling  mills  have  been  built  with  motors  which  exert 
as  much  as  16,000  h.p.  on  the  rolls  for  short  periods. 

M4.  Fly-wheels.  The  function  of  the  fly-wheel  is  to  give  up  energy 
during  the  period  when  the  load  on  the  rolls  is  in  exoees  of  the  oapacity  of 
the  motor,  and  to  store  energy  when  the  rolls  are  idle  between  passes.  In 
rolling-mill  practice,  a speed  variation  of  from  15  to  20  per  cent,  is  permissible. 
The  energy  available  from  the  fly-wheel  is: 

W(V i»-TV)  rh  n mm  m 

2^X550  (h.p.  sec.)  (7) 

where  W — wei^rft  of  fly-wheel  in  lb.,  Vi  — maximum  velocity  of  wheel  at 
radius  of  gyration  in  ft.  per  see.,  Fs  — minimum  velocity  of  wheel  at  radius 


Pio.  37. — Curves  showing  average  energy  consumption  of  different  types  of 

mills. 

Curve  No.  1,  rolling  small  billets  of  high-carbon  steel  to  rods. 

Curve  No.  2,  rolling  billets  to  light  rails. 

Curve  No.  3,  rolling  billets  to  flats  and  squares. 

Curve  No.  4,  rolling  ingots  to  billets. 

Curve  No.  5,  rolling  slabs  to  plates. 

of  gyration  in  ft.  per  sec.,  g — acceleration  due  to  gravity  — 32.2  ft.  per  seo. 
By  properly  arranging  the  control  of  the  motor,  the  rate  at  which  the  energy 
is  given  up  by  the  fly-wheel  can  be  Vegulated,  so  as  to  limit  the  load  on  the 
motor  to  the  average  value,  providing  sufficient  fly-wheel  effect  is  available. 

The  majority  of  fly-wheels  used  on  rolling  mills  are  built  of  cast  iron,  and 
as  a general  practice,  the  limit  of  peripheral  speed  in  such  cases  is  6,000  ft. 
per  min.,  because  higher  speeds  are  not  considered  safe,  owing  to  the  un- 
certainty of  the  shrinkage  stresses.  By  special  construction  to  avoid  such 
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stresses,  east-iron  wheels  for  a 
peripheral  speed  of  10,000  ft.  per 
min.  have  been  built  with  suc- 
cess. For  moderately  high  speeds, 
castr-steel  wheels  are  commonly 
used,  the  usual  limit  of  peripheral 
speed  being  12,000  ft.  per  min.: 
but  in  special  cases  cast-steel 
wheels  run  at  speeds  up  to  22,000 
ft.  per  min.  Such  speeds  are 
dangerous  if  the  material  is  not 
homogenous  and  free  from  initial 
stresses,  but  with  proper  design 
and  annealing,  they  have  proved 
successful.  For  speeds  up  to 
30,000  ft.  per  min.  fly-wheels  nave 
been  built  from  discs  cut  from 
single  plates,  the  plates  being 
riveted  together  to  form  a solid 
wheel.  • 

Iff.  Factors  affecting  power 
requirements.  The  power  re- 
quired by  rolling  mills  depends 
upon  the  following  factors:  (a) 
volume  of  metal  displaced  in  a 
given  time;  (b)  manner  in  which 
the  section  is  changed;  (c)  temper- 
ature of  metal  during  rolling;  (d) 
class  of  material;  (e)  sise  of  rolls. 
The  determination  of  the  beat 
arrangement  of  motor  and  fly- 
wheel for  any  particular  mill  neces- 
sitates the  analysis  of  the  power 
required  for  each  pass.  The  aver- 
age output  required  can  be  ob- 
tained from  Fig.  37,  which  shows 
average  energy  consumption 
for  different  classes  of  mate- 
rials. The  figures  given  are  h.p. 
hr.  per  ton  of  metal  rolled,  plotted 
against  elongation.  To  these  fig- 
ures should  be  added  the  friction 
of  the  mill,  in  order  to  obtain  the 
motor  load.  The  sise  of  the  motor 
may  be  determined  from  these 
curves,  provided  that  the  tonnage 
taken  corresponds  to  the  maximum 
that  the  mul  will  roll  if  working 
continuously,  and  that  there  is 
sufficient  fly-wheel  effect  available 
to  equalise  the  peak  loads. 

S66.  Motor  rating  and  tem- 
perature  rise.  Rolling-mill 
motors  are  usually  rated  on  a 
temperature  rise  of  35  deg.  cent, 
and  they  have  a continuous  over- 
load capacity  of  25  per  cent,  with 
50  deg.  oent.  rise  and  a 1-hr.  over- 
load oapacity  of  50  per  cent,  with 
60  deg.  oent.  rise.  With  the  knowl- 
edge now  available  of  the  power 
requirements,  a standard  tempera- 
ture rise  of  40  deg.  oent.  with  a 25 
er  oent.  overload  capacity  for  2 
r.  is  satisfactory,  if  the  conditions 
are  properly  analysed. 
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SS8.  Energy  consumption  per  ton  of  materiel 


Type  of  mill 

Original 

cross-section 

(in.) 

Finished 

product 

(in.) 

Tons 

e: 

H.p. 
hr.  per 
ton 

Reversing  blooming  mill 

Reversing  blooming  mill 

Plate  mill. 

Plate  mill 

8heet  mill 

Sheet  mill 

Rail  mill 

Billet  mill 

Rod  mill 

Bar  mill 

20X20 

16X16 

6X30 

7X24 

7X30X1 

7X30X* 

4X4 

4X4 

HXlf 

4X4 

8X8 

3X3 

iX30 

1X24 

0.025 

0.04 

40  RaU 

lixn 

i Round 
1X1 

95 

40 

50 

70 

8 

10 

75 

50 

20 

15 

21 

42 

28 

16.5 

165 

128 

20 

20 

60 

48 

SH.  Types  of  motors  adaptable  to  rolling-mill  practice.  Alternate 
ng-current  motors  are  used  almost  exclusively  for  driving  rolling  mills, 
Erect-current  machines  being  adopted  only  in  a few  installations  of  oom- 
ptratively  small  capacity,  or  where  there  are  special  speed  requirements. 

Special  types  of  direct-current  and  alternating-current  auxiliary  motors 
or  steel-mill  service  have  been  developed,  the  principal  characteristics  of  these 
naehines  being  high  overload  capacity  without  injury,  and  great  mechanical 
'trength.  Accessibility  is  also  an  important  factor  in  order  to  facilitate 
apid  repairs.  Mill  motors  are  built  from  5 to  150  h.p.,  being  usually  rated 
>n  a temperature  rise  of  75  deg.  Cent,  after  1 hr.  operation.  They  are 
equipped  with  heat-resisting  insulation,  because  they  are  often  located  near 
urnaees  where  the  temperature  of  the  motor  even  without  load  may  be 
rery  high.  The  maintenance  cost  of  such  motors  is  approximately  one- 
ourth  that  of  the  modified  railway  motors  previously  used.  Full  particulars 
if  these  motors  can  be  obtained  from  the  publications  of  the  manufacturers. 

160.  Control.  It  is  becoming  general  practice  to  use  hand-operated 
xmtrollers  only  for  auxiliary  motors  up  to  about  30  h.p.,  larger  machines 
wing  provided  with  magnetio-s witch  controllers.  The  principal  ch&rao- 
enatice  of  steel-mill  controllers  are  simplicity,  reliability  m operation  and 
ability  to  stand  abuse.  The  special  construction  necessary  to  meet  these 
auditions  increases  appreciably  the  cost  of  steel-mill  controllers  as  compared 
nth  controllers  for  ordinary  industrial  sendee. 

For  motors  driving  main  rolls,  magnetic-switch  controllers  are  generally 
wed,  the  resistance  being  so  arranged  that  various  running  points  up  to 
16  per  oent.  slip  may  be  obtained,  in  order  that  the  motor  will  slow  down  on 
wavy  loads  and  allow  the  fly-wheel  to  give  out  a part  of  the  energy  stored 
® it.  Automatic  slip  regulators  are  now  being  adopted,  in  order  to  regulate 
&e  rate  at  which  energy  is  delivered  by  the  fly- wheel,  thereby  obtaining  better 
equalisation  of  the  load  on  the  motor.  Liquid  regulators  are  used  on  ao- 
sount  of  their  simplicity  and  small  maintenance,  as  well  as  quiokness  in 
tction  and  sensitivity. 
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CEMENT  MILLS 

BT  CHX8TBB  W.  DRAKE 

General  Engineer . Westing  house  Electric  and  Manufacturing  Co.,  Member 
American  Institute  of  Electrical  Engineers 

PORTLAND  CEMENT  MANUFACTURE 

S88.  Materials.  The  necessary  ingredients,  lime,  silica  and  alumina,  art 

Senerally  obtained  from  two  raw  materiak.  in  one  of  which  the  lime  pn» 
ominates  and  in  the  other  the  silica  and  alumina.  The  materials  used  m 
this  country  are:  (a)  cement  rook  and  limestone;  (b)  limestone  and  suit 
or  clay;  (c)  marl  and  shale  or  clay;  (d)  blast-furnace  dag  and  limestow 
About  80  per  cent,  of  all  Portland  oement  is  made  by  combinations  (s)  a* 
(b).  The  process  using  combination  (c)  generally  employs  the  wet  or  shin; 
system  of  grinding,  since  the  marl  is  dredged  from  swamps  or  underwater 
168.  Process.  Briefly  stated,  the  process  of  manufacture  oonrists  a 
reducing  the  raw  materials  to  a fine  powder,  miring  the  ingredients  it  tk 
correct  chemical  proportions  as  shown  by  analysis,  burning  to  a cfcobr. 
and  again  reducing  to  a fine  powder  which  is  Portland  oement.  In  s w 
using  the  dry  process,  the  buildings,  departments  and  machines  are  amain 
in  approximately  the  following  order,  although  there  are  many  different  type* 
of  machines  in  use  to  do  the  same  work. 


Departments  Machines 

Quarry | Hoists,  air  compressors,  pumps. 

Raw  mill Crushers,  dryers,  intermediate  grinders,  automate 

scales,  fine  grinders. 

Coal  mill Crushers,  dryers,  fins  grinders. 

Kiln  building Kilns,  blowers  or  fuel  feeding  apparatus. 

Clinker  storage Cranes,  cableways,  conveyers. 

Finishing  mill Intermediate  grinders,  fine  grinders,  or  pulveriser* 

Packing  house Automatic  sacking  machines,  oonveyers. 


Also  numerous  elevators  and  conveyors  in  all  departments. 

S64.  Power  requirements.  Extensive  tests  and  investigations  h*w 
shown  that  the  average  power  demand  per  bbl.  of  cement  per  day  depend* 
on  many  items,  but  is  usually  within  the  limits  of  from  0.75  h.p.  to  1.5  h-r 
at  the  switchboard.  On  this  basis  the  energy  consumption  will  be  from  115 
to  27  kw-hr.  per  bbl.  Even  with  energy  at  1 oent  per  kw-hr.  it  wil  be 
seen  that  the  cost  of  energy  is  a very  large  part  of  the  total  value  of  the 
cement,  which,  for  the  Umted  States  in  1017  averaged  about  $1.35  oerbbL 
at  the  mill.  In  1917  about  93  million  barrels  of  cement  were  manufactured 
in  the  United  States,  although  the  capacity  of  the  kilns  installed  is  abort 
50  per  cent,  greater.  A total  capacity  of  more  than  400,000  h.p.  of  elector 
motors  is  installed  in  cement  plants  and  the  percentage  of  electric  pov* 
used  is  rapidly  increasing  and  is  now  about  75  per  cent.  With  the  exceptim 
of  the  quairy  and  the  crushers,  and  sometimes  the  coal  house,  all  of  the 
machinery  in  a cement  plant  is  in  continuous  operation  and  at  a nearly  coo- 
stant  load;  the  load  factor  would  be  very  nearly  unity  were  it  not  for  tki 
portions  of  the  plant,  and  is  often  from  80  to  85  per  cent.,  based  upoa  tk 
ratio  of  average  to  maximum  demand. 
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2 4ft.  Wute  heat  boilers.  One  of  the  most  reeent  economies  effected 
in  cement  production  is  the  utilisation  of  the  exhaust  gases  from  the  Irilnf 
for  the  generation  of  steam.  Specially  designed  boilers  are  installed  to 
utilise  the  gasee  from  one  or  more  kilns  according  to  their  sise  and  arrange* 
ment.  Experience  has  shown  that  in  a mill  using  high  efficiency  prime 
movers  the  waste  heat  will  supply  approximately  enough  steam  for  the  entire 
power  equipments.  A small  steam  boiler  reserve  is  usually  necessary  to 
take  care  of  variations  in  kiln  operation  or  power  requirements.  The  instal- 
lation of  wSste  heat  boilers  eliminates  practically  all  coal  used  for  power 
purposes  with  the  result  that  the  total  coal  used  per  barrel  of  cement  is 
reduced  from  30  to  50  per  oent. 

144.  Motor  characteristics.  Induction  motors  either  of  the  squirrel- 
cage  or  slip-ring  type  are  used  in  practically  all  new  installations,  but  syn- 
chronous motors  in  the  larger  sixes  are  used  to  a limited  extent  to  give  power 
factor  correction.  The  simplicity  and  ruggedness  of  the  squirrel-cage  motor 
makes  it  admirably  adapted  for  the  severe  and  dusty  service  of  cement  mills. 
The  bearings  should  be  made  dust  proof.  Ball  and  tube  mills  and  others 
of  similar  characteristics  are  very  difficult  to  start,  and  motors  for  such 
applications  should  have  a starting  torque  of  not  lees  than  twice  the  value 
of  full-load  torque.  When  synchronous  motors  are  used  for  such  drives 
friction  clutches  are  required,  but  other  types  of  motors  should  be  designed 
to  meet  the  conditions.  Slip-ring  motors  are  often  used  for  large  gyratory 
crushers,  tube  milk  and  other  machines  when  the  power  required  exceeds 
approximately  200  h.p.,  on  account  of  the  large  starting  current  required  by 
squirrel-cage  motors.  Speed  variation  is  often  desirable  on  kilns  and  dryers 
and  such  requirements  are  readily  met  by  the  use  of  slip  ring  motors  with 
resistance  designed  for  50  per  cent,  speed  reduction. 


147.  Jaw  crushers  are  often  used  for  secondary  crushing,  or  upon 
clinker,  and  the  following  are  typical  ratings. 


Jaw  Crushers — Blake  Type 


Sise  of 
jaw 

opening 

(in) 


Weight  of 
crusher 
(lb.) 


Capacity  per  hr.  . 
according  to  sise 


Tons 


In. 


Tons 


In. 


Driving  pulley 


Diam. 

(in.) 


Faee 

(in.) 


Rev. 

per 

min. 


Horse 

power 

(aver.) 


10X  7 
15X  9 
20X10 
24X15 
36X24 
42X40 
60X48 
84X60 


7,550 

12,000 

21,500 

38.000 

68.000 

130.000 

205.000 

400.000 


6 

16 

38 

, 60 

I 130 

225 

290 

450 


2 1 

3 

4 

5 

6 
8 
9 

11 


2f 

8 

19 

25 

70 

130 

180 

280 


24 
30 
36 
42 

Pulleys  to 
suit  con- 
ditions 


II 

13 

m 


250 

250 

250 

250 

250 

250 

200 

100 


7J 

10 

20 

25 

75 

100 

150 

200 


Champion  Crushers  (American  Road  Machinery  Co.) 


Sise 

no. 

Sise  of  I 
jaw 

opening  1 
(in.) 

Weight  of 
crusher 
(lb.) 

Tons  per  hr. 
according  to 
material  and 
feed  | 

Driving  pul 

DiamJ  Face 
(in.)  | (in.) 

[ley 

Rev. 

per 

min. 

Horse 

power 

3 

71X13 

5,500 

1 8 to  12  I 

38 

8 

170 

12 

4 

9 X 16 

8,800 

I 12  to  18 

48 

9 

155 

15 

4} 

10  X 20 

12,500 

I 16  to  24 

50 

10 

150 

18 

15 

11  X22 

12,000 

18  to  26 

48 

9 

150 

20 

5 

11  X26 

20,000 

24  to  35  | 

60 

91 

140 

25 

20 

| 18  X50 

60,900  i 

70  to  100  j 

72 

12* 

105 

50  to  60 

1 295 
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SM.  Gyratory  crushers.  The  following  table  gives  the  ratings  of  Gates 
crushers;  other  makes  of  similar  si  me  have  approximately  the  same  power 
requirements. 


9 

Gates  Gyratory  Crusher — Style  *‘K” 

Site 

no. 

Site  of 
openings 
(in.) 

Weight  of 
breaker 
(lb.) 

Capacity  per 
hr.  in  tons 
(2,000  lb.), 
varying  with 
material 

Driving  pulley 

Hone 

power 

Diam. 

(in.) 

Face 

(in.) 

Rev. 

per 

mm. 

4 

8X30 

22,000 

15  to  40 

32 

12 

14  to  21 

5 

10X38 

32,800 

30  to  70 

33 

14 

375 

22  to  30 

6 

12X44 

48,000 

50  to  90 

40 

16 

350 

28  to  45 

7* 

14X52 

68,000 

80  to  120 

44 

18 

350 

50  to  75 

8 

18X68 

103,000 

130  to  150 

48 

20 

350 

0 

21X76 

155.000 

250  to  300 

56 

20 

ETuB 

8everal  larger  sites  are  manufactured 

Itotary  dryers.  For  the  average  aise  of  dryer,  5 ft.  diam.  by  50 
or  60  ft.  long,  revolving  at  2 to  5 rev.  per  min.,  from  10  to  20  h.p.  is  mpnm l 
This  varies  with  the  construction  of  the  dryer,  the  method  of  the  drive  asd 
the  speed  of  rotation. 

1T0.  Ball  mills 


| Gates  Ball  Mills 

Site 

no. 

Weight 
without 
charge  of 
balls  (lb.) 

Weight  of  charge 
of  balls  (lb.) 

Cap.  on  Portland 
cement  clinker  to 

20  mesh 

Horn 

power 

7 

29,500 

3,000 

12  to  16  bbl.  per  hr. 

30  to  40 

8 

41,100 

4,500 

18  to  24  bbl.  per  hr. 

40  to  50 

The  F.  L.  Smidth  Co.  Kominuters  are  similar  to  ball  mills,  and  the  thres 
sites.  No.  531,  66,  and  88  require  approximately  30,  75  and  100  hp. 
respectively. 


171.  Williams  mills.  These  are  of  the  swinging-hammer  type,  sad  tn* 
made  in  various  modifications  for  pulverising  coal,  clay,  clinker,  etc.  Tbe 
ratings  of  the  coal  and  cement  crushers  are  as  follows:  


Coal  crushers 

Sise  no. 

Pulley  dimen. 
(in.) 

Rev.  per  min. 

Horae  power 

1 

20X15 

1,000 

20 

2 

20X15 

1,000 

30 

3 

20X15 

1,000 

50-60 

4 

24X18 

. 1,000 

75 

5 

24X20 

1,000 

100 

8 

30X32 

750 

250 

Cement  grinders 

Sise  no. 

Pulley  dimen.  (in.) 

Rev.  per  min. 

Horse  power  | 

1 

16X12J 

1,500 

20  | 

2 

16X121 

1,500 

25-30 

3 

20X15 

1,000 

30-60 

9 

30X20 

720 

150-200 
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IT1  Type  of  drive.  For  satisfactory  service  and  long  life,  a motor 
■bould  not  be  subjected  to  severe  vibration.  Either  belts  or  flexible  coup- 
lings are  able  to  absorb  the  vibration  of  the  grinding  machinery,  but  the  dust 
causes  rapid  deterioration  of  belts  and,  therefore,  the  best  practice  is  direct- 
connection  wherever  possible.  The  countershafts  of  ball  and  tube  mills 
rotate  at  about  180  rev.  per  min.  and,  on  25-cycle  circuits,  motors  at  this 
speed  may  be  direct  connected  throught  flexible  couplings.  Motors  should, 
whenever  poemble,  be  placed  in  a separate  room,  the  shafting  extending 
through  into  the  mill  proper.  For  Fuller,  Griffin,  or  other  vertical-shaft 
mills,  special  belted  vertical  motors  can  be  obtained  which  are  more  satis- 
factory than  h orison tal  motors  with  quarter-turn  belts. 

173.  Kent  mills.  This  mill  (made  by  the  Kent  Mill  Co.)  is  in  very 
extensive  use  both  as  an  intermediate  and  a fine  grinder.  Being  of  the 
roll  and  ring  type  it  can  be  started  with  comparative  ease,  and  a 40-h.p. 
motor  is  usually  supplied  to  drive  the  mill  with  its  elevator  and  screen. 
The  pulleys  on  the  mm  are  36  in.  X 8 in.,  and  64  in.  between  centres,  running 
at  about  200  rev.  per  rain.  Motors  with  double-extended  shafts  make  a 
simple  and  satisfactory  drive. 

174.  Tuba  mills  of  5,  5.5,  6 and  7 ft.  diam.  by  22  ft.  long  are  now  in 
common  use  in  cement  mills.  The  required  power  varies  with  the  charge  of 

Csbbles  and  the  feed,  but  with  flint  pebbles  averages  100,  125,  150  and  200 
p.,  respectively,  for  the  above  mills.  The  present  day  tendency  however 
is  toward  larger  mills  requiring  300  to  500  h.p.  For  belt  drive,  motors 
from  480  to  600  rev.  per  nun.  are  used,  while  for  coupled  drive  100  to  180  rev. 
per  min.  is  e ustomary.  The  F.  L.  smidth  No.  16  and  18  tube  mills  are 
usually  driven  by  100-h.p.  and  150-h.p.  motors,  respectively.  When 
"cylpebs"  (short  cylindrical  pieces  of  steel)  are  added  to  a tube  mill  the 
power  required  is  increased  20  to  30  per  oent. 

ITS.  Fuller  mills.  The  Lehigh  Car  Wheel  6 Axle  Works  have  on  the 
market  three  sixes  of  Fuller  mills,  known  as  the  33  in..  42  in.  and  57  in.  The 
smaller  mill  is  used  principally  for  coal,  while  the  two  larger  sixes  are  adapted 
to  pulverising  either  raw  material  or  clinker.  The  power  requirements  are 
given  in  the  following  table. 


Pulley 

Horse 

power 

8ise  of  mill  (in.) 

Diam.  (in.) 
Max- 

Face  (in.) 

Rev.  per 
min. 

33 

45 

12 

210 

25-40 

42 

54 

18 

'V. 

75-90 

57 

75 

23 

130 

150-200 

Vertical  belted  motors  make  the  best  drive  for  these  mills. 


176.  Griffin  mills.  These  mills  which  are  of  the  vertical  type  are  manu- 
factured by  the  Bradley  Pulveriser  Company.  Since  the  driven  pulley  is 
above  the  mill  they  are  often  driven  in  groups,  but  individual  drive  with 
vertical  belted  motors  is  desirable  especially  for  the  larger  sixes  of  mills. 


Type  of  mill 

Pulley 

Horse  power 

Diam.  tin.) 

Rev.  per  min. 

Junior  Giant  Griffin 

30 

190-200 

30-35 

Giant  Griffin 

42 

160-170 

75-85 

Bradley  3 Roll 

42 

160 

50-60 

Bradley  Hercules 

72 

125 

250-300 

177*  Bonnot  pulverizer.  Although  this  is  a vertical  mill,  it  has  a 
horisontal  pulley  running  at  about  215  rev.  per  min.  Only  one  sixe  of  mill 
is  manufactured;  this  requires  from  75  to  85  h.p.  Either  a belted  or  a 
coupled  motor  may  be  used. 


1207 

Digitized  by  Google 


Sec.  15-278  industrial  motor  applications 


ITS.  Aero  pulverizers.  These  reduoe  crushed  coal  to  an  impalpable 
powder,  and  olow  it  into  the  kiln,  mixed  with  the  correct  amount  of  air  for 
oombustion. 


Aero  pulverisers 


Sise 

no. 

Weight 

(lb.) 

Height 

(in.) 

Floor  space 

(in.) 

•Normal  ca- 
pacity of  soft 
coal  (lb.  per  hr.) 

Rev. 
per  min. 

Horse 

power 

A 

1,800 

28] 

611X271 

600 

2,000 

I 10 

B 

3,500 

381 

771X29 

1.00CT 

1.600 

15 

C 

4,200 

51 

781X29 

1,500 

1,500 

20 

D 

4,400 

44 

78|X29  ! 

2,000 

1,400 

30  , 

E 

5,600 

40] 

97  X33 

2,800 

1,400 

4° 

* The  capacity  may  be  increased  25  per  oent.  or  decreased  50  per  cent 
without  material  loss  of  economy. 


179.  Kilns.  The  aixe  of  kiln  in  greatest  favor  at  present  is  about  7 or 
8 ft.  in.  diam.  by  125  to  135  ft.  long.  However,  many  shorter  kilns  are  is 
use  and  a number  have  lengths  of  150  ft.  or  longer.  Pulverised  coal  » 
used  as  fuel  in  over  80  per  cent,  of  the  kilns,  and  oil  gas  in  the  remainder. 
To  burn  the  clinker  properly,  a speed  adjustment  ratio  of  2 to  1 is  usually 
necessary,  and  slip-nng  motors  with  controllers  are  required.  For  7-ft  X 
100-ft.  kilns  an  average  of  15  h.p.  is  required,  and  from  20  to  40  h.p.  » 
required  for  8-ft.  X 125-ft.  kilns. 

COAL  MINING 

BT  GRAHAM  BRIGHT,  B.B. 

Engineer,  Mining  Dept.,  W estinghouse  Electric  and  Manufacturing  CV; 

Fellow , American  Institute  of  Electrical  Engineers 
Member , American  Institute  of  Mining  6*  Metallurgical  Bnginsen 

DEVELOPMENT  OF  POWBR  PRACTICE 

180.  Haulage  and  hoisting.  The  early  mines  in  the  United  States 
generally  consisted  of  a hole  in  the  side  of  a hill  extending  back  a few  bunked 
feet  into  the  hillside.  The  coal  was  mined  entirely  by  hand,  a process  known 
as  “pick  mining,"  and  the  small  cars  were  pushed  to  the  entrance  where  the 
coal  was  dumped  on  loading  platforms.  As  the  distance  became  greater  sod 
adverse  grades  were  encountered,  it  became  necessary  to  obtain  a new  source 
of  power,  and  the  time-honored  mule  was  found  most  satisfactory.  At  the 
present  time  this  method  of  traction  has  practically  disappeared  from  main 
haulage  work,  and  is  also  being  rapidly  replaced  by  mechanical  processor  of 
gathering.  When  shaft  mines  were  developed,  a power  system  was  nccsv 
sarily  employed  in  the  hoisting  of  coal,  men  and  material.  Steam  was  fint 
used  and  a fetf  compressed-air  hoists  followed  later.  Electric  hoistiiif 
practice  has,  however,  found  a firm  footing,  and  a great  many  old  mines  sre 
to-day  electrifying  their  hoists.  (Par.  91). 

981.  Pumping  (Par.  996).  Very  few  mines  can  be  laid  out  to  be  self- 
draining, and  pumping  becomes  necessary  as  soon  as  they  are  opened.  The 
early  power  pumps  were  stedm-operated,  and  this  type  appears  in  a great 
many  of  the  pumps  of  to-day.  The  inherently  poor  economy  of  steam  or  sir 
pumps,  and  the  large  losses  in  long  pipe  lines  make  this  type  of  installation 
compare  very  poorly  with  electrically  driven  pumps. 

989.  The  ventilating  systems  (Par.  997)  were  operated  by  steam  for 
many  years.  The  electric  motor  is,  however,  rapidly  supplanting  the  steam 
engine  and  is  establishing  for  itself  a remarkable  record  in  regard  to  flexibility, 
continuity  of  operation  and  the  economical  use  of  power. 

183.  Mining  machines  (Par.  998).  Originally  coal  was  all  pick-mis^ 
but  it  soon  became  evident  that  power  must  be  used  to  mine  the  cost  ■ 
an  insufficient  amount  of  labor  was  available  to  care  for  the  rapidly  incresdaf 
output.  The  first  mining  machine  was  the  compressed-air  puncber-tyi* 
followed  later  by  the  compressed-air  chain-type.  Various  kinds  of  electric 
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mining  machines  are  in  use  to-day,  and  many  new  types  are  being  developed. 
The  particular  design  of  machine  which  should  be  used  to  meet  a particula 
•et  of  conditions,  can  be  determined  only  by  experience. 

SS4.  For  auxiliary  power  outside  of  the  mine  (Par.  196).  such  as 
power  for  shops,  pumps,  etc.,  steam  engines  have  been  largely  used;  and  to 
substitute  an  electric  motor  is  usually  a comparatively  simple  matter. 

tSI.  Safety  specifications.  Various  countries  and  each  of  the  mining 
states  of  this  country  have  mining  codes  which  deal  with  the  manner  of 
installing  electrical  apparatus  in  mines  and  give  general  safety  rules.  The 
best  reference  for  Rules  for  installation  of  electrical  equipment  in  mines  is  in 
Technical  Paper  No.  138  issued  by  the  U.  S.  Bureau  of  Mines. 

KNKftQT  SUPPLY 

IW.  The  generators  are  generally  of  the  direct-current,  250-volt  or  600- 
volt  types.  These  generators  should  be  compounded  about  10  per  cent.,  and 
should  be  capable  of  withstanding  momentary  overloads  of  from  50  to  100 
per  cent.  Standard  machines  are  built  for  225-volt  to  250-volt  service,  for  250- 
volt  to  275-volt  service  and  from  500-volt  to  550-volt  service.  The  higher 
voltage  of  500  has  an  advantage  over  250  volts  in  that  very  much  less  copper 
U needed  and  greater  distance  can  be  covered.  The  danger  is,  however, 
considerably  greater,  and  many  states  are  legislating  against  the  use  of  over 
300  volts  underground.  Compounding  is  desirable  due  to  the  long  lines 
that  are  required  in  reaching  tne  workings.  The  type  of  load  is  such  that 
heavy  short-time  peaks  frequently  occur. 

SS7.  Predetermination  of  generator  capacity.  When  a mine  is  small 
and  electric  power  is  used  for  only  one  or  two  locomotives,  the  capacity  of 
the  generator  will  be  determined  entirely  by  the  peak  loads.  For  instance, 
if  the  load  were  to  consist  of  two  10-ton  locomotives  each  having  two  50-h.p. 
motors,  the  conditions  will  be  as  follows:  1-hr.  rating  of  motors,  200 
h.p.;  continuous  rating  of  motors  about  80  h.p.;  maximum  load  with  both 
locomotives  starting  300  h.p.  To  compensate  for  the  line  drop  and  efficiency, 
1 kw.  should  be  allowed  at  the  switchboard  for  every  horse-power  at  the 
machine. 

It  will  be  seen  from  the  above  that  on  a heating  basis,  an  80-kw.  generator 
can  be  used.  This  machine,  however,  could  not  take  care  of  a load  of  300 
kw.  The  generator  should  have  a capacity  of  not  less  than  150  kw.  If 
old  second-hand  generators  and  engines  are  installed,  it  will  be  necessary  to 
provide  for  a capacity  of  from  200  to  250  kw.,  as  there  would  be  a lack  of 
overload  capacity.  The  efficiency  of  power  generation  will  not  be  very  high, 
«nee  the  unit  will  be  carrying  a small  load  a considerable  portion  of  the  time. 
Excellent  examples  of  load  diagrams  showing  the  low  average  and  the  high 
peak  loads  obtained  at  a coal  mine  power  plant  are  shown  in  a paper  presented 
before  the  A.  I.  E.  E.,  April,  1913,  by  Wilfred  Sykes  and  Graham  Bright. 

If  we  were  to  add  to  the  above  a third  locomotive,  a pump  load  of  50  h.p.,  a 
fen  load  of  50  h.p.,  and  a cutting  load  of  four  25-h.p.  cutters,  we  would 
have  the  following  conditions: 

One-hour  rating  of  motors 300  -f  50  4-  50  + 100  — 500 

Continuous  rating  of  motors 120  4-  50  -f  50  + 40  — 260 

Maximum  load  of 400  + 50  -f  50  + 100  — 600 

For  the  maximum  locomotive  load,  two  looomotives  can  bo  considered  as 
starting.  each  developing  150  h.p.,  and  one  running  taking  100  h.p.  There 
will,  no  doubt,  be  a diversity  among  the  machines,  so  that  the  actual  peaks 
will  not  be  over  550  h.p.  The  generator  capacity  should  be  300  kw.,  pref- 
erably divided  between  two  units  of  150  kw.  each.  From  those  figures  it 
will  be  seen  that,  for  the  larger  plants,  the  generators  can  be  operated  more 
oearl  v at  their  oontinuous  capacity. 

At  larger  mines,  or  where  one  company  operates  a group  of  mines,  a central 
alternating-current  generating  system  is  frequently  installed.  Energy  is 
generated  at  2,200  volts,  3 phase.  60  cycles,  and  is  either  transmitted  to  sub- 
stations at  2,200  volte,  or  stepped  up  to  6,600  volts  or  11,000  volts.  Motor- 
generator  sets  or  rotaries  are  used  at  the  substation  to  transform  the  alter- 
nating current  to  direct  current.  Motor  generator  sets  can  be  readily  over- 
compounded  if  desirable  while  rotaries  are  best  operated  flat  compound.  In 
determining  the  capacity  of  the  central  plant,  the  machine  ana  line  losses 
must  be  taken  into  account  in  determining  the  si  sc  of  the  main  generating 
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unit*.  These  losses  will  average  from  15  to  20  per  oent.  The  capacity  of 
the  central  plant  will  not  be  the  sum  of  the  individual  substations,  u tun 
will  be  considerable  diversity.  The  diversity  factor  will  range  from  L2  to 
1.5  to  1. 

288.  Design  and  advantages  of  mines  using  purchased  energy. 

When  central-station  power  is  used,  the  power  application  is  very  much  am- 
plified. For  haulage,  cutting  and  insiae  pumping,  a motor-generator  set 
or  synchronous  converter  is  used.  The  motor-generator  seta  are  generally  ol 
the  synchronous  type,  owing  to  the  power-factor  correction  which  can  be 
obtained  with  the  synchronous  motor.  This  high  power-factor  will  com-; 
pensate  for  the  lower  power-factor  obtained  on  the- induction  motors  und 
for  driving  fans,  pumps,  and  tipple  or  breaker  machinery.  The  subeUfion 
can  be  a very  simple  structure  and,  in  a great  many  cases,  the  old  generating 
room  can  be  used.  The  care  of  a substation  is  an  extremely  simple  matiff 
when  compared  with  an  isolated  plant.  For  fans,  compressors,  outside 
pumps,  tipple  and  breaker  machinery  and  machine  or  blacksmith  shop  drire, 
the  squirrel-cage  motor  is  best  adapted,  as  regards  first  cost  and  upkeep 
This  apparatus  can  be  operated  at  all  times  independent  of  the  motor-genera- 
tor  set  which,  in  many  cases,  operates  only  8 or  10  hr.  per  day. 

MOTOR  CIRCUITS 

289.  Permissible  voltage  drop  for  haulage,  gathering  and  cuttur 
(for  good  operation),  should  not  exceed  20  to  25  per  cent,  at  maximum  load 

290.  Diversity  in  peak-load  calculations.  See  Par.  1ST.  Wbm 
several  locomotives  and  cutting  machines  are  supplied  from  one  feeder,  th 
maximum  load  is  obtained  by  estimating  the  number  of  machines  that  car 
be  running  at  one  time.  It  is  seldom  that  two  locomotives  will  start  attb 
same  time  where  only  three  or  four  are  in  use.  In  practice,  a locomotive  *s 
not  operate  at  full-load  more  than  one-fifth  of  the  time.  The  same  is  true  d 
mining  machines,  and  the  maximum  load  should  be  estimated  from  the  tool 
conditions  that  exist  at  each  mine. 

291.  Construction  methods  and  costs.  * Trolley  and  feed  wire  shook 
be  installed  in  a substantial  manner  and  protected  from  contact  with  msn.»» 
mules  at  cross-overs.  The  total  cost,  including  labor  and  materials  lor 
erecting  a 0000  trolley  wire  in  an  anthracite  mine  will  range  from  $l,Q00w 
tl. 400  per  mile,  and  from  $050,  to  $900,  in  a bituminous  mine,  depends 
upon  tne  nature  of  the  roof.  Outside  of  the  mine,  the  cost  per  mile  will 
range  from  $1,200  to  $1,600.  Number  0000  feed  wire  will  cost,  erected,  from 
$900 to  $1,200  per  mile  inside  of  the  mine,  and  from  $1,100  to  $1,500  outside 
of  the  mine  for  an  anthracite  mine.  The  cost  of  0000  feed  wire  in  a bituminous 
mine  will  be  about  the  same  as  for  the  trolley  wire.  The  rail  return  is  fed- 
erally much  neglected.  The  bonding  should  be  frequent'y  checked  with  » 
bond-testing  instrument  and  cross  bonds  should  be  installed  at  about  every 
200  or  300  ft.  All  switches,  frogs,  and  cross-overs  should  be  bonded  around 
and  cross-bonds  should  be  placed  on  each  side.  Any  water,  or  air  pip® 
should  be  well  bonded  to  the  rail,  especially  near  the  main  entrance,  inordtf 
to  obtain  the  benefit  of  an  extra  return  circuit  and  to  prevent  electroljvk 
The  total  cost  of  bonding  a track  (rails  varying  from  30  to  50  lb.  ptf 
yd.)  with  No.  00  bonds  including  cross-bonding,  will  be  about  $350 
mile,  including  labor  and  material.  The  total  cost  using  No.  0000  bon* 
will  be  about  $400  per  mile.  Electrically  welded  bonds  are  proving  vwy 
superior  to  the  oompressed  or  soldered  bond  and  in  many  cases  are  k® 
expensive  to  instal. 

The  haulage  and  cutting  circuits  should  be  kept  separate  where  po*ibk. 
but  should  be  arranged  to  connect  together  in  order  to  help  out  one  anotbern 
emergency  cases.  In  the  larger  mines,  the  feeders  can  be  separated  in  oro® 
that  local  line  trouble  will  not  shut  down  the  entire  mine.  However,  in 
large  mines,  it  is  the  practice  to  connect  everything  solidly,  and  in  case  « 
trouble  the  circuits  are  held  closed  and  the  source  of  trouble  removed  W 
literally  burning  it  out. 

292.  Lighting  circuits  both  inside  and  outside  are  generally  taken  fron 
the  haulage  or  cutting  feeders.  Incandescent  lamps  for  either  110  or 
volts  are  used,  with  as  many  in  series  as  necessary. 

* Based  on  1915  prices;  add  50  per  cent,  to  above  figures  for  1922. 
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KOTO*  APPLIOATIOVB 

898.  Compressor  motors.  See  Par.  1T4  to  198.  Where  compressed  air 
is  used,  motor-driven  compressors  can  be  applied  to  advantage.  For  small  com- 
pressors, the  best  type  is  that  used  by  street  railways  for  supplying  compressed 
sir  for  brake  systems.  For  larger  compressors  a synchronous-motor  drive 
b most  used  because  of  the  high-power  factor  obtainable  thereby.  Com- 
pressor motors  are  often  operated  at  80  per  oent.  leading  power-factor  in  order 
to  compensate  for  the  lower  power-factor  due  to  the  induction  motors  which  4 

an  used  to  drive  fans,  pump®  and  tipple  or  breaker  equipment.  With  a syn- 
chronous motor  drive,  an  unloading  device  must  be  used  on  the  compressor*  h 

this  prevents  the  motor  from  being  loaded  untilit  has  reached  synchronous  speed.  1 

IM.  One  great  advantage  of  electrically  driven  air  compressors  is 
that  they  can  be  installed  at  the  most  convenient  location.  8mall  auxiliary 
compressors  can  be  easily  located  inside  of  the  mine  at  the  end  of  long  pipe 
lues  where  it  is  difficult  to  maintain  normal  pressure. 

*H.  Typos  of  adaptable  motors.  For  tipples,  breakers  and  shops, 
considerable  power  is  often  required  for  crushers,  screens,  elevators,  washers 
and  machine  tools.  When  direct  current  is  employed,  a compound-wound 
motor  is  best  adapted,  and  is  sometimes  built  totally  enclosed  in  order  to 
avoid  the  effects  of  coal  dust.  The  motors  should  be  continuously  rated, 
as  the  load  is  fairly  constant.  A shunt-wound  motor  is  best  adapted  for  shop 
purposes,  as  its  speed  is  more  nearly  constant  under  varying  loads.  When 
power  is  purchased,  all  outside  motors  can  be  of  the  alternating-current  type, 
so  that  the  motor-generator  sets,  or  synchronous  converters,  need  only  sup- 
ply the  haulage,  cutting,  inside  lighting  and  pumping.  Where  very  heavy 
starting  loads  obtain,  the  wound-rotor  induction  motor  with  drum  type 
controller  should  be  used.  Where  only  moderately  heavy  starting  torques 
are  required,  the  squirrel-cage  motor  is  best  adapted.  The  rotor  characteris- 
tics of  this  motor  will  depend  upon  the  character  of  the  load.  This  is  by  far 
the  simplest  and  most  rugged  motor  built,  the  control  also  being  yery  simple. 

Where  starting  requires  alow  torque,  alow  resistance  end-ring  can  be  used; 
where  high  starting  torques  are  required,  a fairly  high-resistance  end-ring 
should  be  used.  The  cast  end-ring  has  solved  all  end-ring  troubles  which 
were  once  so  prevalent. 

896.  Pumping.  For  inside  pumping  the  reciprocating  duplex  or  triplex 
Pump  is  most  used  for  the  smaller  aises.  The  centrifugal  pump  is  not  so 
well  adapted  for  moving  about  and  for  use  under  various  heads.  The  capac- 
ity of  the  motor’  can  be  readily  determined  by  the  amount  of  work  to  be 
done,  assuming  an  efficiency  of  60  to  60  per  cent,  for  centrifugal  and  70  to 
75  per  cent,  for  reciprocating  pumps.  See  Par.  169  to  178. 

897.  Ventilation.  Mine  fans  are  inherently  low-speed  machines  and  are 
very  well  adapted  for  direct  connection  to  a steam  engine.  For  economy  in 
first  cost  and  operating  cost  an  electric  motor  is  inherently  a high-speed 
machine,  usually  requiring  some  speed-reducing  device  in  such  an  application. 

Belting  seems  to  be  the  most  popular  method,  although  gearing,  chain  drive 
and  even  rope  drive,  are  used  occasionally.  See  Par.  198  to  818.  A.  C. 
squirrel  cage  motors  for  small  fans  and  woundrotor  motor  for  large  fans 
are  most  popular.  The  synchronous  motor  is  being  proposed  and  will  no 
doubt  find  many  applications. 

898.  Machine  mining.  Pick  mining  is  a rather  slow  and  laborious  proc- 
ess of  mining  coal,  although  a large  portion  of  the  coal  is  still  mined  by  this 
method.  Machine  mining  has  become  a necessity  owing  to  the  increasing 
demand  for  coal  and  the  limited  supply  of  labor.  Punchers  and  chain 
machines  are  the  two  types  generally  used.  Punching  machines  were 
first  driven  by  compressed  air,  and  most  of  the  mach  nes  of  this  type  are 
still  operated  in  this  manner.  The  electrio  puncher  consists  of  a motor- 
driven  compressor  attached  to  the  cutting  mechanism,  so  that  compressed 
air  really  is  used  to  operate  the  puncher.  This  machine  has  the  advantage 
of  eleetnc  transmission,  but  is  heavier  and  more  expensive  than  the  straight- 
air  puncher. 

The  chain  machine  is  the  most  rapid  of  all  mechanical  cutters.  The 
chain  cutter  will  require  a motor  having  an  intermittent  rating  of  from  20  to 
40  h.p.,  while  the  pneuroo-electric  machine  will  require  a motor  rated  from 
10  to  15  h.p.  As  a rule  direct-current  compound-wound  motors  are  used  to 
operate  coal-cutting  apparatus.  Alternating-current  motors  are  being  intro- 

1301  ;oogIe 


Sec.  16-298a  INDUSTRIAL  MOTOR  APPLICATIONS 


duced  for  both  punching  and  cutting  machines  and  have  been  very  sueeeas* 
ful.  They,  however,  require  a separate  power  circuit  consisting  of  two  feed 
wires  with  track  return.  They  possess  the  advantages  of  simplicity  of  con- 
struction and  less  danger  of  the  workmen  coming  in  contact  with  hve  parts. 

299(a).  Loading  Machines. — On  account  of  the  high  coat  and  scarcity  of 
labor  the  Loading  Machine  is  being  rapidly  developed.  These  machines 
require  about  three  men  to  operate  and  will  load  100  to  400  mine  cars  p« 
day.  The  power  equipment  is  generally  direct  current  consisting  of  2 or  3 
motors  having  a total  horsepower  rating  of  about  75  on  the  larger  machine* 

LOCOMOTIVES 

299.  Locomotives  for  main  haulage  and  gathering  are  of  the  direcv 
current  type,  designed  to  operate  on  250-  or  500-volt  circuits.  The  ssna 
type  of  motor  is  invariably  used  as  it  has  the  best  speed-tbrque  char 
acteristics  for  the  servioe.  The  service  is  somewhat  similar  to  streewsi* 
way  conditions  and  the  same  general  methods  are  used  to  determine  u* 
weight  and  capacity  of  the  equipment.  . 

Mine  locomotives  are  built  in  weights  ranging  from  4 tons  to  35  tons  ua 
gages  ranging  from  18  in.  to  the  standard  of  4 ft.  8.5  in.  The  wheels  mij 
be  cast  iron  with  chilled  tread,  steel  tired,  or  rolled  steel.  Gathering  loro* 
motives  are  built  to  replaoe  mules;  these  weigh  from  4 to  8 tons  with  equip* 
ment  varying  from  two  10-h.p.  motors  to  two  40-h.p.  motors. 

900.  Locomotive- adhesion  and  weight  calculation*.  The  cast-uca 
wheel  will  afford  a running  coefficient  of  adhesion  of  20  per  cent.,  sm* 
starting  coefficient  of  25  to  30  per  cent,  when  sand  is  used.  The  steel-tcw 
or  rolled-steel  wheel  will  have  a running  coefficient  of  25  per  pent.  sac  * 
starting  coefficient  of  30  to  33.33  per  cent,  with  sand.  The  above 
are  conservative  and  can  be  easily  obtained  with  fair  rail  conditions,  i* 
weight  of  locomotive  is  determined  by  the  following  formula: 

r(304  20G)  +20QW  — 400 IF.  for  cast-iron  wheels, 

— 500  W.  for  steel  wheels. 

Where  T — weight  of  trailing  load  in  tons.  The  item  30  is  the  friction  it  ii 
per  ton  for  the  trailing  load  on  the  level  and  is  the  average  value  obtsmea 
by  test  for  small  mine  cars.  The  expression  20G  is  the  pull  ncces«ry« 
overcome  gravity,  0 being  the  grade  in  per  cent.  W - weight  of  l0001**™ 

in  tons.  The  item  u 
20  per  cent,  of  2,000  lb 
cast-iron  wheels.  Tbeitpoj 
500  is  25  per  cent,  of  2.0W 
lb.  for  steel  wheels. 

A margin  over  20  sad  » 
per  oent.  for  starting  vnu 
sand  is  available  to  take  csn 
of  the  extra  tractive  effpH 
necessary  for  accelerant 
the  load  and  locomotive 
when  starting.  See  Sec  to 
SOI.  The  track-corn 
resistance  can,  as  a ru» 
be  neglected,  since 
length  of  the  average  saw 
trip  is  many  times  thsi ; * 
any  of  the  curves.  r« 
Badlui  of  Curve— Feet  gathering,  the  curves  may, 

Fia.  38. — Relation  of  wheel  base  to  radius  have  a vital  influence,  h| 

of  minimum  curve.  general,  each  1 degrtt 

curvature  add*  4 ».  per  to*  " 
the  friction.  The  ability  of  a locomotive  to  negotiate  a curve  depends  up* 
the  wheel  base  and  size  of  wheel.  The  curves  of  Fig.  38  show  a mininm* 
radius  of  curve  that  any  locomotive  with  a certain  wheel  base  and  s*w  • 
wheel  can  negotiate.  These  values  are  conservative  and  are  based  on  stwv 
ard  wheel  flange  and  track  play.  With  a liberal  spread,  the  value  of 
base  can  be  safely  increased  from  25  to  50  per  cent. 

902.  Braking.  In  some  cases  the  problem  of  braking  becomes 
important  and  the  weight  of  the  locomotive  is  determined  by  its  ability 
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hold  back  a loaded  trip  on  a certain  {grade.  If  a runaway  would  result  in 
aerious  damage,  then  a smaller  coefficient  should  be  assumed  than  would  be 
appropriate  for  pulling  a load  up  a grade.  With  cast-iron  wheels  the  coeffi- 
cient for  braking  should  not  be  over  a value  from  15  to  18  per  oent.  and  for. 
steel  wheels  18  to  20  per  cent.  Care  should  be  taken  that  wheels  do  not  be- 
come too  hot;  this  may  break  a cast-iron  wheel,  or  cause  a steel  tire  to  slip. 
For  retarding  a trip  down  a grade,  the  formula  of  Par.  300  will  be  changed  to: 

T (200— 20)  +2QQW  — (300  to  360)  W.  for  cast-iron  wheels, 

— (360  to  400)  W.  far  steel  wheels.* 

MS.  The  friction  of  the  average  mine  car  is  about  30  lb.  per  ton.  New 
can  in  good  condition  may  have  a resistance  very  much  less  than  30  lb.,  but 
the  friction  increases  with  the  age  of  the  car,  and  may  reach  40  to  50  lb.  per 
ton.  Roller  bearings  when  kept  in  good  condition  will  have  a fairly  low 
resistance,  but  unless  good  care  is  taken  of  them,  their  frictional  resistance 
will  rise  rapidly. 

S04.  Selection  of  proper  rail  weight.  For  each  given  weight  of  rail 
there  is  a corresponding  maximum  weight  of  locomotive  which  should  not  be 
exceeded  for  satisfactory  operation.  The  following  table  has  been  prepared 
by  the  Baldwin  Locomotive  Works  and  represents  the  best  modern  practice. 


Weight  of  locomotive  (tons) 

Weight  of  rails  (1b.  per  yard) 

4 to  6 

16 

6 to  8 

20 

8 to  10 

25 

10  to  13 

30 

13  to  15 

40 

15  to  20 

50 

If  a heavier  locomotive  is  desired  than  is  shown  in  this  table,  tandem  units 
are  often  applied. 


tM.  Eating  of  locomotive  motors.  Although  the  motors  of  a mine  loco- 
motive are  given  a 1-hr.  rating,  it  is  the  average  heating  that  determines 
the  capacity  for  all-day  service.  This  heating  is  proportional  to  the  square  of 
the  current.  The  average  of  the  square  of  the  current  will  give  a squared 
value,  the  square-root  of  which  is  really  the  capacity  of  the  motor  for  all-day 
service.  This  value  is  known  as  the  square-root  of  the  mean-squared  current. 
It  is  obtained  by  finding  the  different  values  of  the  current  for  one  motor 
throughout  a round  trip.  These  current  values  can  be  obtained  from  the  char* 
Mtteristio  motor  curve  of  the  particular  motor  used.  After  the  weight  of  the 
locomotive  has  been  determined,  one  of  the  standard  motors  for  this  weight  is 
telected  and  calculations  made  to  determine  if  it  is  of  the  proper  capacity. 
The  total  tractive  effort  per  motor  is  determined  for  each  grade,  allowing  20 
b.  per  ton  for  the  friction  of  the  locomotive.  For  each  total  tractive  effort 
;he  current  and  speed  are  obtained  from  the  curve,  and  the  time  is  calculated. 
By  squaring  each  current  value  and  multiplying  by  the  time,  we  have  the 
mm  of  the  products  of  various  squared  values  of  the  current,  multiplied  by 
;he  time.  This  summation  should  be  increased  by  from  5 to  10  per  cent,  to 
nake  allowance  for  acceleration  and  switching  movements  at  each  end. 
rhe  final  value  is  then  divided  by  the  total  time,  and  the  square-root  ex- 
racted.  The  characteristic  curve  gives  the  continuous  current  capacity, 
vhich  can  be  compared  with  the  final  result  obtained,  f Where  the  exact 
conditions  are  not  known,  as  is  generally  the  case,  the  common  accepted 
practice  is  to  allow  10  H.P.  per  ton  weight  of  locomotive.  This  question 
hould  however  be  checked  since  the  real  capacity  of  a locomotive  is  the 
continuous  rating  qf  the  motor  and  a motor  of  poor  design  may  have  a high 
►ne  hour  rating  ana  a low  continuous  rating. 


* The  car  friction  should  be  taken  at  20  lb.  for  descending  trips, 
t For  a more  detailed  explanation  of  the  determination  of  weight  and 
equipment  of  a mine  locomotive  see  article,  Electric  Journal  of  March, 
912,  entitled  “The  Determination  of  Weight  and  Equipment  of  a Mine 
locomotive,”  by  Graham  Bright.  (This  article  gives  an  example  with  com- 
pete set  of  calculations.)  Also  see  Coal  Age,  issues  of  March  6 and  March 
*>,  1915. 
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tM.  An  electric  reel  ia  sometimes  applied  to  a Catherine  looomofrie  • 
that  it  can  be  taken  into  rooms  where  no  trolley  wire  is  erected.  Tail « 
may  be  chain  driven  from  one  of  the  axles  or  motor  driven  from  a ico 
independent  special  motor  which  maintains  a constant  pull  on  the  eabU 
This  cable  may  be  single-conductor  or  double-conductor,  depending  upo 
the  track  conditions.  A No.  4 A.W.G.  cable  is  generally  used. 

107.  A traction  reel  can  also  be  supplied  on  a gathering  locomotive.  1 
consists  of  a small  motor-driven  crab  with  from  300  to  400  ft.  of  steel  e&wi 
This  type  of  reel  is  used  where  the  room  grades  are  very  steep,  and  are  drive 
to  the  alp  * 

108.  The  storage  battery  locomotive  is  used  extensively  in  gather^ 
service.  There  are  three  types  of  storage  batteries  available  whies  u 
satisfactory  for  application  to  locomotives.  These  types  are  the  Edud 
alkaline,  the  .'ordinary  lead  acid  battery  and  Iron-Clad  Elide  type  MV  led 
acid.  The  overall  efficiency  of  conversion  of  the  electrical  output  at  ta 
battery  terminals  to  the  mechanical  output  at  the  wheels  will  vary  frm 
60  to  72  per  cent.  Assuming  the  overall  efficiency  to  be  67  per  oent..  m 
watthours  per  train-mile  is  equal  to  the  product  of  the  total  tractive  effod 
times  three  (w.h.p.t.m.  TE  X 3).  The  tractive  effort  can  be  calcuhtM 
by  assuming  the  frictional  resistance  of  the  cars  to  be  30  lb.  per  ton.  and  a 
the  locomotive,  20  lb.  per  ton,  making  a further  allowance  of  20  lb.  per  td 
for  each  per  cent,  grade,  if  any  grades  are  involved.  To  estimate  the  batter 
capacity  required  for  a given  service,  the  entire  haulage  should  be  subdivide 
into  as  many  sections  as  there  are  different  characteristics.  By  calcubfig 
the  tractive  effort  and  distance  for  each  section,  the  watthours  for  each  as* 
tion  can  be  obtained  from  the  formula  mentioned  before.  The  summst* 
of  the  watthours  of  all  the  sections  will  give  the  watthours  of  total  bstW 
■capacity  required  for  the  service.  The  proper  battery  may  be  seto* 
from  tne  storage  battery  manufacturer’s  tabulated  data.  If  the  mar 
facturer’s  data  specify  the  rated  capacity  in  ampere  hours,  the  ampere-tor 
service  capacity  may  .be  obtained  by  dividing  the  calculated  wsttke 
capacity  by  the  average  voltage  of  the  battery,  assuming  the  average  serw* 
discharge  voltage  of  an  Edison  battery  to  be  1.1-volts  per  oell  and  of  aw 
battery  1.95  volts  per  cell.*  The  Edison  battery  is  rated  on  a 5-ho ard» 
charge  basis  and  the  Philadelphia  and  Iron-Clad  Exide  batteries  on  s 6-hod 
discharge  basis.  Where  the  total  elapsed  time  of  discharge  is  not  lev  ttoi 
six  hours,  the  rated  capacity  of  a lead  battery  will  be  available  for  service 

Great  care  should  be  taken  in  making  Storage  Battery  Loco  rood  ti 
applications  and  it  will  be  found  that  many  storage  battery  applications  shoos 
have  been  trolley  type.  (Refer  to  Article  on  Storage  Battery  appfeetiw 
to  be  printed  in  Coal  Age  in  near  future  by  M.  F.  Packard). 
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REFRIGERATING  PLANTS 

BT  AUGUSTUS  O.  SMITH 

Sales  Engineer,  Buffalo  General  Electric  Co.,  Member  A.  I.  E.  B. 

810.  Motors  adaptable  to  refrigerating  service.  Ammonia  compress- 
ors and  auxiliary  apparatus  in  refrigeration  plants  may  be  driven  either 
by  direct-current  motors  or  by  alternating-current  motors.  The  flexibility 
of  speed  control  of  the  direct-current  motor  offers  an  advantage,  but  the 
possibilities  of  speed  control  of  the  induction  motor  together  with  the  char- 
acteristic advantages  of  this  type  are  sufficient  reasons  to  justify  its  selection 
where  alternating  current  is  available.  If  variable  speed  is  not  required, 
synchronous  motors  may  be  used. 

811.  Motor  speeds  and  speed  control.  Motors  for  the  operation  of 
ammonia  compressors  should  be  of  the  variable-speed  type,  so  that  where  the 
operating  conditions  require  it,  suitable  speed  control  can  be  secured.  Com- 
pressors of  50  tons  capacity,  and  over,  are  operated  usually  at  about  70  rev. 
per  min.,  so  that  a belted  motor  of  500  rev.  per  min.  or  less,  is  desirable. 
When  the  compressor  is  of  high  speed  type  the  motor  can  be  direct  connected. 

811.  Multispeed  motors.  With  the  two-speed  motor,  the  compressor 
can  be  operated  at  full  speed  and  at  half  speed:  while  with  the  three-speed 
motor,  it  can  be  operated  at  full  speed,  two-thiros  speed  and  one-third  speed. 
This  method  of  speed  control,  however,  provides  for  changes  in  the  com- 
pressor at  fixed  and  predetermined  steps  only,  and  does  not,  therefore,  pro- 
vide for  the  flexibility  in  speed  control  necessary  to  meet  the  usual  require- 
ments in  the  operation  of  refrigeration  machines. 

818.  With  the  slip-ring  type  of  motor  and  resistance  speed  control, 
flexibility  of  operation  equivalent  to  that  of  the  steam  compressor  is  attain- 
able. The  power-factor  of  this  motor  remains  practically  constant  at  all 
speeds,  but  the  efficiency  falls  off  with  the  reduction  in  speed;  operating  the 
compressor  continuously,  at  reduced  output,  with  this  type  of  motor,  is  there- 
fore uneconomical  from  a power-consuming  standpoint. 

814.  Plant  duplication.  In  plants  where  it  is  necessary  materially  to 
reduce  the  output,  during  certain  periods  of  the  year,  it  is  desirable  to  employ 
more  than  one  compressor  unit.  This  is  especially  true  in  large  refrigeration 
plants,  where  the  total  compressor  capacity  should  be  divided  among  indi- 
vidual units,  properly  proportioned  according  to  the  required  operating 
conditions. 

818.  The  standard  rating  for  ammonia  compressors  is  based  on 
15  lb.  suction  pressure,  185  lb.  condensing  pressure,  and  condensing  water 
at  70  deg.  Fahr.  (21  deg.  Cent.).  The  power  necessary  to  drive  a compressor 
varies  directly  with  the  operating  pressure,  the  horse-power  being  determined 
by  indicator  card. 

814.  Power  requirements  per  ton.  Ammonia  compressors  operated 
at  15  lb.  suction  pressure  and  185  lb.  condensing  pressure,  having  a rated 
capacity  over  5 tons  of  refrigeration  per  24  hr.,  require  about  1.5  h.p.  per 
ton  of  refrigeration;  compressors  having  from  5-ton  to  1-ton  capacity,  oper- 
ated under  like  conditions,  require  from  1.5  h.p.  to  2 h.p.  per  ton.  Increasing 
the  above  pressures  to  25  lb.  suction,  and  200  lb.  condensing  pressure,  would 
increase  the  power  necessary  to  operate  the  compressor  about  16  per  cent. 

8XT.  Varying  pressures  ana  output  requirements.  In  the  daily 
operations  of  a refrigerating  plant,  it  is  frequently  necessary  to  operate  a 
compressor  at  increased  pressures.  In  some  localities  during  warm  weather 
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the  temperature  of  the  condensing  water  will  exoeed  70  deg.  Fahr.  (21  deg. 
Cent.),  and  during  extremely  warm  weather  it  may  be  necessary  to  force  the 
compressor  beyond  its  rated  capacity  in  order  to  meet  unusual  requirements, 
all  of  which  require  increased  power.  For  compressors  of  60-ton  rated  capac- 
ity and  smaller,  about  26  per  cent,  additional  motor  capacity  should  be 
provided  for  these  possible  excessive  operating  conditions;  for  larger  com- 
pressors, from  16  to  25  per  cent,  additional  motor  capacity  should  be  prt^ 
vided,  depending  upon  the  local  and  probable  operating  conditions  of  the 
plant. 

SIS.  Classification  of  lea-making  plants.  Ioe-making  plants  mav  be 
divided  into  two  classes:  those  making  ice  from  distilled  water,  and  those 
making  ice  from  raw,  or  natural  water.  The  former  method  uses  the  can 
87 stem,  while  the  latter  may  use  either  the  can  system,  or  the  plate  system. 
The  compressor-room  equipment  for  an  ice  plant  of  equivalent  capacity  is 
the  same  for  all  of  these  methods,  except  for  the  plate  system,  where  about 
15  to  20  per  cent,  more  compressor  capacity  is  required. 

819.  Operating  data  on  90-ton  can-system  ice  plant  using  distilled 
water 


Month 

Maximum  input 
(kw.) 

Input 

(kw-hr.) 

Tons  of  ice  made 

January 

115 

92.530 

2,033 

February 

102 

65,080 

1,493 

March 

97 

71,870 

1,737 

April 

May 

192 

133,550 

3.055 

209 

139,550 

3,742 

June 

230 

145,686 

3,291 

July 

218 

157,640 

3,657 

August 

230 

156,700 

3,579 

September 

219 

160,250 

, 3.408 

October 

205 

154,090 

2,989 

November 

112 

76,460 

1,792 

December 

122 

91,210 

2,226 

Total 

1,444,616 

33,002 

820.  Equipment  of  plant  using  can  system.  The  compremor-rooo 
equipment  in  this  plant  (Par.  819)  consisted  of  two  vertical  10-in. X24-in. 
double-cylinder  single-acting  ammonia  compressors  of  70  rev.  per  min.,  at 
full-speed.  Each  of  these  compressors  had  a rated  capacity  of  45  tons  of 
ice  per  24  hr.,  when  operated  at  15  lb.  suction  pressure  and  186  lb.  eondensu* 
pressure,  with  condensing  water  at  70  deg.  Fahr.  (21  deg.  Cent.).  Each  vat 
belt-driven  by  a 175-h.p.,  500-rev.  per  min.,  3-phaae,  25-cycle,  2,200-rolt, 
variable-speed,  slip-ring  induction  motor.  The  speed  control  consisted  <rf  a 
13-step  drum  controller,  and  iron-grid  resistance  of  sufficient  capacity  to 
permit  the  continuous  operation  of  the  motor  at  any  speed  from  full  speed  to 
one-half  speed  continuously. 

There  was  also  installed  in  the  compressor  room  a 6-in.  X 6-in.  ammonia 
compressor  having  a capacity  of  about  4 tons  of  refrigeration,  which  waa 
operated  by  a 10-h.p.t  750-rev.  per  min.,  3-phase,  25-cycle,  440-volt,  variable- 
speed  induction  nlotor.  This  compressor  was  usea  for  pumping  oat  the 
ammonia  system,  and  also  was  used,  in  connection  with  repairs,  for  testing 
thus  avoiding  the  necessity  for  operating  the  large  compressors  for  tbew 


purposes. 

The  auxiliary  and  tank  room  equipment  waa  all  operated  by  3-phase.  25- 
cycle,  440-volt  induction  motors  consisting  of  the  following:  1 condenser 
water  pump.  25-h.p.,  750-rev.  per  min.,  variable-speed,  belted  motor;  4 brine 
agitators.  5-h.p.,  750-rev.  per  min.,  constant-speed,  direct-connected  motors; 
1 distilled  water  pump,  5-h.p.,  750-rev.  per  min.,  variable-speed,  belted  motor; 
1 soft-water  pump,  5-n.p.,  750-rev.  per  min.,  variable-speed,  geared  motor: 
1 boiler  feed  pump,  5-h.p.,  750-rev.  per  min.,  variable-speed,  geared  motor: 
1 water-softener  mixer,  1-h.p.,  750-rev.  per  min.,  constant-speed,  belted 
motor;  2 cranes,  3-h.p.,  750-rev.  per  min.,  variable-speed,  geared  motor. 
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SSI.  operating  eotts  of  plant  using  eon  system.  The  average  eon- 
sumption  of  power  in  this  plant  (Par.  Ill)  was  44  kw-hr.  per  ton  of  ice,  while 
the  other  items  of  expense  were:  engine  and  boiler  room  labor  per  ton, 
31  cents;  fuel  per  ton,  19.60  oents;  tank-room  labor  per  ton  26.10  eents. 

SIS.  Equipment  of  plont  using  plate  system.  While  the  compressor- 
room  equipment  in  both  distillecl-water  plants  and  raw-water  plants  is 
practically  the  same,  the  auxiliary  equipment  differs,  depending  upon  the 
type  of  plant,  and  the  system  used.  The  auxiliary  and  tank-room  equipment 
of  a raw-water  plate  plant  electrically  operated,  and  having  a rated  capacity 
of  100  tons  of  ice  per  24  hr.,  may  be  taken  as  an  example.  In  this  plant  all 
the  motors  are  of  the  3-phase,  25-cyclc,  220-volt,  induction  type.  A centrifu- 
gal condenser- water  pump,  direct-connected  toa6-h.p.,  1,600-rev.  per  min., 
constant-speed  motor  is  used  to  supply  excess  water  to  the  condenser  in  hot 
weather,  when  the  natural  flow  of  city  water  supply  is  insufficient.  A brine 
pump,  belted  to  a 2-h.p.  760-rev.  per  min.,  constant-speed  motor  is  used  to 
circulate  warm  brine  around  the  plates  in  order  to  loosen  the  ice.  A rotary 
blower,  belted  to  a 7.5-h.p.,  760-rev.  per  min.,  constant-speed  motor  is  used 
to  agitate  the  water  in  the  tanks.  The  rest  of  the  equipment  consists  of  3 
cranes,  each  equipped  with  one.6-h.p.  and  one  3-h.p.,  760-rev.  per  min., 
variable-speed  motors;  2 tilting  tables,  each  geared  to  a 2-h.p.,  1, 600-rev. 
per  min.,  constant-speed  motor;  1 30-in.  circular  ice  saw,  operated  by  chain 
drive  from  a 3-h.p.,  1,600-rev.  per  min.  motor;  1 ice  elevator,  operated  by 
and  geared  to  a 3-h.p.,  1,600-rev.  per  min.  motor. 

SSS.  Extracting  the  lifting  rods,  in  the  plate  system.  After  the 
(dates  of  ice  have  Been  placed  upon  the  tipping  table,  the  ends  of  the  lifting 
rods  (which  extend  about  halfway  through  the  plate)  are  connected  to  the 
secondary  terminals  of  a 1-kw.  transformer,  having  a 220-volt  primary  and 
a 4-volt,  250-amp.  secondary.  In  about  4 min.  after  the  current  has  been 
turned  on,  the  rods  will  be  melted  loose,  and  can  be  readily  withdrawn. 

tS4.  Centre-freexe  system.  The  can-system  raw-water  plant,  fre- 
quently referred  to  as  the  “centre-freese”  or  “core”  system,  undoubtedly 
presents  the  ideal  of  an  electrically  operated  ice-making  plant,  as  it  has  all 
the  advantages  of  the  can  system,  together  with  the  productive  economy 
obtained  through  the  use  of  raw  water.  In  brief,  this  type  of  plant  consists 
of  stationary  cans,  fed  from  the  bottom,  with  raw  water  supplied  through  a 
eooling  tank.  During  the  period  of  free  sing,  the  water  in  tne  cans  is  con- 
stantly agitated  by  a jet  of  air  under  a pressure  of  about  3 lb.  per  sq.  in.  The 
water  freeses  in  the  cans  from  the  sides  toward  the  centre,  so  that  the  space 
containing  free  water  and  all  the  impurities  is  gradually  diminished.  When 
this  space  has  reached  a very  small  area,  all  the  water  remaining,  with  the 
impurities  contained  therein,  is  drawn  off,  and  the  core  is  filled  with  distilled 
water;  this,  when  frosen  solid,  gives  a cake  of  very  clean  pure  ice. 

555.  Auxiliary  equipment  of  a 60-ton  plant  using  the  centre- 
freese  system.  A 15-h.p.  motor  is  belted  to  tne  line  shaft,  which  in  turn 
drives  the  following:  1 fan  having  a capacity  of  600  cu.  ft.  per  min.,  which  is 
used  for  agitating  (he  water  in  the  freesing  cans;  1 centrifugal  pump  having 
a capacity  of  200  gal.  per  min.,  which  is  used  in  pumping  the  brine  through 
the  cooling  or  supply  tank;  1 air  compressor  having  a capacity  of  40  cu.  ft. 
per  min.,  used  to  operate  overhead  cranes  which  are  employed  in  removing 
the  lee  from  the  cans;  1 7.5-h.p.  motor  direct-connected  to  brine  agitator. 
The  distilled  water  used  is  furnished  from  a 10-h.p.  boiler  operated  at  from 
10  to  15  lb.  steam  pressure. 

556.  Operating  data  on  plant  using  centre-freese  system.  The 
first  complete  month’s  operation  of  the  above  plant  showed  a total  maximum 
demand  of  126.8  kw.,  with  an  energy  consumption  of  91,056  kw-hr.,  and  a 

8 reduction  of  1.699  tons  of  ice.  This  is  equivalent  to  a resultant  maximum 
emand  of  2.42  kw.,  or  3.24  h.p.  per  ton  of  ice,  and  57  kw-hr.  per  ton  of  ice. 
tS7.  Domestic  refrigerating  equipments  in  their  completed  form,  as 
placed  on  the  market  are  in  reality  a self-contained  refrigerating  plant, 
especially  adapted  far  use  in  homes,  restaurants,  butcher  shops,  clubs  and 
apartment  houses,  or  where  the  average  requirements  may  run  from  10  to 
100  lb.  of  ice  per  hr.,  or  the  refrigeration  effect  equivalent  to  the  melting  of 
from  15  to  100  lb.  of  ice  per  hr.  The  universal  method  of  drive  is  the  eleo- 
tric  motor  whioh  may  be  of  any  type,  either  belted,  geared  or  direct  con- 
nected* depending  on  the  type  and  speed  of  the  compressor  used. 
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These  equipments  are  operated  on  the  compression  system  tuiac  wlpher- 
dioxide  (SOt)  m the  refrigerant  which  condenses  at  a relatively  low  pn— te. 
The  complete  equipment  consists  of  a compressor,  condenser,  bone  tsik 
and  automatic  temperature  control,  the  principal  element  being  the  com- 
pressor  which  is  eitner  of  a reciprocating  or  rotary  type;  in  the  esse  of  the 
latter  it  consists  of  a pair  of  herringbone  gears  running  in  oil  which  eliminates 
the  use  of  suction  and  discharge  valves  and  permits  of  a direct  connected 
motor. 

The  temperature  is  regulated  by  a thermostat,  located  in  the  ref  rif erst  or 
food  compartment,  which  controls  the  motor  switch.  It  is  customary  to 
set  the  thermostat  for  about  45  deg.  fahr.  (7.2  deg.  cent.)  to  be  maintained 
in  the  food  compartment,  when  the  temperature  rises  above  this,  the  motor 
switch  is  closed  and  the  condenser  set  in  operation,  continuing  to  ran  until 
the  temperature  is  reduced  to  that  of  the  thermostat  setting  when  the  motor 
switch  is  opened. 

SSI.  Rating  and  operating  characteristics  of  domestic  refriger- 
ating equipments,  when  operated  under  average  conditions  of  brine  at 
27  deg.  fahr.  ( —2.8  deg.  cent.)  and  condensing  water  (at  outlet)  at  77  deg. 
fahr.  (25  deg.  cent.).  . 


Machine  number  j 

1 

2 

3 

Capacity  in  B.t.u.  absorbed  per  hr. . . . 

2,260 

5,640 

11,280 

22,560 

Capacity  in  pounds  of  ioe  per  hr 

10.5 

26.0 

52.0 

105.0 

Hours  necessary  to  produce  refrigera- 
tion equivalent  to  melting  100  lb. 

6.38 

2.55 

1.28 

0.64 

of  ice. 

Horse  power  required 

0.55 

1.26 

2.15 

4.3 

Horse  power  of  motor  recommended. . 

0.75 

1.50 

3.0 

5.0 

Kw-hr.  required  to  produce  refrigera- 
tion equivalent  to  melting  100  lb.  of 

2.63 

i 

2.39 

2.09 

1.57 

ice. 

Kw-hr.  required  to  produce  100  lb.  of 

, 3.92 

3.62 

3.15 

| 2.34 

ice. 

l 

Water  at  68  deg.  Fahr.  (20  deg.  Cent.) 

40.0 

100.0 

200.0 

400.0 

required,  in  gal.  per  hr. 

I 

i 

J 

To  obtain  actual  power  and  energy  consumption  of  motor,  divide  the  shore 
power  values  by  the  efficiency  of  the  motor. 


TEXTILE  MILLS 

BT  WILLIAM  W.  CROSBY 

Late  Consulting  Engineer,  Member,  American  Society  of  Mechanical  Engine** 

329.  Mechanical  drive  from  steam  plant.  If  the  power  plant  can  be 
centrally  located,  the  mechanical  drive  with  a belt  or  rope  tower,  is  most 
efficient.  By  this  arrangement  energy  is  imparted  to  the  shafting  on  each 
floor  directly.  The  steam  plant  usually  proves  the  most  flexible  of  the 
several  methods  of  power  development,  and  can  often  be  placed  at  the  centre 
of  the  mill;  the  proper  location  of  the  sidetrack  and  ooal  pocket  must  be 
considered. 

ISO.  Mechanical  drive  from  a water-power  plant  is  likely  to  prove 
inflexible.  In  a development  of  any  sise,  the  location  and  constructaoe  of 
foundations  become  difficult  if  the  water  wheels  are  at  or  near  the  centre  of 
the  plant.  If  they  are  located  at  one  end  of  the  mill,  the  shafting  will  be 
large,  and  the  friction  losses  great.  - In  some  cases  a canal  may  extend  parallel 
with  the  river  and  the  mills  can  be  located  between  the  canal  and  the  river. 
8uch  construction  allows  several  water  wheels  to  be  placed  on  the  centre 
line  of  the  mill.  While  this  last  plan  obviates  the  uee  of  shafting  of  large 
diameters,  it  necessitates  several  control  points,  but  this  is  not  serious,  for 
water  wheels  need  but  little  attention  after  they  have  been  started. 

SSI.  Steam  auxiliary  plant.  There  are  not,  however,  many  riven 
whose  minimum  flow  is  sufficient  to  drive  the  mill*  dependent  on  tbn 
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nd  as  textile  mills,  owing  to  their  high  capital  costs,  require  a high  rate  of 
reduction,  they  should  be  provided  with  auxiliary  steam  plants  capable  of 
arrying  the  whole  load,  even  though  the  water  power  has  a good  record  for 
ependabiiity. 

3J*.  Use  of  steam  in  textile  processes.  Nearly  all  textile  mills  must 
se  steam  at  some  point  in  the  manufacturing  process,  and  for  heating  the 
• uildings  in  winter.  A boiler  plant  is  therefore  essential  and  itr-generally 
allows  that  one  or  more  engines  are  employed  to  deliver  their  power  to  the 
rater-wheel  shaft,  the  engine  governor  caring  for  the  variations  of  load.  In 
uch  cases  a portion  of  the  steam  power  may  be  developed  by  simple  engines 
•pe rating  against  small  back  pressure,  the  exhaust  instead  of  five  steam 
teing  used  for  certain  processes;  or  steam  may  be  taken  from  the  receiver,  if 
. compound  engine  is  used.  If  turbines  are  the  prime  movers,  the  bleeder 
ype  may  be  used  to  furnish  the  necessary  amount  of  low-pressure  steam, 
n cotton  mills  the  most  common  use  for  steam  (aside  from  heating  buildings) 
s in  the  slashers,  which  require  a small  amount  steadily  through  the  day. 
N oolen  and  worsted  mills  use  steam  for  scouring,  drying,  back  washing  and 
tombing.  Finishing  mills,  which  may  form  a part  of  either  cotton  or  woolen 
nills,  use  steam  for  numerous  purposes  such  as  heating  water,  rolls,  plates, 
Ac. 

SSI.  Application  of  electric  drive.  Existing  water  wheels  and  steam 
engines  can  be  made  to  drive  generators,  and  even  though  the  unite  axe 
icattered,  the  control  may  be  from  a central  point.  In  general  the  loads 
in  textile  mills  are  steady,  and  there  should  be  dose  speed  regulation.  Eleo- 
tric  drive  is  in  general  superior  from  the  standpoint  of  speed  regulation, 
aside  from  the  advantages  of  flexibility  and  cleanliness. 

SS4.  Group  and  individual  drives.  In  all  kinds  of  textile  mills  anything 
that  scatters  dirt,  lint,  flecks,  etc.,  becomes  more  of  a nuisance  as  the  goods 
produced  become  finer,  for  the  finer  textures  reveal  the  foreign  substance 
more  plainly,  and,  being  imperfect,  are  less  valuable.  In  determining, 
therefore,  whether  to  use  individual  drives  or  group  drives,  the  presence  of  a 
belt  becomes  a deciding  factor. 

835.  Type  of  motor  adapted  to  textile  mills.  While  for  many  reasons 
the  direct-current  motor  meets  the  demands  of  the  textile  mill,  the  presence  of 
more  or  less  lint  in  the  air  makes  the  induction  motor  preferable.  At  the  end 
of  a day's  run  individual  machines  are  disconnected  from  the  drive,  so  that 
their  motors  will  have  but  small  starting  loads;  usually  the  totally  enclosed 
squirrel-cage  type  is  well  adapted  to  the  work.  To  eliminate  a possible  varia- 
tion of  speed  dependent  upon  variable  slip,  a group  arrang  ment  may  be 
employed  where  the  constituent  machines  are  either  little  affected  by  small 
changes  in  speed,  or  have  constant  loads.  It  is  well  to  use  only  enclosed  oil 
switches.  Inasmuch  as  starting  conditions- are  favorable  there  is  often  oppor- 
tunity to  use  synchronous  motors,  if  the  power-factor  is  low{  either  on  the 
same  line-shaft  with  squirrel-cage  motors,  or  in  separate  units. 

838.  Cotton- mill  cards  may  be  run  in  groups,  belted  from  above  or  below. 
817.  Cotton-mill  fly  frames  are  driven  from  one  end  and  may  be  so 
arranged  that  by  means  of  extended  shafts  and  two  pulleys  on  each  end  of  the 
motor,  four  frames  may  be  driven  by  one  motor.  As  these  machines  can  be 
stopped  individually,  doffing  and  empty  bobbin  replacing  may  be  accom- 
plished without  stopping  more  than  one  frame  at  a time.  King  spinning  and 
twisting  may  well  be  treated  similarly  to  fly  frames,  although  here  again 
individual  motors  may  be  used. 

888.  Looms  are  perhaps  the  most  susceptible  to  power  variations 
of  any  textile  machinery.  The  power  to  dnve  a loom  varies  with  the 
■peed  of  the  loom,  usually  expressed  as  so  many  picks  per  min.,  a 
pick  being  one  strand  of  filling  left  in  the  warp  by  a traverse  of  the  shuttle, 
while  there  are  so-called  positive  shuttle  looms,  most  shuttles  are  thrown 
“cross  the  lay  of  the  loom  by  a blow  of  the  picking  stick.  As  the  shuttle 
enters  the  box  at  the  end  of  its  traverse,  it  pushes  out  one  side  of  the  box, 
called  the  swell,  which  operates  a stop  motion:  when  the  shuttle  does  not 
properly  enter  the  box,  the  swell  is  not  displaced  and  this  is  called  " banging 
off.  The  speed  of  the  shuttle  must  therefore  be  sufficient  to  accomplish 
this,  yet  not  so  much  as  to  cause  rebound.  The  adjustments  vary  with  the 
•peed.  The  power  to  drive  a loom  also  varies  with  the  weight  of  goods,  the 
boat-up,  the  number  of  harnesses  and  boxes  in  use. 
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tat.  Advantage  of  motor  drive  for  looms.  Overhead  ahaftinc  am l 
belts  are  objectionable  on  account  of  the  damage  likely  to  occur  from  flying 
slugs,  oil,  etc.  As  looms  must  be  stopped  and  started  continually  , mod  aa 
they  start  under  full-load  immediately,  belts  in  weaving  rooms  require  much 
attention  if  high  efficiency  is  to  be  maintained.  The  shafting  can  be  put 
below  the  floor,  and  long  lines  reduced  by  group  drive®,  but  t he  belt  from 
shaft  to  loom  remains.  The  individual  motor  obviates  practically  all  of 
these  troubles.  It  may  be  arranged  to  drive  through  a clutch  or  be  gearec 
directly  to  the  loom.  In  the  first  case  the  motor  is  kept  running  all  the  tune 
while  in  the  second  case  it  is  started  and  stopped  with  the  loom.  The  shipper 
handle  of  the  loom  is  connected  with  the  control  switch  of  the  motor,  so  the: 
the  operative  has  nothing  new  to  learn.  A direct-connected  motor  must 
start  instantly  with  full-load  toroue  The  induction  motor  with  small  alig 
has,  then,  an  advantage  over  belted  drives  in  cleanliness  and  in  constant 
speed,  variations  in  angular  velocity  are  undoubtedly  less  in  the  cast 
of  direct  electric  drives  than  with  belted  drives,  as  shown  by  tachometw 
readings. 


•40.  Power  requirements  for  cotton-mill  machinery. 

Spindles  per  h_p 
Intermediate 40 


Gins  saw 10  saws  per  1 h.p. 

Gins  roller  40  in 125  to  3 h.p. 

Bale  opener 2.0  to  3 h.p. 

Hopper  feeder 1 . 50  to  3 h.p. 

Thread  extractor 2.0  to  4 h.p. 

Single  cylinder  beater  3.0  to  4 h.p. 
Two  cylinder  beater.  6.0  to  8 h.p. 
Top  flat  card.  . . 0.20  to  0.33  h.p. 
Revolving  flat  card,  40  in. 
Production  per  hr. 

. 7 lb 0.75  h.p. 

9 1b 1.0  h.p. 

12  1b 1.25  h.p. 

Sliver  tapper 1.0.  h.p. 

Ribbon  tapper 1.0  h.p. 

Comber,  6 heads 0.50  h.p. 

Comber,  8 heads 0.75  h.p. 

Railway  head 0.33  h.p. 

Drawing  frame,  1 head ...  0.25  h.p. 
Drawing  frame,  5-head 

metal  rolls 1.0  h.p. 

Drawing  frame,  6-head 

plain  rolls 1.0  h.p. 

Speeders,  Spindles  per  h.p. 

Coarse 30 

Intermediate 42 

Fine 48 

Slubber  fly-frame;  spindles  per 


Fine  (roving) 90 

Jack  (fine) Ilf 

Spinning-frame  warp,  16* • and 

coarser  spindles  per  h.p ft 

22 ft 

40 # 

60 fc 

80 Iff 


Filling 

Spindles  8,500  rev.  per  min.  M 

Spindles  9,700  rev.  per  min.  % 

Twister  sp.  per  h.p.  6,500  r.p.m. . SO 

Filling  winder  sp.  h.p 300 

Spooler 200  to  300 

Mule 100  to  120 

Warper  h.p 0.25 

Denn  warper 1 00 

Bailer  h.p 0.50 

Slasher  (drum)  h.p 1.50 

Plain  loom  narrow  light 0.33 

Fancy  loom  wide  heavy. 1.0 

Reel  50  sp 1.0 

Brush  and  shear 3 0 

Folder 0.25 


h.p 50 

•41.  Automatic  loom  economies.  It  should  be  remarked  that  with 
the  increase  of  automatic  looms  the  necessity  for  frequent  stopping  and  starV 
ing  decreases.  Automatic  looms  have  increased  production  from,  say  50 
per  cent,  to  95  per  cent.,  or  even  98  per  cent.,  but  as  yet  they  are  not  general!) 
used  except  by  plain-goods  mills.  However,  their  use  in  fancy-goods  mill* 
is.  increasing. 


•41.  Woolen  and  worsted  mill  drives.  Scouring  bowls,  which  extend 
to  considerable  length,  are  satisfactorily  driven  by  several  overhead  motor* 
These  rooms  are  damp  and  the  air  is  vapor  laden.  Pickers  and  cards  m aj 
be  driven  in  groups.  Mules  are  usually  set  in  pairs,  and  one  motor  may  drivt 
each  pair.  Combs,  gill  boxes  and  roving  machinery,  whether  for  Bradford 
or  French  systems,  may  be  driven  in  groups.  Cap,  ring  or  flyer  spinnii* 
frames  mav  be  arranged  as  for  cotton  ring  frames,  that  is,  four,  frames  m*j 
be  driven  by  one  motor. 

•48.  Manufacture  of  woolen  and  wonted  yams.  Both  woolen  and 
worsted  yarns  arc  supposedly  made  of  wool,  but  other  fibres  are  often  mixed 
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ith  the  wool.  In  general,  woolen  yarn  is  made  of  short  fibre  and  worsted 
l lone  fiber.  Furthermore,  in  woolen  yarn  the  fibres  are  made  to  lie  in  a 
uiety  of  angles  with  reference  to  the  axis  of  the  yarn,  for  ultimately  the 
ibric  ia  fulled  or  felted.  The  finisher  card  doffs  narrow  strips  of  the  carded 
bre.  passing  them  between  rub  rolls  or  aprons  (or  tape  condenser),  which, 
idle  carrying  the  roping  along,  rub  it  into  cylindrical  shape.  Forty  or 
sat!  of  these  ends  are  wound  on  jack  spools  and  are  mode  into  yarn  by  the 
lule.  The  tendency  of  the  mule  is  to  throw  one  end  of  each  fibre  to  the  out- 
ide  of  the  yarn,  while  holding  the  other  end  in  the  centre,  that  is,  the  shape 
f the  fibre  is  helical. 

With  worsted,  the  fibre  is  combed  after  carding,  to  remove  the  short 
bree  or  noil.  Then  follow  the  processes  of  gilling  and  drawing,  each  of 
rhich  makee  the  fibres  more  and  more  parallel,  Just  the  reverse  of  the  woolen 
ffoceas.  The  Bradford  worsted  system  converts  the  roving  into  yarn  by 
oeans  of  the  spinning  frame,  either  cap,  ring  or  flyer.  The  French  worsted 
ystem  starts  with  the  “top,”  essentially  the  sliver,  carded,  combed  and 
died,  wound  into  about  8-lb.  balls.  There  is  no  twist  in  the  sliver,  and 
>y  the  French  process  no  twist  is  put  in  until  the  final  or  spinning  process, 
n this  case  a mule  is  used  which  is  much  like  the  cotton  mule,  which  keeps 
he  fibres  smooth  and  parallel. 


M4.  Power  requirements 

Done  duster,  h.p 

Wool  and  waste  box  duster 

h.j> 3 to 

Scouring  bowls  per  bowl  3 to 

kpron  dryer 

Hone  dryer,  15  ft 

18  ft 

21  ft 

18-in.  mixing  picker 

18-in.,  3-cyl.  set  cards  to 

start 

Running  on  light  work. . . . 

Heavy  work 

60-in.  3-cyl.  set  cards. . 10  to 
Mule  300  sp.  2-in.  gage  to 

start 

Running 

Large  mules 

til.  Power  requirements 

66-in.  double  shear 

Measuring,  doubling  and 

winding 

Two-cylinder  gig 

80-in.  36-roll  napper 

72-in.  20-roll  napper 

Skein  dyeing  machine,  150  lb. 

batch 

Skein  dyeing  machine,  400  lb. 
batch. 


of  woolen-mill  machinery. 

7.0  Cards  48-in.  h.p 5 to  8.0 

Back  washer  h.p 3.0 

5.0  Double  bailer  gill  box 2.0 

5.0  Weigh  box 2.0 

10.0  Noble  comb 2.0 

14 . 0 Intersecting  gill  box  per  head  1 . 0 

15.0  Etirape,  10  poroupines 3.0 

17.0  Reunion,  12  porcupines 3.0 

10.0  Chute,  24  porcupines 3.0 

Bobinier  < intermediate,  40 

4.0  porcupines 2.5 

2.5  Avant  finisseurs,  50  pore.  2.5 

8.0  Finisseurs 2.5 

15.0  French  mule  spindles  per  h.p.  50.0 

Cap  and  flyer  spinning  (Brao- 

5.0  ford  system)  spindles  per  h.p.  50 

2.5  Shoddy  pickers 7 J to  10  h.p. 

7.5 

of  finishing  machinery. 

3.5  Raw  stock  dyeing  machine, 

1,000  lb.  batch 3.0 

0.75  Raw  stock  dyeing  machine, 

4.0  400  1b.  batch 2.0 

7.5  Hosiery  dyeing,  200  lb.,  400 

6.5  lb 1.0 

2.0  Roll  dyeing  knit  cloth,  4 

strings 1.0 

Roll  dyeing  knit  cloth,  20 

3.0  strings 3.5 


PAPER  AND  PULP  MILLS 

BT  JOSEPH  H.  WALLACE 

Industrial  Engineer,  Member,  American  Society  of  Mechanical  Engineer e 
846.  General  application.  Motors  are  generally  well  adapted  for  driv- 
ing pulp-  and  paper-making  machinery  where  the  source  of  power  is  steady 
sod  reliable  and  will  insure  continuous  operation  of  the  plant.  The  choice 
of  the  grouping  method  (group  drive),  or  the  assembling  of  several  machines 
to  be  driven  by  one  motor  through  shafting  and  belting,  and  the  unit  method 
(individual  dnve),  or  the  driving  of  each  machine  by  its  individual  motor, 
will  be  determined  by  local  conditions  of  layout  and  the  probability  of  one  or 
more  machines  in  a group  requiring  operation  while  others  in  that  group 
we  ehut  down.  Where  machines  can  be  assembled  in  groups  that  are  easily 
•erved  by  short  lines  of  shafting,  the  grouping  method  ia  more  often  to  be 
preferred.  The  motor  units  then  become  larger,  and  being  fewer  in  number, 
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installation  and  maintenance  coats  are  reduced,  and  speed  reduction*  are 
more  easily  secured  without  the  use  of  countershafts  or  gears.  The  soit 
method  is  preferable  in  case  of  large  machines  or  where  direct-connected 
apparatus  can  be  used,  and  in  places  where  points  of  power  demand  are 
scattered  and  would  involve  long  lines  of  shaft  to  group  the  machine? 
together.  It  affords  convenience  in  locating  machines  in  places  dearahk 
from  the  operator’s  standpoint,  and  is  preferable  where  individual  control  o; 
machines  is  frequently  required. 

•47.  Equipment  adaptable  to  motor  drive.  In  the  equipment  a 
paper  and  pulp  mills  specially  suited  to  motor-drive  can  be  included  ths  fa 
lowing:  flat  and  centrifugal  screens,  stuff  pumps,  suotion-box  pumps,  white- 
water  and  effluent  pumps,  water-supply  pumps,  winders,  rewinders,  eutten 
refining  engines,  elevators,  exhaust  fans,  kollergangs,  agitators,  mixen 
slushers,  concentrators,  savealls,  wet  machines,  rotary  digesters,  roUrj 
boilers,  conveyors,  shredders,  chippers,  supercalenders  and  beaten. 

•48.  Jordan  engines.  The  application  of  motors  for  driving  Jordu 
engines  is  very  successfully  accomplished  by  direct  connection.  The  mow 
is  mounted  on  an  extension  of  the  Jordan  base,  and  mechanioal  arrangeneati 
provided  for  the  movement  of  the  Jordan  plug  either  by  a coincident  more 
ment  of  the  motor,  or  by  a special  form  of  coupling  connecting  the  motor 
with  the  Jordan  shaft.  In  the  refinement  of  paper  stock  much  depends  apaxi 
the  pressure  put  upon  the  Jordan  plug  as  it  rotates  within  its  shell  or  cant 
The  power  required  is  influenced  by  the  pressure  applied,  and  a good  indie* 
tion  of  what  the  refiner  is  doing  is  presented  by  the  readings  of  a wsttmete 
placed  in  the  feeder  circuit  to  the  motor.  When  power-factor  corrects*  i 
necessary  or  desirable,  the  direct-connected  Jordan  engine  presents  an  end* 
lent  opportunity  for  attaching  a synchronous  motor  large  enough  to  prorit 
for  the  required  condensing  effect.  Jordan  engines  are  started  without  tk 
working  load  applied,  and  the  friction  load  is  usually  within  the  capacity  4 
self-starting  synchronous  motors. 

849.  Beaten.  The  question  of  driving  .beaters  and  other  large 
electrically  will  be  largely  affected  by  the  elements  entering  into  the  grew* 
tion  of  energy.  Beaters  are  usually  grouped,  and  driving  can  be  economical 
accomplished  through  main  line  shafting.  Considerable  quantities  of  pa*« 
are  required  within  comparatively  narrow  limits,  and  conditions  are 
in  favor  of  steam  engine  drive  instead  of  motor  drive,  where  the  power  ess  be 
developed  in  efficient  slow-speed  compound  condensing  steam  engines  looted 
in  close  proximity  to  the  beater  room.  method  is  especially  fsTorebie 

where  electric  power  is  generated  with  steam-driven  equipment  Milk 
deriving  electric  power  from  hydroelectric  plants  oan  usually  adopt  the  motor 
drive  for  beaters  with  success. 

350.  Jourdrinier  and  cylinder  paper  machines  that  require  varisbk 
speed,  and  steam  for  drying  purposes,  are  driven  best  by  variabkHspced 
steam  engines,  using  the  exhaust  steam  for  drying  the  paper.  Pulp  griodos 
are  seldom  driven  by  electric  motors;  the  power  requirements  are  to  great 
that  the  method  almost  invariably  accepted  as  the  best  is  to  attach  the 
grinders  direct  to  a water-wheel  shaft. 

881.  Types  of  motor  suitable.  In  general  polyphase  alternate* 
current  (induction)  motors  give  the  best  satisfaction  in  pulp  and  paper  nnu 
service  where  constant  speed  is  desired.  In  cases  where  variable  speeds  sn 
required  from  the  same  motor,  or  where  smooth  and  even  accelerations 
desired  in  starting,  as  in  the  operation  of  supercalenders,  direct-current 
motors  can  be  employed  to  advantage.  In  other  cases  the  alternntinr 
current  motors  will  be  lower  in  first  cost,  more  reliable  for  continue® 
operation,  and  lower  in  coat  of  maintenance.  It  is  possible  to  use  motor* » 
higher  voltage  with  alternating  current  than  with  direct,  resulting  « » 
reduction  in  cost  of  transmission  and  distribution  circuits.  Indoctw1 
motors  wound  for  2,200  volts  are  frequently  used  in  units  of  75  b.p.  and  ore 
For  smaller  sixe  motors.  440  volts  is  usual  and  for  lighting  110 
generally  accepted  standard;  550  volts  is  quite  as  common  and  is  oonmoff* 
more  desirable  than  440  by  the  author.  Step-down  transformers  are  contefr 
lent  for  lowering  the  voltage,  and  require  a minimum  amount  of  attest** 
Three-phase  alternating-current  has  been  found  to  be  most  adaptable  to  P* 
eral  uses  in  paper-mill  work.  With  unity  power-factor,  the  amount  of  copff 
required  for  distribution  of  energy  will  be  about  25  per  cent,  leas  than  tW 
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required  by  direct-current  of  equal  voltage.  The  abeenoe  of  commutators 
on  induction  motors  is  a decided  advantage  from  an  operating  standpoint: 
sad  where  slip-ring  induction  motors  are  provided  with  brush-lifting  and 
abort-circuiting  devices,  the  element  of  fire  nasard  due  to  arcing  disappears. 
A frequency  of  60  cycles  per  sec.  has  been  generally  adopted  as  standard 
in  the  United  States  and  Canada  for  paper-  and  pulp; mill  practice,  although 
25  cycles  is  sometimes  used  where  considerations  outside  the  influence  of  the 
pulp-  or  paper-mill  proper  demand  attention  t 60  cycles  is  the  aooepted  stand- 
ard in  Great  Britain,  and  in  some  of  the  European  countries. 

MS.  Motor  characteristics.  Induction  motors  with  short-circuited 
rotors  of  the  squirrel-cage  type  can  be  well  reoom  mended  for  most  applica- 
tions to  paper-mill  machinery  where  the  units  require  a small  amount  of 
power,  ordinarily  under  60  h.p.,  or  in  larger  sixes  when  the  motor  can  be 
started  and  brought  up  to  full  speed  under  a light  load.  The  starting  of 
large  squirrel-cage  motors  draws  heavily  on  the  supply  lines,  and  the  selection 
of  large  units  of  this  type  of  motor  should  be  influenced  by  the  sise  of  the 
power-plant  supplying  energy  to  such  motors.  Unless  the  generating  plant 
has  large  capacity  compared  with  the  sise  of  the  motor  units  to  be  started, 
the  heavy  draft  of  energy  will  lower  the  voltage  sufficiently  to  affect  other 
motors  that  may  be  in  operation.  In  order  to  overcome  the  limitations  of 
•fiuirrel-eage  motors  in  tne  larger  sixes,  motors  of  the  wound-rotor  or  stip- 
ring  type  may  be  used.  These  are  desirable  when  motors  require  starting 
under  full-load,  when  the  units  are  large,  or  when  automatic  or  remote  control 
of  motors  is  necessary.  Synchronous  motors  are  desirable  in  cases  where  the 
required  starting  torque  is  low,  for  the  beneficial  effect  that  they  have 
on  the  power-factor;  when  of  larger  capacity  than  the  actual  require- 
ments for  power,  they  can  be  used  to  raise  a low  power-factor.  They  are 
suitable  for  direct-connection  to  Jordan  engines,  and  for  motor-generators, 
but  futy  consideration  must  be  given  to  the  available  generator  capacity 
supplying  them,  as  their  starting  charaeteristiee  are  similar  to  those  of  the 
squirrel-oage  induction  motors. 

US.  Switching  equipment  should  be  selected  with  great  care,  and 
motors  should  be  provided  with  some  form  of  automatic  protection  against 
overload.  Fuses  are  often  found  to  be  unsatisfactory,  and  in  large  sixes 
ere  expensive  for  renewals.  Oil-immersed  switches  fitted  with  overload  and 
low-voltage  release  are  much  preferred  for  pulp-  and  paper-mill  installations. 

M4.  Specifications  for  motors  to  be  used  in  pulp  and  paper  mills  should 
call  for  heavy-duty  machines.  Form  windings  are  to  be  preferred  and  in 
squirrel -cage  motors  special  attention  shoula  be  given  to  the  method  of 
Attaching  the  rotor  bars  to  the  short-circuiting  rings.  Moisture-proof 
insulation  in  windings  is  important.  Motors  should  be  rated  for  a tempera- 
ture rise  not  exceeding  40  deg.  Cent.  (104  deg.  Fahr.J  for  continuous  opera- 
tion and  be  capable  of  carrying  25  per  oent.  overload  continuously  without 
injurious  heating. 

MS.  Standardisation  of  sixes,  speeds  and  types  is  to  be  recommended 
when  a considerable  number  of  motors  are  required  in  the  same  mill.  Stand- 
ardisation will  result  in  reduced  number  of  repair  parts  and  will  often  facili- 
tate the  interchange  of  motors  in  case  of  repairs. 

MS.  Power  required  by  paper-  and  pulp-mill  machinery  will  vary 
through  wide  limits,  oftentimes  on  the  same  machine.  This  is  especially 
trus  in  the  case  of  beaters  and  Jordans,  when  a variety  of  produQt  is  made  in 
the  same  mill.  Loads  will  frequently  vary  100  per  cent,  in  the  treatment  of 
Afferent  stocks,  and  the  most  careful  judgment  is  required  in  the  selection 
of  motors  that  will  meet  the  maximum  demand,  as  this  condition  may  exist 
for  much  longer  periods  than  the  overload  capacity  of  a motor  for  the  average 
load  would  allow. 

MT.  Power  required  by  the  constant  line,  operating  In  connection 
with  a 104-in.  Pourdrinier  machine  (Fig.  39).  Power  input  was  derived 
from  wattmeter  in  feeder  line  to  motor. 


Kw.  input 

■ Amp.  per 
phase 

Volte 

Power-factor 

B.hj>.  (motor 
efficiency, 

90  per  cent.) 

65 

99  1 

440 

0.87  1 78.4  h.p. 

Google 


Sec.  16-358  industrial  motor  applications 


A — 100-h.p.  three-phase  induction  F — Agitators  in  machine  sti! 

motor,  330  rev.  per  min.  chests. 

B — 16-in.  by  18-in.  vacuum  (sue-  G— Fourdrinier  shake, 

tion  box)  pump. 

C — 14-in.  by  12-in.  vacuum  (sue-  H — 6-in.  centrifugal  for  bad 

tion  box)  pump.  water. 

D — 8-in.  fan  pump  (Btock  to  screen).  J — Three  12-plate  screens. 

E — 10-in.  by  10-in.  triplex  stuff  K — Rotary  vacuum  pump  k 

pump.  suction  couch  roll. 


Fig.  40. 

A — 50-h.p.  three-phase  induction  D — Centrifugal  pump, 

motor  570  rev.  per  min. 

B — Three  72-in.  wet  machines.  E — Two  10-plate  screens. 

C — 14-in.  by  12-in.  vacuum  pump. 


S88.  Test  on  group  of  wet  machines  (Fig.  40) . Machines  in  onerst k»- 
one  wet  machine,  two  screens,  vacuum  and  centrifugal  pumps  ana  thsftn* 
Power  input  derived  from  wattmeter  readings  in  feeder  line  to  motor. 


Table  of  load  variations 


Kw. 

input 

Amp.  per 
phase 

Volts 

Power- 

factor 

B.h.p.  (motor 
efficiency,  90  per  eent 

18.0 

43.0 

440 

0.55 

21.7  h.p. 

27.0 

45.0 

440 

0.70 

32.5  h.p. 

29.0 

46.5 

440 

0 82 

35.0  h.p.  1 

33.5 

51.2 

440 

0.86 

40.4  h.p.  | 

36.0 

53.8 

440. 

0.88 

43.4  h.p.  | 
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Sft.  Teat  on  Jordan  engine  (Imperial  else)  direct-connected  to  100-h.p. 
induction  motor.  Full-load  speed  330  rev.  per  min. 


Kw. 

1- 

Amp.  per  i 
phase 

Volte 

Power- 

B.h.p.  (motor 

input 

factor 

efficiency,  87  per  oent.) 

103.42  | 

150.25  ( 

470 

0.8 

120.5  h.p. 

Test  wae  made  on  this  machine  for  friction  load,  which  showed  an  input  of 
10.0  kw.  As  the  motor  efficiency  was  low  at  this  load,  the  friction  load  can 
be  taken  from  10  to  12  b.h.p. 


300.  Test  on  Jordan  engine  (Majestic  rise)  direct-connected  to  150- 
h.p.  induction  motor.  Full-load  speed  330  rev.  per  min. 


Kw. 

Amp.  per 
phase 

Volta 

! Power- 

B.h.p.  (motor 

input 

| factor 

efficiency,  01  per  oent.) 

114.4 

101 

| 440 

1 0,79 

130.5  h.p. 

A test  on  this  motor  at  another  time  showed  an  Input  of  135  kw.  or  ap- 
proximately 163  b.h.p.  The  power  consumed  in  Jordan  engines  will  sary 
greatly  in  different  mills  and  under  various  treatment  of  stock.  A test  was  made 
by  the  author  on  a Jordan  engine  of  exactly  the  same  sise  (Majestic)  as  that 
of  the  above  test,  which  was  direct-connected  to  a 200-h.p.  induction  motor, 
with  the  following  results: 


Full-load  speed  350  rev.  per.  min. 


Kw. 

input 

Amp.  per 
phase 

Volts 

Power- 

factor 

B.h.p.  (motor 
efficiency,  80  per  oent.) 

240 

70 

2^250 

0.88 

286.3  h.p. 

235 

68 

2,260 

0.88 

280.4  h.p. 

220 

64 

| 2,280 

| 0.87 

262.5  h.p. 

200 

60 

i 2.240 

0.86 

238.6  h.p. 

180 

54 

I 2,270 

0.85 

214.8  h.p. 

•12 

18 

2,240 

| .... 

11.25  h.p. 

Ml.  Test  on  Induction  motor  driving  slitter  and  winder  for  150- 
in.  Fourdrinler  paper  machine.  Friction  load,  8 h.p. ; winding  load, 
14.5  to  31  h.p. 

ttt.  Test  on  beaters,  eta.  Wattmeter  observations  made  at  a mill  where 
four  1,500-lb.  Horne  beaters,  agitator  in  stuff  chest,  and  10-in.  X 12-in. 
triplex  stuff  pumps  were  driven  through  a short  line  of  shafting  from  one 
motor,  showed  that  300  h.p.  was  required  when  beating  strong  sulphate  pulp. 


Summary  of  approximate  power  required  by  paper- making 
machinery 


Constant  speed  line  or 
pump  line  on  paper 
machine 40-125  h.p.| 

Fourdrinier  paper  ma- 
chines (variable  speed 
parts) ' 50—400  h.p. 

Beaters 30-  75  h.p. 

Jordan  engines I 50-300  h.p. 

Screens,  flat platescreens  4-  6 h.p. 

Wet  machines 1 8-12  h.p. 


Stuff  pumps 

Chippers 

Crushers 

Barkers 

Grinders 

Centrifugal  screens. 
Supercalenders 


5-  10  h.p. 
75-100  h.p. 

26  h.p. 
10-  12  h.p. 
250-350  h.p. 
10-  15  h.p. 
50-100  h.p. 


* Test  on  friction  load,  engine  running  full  speed  with  plug  drawn  out  and 
no  stock  passing  through. 
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ELECTRIC  DERRICKS  AND  EXCAVATING  MACHINERY 

BT  0X0.  B.  MA88ET 

Consulting  Engineer , Member  A.  S.  C.  E.,  Member  A.  S.  M.  E.,  Member 
Western  Society  of  Engineers 
ELECTRIC  DERRICKS 

864.  Derricks.  Electric  winches  for  derricks  usually  are  driven  by  one 
motor  for* hoisting  the  load,  hoisting  the  boom  and  for  swinging.  Some- 
times the  swinging  is  done  by  a separate  motor. 

866.  Derrick  motor  sixes.  For  this  service,  electric  motors  are  seed 
running  at  1,200  r.p.m.  in  the  case  of  the  small  motors  and  as  low  as  45C 
r.p.m.  in  the  case  ot  the  largest  motors.  Alternating-current  motors  are  of 
the  slip-ring  induction  type,  the  direct-current  motors  being  either  series  or 
compound  wound.  The  range  of  sixes  is: 


Derrick  sise,  tons.  . . 

5 

7i  *| 

15 

| 20 

25 

30 

Motor  h.p 

25 

35  | 

50 

75 

KOI 

100 

I 100 

Drum-type  controllers  are  used  with  the  smaller  and  magnetic  control 
with  the  larger  motors.  The  sise  of  motor  to  use  is  roughly  found  by  ob- 
taining the  horse  power  required  to  raise  the  maximum  load  at  the  required 
speed  and  adding  25  pier  cent,  to  cover  acceleration,  friction,  etc. 

866.  The  hoisting  speed  of  the  load  varies  between  75  and  220  ft.  ptf 
minute  and  usually  between  110  and  150  ft.  per  minute. 

867.  Braking.  When  dynamic  braking  is  desired,  a compound- wound 
motor  is  used.  Foot  brakes  are  used  in  most  casee.  Where  a motor  i 
geared  to  the  winch  otherwise  than  by  worm  and  worm  gear,  a solenoid 
brake  should  be  used  to  prevent  the  load  from  getting  out  of  control  of  tk 
operator  in  ease  of  failure  of  ourrent. 

EXCAVATING  MACHINES 

868.  The  principal  types  of  excavating  machinery  are  shovels  sal 

drag-line  machines  for  work  on  land,  and  dipper  dredges,  clam  shell  dredges, 
hydraulic  dredges  and  bucket-ladder  dredges  as  floating  excavating  equip- 
ment. In  addition  to  these  are  several  other  types  for  special  work,  hot 
Used  in  relatively  small  numbers. 

869.  The  dragline  excavator  differs  from  the  shovel  in  that  the  digging 
bucket  is  loaded  by  being  dragged  along  the  ground  toward  the  machine  with 
a rope  wound  on  the  drag  drum.  After  loading,  the  bucket  is  lifted  by  s line 
on  a second  drum.  The  two  drums  are  driven  by  one  motor.  The  dragline 
has  the  same  swing  motion  as  the  revolving  shovel.  This  machine  is  used 
where  a wide  reach  is  desired,  and  where  it  is  essential  that  the  machine 
remain  on  top  of  the  bank,  digging  below  its  own  level,  such  as  digging 
drainage  ditches  and  building  levees. 

The  operating  cycle  consists  of  digging  followed  by  simultaneous  hast- 
ing and  swinging  followed  by  simultaneous  swinging  and  lowering.  The 
complete  cycle  is  from  30  to  60  seconds,  depending  upon  depth  of  digging 
and  total  angle  of  swing. 

870.  Motor  sixes  for  dragline  excavators.  The  same  type  of  motor 
and  oontrol  can  be  used  to  advantage  on  the  dragline  as  on  the  ahoveL  The 
sizes  of  motors  used  are  as  follows: 

(Bucyrus  Co.) 


Weight  of 
machine 
in  short 
tons 

Sise  of 
bucket, 
cubic 

yards 

| H.p.  of  motors, 

intermittent  rating 

Trans- 

formers, 

(kv.a.) 

Motor 
generator 
(set,  k-w  I 

Drag  and 
hoist 

Swing 

35 

1 

50* 

45 

40 

55 

1* 

100 

50 

115 

100 

85 

2 

150 

75 

150 

150 

150 

3} 

200 

100 

225 

175 

200 

4 

250 

125 

300 

200 

300 

5 

400 

200 

450 

350  J 

* Continuous  rating. 


Digitized  by 


INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  15-371 


ELECTRIC  DEIDOX8 

S71.  Hydraulic  dredges.  A typical  dredge  has  a centrifugal  pump  with 
20-in.  diameter  single  suction  and  20-in.  discharge.  The  diameter  of  shell 
and  runner  is  made  to  suit  the  maximum  total  head  pumped  against.  The 
velocity  in  the  pipe  line  is  12  ft.  per  sec.  for  easily  transported  material  and 
as  high  as  16  ana  18  ft.  per  sec.  for  heavy  material  containing  flat  stones. 
The  percentage  of  solids  pumped  varies  from  6 per  cent,  to  20  per  cent., 
depending  upon  material  and  distance  pumped.  The  pump  is  direct  con- 
* nested  to  a 750  to  1,000  h.p.  variable-speed  induction  motor;  synchronous 
speed  360  r.p.m.,  slow  speed  270  r.p.m.  The  winch  with  five  drums  is 
driven  by  a 25  to  50  h.p.,  600-r.p.m.  variable-speed  induction  motor  with 
75  per  cent,  speed  reduction.  The  cutter  head  driven  by  a 75  to  150  h.p., 
600  r.p.m.  variable-speed  reversible  motor.  The  motors  are  supplied  with 
2,200- volt,  3-phase,  60-cycle  energy  transformed  from  higher  voltage  onboard 
the  dredge. 

STS.  Dipper  dredges  are  very  similar  to  shovels  except  that  they  have 
no  thrusting  action  and  the  digging  cycle  is  longer.  Very  few  electrical 
types  are  in  use.  The  motor  ana  control  equipment  is  similar  to  that  used 
on  ahovels.  The  backing  line  to  the  dipper  is  operated  by  an  independent 
motor  or  by  the  hoist  motor.  Provision  is  made  for  raising  spuds  and 
*‘ pinning  up"  by  power. 

S7S.  Clamshell  dredges.  There  are  very  few  electrically  operated 
clamshell  dredges.  The  stresses  can  be  calculated  exactly  as  they  are  lim- 
ited to  hoisting  and  swinging  the  loaded  bucket.  One  type,  has  the  swing- 
ing circle  and  null  equipped  so  that  it  can  be  pinned  up  on  spuds,  the  other 
with  wide  enough  hull  to  roll  with  the  load,  the  hoisting  line  swinging  the 
boom  to  one  side  snd  the  bucket-opening  line  swinging  the  boom  to  the  other 
side.  The  motor  equipment  and  control  are  similar  to  those  for  shovels. 

S74.  Bucket  ladder  dredges  are  used  mostly  for  placer  gold,  tin  and 
platinum  mining.  Electricity  is  the  ideal  drive.  The  energy  consumed  per 
oubic  yard,  excavated,  washed  and  stacked  varies  from  1 to  1.75  kw.h. 
The  usual  equipment  is  440-volt  slip-ring  induction  motors.  The  digging 
motor  is  connected  to  the  bucket  drive  by  two  belts  and  a jackshaft  to  take 
the  digging  shocks  off  the  motor.  All  motors  except  pump  motors  are  of 
the  variable-speed  type  with  secondary  resistance  for  continuous  operation 
from  50  per  cent,  to  full  speed. 

375.  Motor  sixes  for  bucket  ladder  dredges  


Bucket,  cu.  ft. 

Average 
power  de- 
mand, h.p. 

Total  rated 
h.p. 

Bucket  drive 

Winch 

Screen 

Stacker 

Main  pump 

Hopper 

1 

o 

.a 

2 

3 

100 

175 

60 

20 

20 

20 

40 

5 

20 

5 

125 

250 

100 

20 

20 

20 

50 

10 

30 

7* 

300 

365 

150 

25 

30 

25 

75 

10 

50 

9 

450 

515 

200 

30 

30 

50 

100 

30 

75 

16 

. 600 

845 

400 

35 

75 

60 

150 

50 

75 

ELECTRIC  SHOVELS 

S7§.  Shovel  motors  may  be  of  the  enclosed  type,  the  open  type  or  the 
enclosed  type  with  forced  ventilation.  . The  type  to  be  used  depends  a great 
deal  on  the  place  of  operation  and  the  operating  duty.  Both  alternating 
and  direct-current  motors  are  being  used  successfully  for  shovel  operation. 
There  is  no  one  method  or  type  of  motor  which  adequately  meets  all  condi- 
tions or  is  adaptable  for  all  classes  of  service. 

All  of  the  larger  electric  shovels  are  operated  by  means  of  variable  speed 
motors.  These  motors  are  usually  of  the  mill  type.  This  type  of  motor  is 
selected  also  on  acoount  of  its  low  armature  inertia,  permitting  the  armature 
to  accelerate  rapidly  on  small  power.  They  are  best  suited  to  shovel  work 
on  account  of  their  rugged  bearings,  cast-steel  frames,  and  mica  and  asbestos 
insulation.  The  more  rugged  types  of  crane  and  hoist  motors,  which  are 
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Three  systems  are  employed  on  the  larger  electric  shovels,  both  railroad 
type  and  revolving  type  (Par.  881  to  888). 

SSI.  Direct-current  motors  with  rheostatic  control.  Direct-current 
motor  equipment  is  used  with  rheostatic  control,  low-voltage  direct  current 
power  being  supplied  to  the  shovel  through  flexible  cables  from  an  outside 
source.  This  method  of  operation  is  well  adapted  to  meet  conditions  where 
the  scope  of  operation  is  small  and  direct-current  power  is  already  available. 

t8S.  Direct-current  motors  with  motor-generator  set.  Direct- 
current  motor  equipment  is  used,  low-voltage  power  being  supplied  by  motor- 
generator  seta  or  synchronous  converters  located  on  the  shovel,  power  being 
supplied  through  flexible  cables  from  a two-phase  or  three-phase  alternating 
current  power  system  at  2,000  to  5,000  volts. 

Where  synchronous  converters  are  used,  control  must  be  by  rheostat 
only.  By  the  use  of  motor-generator  sets  these  conditions  are  removed 
and  it  is  possible,  by  using  a number  of  direct-current  generators  driven 
by  one  alternating-current  motor,  to  use  Ward  Leonard  or  field  control, 
thus  eliminating  rheostatic  losses  and  securing  several  desirable  operating 
characteristics. 

The  motor-generator  set  consists  of  an  alternating-current  moror  driving 
one  hoist,  one  swing  and  one  thrust  generator  and  one  constant-voltage 
generator  for  exciting  the  other  generators  and  the  alternating-current 
driving  motor  if  it  should  be  a synchronous  machine.  The  shunt  fields  of 
. the  generators  are  regulated  to  vary  the  speed  and  torque  of  the  shovel- 
driving  motors.  No  resistance  is  used  in  connection  with  the  motors  for 
reducing  the  voltage.  Equipment  of  this  kind  may  be  operated  at  reduced 
capacity,  even  with  very  poor  supply,  with  either  rheostatic  or  field  control. 
By  the  use  of  the  field  control  system,  it  is  practicable  to  operate  a large 
shovel  from  a relatively  small  system  without  objectionable  effect  on  the 
voltage  regulation. 

Where  there  is  any  doubt  as  to  the  capacity  or  the  quality  of  power  ser- 
vice, this  should  be  investigated  before  purchasing  electric  shovels. 

888.  Alternating-current  motors  with  rheostatic  control.  Two- 
phewe  or  three-phase  alternating-current  motor  equipment  with  rheoetatio 
control  is  employed.  Low-voltage  alternating-current  is  supplied  to  the 
shovel  through  flexible  cables  from  an  outside  source. 

This  method  is  suitable  where  the  scope  of  operation  is  small  and  low- 
voltage  current  is  already  available.  It  is  also  suitable  for  contractor’s 
work  where  the  presence  of  high-voltage  flexible  cables  might  be  objection- 
able. This  same  equipment  may  be  used  in  connection  with  transformers 
mounted  on  the  shovel,  alternating-current  power  being  supplied  at  2,000 
to  5.000  volts  through  flexible  cables. 

This  is  undoubtedly  the  best  solution  of  the  problem  on  large  operations 
with  an  adequate  power  supply.  The  apparatus  used  is  rugged  and  simple, 
being  easily  understood  by  tne  average  operating  man.  It  has  the  minimum 
number  of  rotating  units  and  no  commutators. 

Another  method  is  to  use  an  alternating-current  motor  driving  a single 
direct-current  generator.  Constant  voltage  is  maintained  at  the  generator 
and  resistance  is  used  in  series  with  the  hoist,  the  swing  and  the  thrust 
motors.  This  machine  is  less  efficient  than  the  others  because  it  has  both 
motor-generator  set  and  rheostatic  losses.  It  has  been  given  up  largely  in 
favor  of  the  field-control  machine. 

884.  Type  of  control.  Regardless  of  which  plan  of  electrification  is 
used,  the  control  is  generally  of  the  unit  switch  type  except  on  very  small 
shovels.  These  unit  switeKee  may  be  operated  by  compressed  air  or  by 
solenoids.  The  air-operated  control  is  the  most  compact,  rugged  type  and 
occupies  less  space  than  the  magnetic  type.  The  unit  switches  are  controlled 
by  master  controllers  located  conveniently  for  the  operator.  These  may 
be  arranged  so  that  all  operations  are  controlled  by  one  operator  or  two 
operators,  as  desired. 

. 888.  Limitation  of  motor  torque.  A motor,  being  capable  of  sustain- 
ing large  overloads,  would  cause  an  abnormally  large  amount  of  mechanical 
repairs  on  the  shovel  if  its  torque  were  not  limited.  The  safe  overload 
capacity  of  a motor  large  enough  for  the  drive  is  beyond  the  overload  capac- 
ity of  the  shovel  consistent  inth  good  operation.  This  is  due  to  the  fact 
that  for  continuous  operation  of  the  shovel  the  continuous  rating  and  not 
the  overload  rating,  determines  whether  or  not  the  motor  is  large  enough. 
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With  rheostatic  control,  the  motor  torque  is  limited  on  the  hoist,  should 
the  dipper  strike  harder  material,  by  "jamming"  relays  which  open  the 
accelerating  switches,  thus  inserting  resistance  in  the  circuit  and  holding 
the  torque  below  predetermined  maximum  at  any  speed.  In  this  manner, 
the  shovel  operator  retains  control  of  the  motor,  ana  its  torque  is  not  inter* 
rupted,  nor  is  time  lost,  as  would  result  if  a circuit  breaker  were  depended 
upon.  Accelerating  relays  are  used  to  limit  the  accelerating  peaks  of  aB 
motors. 

With  the  direct-current  field  control  shovel,  where  a separate  generator 
supplies  each  shovel  motion,  the  overload  is  limited  by  using  a differential 
oompound- wound  field  in  the  generator. 

8ft 6.  Special  features.  On  the  large  electric  machines,  the  dippers  are 
dumped  By  small  toraue  motors  instead  of  by  hand,  aa  on  steam  shovels. 
With  the  exception  of  the  smaller  maohinee,  the  brakes  for  stopping  and 
holding  the  various  motions  are  air  operated  and  automatically  controlled. 
The  smaller  sises  of  machines  usually  take  the  current  aboard  at  leas  than 
600  volts,  and  the  larger  sises  at  the  higher  voltages,  2,300  and  4,000  volts. 
With  the  higher  voltages,  the  ground  cable  is  usually  of  the  armored  three- 
conductor  type.  Cable  reels  are  sometimes  used  on  the  machines. 

887.  Regenerative  control  is  used  on  some  of  the  300-ton  shovels  when 
the  dipper  dumps  at  a height  of  60  ft.  above  the  surface  upon  which  tW 
shovel  stands. 

888.  Choice  of  equipment.  The  proper  equipment  to  use  will  depend 
almost  wholly  upon  local  conditions,  motors  are  usually  geared  to  shovd 
mechanisms  in  such  manner  that  they  will  operate  continuously  over  s 
given  cycle  without  overheating.  When  geared  in  this  way,  the  motors  arc 
usually  operating  at  a very  small  percentage  of  their  maximum  torque 
usually  under  60  per  cent.,  due  to  their  continuous  rating.  Either  with  thr 
direct-current  series  motor  or  with  the  alternating-current  phase-wound 
motor,  a surplus  of  power  is  always  available  for  exceptionally  hard  digging. 

889.  Reliability.  Little  consideration  should  be  given  to  the  relative 
efficiencies  of  the  various  kinds  of  electrical  equipment  for  shovels;  first,  be- 
cause the  difference  is  small,  and  second,  it  is  negligible  when  compared  to  the 
expenses  due  to  delays  inherent  in  shovel  operation,  such  as  waiting  for  on 
and  mechanical  repairs.  Reliability  is  the  most  important  consideration. 

890.  Power  supply.  In  most  cases,  the  power  source  is  alternating  cur- 
rent, and  the  choice  of  electrical  equipment  will  depend  on  the  sise  of  the 
generating  station,  power  factor  ana  peak  loads,  especially  where  purchased 
power  is  to  be  considered. 

Where  a large  shovel  is  to  operate  from  a small  generating  station,  and 
where  consideration  in  the  rate  schedule  is  given  for  high  power  factor  or  a 
penalty  for  poor  power  factor,  the  field-control  shovel  should  be  used  with 
a synchronous  motor  driving  the  motor-generator  set,  since  the  1oad  comes 
on  gradually  as  compared  to  the  resistance-controlled  machine,  thus* per- 
mitting better  voltage  regulation  for  lighting  customers.  This  is  due  to  the 
fact  that  the  input  to  the  motor  builds  up  from  practically  sero  at  standstill 
to  full  value  with  generator  field  control,  whereas  with  resistance  control 
the  input  is  at  full  value  immediately  when  the  motor  is  connected  to  the 
line,  even  though  the  motor  is  initially  at  standstill  and  its  power  output 
nothing.  The  field-control  equipment,  being  more  expensive  than  resistance 
control,  is  for  that  reason  limited  to  the  larger  machines  which  may  emuse 
more  disturbance  on  the  power  lines. 

BRICK  MANUFACTURE 

BT  0.  W.  PEN  DILL 

Engineer,  Contract  Dept.,  Public  Service  Company  of  Northern  Illinois ; Fellov, 
American  Institute  of  Electrical  Engineers 

891.  General  arrangements.  Brick- making  plants  vary  considerably 
in  their  arrangements,  depending  largely  upon  the  raw  material  used  aad 
whether  raw  material  is  quarried  upon  the  property  adjacent  to  the  manu- 
facturing plant  or  is  delivered  by  railway  from  a distant  point. 

899.  Raw  materials.  Various  raw  materials  are  used  far  various  styles 
of  bricks,  as  noted  in  Par.  898  to  899.  Brick-making  clays,  shales,  etc* 
vary  greatly  in  their  natures  and  the  individual  raw  material  to  be  used 
should  be  carefully  studied,  analysed  and  experimented  with  by  an  expert 
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in  oenuniea  to  determine  the  proper  working  method  of  drying,  temperature 
and  duration  of  burning,  etc;,  before  the  manufacturing  plant  is  designed. 

StS.  Common  clay  is  used  mainly  for  common  building  brick.  It  comes 
to  the  manufacturing  plant  in  a semi-plastic  condition  and  requires  only  to 
be  thoroughly  mixed,  tempered  (moistened  when  too  dry;  dried  by  the  addi- 
tion of  dry  clay,  when  too  moist),  and  have  all  stones  removed  before  being 
ready  for  the  brick-making  machine. 

m.  Shale  is  used  for  face  brick  and  other  high-grade  building  brick. 
It  comes  to  the  plant  in  a lumpy,  dry,  medium  hard  condition  that  at  times 
requires  crashing,  always  requires  grinding,  moistening  and  thorough  mixing. 

Stf.  Refractory  rocks  used  for  bricks  for  furnace  linings.  Manufac- 
turing plants  are  seldom  located  at  the  point  where  raw  material  is  quarried. 
Rock  is  given  a preliminary  crushing  at  the  quarry  and  is  shipped  to  the 
manufacturing  plant,  where  the  first  operationis  crushing  to  the  siae  desired  by 
grinders.  The  method  of  grinding  varies  with  the  rock  used  and  results 
desired;  some  rocks  are  ground  dry  and  others  are  ground  wet.  These 
bricks  are  usually  molded  into  shape  on  account  of  the  abrasive  nature  of  the 
material. 

$9f.  Silica  sands  used  for  bricks  for  furnace  linings.  They  are  given 
thorough  drying  and  mixed  with  some  sort  of  a binder,  molded  into  shape 
and  dried.  The  power  demands  are  small  in  comparison  to  other  classes 
of  brick. 

IfT.  Stripping  and  digging.  Brick  plants  using  a common  clay  as  a raw 
material  are  usually  located  adjacent  to  the  pit  from  which  clay  is  obtained. 
In  such  plants  the  digging  and  handling  of  the  clay  furnishes  a problem  all 
its  own,  being  divided  into  "stripping’  the  "over-burden”  or  black  dirt 
from  off  the  top  of  the  day  deposit,  digging  the  clay  and  loading  it  upon  cars, 
and  hauling  the  cars  to  the  foot  of  the  incline  leading  to  the  manufacturing 
plant. 

Stripping  can  be  accomplished  with  the  greatest  ease  and  least  cost  by 
means  of  a "drag  line”  type  of  excavator  (Par.  Bffl).  Digging  the  clay 
requires  a shovel  type  excavator  (Par.  S76).  Although  both  of  these  types 
of  machines  have  failures  charged  to  them  in  attempted  electrification,  both 
of  them  have  been  successfully  motor-driven  and  there  is  no  reason  with 
present-day  developments  for  not  using  motor-driven  machines;  the  troubles 
of  the  past  have  been  due  mainly  to  lack  of  attention  to  details  of  control 
apparatus  and  ventilation  of  motors. 

Both  of  these  loads  are  severe  on  the  source  of  power  and  the  source  must 
be  able  to  stand  the  load  fluctuations  that  will  be  imposed  upon  it.  Both 
alternating-current  and  direct-current  equipments  nave  been  built,  one 
maker  favoring  one  and  another  the  other.  The  simplicity  and  ruggedness 
of  the  alternating-current  equipment,  however,  is  somewhat  in  its  favor. 

Motor-driven  excavators  and  shovels  are  more  economical  than  steam- 
driven  machines  on  account  of  lessened  amount  of  time  out  of  service  for 
repairs  and  the  high  cost  of  getting  coal  and  water  to  steam  machines.  The 
water  around  sucn  a plant  is  usually  very  hard  and  boiler  repairs  are  fre- 
quent and  costly  on  that  account,  as  well  as  on  account  of  excessive  vibration 
of  the  machine.  It  will  be  found  to  be  false  economy  to  purchase  too  small 
excavators  and  shovels,  with  consequent  poor  results  due  to  machines  too 
small  few  the  work.  * 

StS.  Clay  haulage.  The  haulage  of  clay  cars  from  the  shovel  to  the 
manufacturing  plant  is  done  in  places  by  means  of  electrio  locomotives,  both 
trolley  and  third  rail  types,  but  in  small  and  moderate  sise  plants  a steam 
dinky  locomotive  usually  works  out  to  best  advantage  on  account  of  the 
shifting  of  tracks  as  tne  cutting  face  changes,  unevenness  of  ground,  numer- 
ous spur  tracks,  etc.  In  larger  sise  plants  and  in  those  where  the  clay  pit 
is  a Half  mile  or  more  from  the  manufacturing  plant,  electric  haulage  works 
out  advantageously.  Local  conditions  must  govern  as  to  whether  250-volt 
direet-current  trolley,  250-volt  direct-current  third  rail,  or  440-volt  alter- 
nating-current three-phase  trolley  shall  be  used,  considering  carefully  the 
hasard  to  workmen  and  mules,  interference  with  digging  shovels,  initial 
cost:  cost  of  shifting,  location  of  tracks,  frequency  of  track  changes,  main- 
tenance, etc. 

Stf.  Pit  drainage.  The  average  clay  pit  has  a water  problem,  whioh 
varies  from  getting  rid  of  small  amount  of  seepage  water,  to  the  emergency 
handling  of  flood  water.  This  is  a standard  water-pumping  problem  in 
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INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  15-403 

' uit  2,300  volt*.  All  parts  of  the  plant  will  be  within  the  radius  of 
-volt  distribution,  except  perhaps  the  drag  line  excavator  used  for  strip- 
ing and  the  shovel  used  for  digging  clay. 

403.  Purchased  power.  If  power  is  purchased  from  a central  station* 
h©  voltage  at  which  the  central  station  company  brings  its  wires  to  the  briok 
dant  has  a great  deal  to  do  with  the  design  of  the  distribution  system  about 
he  brick  plant. 

If  power  is  brought  to  the  brick  plant  at  a voltage  higher  than  6,600  volts, 
t should  come  to  a single  transformer  station  where  it  is  reduced  to  the  work- 
ng  voltage.  If  no  excavators  or  shovels  are  used,  a single  bank  of  tran»- 
ormers  reducing  to  440  volts  can  be  used.  If  large  rise  excavators  and 
hovels  are  used,  it  will  often  be  of  advantage  to  purchase  untransformed 
rurrent;  install  one  bank  of  transformers  for  manufacturing  plant  and  other 
wwer  within  440-volt  radius;  install  a second  bank  of  transformers  reducing 
o 2,200  volts,  delta;  extend  an  easily  moved  or  semi-portable  2,200-volt 
ine  to  portable  banks  of  transformers  on  trucks  adjacent  to  and  pulled  by 
he  excavator  and  shovel;  or  if  the  excavator  and  shovel  are  operated  by 
lirect  current  with  a 2,200-volt  motor-generator  set,  the  2,200-volt  line  can 
►e  terminated  on  the  excavator  or  shovel. 

If  the  central  station  power  is  brought  to  the  brick  plant  at  2,200  volts, 
>,000  volts  or  6,600  volts,  it  is  sometimes  of  advantage  .to  purchase  untrana- 
ormed  current  and  extend  a line  at  that  voltage  to  various  parts  of  the 
iroperty,  installing  transformer  banks  adjacent  to  the  main  motor  drive, 
an  house,  pump  house,  excavator  and  shovel. 

404.  Private  generating  plant.  Although,  as  stated  above,  440  volts 
s the  best  motor  voltage  for  a brick  plant,  the  generating  voltage  of  an  elee- 
ric  plant  installed  to  serve  a brick  plant  will  depend  upon  local  conditions, 
[f  no  electric  excavator  or  shovel  is  used,  440- volt  generation  will  probably 
>e  the  most  satisfactory.  If,  however,  an  electric  excavator  or  shovel  is 
lsed,  or  contemplated  in  the  future,  2,200-volt  generation,  with  a 2,200-volt 
ine  to  the  excavators  and  pump  house,  2,200-volt  main  motor  drive  and  a 
sank  of  transformers  reducing  to  440  volts  for  miscellaneous  power,  will  be 
ound  most  satisfactory. 

404.  Power  requirements  of  individual  machines.  On  account  of 
he  widely  varying  nature  of  the  raw  materials  used,  difference  in  methods 
equired  by  different  products,  and  great  range  in  sixes  of  plants,  it  is  possible 
o give  only  general  figures  for  the  norse-power  requirements  of  the  various 
inits.  A majority  of  brick  plants,  particularly  those  using  common  clay, 
ire  seasonal  in  their  operation  and  cease  operation  when  the  ground  freeses 
n the  winter.  If  such  a plant  operates  during  winter  months,  consideration 
must  be  given  to  this  fact  and  an  additional  allowance  of  from  10  to  20  per 
sent,  in  power  requirements  made  to  cover  the  handling  of  partially -frosen 
naterial. 

404.  Excavators  and  shovels.  Motor  capacities  will  range  from  50  to 
100  h.p.,  depending  upon  the  sise  of  bucket,  length  of  boom  and  speed  of 
operation.  In  some  machines  the  motor  or  motors  run  continuously  and 
ne  load  is  applied  by  means  of  friction  clutches;  in  other  machines  the 
notors  are  started  and  stopped  at  each  operation. 

407.  Haulage  locomotives  require  from  15  to  80  h.p.,  depending  on 
:onnage  hauled,  grades,  curves  in  tracks,  and  speed. 

408.  Incline  hoist.  This  requires  from  20  to  75  h.p.  Some  saving  in 
>ower  can  be  made  by  using  a "double  skip"  hoist,  but  this  is  a doubtful 
sconomy  in  a busy  plant  where  a single  hoisting  track  is  not  sufficient, 
>wing  to  lack  of  flexibility. 

409.  Granulators  and  pug  mills  require  from  15  to  150  h.p.,  depending 
an  consistency  of  material,  angle  at  which  knives  are  set,  speed  of  knives 
Mid  ambunt  of  material  handled. 

410.  Dry  pan  grinders.  A 9-ft.  pan  is  about  standard  and  requires 
from  30  to  45  h.p.,  depending  on  material. 

411.  Rolls,  smooth  and  grooved,  require  from  10  to  30  h.p.,  witn  momen- 
tary peaks  of  double  the  average  amount  as  a stone  is  expelled.  However, 
this  depends  upon  how  cloee  the  rolls  are  set  together,  the  consistency  of 
material  and  the  amount  handled. 

413.  Conveyors  require  from  3 to  15  h.p.  Care  should  be  taken  that 
rollers  supporting  conveyor  belts  are  placed  close  enough  together  so  that 


[^gitized  by  Google 


Sec.  15-413  INDUSTRIAL  MOTOR  APPLICATIONS 


the  conveyor  belt  will  not  sag  between  rollers  when  loaded,  as  the  power 
required  to  drive  the  belt  increases  very  rapidly  aa  the  belt  saga  between 
rollers. 

416.  Auger  machine.  This  requires  from  40  to  250  h.p.  depending  on 
the  work  to  be  done. 

414.  Repress  machines  demand  from  3 to  5 h.p. 

419.  Off-bearing  belt.  This  will  require  from  7.5  to  15  h.p. 

416.  Transfer  cars  require  from  7.5  to  10  h.p. 

417.  Fans  consume  from  15  to  50  h.p.,  depending  upon  the  siae. 

416.  Machine  shop.  The  power  demand  varies  from  5 to  10  h.p. 

419.  Oil  pumps  require  from  5 to  15  h.p. 

PRINTING,  BINDING  AND  LINOTYPE  MACHINERY 

AT  CHARLES  E.  CARPENTER 

Engineer,  Cutler- Hammer  Manufacturing  Co.,  Associate  American  Institute  # 
Electrical  Engineers 

410.  Control:  Modern  practice  requires  that  most  machinery  of  tin 
class  be  equipped  with  self  starters  or  self-starting  speed  regulators,  oper- 
ated from  the  une  (service)  switch  or  from  one  or  more  push-button  stations 
On  account  of  the  great  number  of  bearings,  gears,  cams,  etc.,  the  load  p 
largely  frictional  ana  the -torque  at  starting  is  usually  from  50  to  75  per 
in  excess  of  the  full-load  running  torque. 


Fig.  41. — Starter- 
controller  with  self- 
contained  line  switch. 


Fig.  42. — Encloonl 
service  switch. 


Fig.  43. — Starter- 
controller. 


411'.  Job  (platen)  presses,  with  a heavy  fly-wheel  to  accelerate,  rtqmre 
speed  regulation  in  the  ratio  of  one  to  two  from  minimum  to  maximum- 
With  direct  current,  about  40  per  cent,  speed  reduction  is  < obtained  wits 
resistance  and  about  20  per  cent,  increase  by  field  control.  With  alternsua* 
current,  50  per  cent,  reduction  is  obtained  by  resistance.  The  0®“™“ 
(Fig.  41)  is  mounted  on  the  wall  and  the  enclosed  service  switch  (Fig.  w 
on  the  press. 


Sise:  inside  chase 

Maximum  impressions 
per  hr. 

H.p. 

j 

8 in.  X 12  in. 

2,800 

0.25 

10  in.  X 15  in. 

2,500 

0.25 

12  in.  X 18  in. 

2,250 

0.33 

13  in.  X 19  in. 

2,100 

0.33 

14  in.  X 20  in. 

2,000 

0.60 

141  in.  X22  in. 

2,000 

0.75 

17  in.  X 22  in. 

1,700 

1.00 

Automatic  feed,  high  speed 

13  in.  X19  in. 

3,500 

| >•*  j| 
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INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  16-423 


4SS.  Flat-bed  (cylinder)  presses  require  self-etarting  controllers 
equipped  with  predetermined  speed  setting,  for  push-button  operation  and 
wall  mounting.  With  direet  current,  speed  reduction  of  50  per  cent,  is 
obtained  with  resistance  and  provision  is  made  for  20  to  50  per  cent,  of  shunt 


Fio.  44.  Fio.  45.  Fio.  46. 


field  variation;  dynamic  braking  is  also  provided.  If  alternating  current 
used,  50  per  cent,  speed  reduction  is  obtained  with  resistance,  and  if  the 
press  is  equipped  with  automatic  feed  a solenoid  brake  should  be  used  on 
the  motor  shaft  for  quick  stopping.  Accessories  should  be  mounted  directly 
on  the  machine.  See  the  table  in  Par.  424. 


424.  Power  required  by  flat  bed  presses 


Single  color — one  cylinder 

Sixe  of  bed 

Maximum  impressions 
per  hr. 

H.p. 

26  in.  X 34  in. 

2,700 

1.5 

27  in.  X35  in. 

2,600 

2.0 

28  in.  X 41  in. 

2,400 

2.5 

31  in.  X 42  in. 

2,400 

2 5 

32  in.  X 44  in. 

2,400 

2.5 

34  in.  X 48  in. 

2,300 

3.0 

35  in.  X 50  in. 

2,200 

3.5 

39  in.  X 53  in. 

2,200 

4.0 

43  in.  X 56  in. 

2,000 

4 5 

46  in.  X 62  in. 

1,700 

5.0 

46  in.  X 68  in. 

1,700 

6.0 

51  in.  X74  in. 

1,600 

7.5 

Two  color — two  cylinder 

43  in.  X56  in. 

1,700 

9 

46  in.  X 62  in. 

1,600 

10 

52  in.  X65  in. 

1,500 

12 

52  in.  X07  in. 

1,550 

12.5 

Sec.  15-425  industrial  motor  applications 


41S.  Botary  lithographic  prestos  require  substantially  the  same  equip- 
ment as  flat-bed  (cylinder)  presses,  except  that  they  should  have  one  more 
inching  station  for  washing  up  and  making  readv,  and  the  controller  shook! 
be  reversible  to  assist  in  taking  off  blankets  and  forms.  Offset  presses  under 
this  classification,  where  provided  with  Dexter  automatic  feeders,  should 
have  a feeder-clutch  switch  for  automatically  slowing  down  when  the  feeder 
dutch  trips  out. 


418.  Power  required  by  rotary  lithographic  presses 


Zinc  or  aluminum 

Sise  of  sheet 

Normal  impressions 
per  hr. 

Hr 

32  in.  X45  in. 

2,000 

4 

42  in.  X 53  in. 

1,800 

5 

45  in.  X65  in. 

1,500 

5 

50  in.  X65  in. 

1,400 

5 

Offset 

22  in.  X28  in. 

4,000 

2 

26  in.  X 34  in. 

3,000 

3 

30  in.  X42  in. 

2,800 

4 

34  in.  X46  in. 

2,500 

5 

38  in.  X52  in. 

2,400 

6 

44  in.  X 64  in. 

2,000 



10 

Fia.  50. — Reversing 
master  switch. 


Fig.  51. — 
Single  button 
switch. 


Fig.  52. — Two 
button  switch. 


Fig.  53. — Tw< 
button  switdi 
showing  guard 
flange. 


417.  Botary  typographical  presses  (not  newspaper  or  magaxiiM 
presses)  require  the  same  equipment  as  rotary  lithographic  presses.  Par.  414 

418.  Embossing  presses  require  moderate-speed  motors  from  1 to  ID 

h.p.  Direct-current  motors  should  be  compound  wound  with  about  50 
per  cent,  shunt  field  variation.  Alternating-current  motors  should  be  <A 
the  slip-ring  type  with  50  per  cent,  speed  reduction  by  resistance.  Dynarok 
braking  is  not  required.  I 

419.  Folders  require  motors  of  0.5  to  3 h.p.  Direct-current  moup 
should  have  50  per  cent,  speed  reduction  by  resistance  and  20peroent.  shu*' 
field  control;  dynamic  braving  is  not  required.  Alternating-current  motes 
should  be  of  the  slip-rinp  type,  with  50  per  cent,  speed  reduction  by  rank 
ance.  No  brake  is  required. 

480.  Paper  cutters  are  started  without  load,  except  a heavy  fly  wlwa 
and  require  constant-speed  motors  of  1 to  5 h.p.  For  direct  current  a cop- 
pound  motor  is  required  with  self  starter  ana  enclosed  service  switch  nr 
starting  and  stopping.  For  alternating  current  a squirrel-cage  motor  > 
required,  thrown  directly  on  the  line  from  the  service  switch. 
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INDUSTRIAL  MOTOR  APPLICATIONS  Sec.  16-431 


(*)  In  case  of  single-phase  motors  up  to  1 h.p.,  use  Repulsion  type  self-starting  variable-speed  motors  capable  of  50  per  cent, 
eed  reduction  below  maximum.  For  speed  regulator  substitute  Fig.  47  for  Fig.  43.  On  job  (Platen)  presses  variable-speed  single- 
lase  motors  are  frequently  used  with  drifting  brushes. 


Sec.  15—432  industrial  motor  applications 


431.  Linotype  and  monotype  machines  require  0.25-h.p.  mater* 
started  by  throwing  them  direct  on  the  line  from  the  service  switch-  Lino- 
type machines  require  back-geared  motors  of  400  r.p.m.,  with  the  machine 
drive  shaft  operating  at  72  r.p.m.  maximum.  Monotype  machines  may 
have  motors  of  1,000  r.p.m.,  geared  to  machine  drive  shaft  at  160  r.p.m. 
maximum.  These  machines  on  account  of  flying  particles  of  type  metal 
should  be  provided  with  fine  gause  screening 

FLOUR  MILLS 

BT  A.  E.  HALL 

Manager,  Milling  Machinery  Dept.,  Allis-Chalmera  Manufacturing  Co. 

433.  Drive.  While  a flour  mill  contains  many  separate  machines,  the^ 
machines  must  run  as  a unit,  and  it  is  not  profitable  from  a commercial  stand- 
point to  drive  each  machine  with  a separate  motor. 

434.  Machines  included.  A flour  mill  may  be  considered  divisibi- 
as  follows:  (a)  The  roller  mills  or  grinders:  (b)  bolting  and  purifyin* 
machinery,  lofting  elevators,  conveyors  and  all  the  machinery  in  the  nut 

Ijropcr  above  the  roller  floor;  (c)  the  wheat  cleaning  department,  and  in  the 
arger  mills  the  wheat  receiving  machinery;  (d)  on  navigable  water,  tbe 
marine  leg.  All  the  car  pullers,  passenger  and  freight  elevators  are  operand 
from  separate  motors. 


435.  Power  requirements  of  individual  machines 


Mill  proper 

H.p.  each 

H.p.  total 

19  10X42  Style  A A roller  mills  Corr 

17 

324 

20  10X36  Style  A A roller  mills  smooth 

20 

400 

12  80  in.  X77  in.  vibromotor  universal  bolters 

3 

36 

20  8-ft.  X 32-in.  centrifugal  reels 

4 

80  1 

4 8-ft.  X32-in.  round  reels 

3 

12 

22  7-ft.  X30-in.  purifiers 

2.5 

55 

10  7-ft.  X32-in.  purifiers 

2 

» « 

5 aspirators  for  7 X 40  purifiers 

0.5 

2 5 

4 8-ft.  X32-in.  flour  dressers 

3 

12 

6 No.  7 bran  and  shorts  dusters 

8 

48 

2 70-in.  double  steel  plate  fan 

27 

54 

2 55  in.  steel  plate  fan 

15 

30 

1 40-in.  single  steel  plate  fan 

8.5 

8.5 

53  elevators 

1 

53 

25  dust  collectors 

0 33 

9 

Total 

1144 

Wheat-cleaning  department 

H.p.  each 

H.p.  total 

1 No.  4 comp  shake  Dbl  receiving  separator. 

8 

8 

2 No.  5 comp  shake  Dbl  receiving  separator. 

10 

20 

8 No.  90  milling  separator 

10 

80 

1 No.  7 automatic  magnetic  separator  .... 

0.125 

0.125 

1 No.  8 standard  aut.  magnetic  separator.  . 

0 125 

0.125 

2 No.  10  standard  aut.  magnetic  separator. 

0.375 

0.75  j 

1 No.  8 2 high  scourers 

40 

40 

2 No.  9 2 high  scourers 

50 

100 

1 No.  31  dust  collec.  for  grinder 

0.33 

0.33 

3 No.  32  dust  collec.  for  grinder 

0 33 

1 „ 

4 No.  33  dust  collec.  for  grinder 

0.33 

1 33 

1 No.  36  dust  collec.  for  grinder 

0 33 

0.33 

4 No.  46  dust  collec.  for  grinder 

0.50 

2 

2 32-in.  X 8-ft.  round  reels  with  drums 

3 

6 

1 30-in.  attrition  mill 

60 

60 

1 45-in.  double  steel  plate  fan 

14 

14 

6 

340 
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4M.  Typos  of  motors.  For  the  main  driving  motor  in  a flour  mill, 
where  as  much  as  700  h.p.  is  concentrated  in  a single  motor,  a wound- 
rotor  slip-ring  induction  motor  with  a secondary  resistance  starter  is  recom- 
mended. The  equipment  should  also  include  a primary  panel  containing 
an  oil  switch  with  overload  and  no-voltage  trips,  in  order  to  protect  the  motor 
from  excessive  overloads  or  from  failure  of  voltage  on  the  supply  line. 

The  smaller  motors  throughout  the  mill  riiay  he  of  the  squirrel-cage  type 
of  induction  motor,  equipped  with  a potential  starter  or  compensator. 

4*1.  Power  requirements.  The  total  power  required  to  operate  a 
mill  having  a capacity  of  3,600  bbl.  in  34  hr.  will  be  approximately 
0.4  h.p.  per  bbl.  or  1,400  h.p.  for  the  complete  plant.  This  can  be  increased 
lOper  cent,  in  mills  making  only  100  bbl  or  lees  per  day.  The  power  required 
for  a flour  mill  varies  considerably,  depending  on  the  condition  of  the  wheat 
end  the  fineness  of  the  flour  to  be  produced,  as  damp  or  tough  wheat  or  cloee 
milling  require  increased  horse  power.  The  hard  varieties  of  spring  wheat 
require  more  power  than  the  soft  varieties  of  winter  wheat. 

For  an  entire  mill  requiring  1,400  h.p.,  the  wheat-cleaning  department 
would  consume  one-fourth  of  this  amount,  or  350  h.p.;  the  roller  mills  one- 
half,  or  700  h.p.;  and  the  bolting  machinery,  which  includes  the  sifters, 
purifiers,  bran  and  shorts  dusters,  suction  fans,  elevators  and  conveyors, 
would  require  one-fourth,  or  360  h.p. 

BEET-SUGAR  MILLS 

BT  WIBT  8.  SCOTT,  M.B.  IN  B.B., 

Manager  Industrial  Heating  Section,  Weetinghause  Sleet,  and  Manufacturing 
Co.,  Member , American  Institute  of  Electrical  Engineers 

4*8.  Power  requirements.  With  electric  motors  properly  applied,  the 
total  power  consumption  should  not  be  over  one-half  of  that  required  for 
steam-engine-driven  factories.  The  machines  of  the  types  mentioned  in 
Par.  489  to  499  inclusive,  vary  in  sisc  according  to  the  individual  require- 
ments, but  the  examples  cited  will  serve  as  a guide  as  to  the  average 
practice. 

489.  Beet  lilt.  Sixteen  feet  diameter  by  2 ft.  wide,  with  33  buckets  12  in. 
deep,  mitking  4 rev.  per  min.,  driven  by  pinion  meshing  with  8 ft.  gear  on 
lift;  10  h.p.  required,  at  constant  speed,  with  high  starting  torque. 

440.  Beet  washer.  Six  feet  diameter  by  18  ft.  long,  with  thirty-two  24-in. 
arms  or  paddles.  Shaft  makes  14  rev.  per  min. ; 7.5  h.p.  required,  at  constant- 
speed  and  with  a moderate  starting  torque. 

441.  Beet  elevator.  Thirty-four  buckets,  22  in.  wide  by  17  in.  deep, 
V-shaped;  70  to  120  ft.  per  min.;  10  to  20  h.p.  required,  at  constant  speed, 
with  moderate  starting  torque. 

448.  Beet  slieer.  Capacity  50  tons  per  hr.,  55  rev.  per  min.;  25  h.p. 
required,  at  constant  speed,  with  high  starting  torque. 

448.  Coesette  conveyor.  Capacity  60  tons  per  hr.,  belt  12  in.  wide  by 
125  ft.  long;  belt  speed,  250  ft.  per  min.;  5 h.p.  required,  at  constant  Bpeed, 
with  light  starting  torque. 

444.  Sugar  mixers.  Shaft  50  ft.  long,  12-in.  paddles,  speed  1.5  rev.  per 
min.;  10  h.p.  required,  at  oonstant  speed,  with  moderate  starting  torque. 

449.  Tube  mill  or  granulator;  6 ft.  diameter  by  30  ft.  long,  10 rev.  per 
min.;  10  h.p.  required,  at  constant  speed,  with  high  starting  torque. 

449.  Bagging  machinery.  Bag-eewing  machine,  requires  2 h.p.;  bag 
stacker,  requires  3 h.p. 

447.  Pumps.  Hydraulic  gasket  pump,  for  operating  doors  on  bottom  of 
diffusion  batteries,  requires  5 h.p.  Carbonation  pump,  450  gal.  per  min., 
50  lb.  pressure,  requires  25  h.p.  Thick  juioe  pumps,  450  gal.  per  min.,  30 
lb.  pressure,  requires  10  h.p. 

449.  Crystallisers.  Ten'  feet  diameter  by  16  ft.  long;  paddles  4.5  ft.  long 
secured  to  driving  shaft  which  makes  one  revolution  in  5 min.  The 
power  required  vanes  considerably  during  the  cycle  of  operation,  the  amount 
required  at  the  completion  of  the  operation  being  almost  double  that  re- 
quired at  the  start.  For  this  reason  the  machines  are  best  driven  in  groups 
of  from  four  to  eight,  by  one  motor.  For  driving  an  individual  machine, 
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from  2.5  to  3 h.p.  is  required  at  the  beginning  of  the  cycle,  and  5 h.p.  at  the 
end.  Sinoe  the  complete  operation  may  require  60  hr.,  a motor  must 
have  sufficient  capacity  to  operate  at  maximum  capacity  con tinuotuK . 
with  individual  drive.  Where  crystallizers  are  driven  in  groupe  of  fen- 
four  to  eight  machines,  3 h.p.  per  crystallizer  will  be  sufficient. 

449.  Centrifugals.  The  sugar  centrifugal  is  one  of  the  most  important 
machines  in  sugar  making,  the  operating  conditions  of  which  are  very  seven 
due  to  the  inertia  of  the  load  ana  the  cycle  of  operation.  The  time  require-? 
for  the  oomplete  spinning  process  varies  with  the  grade  of  sugar.  Ordinarily 
one  man  can  operate  two  centrifugals  on  granulated  sugar  and  up  to  fou 
centrifugals  on  white  sugar.  When  these  machines  are  to  be  individually 
driven  the  cycle  of  operation  must  be  known,  as  the  rating  of  the  motor 
will  depend  upon  the  root-mean-eq uare  value  of  the  power  requirements 
and  the  torque  required  for  accelerating  in  a given  time. 

490.  Average  cycle  of  operation  of  group-driven  centrifugals  with 
line  granulated  sugar.  The  average  time  required  is  as  follows:  filling 
one-fourth  speed,  30  sec. ; accelerating,  one-fourth  to  full  speed,  10  sec  ; ful 
speed,  120  see. ; power  off,  retarding  by  braking,  20  sec. ; revolving  at  about  25 
rev.  per  min.,  30  sec.;  total  time,  3 min.,  30  sec. 

491.  Average  cycle  of  operations  of  individually  driven  cen- 
trifugals with  fine  granulated  sugar.  Filling  basket,  revolving  b? 
hand,  10  sec.;  accelerating,  100  sec.;  full  speed,  30  sec.;  power  off,  retire 
ing  by  braking,  20  sec.;  stop,  unloading  by  hand,  00  sec.;  total  time,  3 me 
40  sec. 


491.  Average  cycle  of  operations  of  individually  driven  css- 
trifugals  with  coarse  granulated  sugar.  Filling  basket,  revolver 
by  hand,  10  sec. ; accelerating,  60  sec. ; power  off.  retarding  by  braking.  % 
sec.;  stop,  unloading  by  hand,  60  sec.;  total  time,  2 min.  30  sec. 

498(a).  Average  cycle  of  operations  of  individually  driven  centrifu- 
gals with  coarse  white  sugar.  Filling  basket,  25  sec.;  acoefermtm*, 
100  sec.;  full  speed,  15  rain.;  power  off,  braking,  30  sec.;  stop,  unloading  by 
hand,  145  sec.  ; total  time,  20  min. 

499.  Group-driven  centrifugal  machines  furnish  a very  satisfactory 
arrangement,  whereas  individual  drive,  although  successful,  has  bees  ased 
to  a muoh  lesser  extent.  The  character  of  the  load  is  very  similar  to  that  of 
a fly-wheel,  so  that  with  these  machines  arranged  in  a group  and  driven 
by  one  motor,  the  centrifugals  in  operation  will  help  to  bring  the  idle  machines 
up  to  speed  and  maintain  a uniform  load  on  the  motor.  This  can  best  be 
shown  by  the  following  data.  A group  of  ten  40-in.  centrifugal  machine*, 
driven  by  a 100-h.p.  motor,  with  1 machine  starting,  requires  20.5  h.p.;  with 
2 machines  starting,  and  1 at  full  speed,  40  h.p.;  with  3 machines  starting, 
and  3 at  full  speed,  52.5  h.p.;  with  4 machines  starting,  and  4 at  full  speed, 
60  h.p.;  with  1 machine  at  full  speed  5.5  h.p. 

494.  When  centrifugal!  are  individually  driven,  the  peak  load  is 
about  eight  times  the  normal  running  load;  for  a 40-in.  machine  the  peak  if 
approximately  40  kw.  input,  corresponding  to  about  40  h.p.  output.  Since 
at  the  very  start  the  speed  is  zero,  the  horse  pow-er  is  zero,  therefore  the  poww 
required  at  start  should  be  stated  in  terms  of  pounds  torque  at  1 ft 
radius.  The  starting  torque,  together  with  the  root-mean-square  horw 
power  for  the  cycle,  furnishes  sufficient  data  for  determining  the  motor 
required. 

499.  The  speed  of  a direct-connected  centrifugal  machine  increase* 
very  rapidly  at  the  start  and  at  a much  lower  rate  as  the  motor  approaches 
synchronous  speed.  The  motors  are  usually  of  the  squirrel-cage  type  wit* 
high-resistance  end  rings  designed  to  give  approximately  15  per  cent,  ah 1 
at  full -load;  but,  sinoe  full-load  is  never  attained  except  at  starting,  t> 
maximum  speed  which  can  be  attained  by  the  oentrifugal  is  alma* 
synchronous  speed,  and  in  nearly  every  case  the  operation  is  completed  br 
fore  the  machine  has  attained  its  highest  possible  speed. 

499.  The  torque  necessary  for  starting  a loaded  centrifugal  m* 
chine,  and  accelerating  it  to  a given  speed  in  a certain  length  of  time  can  * 
determined  by  the  following  formula: 


r 2wN 

T 2 g X60XS 


(ft-lb.)  <S 
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T- pounds  torque  at  1 ft.  radius,  TF  — weiaht  in  lb.  to  be  aeoelerated. 
R- radius  of  gyration  of  entire  mass  in  ft.,  N — rev.  per  min.  maohine  will 
attain  in  5 seconds,  5— seconds  required  for  accelerating. 

The  above  expression  does  not  take  into  consideration  friction  and  windage, 
sod  it  will  be  neoeesary  to  increase  the  result  thus  obtained  by  10  per  cent, 
in  order  to  obtain  the  required  starting  torque. 

LAUNDRY  MACHINERY 

BY  FRITZ  BALUR,  M.  B. 

Assistant  Sales  Manager,  Troy  Laundry  Machinery  Co.,  I Ad. ; Member,  Ameri- 
can Society  of  Mechanical  Engineers 

457.  Advantage  of  electric  drive.  The  power  laundry  with  its  large 
number  of  different  machines  can  employ  electric  drive  to  great  advantage. 
The  elimination  of  belts  reduces  the  friction  load  of  the  plant,  premits.  tne 
convenient  location  of  the  different  machines  to  reduce  handling  expenses, 
assures  cleanliness  and  light,  reduces  danger  of  accidents  and  finally  decreases 
the  operating  cost.  From  a number  of  tests  all  over  the  country  this  saving 
in  operating  cost  appears  to  be  from  25  to  30  per  cent.  Alternating-current 
polyphase  induction  motors  are  recommended  wherever  possible. 

458.  Use  of  steam  in  processes.  When  introducing  electric  drive  in 
any  laundry  it  must  be  kept  in  mind  that  a laundry  requires  a large  amount 
of  steam  for  drying  and  for  the  heating  and  boiling  of  water.  This  question 
U important  in  the  controversy  regarding  the  generation  of  electrical  energy 
versus  its  purchase  from  a central  station.  In  the  latter  event,  steam  must 
be  produced  independently  of  the  source  of  power.  In  the  majority  of 
esses  it  will  pay  the  laundry  to  have  its  own  power  plant,  therby  having  the 
production  of  hot  water  as  a by  product  of  tne  generating  plant.  A careful 
study  of  conditions  should  be  made,  however,  in  order  to  determine  which 
method  is  the  most  economical. 

459.  Classification.  Laundries  may  be  divided  into  three  groups:  la) 
those  doing  family  work  only;  (6)  institution  laundries  (hotels  and  hospitals) 
(e)  laundries  doing  railroad  or  steamship  work  only.  Each  of  these  groups 
has  a different  requirement  for  steam  m amounts  which  can  be  expressed 
in  terms  of  the  horse-power  requirements.  Thus,  for  group  (a)  the  number 
of  pounds  of  steam  used  per  hour  could  be  expressed  1.2  times  the  horse 
power  for  that  group;  for  group  (6)  1.4  times  the  horse  power;  and  for  group 
<e)  1.8  times  the  horse  power. 

450.  Method  of  drive.  Group-drive  of  laundry  machines  is,  generally 
speaking,  not  desirable,  for  the  reason  that  the  groups  must  contain  machines 
which  are  not  in  constant  use,  and  therefore  the  operating  expense  could 
not  be  reduced  as  satisfactorily.  The  table  below  gives  the  machine  groups 
in  their  proper  sequence  for  the  three  classes  of  work  done  in  the  laundry. 


Flat-work  group 

Starched-work  group 

Rough-dry  group 

Washers 

Washers  i 

Washers 

Extractors 

Extractors 

Extractors 

Tumblers 

Starchers  ! 

Dryroom-tumblers 

Flat-work  ironers  1 

Dryrooms 

Dampeners 

Ironers  and  finishing 
machines 

All  machines  enumerated  above  should  be  placed  on  one  motor,  unless  a 
laundry  makes  a specialty  of  one  particular  class,  and  does  work  in  the  other 
classes  only  a part  of  the  time.  In  the  latter  case  it  is  advisable  to  place 
all  machines,  ^which  are  frequently  used,  on  one  motor,  and  to  group  the 
others  as  outhned  above.  The  load  factor  is  between  40  and  45  per  cent. 
Individual  drive  is  recommended  wherever  possible,  and  the  data  in  the 
following  paragraphs  refer  to  this  class,  unless  otherwise  stated. 

451.  Washers  consist  of  a stationary  outside  shell,  inside  of  which  re- 
volves a cylinder.  The  goods  are  placea  therein  and  subjected  to  the  action 
of  the  wash  solution.  To  prevent  tangling  of  the  wash  it  is  necessary  that 
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the  oylinder  alternate  its  direction  of  rotation.  This  reversing  action  is 
obtained  in  various  ways,  which  are  described  in  Pars.  MS  to  MS.  The  load 
characteristic  is  different  with  each  application  and  each  case  will  therefore 
be  treated  separately.  The  cylinder  should  make  from  seven  to  twelve 
reversals  per  min.,  and  in  order  to  get  the  best  results  the  surface  speed  of 
the  cylinder  should  always  be  near  280  ft.  per  min.  From  a number  of 
tests  which  have  been  made  it  appears  that  for  every  cubic  foot  of  cylinder 
space  the  following  power  is  required:  32  in.,  0.04  h.p.;  36  in.,  0.05  h.p.; 
42  in.,  0.06  h.p. 

MS.  The  power  required  by  washers  of  standard  sise  can  be  expressed 
as  follows:  32  in.  X 46  in.,  or  smaller,  1.5  h.p.;  36  in.  X 54  in.,  or  smaller, 
2 h.p.,  36  in.  X 70  in.,  or  42  in.  X 54  in.,  or  smaller,  3 h.p.,  42  in.  X 70  in  . 
or  lynaller  5 h.p.  These  figures  check  quite  well  with  the  empirical  data 
given  in  Par.  461.  The  cylinders  may  have  either  of  two  kinds  of  perfora- 
tions, the  plain  round  embossed  hole  or  the  turbine  slots;  of  these  the  latter 
require  about  20  per  cent,  more  power  than  the  former,  but  are  frequently 
used  on  account  of  the  attendant  saving  in  time  and  supplies. 

46S.  Washers  with  belt  reverse  require  either  enclosed  direct-current 
motors,  having  a 25  per  cent,  compound  winding,  or  alternating-current 
polyphase  motor?  with  high-resistance  rotors.  The  motors  are  mounted  on 
a bracket  on  top  of  the  washer,  and  the  usual  speed  is  1.200  rev.  per  min. 
The  use  of  a fly-wheel  will  add  materially  to  the  efficiency  of  the  drive.  The 
load  factor  is  65  per  cent.  A disadvantage  arises  through  the  necessity  ci 
using  very  short  belts,  with  a consequent  large  loss  of  power.  It  is  best 
practice  to  fully  enclose  the  motors  to  prevent  the  entrance  of  steam  or 
spray  water. 

464.  Washers  with  reversing  motors.  Reversing  motors  applied  t* 
washers  are  probably  the  best  for  the  purpose,  but  their  success  depends 
upon  the  method  of  control  used.  In  these  installations  the  motor  is  usually 
mounted  on  a bracket  attached  to  the  machine,  for  gear  drive.  On  alter- 
nating current  the  use  of  wound  rotor  motors  is  recommended,  and  on  the 
direct  current  the  use  of  interpoles  is  imperative. 

M6.  Timers  for  reversing  washer  motors.  An  auxiliary  motor  for 
timing  is  sometimes  used  to  drive  one  or  more  controllers, which  are  constantly 
rotating  and  Making  the  proper  connections  with  the  individual  moton. 
Individual  and  mechanically  operated  timers  are  also  used,  the  timer  being 
actuated  by  the  revolutions  of  the  cylinder  axle;  or  any  other  continually 
rotating  part  of  the  machine.  The  timer  station  operates  a delay  whieh  in 
turn  controls  the  reversing  contactors.  The  load  factor  of  this  group  varies 
between  55  and  60  per  cent. 

M6.  Extractors  are  machines  employed  to  remove  the  water  from  the 
goods  after  washing.  Thu  is  done  by  placing  the  pieces  in  a perforated 
basket  and  revolving  the  basket  at  a very  high  speed,  whereupon -the  water 
is  thrown  out  by  centrifugal  force. 


467.  Extractor  speeds 

(Troy  Laundry  Machinery  Co.,  Ltd.) 


Basket  diameter 

(in.) 

Speed  tcv  per  min.) 

Copper 

Steel 

Monel  metal 

20 

1,400 

1,000 

1,800 

24 

1,200 

1.4(H) 

1,600 

20 

1,100 

1,350 

1,500 

28 

1 ,000 

1,250 

1,300 

30 

900 

1,150 

1,200 

32 

800 

1,000 

1,100 

40 

700 

900 

1,000 

48 

000 

800 

900 

468.  The  power  required  to  start  an  extractor  is  from  two  to  thr*- 

times  the  normal  motor  rating,  but  after  the  basket  reaches  its  proper  speec 
the  power  consumption  drops  very  rapidly  to  only  a fraction  of  the  motor 
mting  The  table  below  gives  the  necessary  data  for  Troy  machines  witfc 
copper  baskets,  if  run  at  the  above  speeds  (Par.  467).  The  power  required 
to  start  the  machine  varies  exactly  as  the  square  of  the  rated  full  speed. 
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Basket 

diameter 

(in.) 

Rating  of  motor  horse  power 

Horse  power 
running 

Acceleration 

period 

(min.) 

Intermittent 

At  starting 

20 

1.0 

2.5 

0.33 

24 

2.0 

4.2 

0.5 

26 

2.0 

4.7 

0.65 

illllHlflfi 

28 

3.0 

5.5 

0.86 

SSiKikI^HI 

30 

3.0 

6.0 

1.0 

1.2 

32 

5.0 

8.0 

1.5 

1.5 

40 

5.0 

9.0 

2.0 

1.5 

48 

7.5 

10.0 

3.0 

1.5 

' The  above  data  were  compiled  from  the  resulta  of  a large  number  of  testa; 
fifferent  loading,  maintenance  and  speed  conditions  will,  however,  change 
hese  figures.  The  average  load  factor  is  35  per  cent. 

Ml.  Starchers  are  built  for  both  collar  and  cuff  work  as  well  as  shirt 
rork.  A great  many  types  are  on  the  market,  the  commonest  maohines 
►eing  enumerated  below.  All  direct-current  motors  should  be  enclosed  on 
he  pulley  end  to  prevent  the  entrance  of  spray  starch.  For  direct-current 
is  well  as  for  alternating-current  they  should  be  of  the  constant-speed,  non- 
e versing  type.  The  load  factor  is  about  50  per  cent. 


(q)  Collar  and  cuff  starchers 


'SftUeriean  (Hagen  type) . 

No.  3 

Tfcoy  dip  wheel  No.  1 . . . 

0.25  h.p. 
0.75  h.p. 
0.5  h.p. 

Troy  No.  6 

Troy  dip  wheel  No.  2. . 

. 0.25  h.p. 

. 0.5  h.p. 

i 

(b)  Shirt  starchers 

Two?  No.  1 

0.25  h.p. 

Troy  No.  3 

. 0.25  h.p. 

470.  Dryrooms.  There  are  two  types,  one  in  which  the  poods  are  hung 
n racks,  trucks,  etc.,  and  another  in  which  the  goods  are  earned  through  the 
com  continuously  on  an  endless  chain  conveyer.  The  first  group  requires 

motor  to  drive  a ceiling  fan,  for  which  purpose  a 0.167-h.p.  motor  is  used, 
rith  a load  factor  of  100  per  cent.  Conveyer  dryrooms  are  built  in  various 
ises  and  depths,  the  standard  depth  being  9 ft.  Besides  driving  the  chain, 
he  motor  operates  one  or  more  fans.  The  motor  should  never  be  mounted 
a the  dry  room  proper,  as  the  temperature  is  very  high.  It  is  best  practice 
c set  the  motor  on  a wall-bracket  or  to  hang  it  on  the  oeiling  and  drive  the 
egular  countershaft  of  the  cabinet  by  belt.  The  sises  are  given  by  the  num- 
er  of  loops  (one-half  the  number  of  chains  inside).  Assuming,  that  the  2- 
>op  room  requires  1 h.p.,  it  has  been  found  by  tests  that  each  additional 
>op  requires  0.5  h.p.  Each  additional  fan  requires  0.25  h.p.,  and  for 
very  foot  added  to  the  standard  depth,  additional  power  must  be  supplied 
mounting  to  one-sixth  of  the  power  required  by  a standard  room  of  the  same 
ise.  For  example,  the  horse-power  rating  of  a 4-loop  conveyer  dryroom  11 
t.  deep,  supplied  with  2 fans  may  be  calculated  as  follows:  standard  4-loop 
com  with  one  fan,  2 h.p.,  additional  2 ft.  depth,  0.33  h.p.-  additional  fan, 
.25  h.p. ; tota  1,  2.58  h.p.  The  load  faotor  of  these  machines  is  65  per  cent, 
'he  motors  are  of  the  constant  speed,  non-reversing  type,  and  should  be 
quipped  with  a rail  base,  for  tightening  the  belt. 

471.  The  dryroom  tumbler  is  used  for  rough  dry  work.  This  machine 
onsists  of  a revolving  and  reversing  cylinder,  enclosed  in  a suitable  housing. 
)ne  or  more  fans,  usually  directly  attached  to  the  machine,  either  blow  or 
[raw  heated  air  over  and  through  the  goods  to  be  dried.  The  motor  is 
;enerally  placed  on  the  side  of  the  machine,  and  drives  a countershaft 
hrough  a silent  chain;  the  pulleys  of  the  cylinder  and  fan  shaft  are  driven 
rom  this  countershaft.  The  machines  are  made  in  three  sises,  30  in.  in 
liameter,  which  requires  a 2 h.p.  motor,  36  in.  in  diameter,  requiring  a 

h.p.  motor  and  42  in.  necessitating  a 5 h.p.  motor.  The  motor  can  be 
ientical  with  drive  described  in  Pars.  443  or  444  respectively.  As  far  as 
he  cylinder  is  concerned,  the  motor-driven  fans,  when  the  drive  described 
a Par.  444  is  employed,  are  directly  coupled  to  the  fan  shaft.  All  direct- 
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current  motors  should  be  compound- wound,  with  about  20  to  25  per 
compounding.  On  alternating-current  circuits  plain  squirrel-cage  mown 
give  good  results.  The  load  factor  of  motors  driving  tumblers  is  60per  «n 
471.  Dampeners  are  machines  used  to  moisten  all  starched  goods  site 
drying  and  prior  to  the  ironing  process.  A large  number  of  machines  are 
on  the  market,  the  table  below  (Par.  478)  giving  some  of  the  more  prominea^ 
ones.  No  special  features  are  required  of  the  motors,  and  the  load  lacior 
varies  between  45  and  55  tier  cent. 


478.  Power  requirements  of  dampeners 

(a)  Collar  and  cuff  dampeners 


Hagen 

. 0.25  h.p. 

B.  A E 0.75  h.p. 

Wilson . 

. 0. 125  h.p 

Troy  No.  1 

. 0.3  h.p. 

Troy  No.  2..  0.75  h.p. 

(6)  Shirt  dampeners 

B.  AE... 

0.375  h.p. 

Bishop  con- 
veyor  0.5  h.p. 

Troy  . . 

. 0.5  h.p. 

474.  Collar  and  cuff  finishing  machines.  A number  of  msdn®^ 
comprise  this  olass,  of  which  only  the  ironers  themselves  sre  individual!} 
driven,  while  the  small  finishing  machines  are  belted  from  a line  sun 
attached  to  the  finishing  table. 

478.  Collar  and  oufl  ironers,  for  the  most  part,  require  no  special  motor* 
However,  in  the  case  of  steam-heated  ironers,  it  may  be  sometimes  desusw 
to  use  variable-speed  motors,  in  order  to  choose  the  speed  best  adapted  t; 
the  steam  pressure,  should  the  latter  be  changeable.  The  load  factor  r 
55  per  cent. 

478.  Power  requirements  of  collar  and  cuff  finishing  machine^ 


Troy  No.  5. . . 
Troy  No.  5. . . 
Troy  No.  5. . . 
Troy  No.  5. . . 
Troy  No.  14. . . 

Troy 

B.  A E.  No.  22 


Gas-heated,  3 rolls,  24-in 10  kp 

Gas-heated,  3 rolls,  40-in 1.5  kf 

Gas-heated,  5 rolls.  24-in 1.75  M 

Gas-heated,  5 rolls,  40-in ....  2 0 kf 

Gas-heated 1 0 

Steam-heated,  all  sises 0.75k8 

Steam-heated 0.7Jk8 


477.  Finishing  table.  The  motor,  which  is  of  0.5  h.p.  capaatj.s 
t he  non-reversing  constant-speed  type,  and  geared  directlv  to  the  line  «Wt, 
from  which  the  small  finishing  machines  are  belted.  The  load  factor*** 


not  exceed  45  per  cent. 

478.  Shirt  finishing  machines.  These  machines  are  used  to  ire®® 
press  the  neckband,  bosom,  sleeves  and  bodies  of  shirts.  For  each  of  the* 
operations  a special  machine  is  used,  in  some  cases  there  are  several  typ«« 
machine  for  each  operation.  See  Par.  479  to  483. 

479.  Bosom  ironers.  Three  distinct  types  of  bosom  ironers  are  is 
first,  the  reciprocating  type,  where  the  bosom  passes  back  and  forth  undtr 
a revolving  arum;  second,  the  one-way  type,  where  the  bosom  traveb  in 
one  direction  only  under  one  or  more  heated  rolls;  and  third,  the  presses 

480.  Reciprocating  bosom  ironers  require  a motor  of  0.5  h.p.  Rr 
vcrsals  may  be  obtained  by  means  of  reversing  switches,  in  which  case  aired* 
current  motors  must  be  compound-wound  and  alternating-current  mote" 
must  have  high-resistance  rotors.  Reversals  may  also  be  accomplished  by 
means  of  mechanical-reverse  devices,  in  which  case  non-reversing,  constant-! 
speed  motors  should  be  used.  The  reverse  switch,  as  well  as  the  mechanical 
derice,  is  actuated  by  a foot  treadle  and  lever  connections.  The  load  fact* 
for  reversing  motors  is  75  per  cent.,  and  for  the  mechanical  reversing  tyP*! 


55  per  cent.  < 1 

481.  One-way  bosom  machines  require  motors  of  1 h.p.  capacity,1 
without  any  special  features.  The  load  factor  is  55  per  cent.  1 

481.  Bosom  presses  are  built  in  two  types.  In  one  case  a reversal 
motor  operates  a screw,  and  through  it  a toggle.  This  motor  has  a capacity 
Of  0.5  h.p.  Should  it  be  a direct-current  motor,  it  ought  to  be  compound* 
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wound;  should  it  bo  an  alternating-current  motor,  it  ought  to  bo  equipped 
with  a high-resiatanoe  rotor.  8ingle-phase  motors  cannot  bo  used  unless 
some  kind  of  mechanical  reversing  devioe  is  employed.  The  load  factor 
is  75  per  cent.  The  other  type  of  press  is  operated  by  a fluid  (usually  oil) 
under  pressure.  A constant-speed,  non-reversing  motor  of  0.5  h.p.  capacity 
operates  the  pump.  The  load  factor  is  55  per  cent. 

488.  Neckband  ir oners.  For  this  service,  small  motors  of  from  0.125 
to  0.25  h.p.  capacity  are  required.  There  arc  no  special  features,  and  the 
load  factor  is  55  per  cent. 

484.  Sleeve  and  body  ironers.  These  machines  are  almost  identical, 
their  only  difference  being  in  respective  sise.  All  modern  machines  are 
reversing  and,  like  bosom  ironers,  are  reversed  either  electrically  or  mechanic- 
ally. The  sleeve  ironers  require  a motor  of  0.25  h.p.  capacity;  the  body 
ironersi  0 5 h.p.  If  the  reverse  switch  is  used  the  motors  must  be  built  for 
reversing  duty  (oompound-wound  if  for  direct-current,  or  having  high-re- 
sistance rotors  if  for  alternating  current).  Single-phase  motors  cannot  be 
used  for  this  service.  If  the  mechanical  reversing  devioe  is  employed, 
standard  motors  without  special  features  should  be  used.  The  load  factor 
of  reversing  motors  is  75  per  oant.,  of  the  others  55  per  cent. 

488.  Nlatwork  ironsrs  or  mangles  are  used  to  dry  and  iron  flatwork 
by  passing  the  goods  under  pressure  over  heated  rolls  or  chests.  With  rolls, 
one  or  more  aprons  may  be  used  to  insure'perfect  contact  of  the  goods  over 
the  heated  surfaces,  ana  while  not  essential,  this  may  also  be  done  where 
chests  are  used.  Nearly  all  machines  of  this  class  must  be  arranged  to 
deliver  goods  at  varying  speeds,  and  the  problem  of  motor  selection  must  be 
carefully  worked  out  in  detail.  The  data  given  below  represent  the  average 
results  of  a large  number  of  tests. 


488.  Power  requirements  of  flatwork  ironers 


(o)  Flatwork  ironers, 

chest-type  without  aprons 

0.5  h.p.,  constant  speed 

0.5  h.p.,  constant  speed 

0.75  h.p.,  armature  control 

1.5  h.p.,  armature  control 

1.0  h.p.,  armature  and  field  control 

1 . 5 h.p.,  armature  and  field  control 

2.0  h.p.,  armature  and  field  control 

1.0  h.p.,  armature  control 

2 . 0 h.p.,  armature  or  3 to  1 field  con- 

trol 

Troy  Handkerchief  ironer 

Troy  addition  2,  8,  4 chest 

Troy  addition  5.6  chest 

Troy  triplex  No.  1 

Troy  triplex  No.  2 

Troy  triplex  No.  3 

Troy  five  roll  (8-in.  rolls) 

Troy  five  roll  (12-in.  rolls) 

j (6)  Flatwork  ironers,  chest  type  with  aprons 

Troy  four  roll 

Troy  six  roll 

Troy  eight  roll 

2 h.p.,  field  control,  3 to  1 speed 

range 

3 h.p.,  field  control,  4 to  1 speed 

range 

71  h.p.,  field  control,  4 to  1 speed 
range 

| (c)  Flatwork  ironers,  cylinder  type 

Troy ’Trojan,  1 cylinder,  48  in 

Troy  big  two,  2 cylinder,  24  in. . . 
Troy  big  two,  2 cylinder,  30  in . . . 
Troy  duplex,  1 cylinder,  24  in.. . . 
Troy  addition,  cylinder  only  36  in. 

2 h.p.,  field  control,  3 to  1 speed  range 

2 h.p.,  mechanical  regulation 

4 h.p.,  field  control,  3 to  1 regulation 

1 h.p.,  armature  control 

1 h.p.,  armature  control 

| (d)  Flatwork  ironers,  chest  and  cylinder  type  (aprons) 

Troy  addition,  1 cylinder,  36  in. 
and  2,  3,  4 chests 

2 h.p.,  field  oontrol,  3 to  1 speed  range 
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487.  Drj-cUminf  pU&4.  The  underwriters  do  not  allow  the  iosUlb- 

tion  of  electrio  motors  in  the  cleaning  room  proper;  therefore  it  is  neceutry 
to  mount  the  same  outside  and  operate  the  plant  by  group  drive.  The 
power  required  may  be  calculated  from  the  above  data  for  the  various  ma- 
chines. The  load  factor,  as  in  group  drive,  is  45  per  cent.  < 

SMALL  MOTOR  APPLICATIONS 

BT  BERNARD  LESTER 

Commercial  Engineer , W estinghouse  Electric  and  Manufacturing  Co.,  Mndxr, 
American  Institute  Electrical  Engineers,  National  Electric  Light  Associa- 
tion and  Electric  Power  Club 

488.  Small  motor  types  and  characteristics.  There  is  a very  broad 
use  for  small  motors  for  the  operation  of  appliances  principally  in  the  home, 
office,  store,  garage,  and  repair  shop.  Due  to  the  extensive  distribution  of 
alternating  current  for  illumination,  single-phase  motors  are  mostly  used 
Small  motors  may  be  classified  as  follows: 

489.  Single-phase  types.  The  large  majority  of  single-phase  motors 
used  in  sises  of  J-h.p.  and  below  are  split-phase  induction  motors,  which 
are  simple  in  construction,  reliable  in  operation,  and  possess  speed-toque 
characteristics  which  are  suited  to  the  majority  of  driven  macninea  The 
principal  limiting  features  in  connection  with  the  application  of  this  type  of 
motor  are  starting  torque  and  pull-out  (maximum)  torque.  Occaaonally 
these  motors  are  designed  with  an  internal  centrifugal  clutch  which  provide 
an  overload  protection  for  the  windings  of  the  motor  and  tends  to  redoes 
the  starting  current  and  the  length  of  time  it  is  drawn  from  the  rime; 
during  the  period  of  acceleration. 

a The  repulsion-induction  motor  is  now  extensively  used  prinripfdly  a 
sixes  above  i-h.p.  upon  applications  where  the  starting  torque  required  ■ 
high  and  the  lowest  possible  starting  current  is  necessary.  They  are  largely 
used  for  pumps,  meat  grinders,  air  compressors,  etc. 

490.  Polyphase  type.  The  squirrel-cage  polyphase  motor  is  preferable 
to  the  single-phase  motor  on  account  of  its  simplicity.  Its  use  is  largdj 
limited  to  small  motor  applications  in  factories  where  polyphase  current » 
available. 

491.  Direct-current  types.  Shunt,  compound  and  series-wound  direct* 
current  motors  are  applied  by  following  the  same  principles  involved  is  the 
application  of  larger  direct-current  motors. 

499.  Universal  type*.  The  term  “Universal"  is  applied  to  those  motor* 
which  will  operate  either  upon  alternating  current  or  direct  current,  either 
without  any  change  whatever  in  adjustment  of  the  brush  rigging,  or  with 
the  addition  of  external  resistance,  or  with  both  of  these  features.  Such 
motors  are  necessarily  series  wound  and  possess  speed-torque  characteristics 
in  general  similar  to  a series-wound  direct-current  motor.  Consequently, 
their  application,  except  in  very  small  sises.  is  limited  to  the  driving  of 
devices  which  are  directly  connected  or  geared  to  the  motor.  Obviously, 
applications  must  be  such  that  a wide  variation  of  speed  with  torque  load 
is  permissible.  The  application  of  universal  motors  is  generally  limited  to 
certain  types  of  fans  and  blowers,  electric  tools,  and  domestic  sewing  mo- 
chines.  The  small  portable  vacuum  cleaner  which  employs  a blower  » 
usually  operated  by  this  type  of  motor. 

499.  Service  rating  of  motors.  Obviously  a motor  which  is  required  to 
operate  under  load  for  short  intervals  will  not  attain  the  temperature  reached 
when  operating  at  a similar  load  continuously.  Consequently,  for  inter- 
mittent service,  smaller  motors  may  be  employed  than  for  continuous  service 
However,  where  the  motor  is  frequently  started  and  stopped,  though  the 
aggregate  running  time  is  small  compared  to  the  idle  time,  the  heating  ms? 
become  excessive  due  to  the  frequent  inrush  of  current  incident  to  starting 
The  simplest  method  of  arriving  at  the  proper  motor  capacity  is  by  aetui 
trial  of  a sample  motor,  subjecting  it  to  a cycle  of  operations  which  will  w 
equivalent  to  the  most  severe  service  conditions. 

494.  Split-phase  motor  characteristics.  In  analysing  the  Speed- 
torque*  characteristics  and  other  features  of  split-phase  motors  for  purpose 

* Torque  measured  with  brake-arm  and  scales  at  1 ft.  radius. 
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Fiq.  64. — Characteristics  of  split-phase  motors. 


application.  Fig.  41,  will  prove  of  use  in  the  calculation  of  approximate 
ralue. 


491.  Calculation  of  full-load  torque,  knowing  the  horse  power  and  the 
P6^,  may  be  illustrated  by  the  following  example:  find  the  full-load  torque 
«ta0.76  h.p.  motor  running  at  1^700  rev.  per  rain,  at  full-load  (1,800  rev.  per 
wn.  synchronous  speed).'  Find  in  Fig.  41  the  intersection  of  the  vertical  line 
•trough  1,700  rev.  per  min.  with  the  curve  marked  0.76  h.p.  (560  watts),  and 
umsontally  opposite  this  intersection  at  the  left  is  the  torque  36.5  ounce-feet. 


jOOQle 
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417.  Starting  torque.  Since  the  starting  torque  and  the  pull-out  or 
maximum  torque  of  a small  split-phase  induction  motor  are  limiting  features, 
care  should  be  taken  that  the  motor  selected  will  start  the  driven  machine 
under  the  severest  conditions  of  torque.  The  starting  torque  varies  approxi- 
mately as  the  square  of  the  applied  voltage,  and  any  reduction  in  voltage 
caused  by  the  inrush  of  current  incident  to  starting,  and  possibly  emphasised 
by  insufficient  wiring  or  transformer  capacity  in  commercial  circuits,  reduces 
re ry  materially  the  starting  torque  delivered,  by  the  motor.  It  is  customary 
to  select  a motor  which  will  start  the  driven  machine  at  a voltage  of  approxi- 
mately 80  per  cent,  of  the  normal  circuit  voltage.  _ 

The  starting  torque  and  the  maximum  running  torque  can  be  found  by 
multiplying  the  full-load  torque  by  the  proper  constants.  For  example, 
f the  starting  torque  of  the  particular  motor  considered  in  Par.  498  is  1.6 
imes  the  full-load  torque,  its  value  will  be  1.5X36.6-56  os-ft.  Like- 
rise  if  the  maximum  running  torque  of  the  motor  is  2.5  times  the  full-load 
craue,  its  value  will  be  2.5X36.5  — 91  os-ft.  These  constants  must 
* determined  from  the  characteristic  curves  of  the  individual  motor,  Fig.  41. 

498.  The  horse  power  at  maximum  torque  can  also  be  determined 
rom  the  curve  if  the  speed  is  known.  For  approximate  results  the  slip  of 
mall  split-phase  induction  motors  at  maximum  torque  can  be  assumed  to  be 
t5  per  cent.  In  the  case  of  the  motor  discussed  in  Par.  496,  the  speed  at 
oaximum  torque  will  therefore  be  approximately  1,350  rev.  per  min.  Find 
nFig.  41  the  intersection  of  the  vertical  line  through  1,350  rev.  per  min.  with 
he  horisontal  line  through  91  os-ft.  torque;  this  is  near  the  line  repre- 
snting  1.5  h.p.,  which  is  the  approximate  power  developed  by  the  motor 
ust  before  pulling  out,  or  stalling. 

499.  Input.  The  problem  is  to  find  input  in  watts,  when  given  the  horse 
over  and  the  efficiency.  Assume  for  example  that  the  efficiency  of  a 0.75- 
-p.  motor  is  75  per  cent.  Find  in  Fig.  41  the  intersection  of  the  vertical 
ne  through  75  with  the  0.75  h.p. 'curve,  and  horisontally  across  from  this 
itersection  is  the  value  746  watts. 

BOO.  Current  per  phase.  Knowing  the  watts  input,  the  power-factor 
ad  the  voltage,  the  problem  is  to  find  the  current  per  phase  (or  per  terminal) ; 
it  example,  assume  that  the  power-factor  of  the  foregoing  motor  is  70  per 
ut.  ana  the  voltoge  is  220  volts.  Locate  in  Fig.  41  the  intersection  of  the 
) per  cent,  vertical  power-factor  line  with  the  diagonal  representing  746 
fttts.  The  horisontal  line  passing  approximately  through  this  point,  repre- 
nts  1,060  apparent  watts.  Then  from  the  intersection  of  the  vertical  line 
presenting  220  volts  with  the  diagonal  representing  1,050  watts,  the 
>rixontal  line  representing  amperes  may  be  determined,  namely,  4.8  amp. 
agio-phase,  or  2.8  amp.  three-phase.  The  current  per  terminal  in  a two- 
taae  motor  is  one-half  that  for  a single-phase  motor,  and  in.  this  case  would 
2.4  amp. 

B01 . References  to  literature  on  small  motor  applications.  ’ There 

practically  no  information  available  upon  small  motor  applications, 
lerence  may  profitably  be  made  to  the  following  articles  by  the  writer. 
“Small  Motor  Applications,"  Electric  Journal , February,  1911;  Vol. 
II,  No.  2. 

Note  on  the  "Application  of  Small  Induction  Motors,"  Electric  Journal , 
•vember,  1912;  Vol.  IX,  No.  11. 

Lcotbr.  Bernard. — "Fractional  Horse-Power  Motor,"  Load,  Proc.,  A.  I. 
E.,  Vol.  XXXIV,  page  385. 

1.E8TER,  Bernard. — Electric  Drive  in  Domestic  Engineering,"  Electric 
irnal , Feb.,  1917. 

Oelljcnbaugu,  F.  S.,  Jr. — “Split-Phase  Motor  Starting  Switches,”  Electric 
irnal.  May,  1917. 

Weber,  C.  A.  M. — “Winding  Small  Single-Phase  Motors,"  Electric  Jour~ 
, May,  1917. 

Feeder,  V.  M. — "Domestic  Engineering,"  Electric  Journal , June,  1917. 
hirra,  H.  B.— "Motor  Drive  in  the  Preparation  of  Food,"  Electric  J oumal, 
1918. 
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Engineers 

STARTERS 


iOt.  Necessity  for  starters.  Standard  direct-current  motors  of  small 
oapacity  and  of  any  winding  may  be  thrown  directly  on  the  line  without 
requiring  an  undue  rush  of  ourrent  and  without  being  injured.  Specially 

designed  motors  as  large  as  10  h.  p 
can  be  started  in  the  same  man- 
ner, but  larger  machines — whether 
shunt  wound,  compound  wound, 
or  series  wound — require  some 
form  of  starting  device  not  < 

for  restricting  the  current 

at  starling  but  also  for  thei 
tection  of  the  motors  themselves 
Also  see  Sec.  5. 

Standard  alternating-current 
squirrel -oage  motors  of  moderstr 
potential  and  of  any  capacity, 
may  be  thrown  directly  on  u»e  line 
without  injury.  High-voltage 
• motors  are  made  only  in  lane 
capacities,  and  it  is  inadvisable 
to  throw  such  motors  directly  m 
the  line  because  of  the  tine  surges 
which  are  the  invariable  result  of 
such  procedure.*  Even  in  the 
case  of  machines  of  moderate 
potential  the  current  inrush  is  so 
great  as  to  cause  serious  tine  dis- 
turbances if  any  except 
machines  are  started  in  this  i 

and  most  power  companies 


Lines 
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Fio.  55. — Starter  for  alternating  current  prohibit  this  practice  with  motors 
polyphase  motor.  of  oapacity  exceeding  5 h.p.  Fig. 

55  shows  a polyphase  motor 
starter,  with  fusee  which  are  cut  out  during  starting.  Generally  speaking, 
the  starting  ourrent  required  by  standard  squirrel-cage  motors  when  thrown 
directly  on  the  line  is  from  five  to  eight  times  that  required  under  full-load 
conditions. 


Fio.  56. — Direct-current  starter  for  large  motors. 

SOS.  Direct-current  starters  in  their  simplest  form  oonsist  of  n rear 
tance  of  such  value  that  only  a proper  current  inrush  is  allowed,  togothe 

* Par.  841,  No.  20. 
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with  a switching  device  for  removing  this  resistance  in  one  or  more  steps. 
In  small  and  moderate  capacities  the  switching  devioe  generally  employed 
for  short-circuiting  the  Starting  resistance,  consists  of  a lever  movable  across 
a series  of  contacts  which  are  connected  to  the  starting  resistance. 

The  no-voltage  release  which  is  usually  a part  of  the  direct-current 
starter  consists  of  the  resistance-controlling  lever  normally  held  at  the  ex- 
treme left  or  in  the  open-circuit  position  by  means  of  a spring,  and  an  elec- 
tromagnet in  series  with  the  shunt  field  of  the  motor,  adapted  to  hold  the 
itartina  lever  in  the  full-speed  position  as  long  as  there  is  voltage  on  the 
line. ' In  case  of  voltage  failure  this  magnet  will  be  de-energised,  and  the 
starting  lever  will  return  to  its  open-circuit  position.  This  no-volta^e  release 
magnet  is  sometimes  placed  in  the  shunt-field  circuit,  and  is  sometimes  con- 
nected across  the  line.  The  former  arrangement  is  preferable  because  the 
motor  circuit  will  be  opened  in  case  of  failure  of  the  shunt-field  circuit. 

In  large  capacities  the  use 

of  a series  of  successively  t k K k K k 

dosed  manually  operated  ] \ \ \ \ \ \ 

twitches  seems  to  be  preferred  : X \ \ \ \ 

by  most  controller  manufac-  | X^  \ \ \ ) \ 

turers.  Interlocks  are  usually  | "T \ x \ V \ 

provided  which  prevent  the  • T X \ \ \ M . 

closure  of  such  starting  t ; I-  X \ \ v \ 

twitches  in  any  other  than  v | X \ \ 0\ 

their  regular  order.  Fig.  56  I N \ \ \ A 

ihows  typical  starters  of  this  ! I2  r.  x \ O' A 

i ! X'N'i 

•04.  Apportionment  of  1 - M 

•slrtance  In  direct-current  y y v . x 

[tartars.  Fig.  57  shows  the  ^ ^ 

tarting  current  required  by  a . I 

lireet-current  motor,  it  being  U . ^ >J  | 

ssumed  that  a step  of  reals-  X 

anoe  is  cut  out  eaoh  time  the  ~ 1 


ill 


urrent  falls  to  a predeter-  Fia.  57. — Direct-current  motor  starting 

nined  value.  For  equal  start-  current, 

ng  peaks  the  resistance  must  I i — Current  peak. 

•e  divided  unequally,  the  It  *■  Current  just  before  a step  of  resistance 

•roper  ratio  between  successive  is  cut  out. 

taps  being  a geometrical  pro-  J%  — Running  current. 

reesion.  The  resistances  of  Ri  — Total  resistance. 


he  steps,  as  well  as  the. current  R — External  or  starting  resistance, 
eaks  which  will  obtain,  may  r«  ■ Resistance  of  motor  and  its  conneo- 
e determined  graphically  from  tions. 

■ig.  57,  where  1 1—  initial  in-  n,  rt,. . .,  r»  — Resistance  of  starting  steps, 
jsh;  /i  — current  at  which  a 

tap  of  starting  resistance  is  removed;  /«  — running  current;  r*  — resistance 
f motor  and  its  connections;  R — external  starting  resistance.  The  ratios 
f progression  with  various  numbers  of  starting  steps,  n,  and  for  various 
slues  of  a (which  equals  r0/R)  are  given  in  the  following  tabulation: 


n 

* Values  of  a 

0.03 

0.04 

0.05 

0.06 

0.08 

0.10 

2 

5.97 

5.02 

4.47 

4.09 

3.54 

3.16 

3 

3.22 

2.92 

2.71 

2.56 

2.32 

2.16 

4 

2.40 

2.23 

2.11 

2.02 

1.88 

1.78 

5 

2.02 

1.91 

1.82 

1.76 

1.65 

1.59 

6 

1.79 

1.71 

1.05 

1.60 

1.53 

1.47 

7 

1.61 

1.58 

1.54 

1.49 

1.44 

1.39 

8 

1.55 

1.49 

1.45 

1.42 

1.37 

1.33 

0 

1.48 

1.43 

1.39 

1.37 

1.32 

1.26 

10 

> 1.42 

1.38 

1.35 

1.32 

1.29 

1.25 
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The  above  takas  no  account  of  motor  iznpsdanoe  or  armature  aeoek  ratio* 
and,  for  this  reason,  practical  results  may  be  quits  different  from  thorn 
calculated.  Tha  current-carrying  capacities  of  starter  resistances  a n 
proportioned  for  short-time  duty;  this  determination  of  carrying  capacity ii 
more  a matter  of  experience  than  calculation. 


009.  Star-delta  switches  for  starting  alternating-current  motors, 

are  used  in  connection  with  specially  designed,  three-phase,  squirrel-cafe 

motors  whose  windings  are 
Pclu  adapted  for  connection  in  star 

Btar  i _ i a . \n  ~\  dunng  acceleration  and  in 

AlsV'4  I L i A'V'4  I L 1 delta  for  running.  This  form 

jM  X — r Vr  % it  of  starter  is  not  often  used  in 

AajF  AaJT  Tir-.  1 capacities  exceeding  25  h.p.  nor 

1 r>,  ^4rVAAAA_ZJ  Li  with  potentials  exceeding  550 
I IJri^  B * I volts.  Fig.  58  shows  the  con- 

1 - ■ — 1 nections  for  this  form  of 


Fia.  58. — Connections  of  delta-st&r  starter,  starter.  Although  not  shown 

by  the  diagram  (Fig.  58).  star- 
delta  switches  are  almost  invariably  arranged  either  to  short-circuit  the  fuses 
entirely  during  starting  or  to  transfer  starting  current  through  a second  set 
of  fuses  which  are  of  higher  capacity  than  the  running  fuses.  Some  arrange- 
ment of  this  sort  is  almost  essential,  for  if  the  starting  current  passes  through 
the  running  fuses,  they  roust  be  made  so  large  as  to  afford  practically  do 
protection  against  overloads  in  normal  operation.  Star-delta  switches  art 
often  equipped  with  no-voltage  release,  the  magnet  in  such  instances  being 
connected  directly  across  the  Une. 


606.  Time-limit  overload  protection.  A better  protection  is  affords 
by  time-limit  overloads,  whioh  permit  the  starting  current  to  flow  for  i 
limited  time  and  which  when  the  overload  continues  de-energise  the  lo«- 
voltage  release  and  thereby  disconnect  the  motor.  A typical  application 
of  these  overloads  is  shown  in  Fig.  59. 


607.  Primary-resistance  alternating-current  starters  are  employed 
to  a limited  extent  in  connection  with  two-phase  and  three-phase  squirrel* 
cage  motors,  and,  to  a considerable  extent,  in  connection  with  single-phase 
motors  which  start  as  repulsion  machines.  They  are  of  the  same  general 
form  as  those  employed  with  direct-current  motors,  except,  of  course,  that 
where  they  are  used  in  connection  with  two-phase  or  three-phase  uotora, 
they  must  provide  for  the  inclusion  and  removal  of  resistance  from  two  lines 
instead  of  one.  Since  polyphase  motors  require  greater  starting  amenta 
when  started  by  the  primary-resistance  method  than  when  induction  starters 
are  employed,  primary  resistance  is  not  often  resorted  to  in  any  except  the 
small  capacities.  Its  one  advantage  over  the  induction  type  of  starter  he* 
in  its  lower  first  cost  and  its  greater  simplicity.  The  single-phase  starters 
are  often  equipped  with  no-voltage  release,  the  no-voltage  coil  being  con- 
nected across  the  line.  Polyphase  resistance  starters  are  usually  of  the 
drum-controller  type  with  one  or  two  steps  of  resistance  per  motor  phase. 


608.  Induction  starters  for  alternating-current  motors  are  more 
widely  employed  than  any  other  form  of  alternating-current  starting  device. 
They  consist  of  an  auto-transformer  together  with  a switching  device  for 
connecting  the  stator  winding,  first  across  reduced  potential  obtained  from 
the  starting  transformer,  then  directly  to  the  line,  in  large  capacities  these 
induction  starters  are  often  arranged  to  operate  in  three  or  more  steps,  thus 
reducing  the  current  surges.  For  moderate-capacity  machines  they  art 
generally  designed  to  connect  the  stator  first  across  trans  ormer  taps  which 
deliver  from  50  per  cent,  to  80  per  cent,  of  line  potential,  and  then  to  the  line- 
induction  starters  are  almost  invariably  arranged  to  disconnect  the  starting- 
transformer  windings  from  the  line  in  all  positions  except  the  starting  position. 

Induction  starters  are  also  arranged  to  short-circuit  the  individual  runnin* 
fuses  during  starting.  Sometimes  the  starting  current  is  taken  through 
auxiliary  starting  fuses  of  heavy  capacity,  but  in  most  instances  the  motor* 
are  unprotected  during  starting.  This  class  of  starter  is  now  almost  invan- 
ably  equipped  with  no- voltage  release,  and  often  with  overload  release  whict 
replaces  the  fuses.  The  overload  release  generally  takes  the  form  of  overload 
relays  which  are  adapted  to  open  the  circuit  containing  the  no-voltar 
release  magnet;  this  allows  the  switching  mechanism  to  open  the  motor 
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etrooit.  Where  overload  release  ia  employed,  the  overload  relays  are  indi- 
vidually short-circuited  during  starting.  Fig.  50a  is  a connection  diagram 
for  a typical  induction  starter  with  no-voltage  release  and  protected  with 
fuses,  while  Fig.  50 b shows  the  same  device  supplied  with  overload  release. 

In  large  plants  one  bank  of  starting  transformers  is  sometimes  employed 
for  starting  all  motors,  and  a five-wire  system  is  installed.  Where  this 
arrangement  is  employed  the  motors  are  first  connected  to  a common  line 


LiaM 


and  two  starting  lines,  and  then  directly  to  the  distributing  mains.  Fig.  60 
shows  the  arrangement  described. 

900.  Secondary-resistance  starters  for  alternating-current  motors 

are  used  in  connection  with  alternating-ourrent  slip-ring  motors  for  the  pur- 
pose of  increasing  the  secondary  impedance  during  starting,  and  are  of  the 
flame  general  type  as  primary-resistance  starters,  ffince  slip-ring  motors 
almost  invariably  have  their  secondaries  wound  polyphase,  it  is  quite  impor- 
tant that  the  starters  used  with  such  motors  be  designed  to  keep  the  second- 
ary circuit  as  nearly  in  electrioal  balance  as  possible,  for  any  unbalancing  of 
this  circuit  reduces  the 
starting  torque  whioh  it  is 
possible  to  obtain  with  a 
given  line  current. 

8 e c o n d a ry-resistanoe 
starters  are  sometimes  en- 
tirely separate  from  the 
switching  apparatus  used 
to  open  and  dose  the 
primary  circuit.  In  other 
instances  the  primary 
switch  is  interlocked  with 
the  device  for  controlling 
the  secondary  resistance 
in  such  a manner  as  to 

{>revent  the  closure  of  the 
ormer  unless  the  latter  is 
in  a position  where  all 
secondary  resistance  is  in 
circuit.  Where  a slip-ring 

motoi  is  started . and  

stopped  at  frequent  inter-  alternating-current  motors.  ^ 

vals,  the  primary  switch 

and  the  secondary  resistance  oommutating  device  are  often  connected  to  a 
■ingle  control  lever,  so  that,  as  the  latter  is  moved  from  the  “off"  position 
toward  the  full-speed  position,  the  primary  circuit  is  first  closed  and  then 
the  secondary  resistance  is  removed  step  by  step. 

The  characteristics  of  motors  with  which  secondary-resistance  starters 
are  employed  have  so  muoh  influence  upon  the  design  of  the  resistance  th- 
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Fiq.  60. — Five-wire  system  of  startimr 
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it  la  impossible  to  lay  down  any  rules  governing  the  determination  of  the 
ohmic  value  of  the  various  steps;  see  Sec.  7.  N on-indiictiv©  resistances 
should  be  used  exclusively  in  the  secondary  circuit  of  slip-ring  motors. 

•10.  Automatic  or  self-starters  are  used  in  connection  with  both  alter- 
nating-current and  direct-current  motors  when  it  is  desired  to  have  them 
start  and  stop  automatically  in  response  to  variations  in  pressure,  water 
level,  etc.;  or  when  it  is  desired  to  start  the  motor  with  greater  convenience 
and  with  less  demand  upon  the  intelligence  of  the  operator  than  is  required 
where  hand-operated  starting  apparatus  is  installed;  or  when  the  motor  is 
so  large  that  its  control  equipment  becomes 
cumbersome  and  difficult  for  the  operator 
to  handle;  or  when  the  motor  is  frequently 
reversed  and  is  likely  to  be  injured  by  taking 
an  excessive  current  when  “plugged."* 
Self-starters  and  automatic  control  would 
be  an  utter  impossibility  without  magnetic 
switches  (sometimes  termed  contactors) 
and  consequently  a brief  description  of  suck 
devices  and  their  characteristics  appear* 
necessary  before  entering  into  a discussion 
of  the  various  types  of  self  starters  (Far. 
•11  to  »18) . 

•11.  Direct-current  magnetic  switches 
are  generally  of  the  single- pole  type.  The 
most  common  form  is  operated  by  an  electro- 
magnet of  the  clapper  form  (Fi$.  61).  The 
movable  element  or  clapper  carries  a contact 
member  adapted  to  engage  a corresponding 
stationary  contact,  and  a flexible  connection 
carries  current  to  the  contact  mounted  oo 
this  moving  clapper.  Because  an  electro- 
magnet adapted  to  long-pull  work  is  inher- 
ently inefficient  and  slow  in  operation,  the 
modem  contactor  is  almost  invariably  ar- 
ranged for  a short  break  and  in  large  capac- 
ities roust  be  provided  with  a magnetic 
blow-out  for  disrupting  the  arc.  la  snail 
capacities  the  arcing  contacts  an  often 
used  for  carrying  the  current  as  well,  but  in 
larger  capacities  the  main  or  current-carry- 
ing contacts  generally  consist  of  laminated 
brushes  which  engage  contact  plates.  This 
laminated  contact  is  protected  against  aninc 
and  burning,  by  auxiliary  oontacts  located 
in  the  magnetic  blow-out  field;  these  am 
adapted  to  engage  sooner  than  the  laminated 
Fio.  61. -Direct-current  mag-  contacts,  and  to  open  later.  Fig.  61  shows  a 
netic  switch.  typical  direct-current  contactor  with  the 

blow-out  pole  pieces  swung  upward  so  as  to 
render  the  contacts  easily  accessible  for  repairs. 

In  order  to  be  quick  acting  and  positive  in  operation,  direct-current  con- 
tactors should  have  ooils  which  are  capable  of  closing  the  switch  with 
potential  equal  to  75  per  cent,  of  normal  impressed  at  the  coil  terminals, 
when  the  coils  are  at  the  operating  temperature.  i 

•IS.  Alternating-current  contactors  are  almost  invariably  called  upon 
to  handle  two  circuits  simultaneously  and  are,  therefore,  almost  invariably  ■ 
of  the  double-pole  type.  They  are  generally  of  the  clapper  form,  but  the 
magnetic  circuit  is  necessarily  laminated.  Particular  care  should  betaken  to 
insure  the  holding  of  the  laminations  with  sufficient  rigidity  to  secure  s { 
permanent  structure.  The  pull  exerted  by  an  alternatixu^-current  magnet  is  a 
proportional  to  the  square  of  the  voltage  impressed  at  its  terminals,  conse- 
quently it  is  not  practicable  to  make  alternating-current  contactors  which 
have  the  same  operating  range  as  direct-current  contactors. 

• Par.  841,  No.  8,  9,  13,  25. 
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It  is  practically  impossible  to  obtain  sufficient  sealing  pressure  with  alter- 
nating-current magnets  to  allow  the  use  of  laminated  contacts,  and,  as  a 
result,  most  alternating-current  contactors  depend  upon  butt  contacts  of* 
copper  for  opening  the  circuit  and  for  carrying  the  current  when  dosed. 
Alternating-current  contactors  designed  for  voltages  up  to  550,  are  almost 
invariably  equipped  with  magnetic  blow-outs,  and  those  built  for  higher 
potentials  are  generally  arranged  to  open  the' circuit  under  oil.  Air-break 
contactors  have  been  made,  however,  for  potentials  up  to  2,200  volts.  These 
high-potential  contactors  are  equipped  with  horn- 
type  arc  gaps,  which  permit  the  arc  to  increase  in 
length  until  it  reaches  the  point  of  disruption. 


Flo.  02. — Direct-current  time-accelera- 
tion starter. 

IIS.  Time- acceleration  self-starters  are  designed  to  accomplish  the 
necessary  starting  operations  in  a pre-deter mined  and  adjustable  period. 
Tbs  timing  may  be  aooompliahed  in  many  ways,  but  a solenoid  whose  action 
is  retarded  by  an  adjustable  dash-pot,  is  perhaps  the  most  widely  used  device. 
A typical  direct-current  time-acceleration  starter  is  shown  diagrammatioally 
in  Fig.  62. 

614.  Current- limit  self-starters  are  devised  to  halt  the  starting  opera- 
tion whenever  the  required  starting  current  exceeds  an  adjustable  predeter- 
mined value,  the  starting  operation  being  resumed  when  the  current  falls 
below  this  limit.  There  are  several  forms  of  current-limit  acceleration  self- 
starters, and  only  those  which  are  most  widely  used  will  be  described. 


Fia.  63.— ^Series  switch- 
operating  magnet. 


•II.  A series  switch  operating  magnet  is  shown  in  Fig.  63;  this  pieoe 
of  apparatus  is  designed  to  accomplish  the  current-limit  acceleration  of 
direct-current  motors.  The  series  switch  is  operated  by  an  electromagnet, 
which,  as  the  name  of  the  device  indicates,  may  be  connected  in  series  with 
the  motor.  The  magnetio  circuit  enclosing  this  winding  may  be  of  the 
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solenoid  or  dapper  form,  but  invariably  includes  a section  of  restricted 
area,  “A,”  bridged  by  a movable  element,  which  gives  a maximum 

shunting  effeot  when  the  switch  is 
open,  and  a minimum  shunting  effect 
when  it  is  closed.  An  adjustable  air 
gap  is  included  in  the  magnetio 
bridging  circuit.  Whenever  the  cur- 
rent passing  through  the  winding  is 
in  excess  of  a certain  value,  that 
seotion  of  the  magnetic  circuit  ("A") 
which  is  of  restricted  area  will  be 
saturated,  and  the  exoess  flux  lines 
set  up  by  the  winding  will,  therefore, 
seek  the  other  path  and  tend  to  hold 
the  switch  in  an  open-circuit  posi- 
tion. The  switch  remains  open  as  ^ 
long  as  the  current  in  the  magnetis-  (fjjif ' 
ing  winding  is  above  the  value  for  ' 
which  the  switch  is  adjusted;  below 
this  value  the  restricted  area  be- 
comes capable  of  carrying  a sufficient  r-j  * 
proportion  of  the  flux  to  set  up  a q H |C_  IT 
counter  force  capable  of  overcoming 
the  restraining  pull,  and  dose  the 
switch.*  The  solenoid-type  series 
switch  is  quite  fully  illustrated  and 
described  in  the  Transaction *,  of  A. 

I.  E.  E.,  Vol.  XXX,  page  1563,  in  a 
contribution  by  A.  C.  Eastwood. 

Fig.  64  is  a typical  connection 
diagram  for  a seu-etarting  device 
made  up  of  these  switches.  When 
the  line  switch  “X”  is  closed,  cur- 
rent passes  from  the  positive  line 
through  the  shunt-field  windings, 
to  the  negative  line;  also  from 
the  positive  line  through  the  arma- 
ture, "A,”  the  series  field,  “F,” 
the  resistance  sections,  "Vi”  “Vi” 

“Vi,”  and  the  operating  coil,  “Ci” 
of  the  first  series  accelerating  switch, 
to  the  negative  line.  If  the  initial 
current  inrush  is  in  excess  of  the 
value  at  which  “Ci”  looks  open,  no  resistance  will  be  cut  out  until  the 

accelerating  current  hu 
fallen  to  the  point  which  will 
permit  **Cir*  to  lift  its 
plunger.  When  “Ci“  lifts  its 
plunger,  switch  “Si”  .is 
closed,  thereby  short-circuit- 
ing resistance  section  “Vi" 
and  including  the  winding 
“C*.”  The  operation  « 
these  series  switches  is  pro- 
gressive. When  “C«,"  the 
last  of  the  accelerating  wind- 
ings, doses  its  switch  "Su" 
windings,  “Ct,”  “C*”  awl 
“C*,”  are  short-circuited  aai 
the  shunt  winding,  “ Hu*'  i* 
connected  in  circuit  directly 
across  the  lines.  Windim 
, ...  , , serves  to  hold  “S» 

closed  dunng  running,  thus  guarding  against  the  dropping  out  of  the  seed 
erating  switches  should  the  motor  operate  under  light  load. 


©F 


Fiq.  65. — Magnetic  lock-out  switch. 


• Par.  541,  No.  29. 
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U6.  The  magnetic  lock-out  switch,  illustrated  in  Fig.  65.  is  applicable 
to  direct-current  motors.  It  is  a clapper- type  switch  of  conventional  form, 
operated  by  a series  winding  instead  of  shunt,  and  having  a second  series 
winding,  separately  mounted,  adapted  to  act  on  a downwardly  projecting 
extension  of  the  switch  clapper,  and  to  hold  the  switch  open  as  long  as  the 
force  exerted  by  this  secondary  winding  exceeds  that  of  the  closing  coil.  An 
adjustment  is  provided  by  which  the  air  gap  between  the  secondary  or 
locking-out  coil  and  its  armature  can  be  varied;  thus  the  current  above 
which  the  switch  will  be  locked  in  an  open  position  can  be  adjusted  through 
a wide  range. 


Referring  to  the  diagram.  Fig.  66,  which  covers  a simple  starter  consisting 
of  three  magnetic  lock-out  switches,  it  will  be  noted  that  when  the  line  circuit 
is,  closed,  tne  motor  ourrent  passes  from  the  positive  line  through  the  two 
windings  of  the  first  magnetic  lock-out  switch,  thence  through  three  sec- 
tions of  starting  resistance  to  the  armature  of  the  motor  to  be  started.  As 
long  as  the  current  passing  through  these  windings  is  in  excess  of  a prede- 
termined and  adjustable  value,  the  restraining  force  exerted  by  the  lower  or 
locking-out  magnet  will  exceed  the  attractive  force  exerted  by  the  upper  or 
closing  magnet,  and  the  switch  will  maintain  an  open-circuit  position.  When 
the  current  has  fallen  below  this  predetermined  value,  the  upper  or  closing 
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magnet  will  develop  sufficient  pull  to  overcome  the  look-out  winding,  i 
soon  as  the  contacts  of  the  switch  engage,  one  section  of  the  starth 
resistance  is  removed,  and,  with  this  section,  the  lock-out  coil,  so  that  si 
tendency  which  this  coil  might  have  to  hold  the  switch  in  an  open-cirea 
position  is  entirely  removed.  No.  1 accelerating  switch,  in  closing,  u 
only  short-circuits  a section  of  the  resistance  and  its  lock-out  ©oil,  but  ah 
automatically  includes  both  windings  of  the  second  accelerating  switri 
which  in  turn  locks  open  until  the  starting  current  has  fallen  below  tl 
value  at  which  it  is  adjusted  to  operate.  These  switches  will  remain  clow 
with  5 per  oent.  of  their  normal  current;  consequently  no  shunt  winding 
ordinarily  required  for  the  last  switch. 


817.  The  counter*©. m.f.  starter  for  direct-current  motors  is  u 

reality  a current-limit  starter.  In  this  device  the  starting  resistance  is  t¥ 
moved  by  a series  of  magnetic  switches  whose  operating  windings  are  cow 
nected  across  the  motor  armature;  these  switches  close  successively  as  the 
counter  e.m.f.  of  the  motor  increases  with  the  speed. 

818.  Alternating-current  induction  self  starters  may  also  be  of  either 
the  time-limit  or  eurrent-limit  type.  In  the  former  the  primary  winding 
ore  connected  to  the  starting  transformer  for  a predetermined  length  of  tints, 
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ad  are  then  thrown  directly  on  the  line.  Fig.  67  shows  a typical  starter  of 
Us  class.  A very  similar  starter  is  employed  for  the  control  of  secondary 
tarting  resistance,  the  removal  of  the  starting  resistance  being  accomplished 
fter  a predetermined  time  interval.  Both  induction  and  primary-resistance 
til  starters  of  the  current-limit  type  are  manufactured,  but  have  not  proven 
S satisfactory  as  the  time-acceleration  type  on  account  of  the  low  starting 
arque  of  squirrel-cage  motors,  and  the  possibility  of  their  being  so  loaded 
bat  they  will  not  accelerate  sufficiently  to  enable  a cui rent-limit  type  of 
tarter  to  change  from  starting  to  running  position.  Fig.  68  shows  a current- 
unit  acceleration  controller  for  use  in  connection  with  an  alternating-current 
lip-ring  motor.  This  controller  consists  of  a primary  contactor  and  two 
econdary  resistance  contactors,  all  of  which  are  double-pole  type.  The 
iperation  of  the  primary  contactor  may  be  controlled  by  a pressure  regulator, 
i float  switch,  or  a simple  snap  switch.  The  secondary  resistance  switches 
ue  arranged  for  successive  operation,  and  are  governed  by  two  3-phase, 
lecondary  series  relays,  which  are  arranged  to  halt  acceleration  whenever  the 
notor  current  exceeds  the  value  for  which  they  are  adjusted. 

8PKXD  &BOXJLATO&8 

•19.  Direct-current  speed  regulators.  The  speed  of  direct-current 
motors  may  be  varied  in  two  ways:  first,  by  varying  the  potential  impressed 
at  the  armature  terminals,  the  field  strength  remaining  constant  (the  speed 
of  a direct-current  motor  operating  at  constant  field  will  be  directly  propor- 
tional to  the  voltage  impressed  on  its  armature  terminals) ; second,  by  varying 
the  field  strength,  the  voltage  at  the  armature  remaining  constant.  The 
speed  of  a motor  whose  armature  potential  remains  unchanged,  will  be  in- 
versely proportional  to  the  field  strength.  Speed  control  can  also  be  obtained 
by  a combination  of  the  two  methods  just  mentioned. 

There  are  many  ways  in  which  the  armature  potential  may  be  varied,  the 
moet  common  being  to  insert  a resistance  in  the  armature  circuit;  the  IR 
drop,  across  this  resistance  serves  to  reduoe  the  voltage  impressed  upon  the 
armature.  This  method  is  open  to  the  objections  that  it  is  inefficient  and 
that  the  IR  drop  varies  with  the  motor  load;  consequently  the  regulation  is 
not  good  and  only  a limited  range  of  regulation  can  be  obtained.  Assuming 

a motor  to  be  operating 
under  full-load  tordue, 
about  125  per  cent,  of  full- 
load current  will  be  re- 
quired to  start  it,  and  the 
amount  of  resistance  which 
will  permit  such  a current 
inrush  will  give  75  per 
cent,  reduction  in  arma- 
ture e.m.f.  and  speed  with 
full-load  torque  and  cur- 
rent. It  may  therefore  be 
said  that  4 to  1 is  the 
maximum  speed  range 
which  it  is  possible  to  ob- 
tain satisfactorily  by  the  ar- 

Fxo.  69. — Ward-Leonard  system  of  direct-  mature-resistance  method, 

current  control.  and  that  in  many  cases 

3 to  1 will  be  the  maxi- 
mum range  obtainable.  The  regulation  with  this  method  at  reduced  speed, 
under  variable  loads,  is  so  poor  as  to  make  armature-resistance  speed  regula- 
tion impracticable  for  any  but  constant-load  work. 

•SO.  The  Ward-Leonard  system  of  direct-current  control  is  wel 
adapted  for  wide  range,  and  has  good  regulation.  Fig.  69  is  a connection 
diagram  for  a typioal  system  of  this  class.  "G-l”  and  "G-2"  are  two 
generators,  one  of  which  is  self-edciting,  and  furnishes  current  for  the  fields  of 
*0-2'’  and  the  motor  “ M.”  By  means  of  rheostat,  “ R,”  the  voltage  of 
* —-2 " can  be  varied,  and  the  speed  of  “ M ” will  be  correspondingly  varied. 
The  regulation  of  such  a system  is  very  good,  through  a wide  range  of  control, 
md  becomes  unsatisfactory  only  when  the  comparatively  small  IR  drop  in 
armatures  “ G-2”  and tT  M " and  the  connections  between  them,  becomes  a 
arge  percentage  of  the  total  potential  generated  by  “ G-2"  (Par.  541(  No.  4). 
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By  reversing  the  fields  of  “G-2,"  the  direction  of  rotation  of  the  i 

“ M,"  can  be  changed  (Par.  Ml,  No.  19,  21  and  24).  Thin  system  is  ex 
sively  employed  for  reversing  mill  and  mine  hoist  duty. 

SSI.  The  multiple-voltage  method  of  direct-current  speed  conti 

is  generally  used  in  connection  with  a certain  amount  of  field  control.  1 
older  multiple  voltage  systems  are  almost  invariably  four-wire,  a a per  I 
08.  A balancer  set  having  three  armatures  is  connected  across  a 250-w 
system  and  gives  60,  80 
and  110  volts  between  the 
three  sets  of  mains.  The 
motor  whose  speed  it  is 
desired  to  control,  may 
obviously  be  so  connected 
that  it  will  have  60,  80, 

110,  140,  190  or  250  volts 
m pressed  on  its  armature. 

Field  control  is  used  to 
smooth  out  the  steps;  the 
motor  field  strength  is  re- 
duced while  the  armature 
is  connected  to  each  potential,  before  stepping  to  the  next  higher  poteotul 
and  is  increased  to  normal  strength  as  the  cnange  is  made. 

Later  systems  employ  but  three  wires  (Par.  Ml*  No.  5)  and  provide  fi 
1 10  and  220,  or  125  and  250  volts  at  the  motor  armature.  To  obtain  reaaol 
ably  small  speed  increments  throughout  the  entire  speed  range,  these  three 
wire  systems  require  a motor  whose  speed  may  be  varied  bv  held  cental 
through  a wider  range  than  is  required  where  a motor  is  operated  on  the  four 
wire  system 


Fra.  70. — Multiple  voltage  system  of  direct-, 
current  oontroL 


BtS.  The  field  strength  of  a motor  may  be  varied  by  electrical  oi 

mechanical  means.  When  this  is  accomplished  electrically,  tne  nda  strengu 
is  generally  varied  by  a field-regulating  rheostat.  Field  regulation  is  effects 
mechanically  by  changing  the  air  gap  and  consequently  the  reluctance  of  tin 
field  circuit.  Either  method  produces  the  same  results,  the  former  haviiul 
the  advantage  that  the  regulating  rheostat  can  be  conveniently  looat.  i 
some  distance  from  a motor,  also  that  the  field  strength  can  easily  be  incn 
to  normal  during  starting. 

The  extent  to  which  the  speed  of  a motor  can  be  varied  by  field 
depends  upon  its  design.  Generally  speaking,  a standard  macfc 
seldom  commutate  well  if  its  speed  is  increased  in  this  manner  more 
per  cent.,  while  specially  designed  inter-pole  motors  have  been  built  for  sp* 
ranges  as  great  as  10  to  1.  On  acoount  of  their  good  inherent  regulation  mu 
their  high  efficiency  at  all  speeds,  field-control  motors  are  almost  universally 
employed  where  speed  control  of  direct-current  motors  is  required. 

StS.  ▲ combination  of  armature -reals  tanoe  and  field  control  may 
be  used  to  advantage  where  reduced  speeda  are  required  for  comparatively 
short  periods,  and  the  expense  of  installation  can  be  materially  reduced 
by  such  procedure.  It  will  also  be  found  where  a wide  range  of  speed  a 
required  in  connection  with  the  Ward-Leonard  system  (Par.  Ml,  No.  IS; 
Fig.  67,  that  it  will  be  adviaable  to  regulate  the  field  strength  of  the  motor  m 
well  as  that  of  the  generator. 

824.  Self -starting  speed  regulators.  In  machine-tool  practice,  •dfJ 
starters  are  used  to  start  and  stop  machines  whose  speeds  are  adjustable  by  a 
regulator  controlling  the  motor  fields.  Buch  self  starters  may  be  equipped 
with  a vibratory  field-regulating  relay,  the  winding  of  which  is  oonneotH 
in  series  with  the  motor  armature.  When  the  armature  current  reaches  4 
predetermined  value  this  relay  will  short-circuit  the  field  rheostat,  ihd 
increasing  the  motor  field  strength  to  normal.  The  field  strength  is  oontim* 
at  normal  until  the  armature  current  decreases  sufficiently  to  allow  the  reh 
to  drop,  thus  inserting  the  field  resistance  and  increasing  the  armature  cum 
because  of  the  reduced  counter  e.m.f.  Increase  in  armature  current  cam 
the  relay  again  to  short-circuit  the  field  rheostat,  and  the  relay  continues 
vibrate,  alternately  short-circuiting  and  cutting  in  the  field  reeietance,  a* 
the  motor  has  accelerated  to  such  an  extent  that  the  field  reeietance  may 
left  in  cirouit  without  oaueing  the  armature  to  take  a current  in  excess  of  I 
relay  setting. 
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126.  SeriM-ptrallel  control  of  two  motors  is  a convenient  and  efficient 
ans  of  obtaining  two  speeds,  one  speed  being  one-half  the  other.  Such 
ontrol  system  has  the  added  advantage  of  reducing  the  current  required  to 
>duoe  a given  starting  torque.  This  system  of  control  is  most  widely 
rd  in  railway  work  (also  see  Par.  041,  No.  10). 

126.  Speed  control  of  squirrel-cage  motors  may  be  accomplished  in 
> ways:  first,  by  changing  number  of  poles;  second,  by  varying  the  corn- 
ed voltage  and  frequency 

pressed  on  the  primary.  !•  l 

• number  of  poles  may  be  ^ 

tnged  by  the  use  of  sc  pa- 
» windings  and  selective  La  jp 

rgisation,  or  by  regroup-  — Speed 
the  windings  to  change 
number  of  poles.  The  * \ 

ner  method  is  employed  J 

ire  more  than  two  speeds 
required.  To  obtain  a 1 Fio.71. — Two-speed  squirrel-cage  motor. 

2 ratio  the  windings  are 

erally  connected  as  Bhown  in  Fig.  71.  It  should  be  particularly  noted 
t in  changing  from  the  star,  or  half-speed  connection,  to  the  double  star, 
ull-epeed  connection,  it  is  necessary  to  reverse  two  of  the  incoming  lines 
trder  to  prevent  the  motor  from  running  in  a reverse  direction. 

(There  voltage  and  frequency  are  changed  they  must  be  varied  in  the  same 
p,  for  half  speed,  naif  voltage  and  half  frequency.  The  speed  of  the 
Irrel-cage  motor  cannot  be  varied  by  the  use  of  primary  resistances. 

27.  A combination  of  variable  frequency  and  change  of  poles  is 
netimee  found  effective.  For  example,  a system  employing  a 10-pole/20- 
e,  440- volt,  00-cycle  motor  at  720  rev.  per  min.  (maximum  synchronous 
ed),  may  be  used  in  connection  with  two  frequency-changing  sets,  and  the 
owing  speed  range  obtained: 


60  cycles 

440  volts 

10  poles 

720  rev.  per  min. 

45  cycles 

330  volts 

10  poles 

640  rev.  per  min. 

60  cycles 

440  volts 

20  poles 

360  rev.  per  min. 

45  cycles 

330  volts 

20  poles 

270  rev.  per  min. 

30  cycles 

220  volts 

20  poles 

180  rev.  per  min. 

the  horse- power  output  of  motors  Used  with  such  a control  system  is 
3ctly  proportional  to  the  speed  at  which  they  operate. 

28.  Blip-ring  motors  can  be  varied  in  speed  by  the  use  of  secondary 
stance.  This  method  of  speed  regulation  is  open  to  several  objections, 
is  not  efficient,  and  the  speed  regulation  at  reduced  speeds  is  not  good, 
ause  the  amount  of  speed  reduction  obtained  with  a given  amount  of 
ondary  resistance  in  circuit  varies  directly  with  the  load  which  the  motor 
jarrying.  Under  the  nAoet  favorable  conditions  it  is  not  commercially 
aible  to  obtain  a greater  reduction  in  speed  than  75  per  cent.,  and  in  most 
e>  50  per  cent,  reduction  in  speed  will  be  found  to  be  the  practical  limit, 
ilip-ring  motors  are  sometimes  constructed  with  means  for  varying  the 
noer  of  poles,  either  by  the  use  of  multiple  windings,  or  by  regrouping  the 
idings.  Since  both  the  primary  and  the  secondary  windings  must  be 
‘trolled,  such  systems  are  commercially  impracticable  for  most  small 
tallations,  but  are  used  to  some  extent  in  rolling-mill  work. 

29.  Concatenation  control  of  induction  motors.  The  speed  of  two 
?niA ting-current  induction  motors  mounted  on  the  same  shaft  may  be 
ied  by  connecting  them  in  cascade,  or,  in  other  words,  by  operating  in 
•catenation  (Sec.  7).  The  first  motor  of  such  a system  must  be  of  the 
►•ring  type,  and  the  second  may  be  of  the  squirrel-cage  type,  although  the 
of  a slip-ring  machine  is  preferable  on  account  of  the  possibility  it  affords 
obtaining  higher  starting  torques  and  reduced  speeds.  With  two  con- 
enated  motors.  Fig.  72,  a total  of  four  economical  running  speeds  can  be 
ained,  aa  follows:  one  with  motor  " A ,”  connected  to  the  fine:  the  second 
h motor  “B”  directly  on  the  line;  the  third  with  "A”  and  “B”  in  direct 
catenation,  and  the  fourth  with  ‘'A"  and  “B”  in  differential  concatena- 
i.  Motors  are  said  to  be  in  direct  concatenation  when  they  tend  to 
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revolve  in  the  same  direction  and  in  different  concatenation  when  the  mo 
(“B")  tends  to  oppose  the  first  ("A'').  See  also  Par.  Ml,  No.  6.  1 

synchronous  speed  for  each  of  the  concatenated  connections  oan  be  dec 
mined  as  follows* 


„ cycles  X 120 

S Pi±P* 


(rev.  per  min.) 


where  S is  the  synchronous  speed  in  rev.  per  min.;  Pi  is  the  number  of  po 
of  motor  “A;’'  Pt  is  the  number  of  poles  of  motor  “B.”  The  plus  si 
should  be  used  when  the  motors  are  in  direct  concatenation,  and  the  mix 
sign  when  in  differential  concatenation.  The  diagram  in  Fig.  01  shows  * 
connections  for  a cascade  system. 

Motor  B 


Fig.  72. — Cascade  connection  of  two  motors. 

There  are  so  many  methods  by  which  the  speed  of  one  or  more 
motors  oan  be  varied  (see  Par.  Ml,  No.  0,  7,  15  and  SO),  that  it  is  in 
to  cover  them  all  in  the  limited  space  available. 


“”1 


8*0.  Single-phase  motors  of  the  repulsion  type  may  have  their  sps 
varied  either  by  the  use  of  primary  resistance,  or  by  shifting  the  brush 
The  results  obtained  by  various  motpr  manufacturers  are  so  widely  dird 
as  to  make  it  almost  impossible  even  to  outline  the  limitations  of  w 


systems. 


•81.  Synchronous  motors  are  not  susceptible  of  speed  control;  see  Pi 
Ml,  No.  22. 


SLECTBICALLY  OPERATED  BRAKES 


BIS.  Classification.  In  the  control  of  electric  motors  it  often  becoa 
desirable  to  provide  a brake  which  is  electrically  released  and  apphed  bj 
spring  or  weight.  Such  brakes  are  made  in  three  typee — the  multiple-® 
tne  band  and  the  shoe  type. 

8SS.  Band  brake.  In  one  typo  of  band  brake,  a wheel  is  attached  to  t| 
shaft  to  be  braked,  and  this  wheel  is  encircled  by  a band  lined  with  s sn 
able  friotion  material.  Normally  the  band  is  brought  into  frictional  enrt 
ment  with  the  wheel  by  means  of  a spring;  a solenoid  is  provided  for  thed 
pose  of  compressing  these  springs  and  relieving  the  brake  band.  The  W 
Drakes  are  manufactured  for  either  alternating-current  or  direct-cun 
service.  I 

•84.  A multiple-disc  brake  is  illustrated  in  Fig.  73.  This  typical  ff 
of  brake  is  manufactured  only  for  direct-current  service.  It  conned 
a hub  which  is  mounted  on  the  shaft  to  be  braked,  to  which  hub  are  k« 
one  or  more  discs  and  a stationary  frame,  in  which  are  carried,  by  raeaaj 
keys,  two  or  more  stationary  discs.  Normally  the  rotating  discs  are  data] 
between  the  stationary  discs  by  the  action  of  a spring,  and  by  means  m 
electromagnet  this  spring  can  be  compressed  and  the  pressure  on  thefrul 
discs  relieved.  ] 

. 888*  Bhoe  brake.  A typical  shoe  brake  differs  from  the  band  brake  ■ 
in  that  the  movable  friotion  face  is  in  the  form  of  a shoe  rather  than  in  i 
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■va  banc 

Hhurent  service. 

wt Advantages  of  the  various  types.  The  disc  brake  has  the  advan- 
Srer  either  other  type,  of  imposing  no  side  strains  on  the  shaft  to  whieh 
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wound  solenoid,  “ B,"  is  adapted  to  release  this  mechanical  brake  vba 
hoisting  or  lowering  is  taking  place.  In  the  “off”  position,  the  cireain^ 
both  motor  and  brake  solenoid  are  open,  and  consequently  the  mechasio 
brake  is  set.  In  the  lowering  positions  the  motor  field  and  the  bra* 
solenoid  are  connected  across  the  line  in  series  with  a variable  rsnst&se 
the  motor  armature  is  bridged  aoroas  the  field  and  the  brake  solenoid.  J 
the  oontrol  lever  is  advanced  toward  the  full-^peed  lowering  position,  d 
resistance  included  in  the  field-brake  circuit  is  increased  until  all  the  twi 
tanoe  is  inserted.  Further  movement  increases  the  resistance  included  b 
tween  the  armature  and  the  series  field  until  the  armature  is  finally  connect* 
directly  to  the  line.  The  higher  the  resistance  included  in  the  armttui 
circuit,  the  greater  will  be  the  speed  at  which  a given  load  will  desoend;ii 
the  lower  the  value  of  resistance  included,  the  lower  will  be  the  descend 
speed.  Should  the  descending  load  be  insufficient  to  overhaul  the  motor,  tj 
latter  will  run  as  a shunt-wound  machine,  and  actually  drive  the  hoist  drat 
in  a reverse  direction,  paying  out  line  to  the  descending  hook.  For  sesdn 
a light  hook  down  at  high  speed,  the  series  field  is  weakened  by  shunting 
fit.  Dynamic  braking  of  direct-current  motors  for  the  purposa 
effecting  a quick  stop  is  employed  quite  extensively  in  connection  ri 
elevators,  printing  presses  ana  maohine  tools,  oentrifugal  extractors,  e 
The  arrangement  generally  provided  oonsists  of  a switching  appliance  i 
connecting  a fixed  step  of  resistance  across  the  terminals  of  the  motor  sre 
ture  after  the  line  oircuit  is  interrupted.  As  a result  of  this  procedure  ti 
motor  acts  as  a generator  and  serves  to  retard  and  stop  the  machine  which 
drives.  While  it  is  possible  to  effect  a quicker  stop  by  this  method  than  4 
were  not  employed,  it  does  not  provide  for  the  quickest  stopping  thatc 
be  obtained ; it  is  obvious  at  once  that  as  the  motor  speed  decreases,  the  pe* 
tial  generated  by  its  armature  correspondingly  decreases,  and  the  redact 
in  current  which  the  armature  will  send  through  the  fixed  step  of  resists 
results  in  a gradual  diminution  of  the  braking  force,  until  it  reaches  * 
when  the  armature  stops. 

Inductive  resistance  is  often  employed  in  the  braking  circuit  for  the  p 
pose  of  prolonging  the  period  during  whioh  the  braking  current  remains] 
nigh  value,  and  quicker  stoppage  can  be  effected  by  its  use.  When  4 
quickest  possible  stop  is  desired,  a variable  resistance  should  be  conned 
across  the  motor  armature;  this  resistance  should  be  reduoed  by  a sertesi 
magnetic  switches,  the  successive  closure  of  which  will  be  halted  whend 
the  braking  current  exceeds  a predetermined  value.  With  such  an  eqaa 
ment,  the  braking  current  can  be  maintained  at  a high  value  throughout « 
entire  stopping  period,  and  much  faster  results  obtained  than  are  possible  \ 
any  other  method.  In  the  interest  of  economy  the  starting  resistance  « 
the  accelerating  switches  are  generally  employed  for  graduated  dynsas 
braking.  Thus  the  same  apparatus  which  is  used  to  limit  the  current 
acceleration,  serves  also  to  limit  the  current  of  retardation. 

MO.  Alternating-current  motors  can  be  used  for  dynamic  bnU 
only  when  direct-current  is  available  for  their  excitation;  the  method 
seldom  used,  for  this  reason.  For  quick  stopping,  the  reversal  of  the  primi 
and  ]the  inclusion  of  a high  resistance  in  the  secondary  is  equally  effect 
and  does  not  require  direct  current.  For  the  retardation  of  descend] 
loads  it  has  not  been  very  popular,  largely  on  account  of  the  general  unpoj 
larity  of  alternating-current  motors  for  this  class  of  service,  direct-cum 
machines  being  better  adapted  on  account  of  their  inherent  character^ 
(Par.  541,  No.  11). 
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INTRODUCTION 

i.  Considerations  affecting  general  design.  All  railway  eatircis 
are  based  upon  the  performance  of  the  rolling  stock,  as  this  determine*  a 
type  of  equipment  to  be  used,  its  oapacity,  the  possibilities  of  sehed* 
speed,  and  the  power  input  to  the  train,  both  maximum  and  average,  ft 
last-named  factor  in  turn  determines  the  characteristics  of  the  low-poteoa 
distribution  system,  whether  trolley  or  third-rail,  and  its  capacity.  TW 
considerations  lead  up  to  the  determination  of  substation  capacity  « 
Anally,  the  capacity  and  cost  of  the  generating  station.  It  is  import** 
therefore,  that  the  characteristics  of  the  different  types  of  motive  powerb 
thoroughly  understood,  as  a false  assumption  or  error  in  the  preliminary  af 
culation  of  motive-power  capacity  and  train  energy  consumption  may  lead* 
very  serious  errors  in  laying  out  the  entire  generating  and  distributing  systtw 

1.  Classification  of  systems  now  employed.  There  are  four 
motors  available  for  railway  servioe,  giving  rise  to  three  systems  of  (fact 
bution:  (a)  the  direct-current  seriee-wound  motor  used  at  line  voltages^ 
from  600  to  3,000  volte,  fed  from  a synchronous-converter  or  motor-ffsc 
ator  substation,  tied  into  a high-potential  three-phase  alternating-cone 
transmission  system;  (b)  the  alternating-current  seriee-wound  motor  fe 
directlv  from  an  alternating-current  high-potential  transmission  eytta 
through  intermediary  step-down  transformers;  (c)  the  alternating-cunt* 
three-phase  induction  motor  fed  directly  from  an  alternating-current  thrrt 
phase  transmission  system  through  step-down  transformers;  (d)  the  the 
nating-current  polyphase  induction  motor,  fed  from  a single-phase  cirrc 
through  an  intermediate  phase  converter  (“split-phase  system”). 

All  four  systems  enjoy  the  advantage  of  alternating-current  genersW 
and  transmission  of  power  at  high  potential,  the  direct-current  and  induct* 
motor  system  demanding  multiphase  generation,  while  single-phase  gewn 
tion  and  distribution  best  serves  the  needs  of  the  single-phase  altemstm 
current  motor  and  split-phase  systems. 

3.  Method  of  studying  traction  problems.  The  various  steps  to « 
followed  in  the  determination  of  the  proper  relation  of  motive  power  egc; 
ment,  distribution  and  generating  systems,  are  as  follows:  (a)  a knowledge 1 
train-resistance  values;  (b)  calculation  of  possible  schedule  with  the  frequee! 
of  stops,  train  weight  and  other  fixed  factors  entering  into  the  problem;  j 
determination  of  train  input  as  obtained  from  train  resistance  and  eo cn 
consumption  values;  (d)  determination  of  motor  capacity;  (e)  calculate 
of  train  diagrams;  (f)  determination  of  capacity  of  low-potential  distrb 
tion  system  and  substations;  (g)  determination  of  generating-station  cafl 
city;  (h)  estimate  of  cost  of  the  various  parts  of  the  electric  railway  system  I 
determined  by  the  oapadty  found  above:  (i)  approximate  cost  of  opera ti? 
(j)  .approximate  gross  income  as  determined  by  comparative  statistics;  J 
dividend  earning  power  of  road. 
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4.  Testa.  Careful  experimental  teste,  carried  out  during  the  past  few 
years  with  electric  locomotives  and  motor-cars,  have  thrown  new  light  on  the 
much  diseuseed  question  of  train  resistance  at  the  higher  speeds.  Without, 
in  any  way,  disparaging  the  care  taken  in  tests  made  with  steam  looomotivee, 
it  was  not  until  electrical  methods  of  measuring  power  introduced  greater 
accuracy  than  was  possible  by  use  of  the  steam  indicator,  that  consistent 
results  became  obtainable  with  light  trains  operating  at  very  high  speeds. 

The  electric  motor  was  the  means  of  introducing  the  single-oar  train 
operating  at  speeds  up  to  70  miles  per  hr.  At  that  time  no  data  were  extant 
concerning  the  operation  of  single-car  trains.  It  was  soon  found  that  suoh 
a car  operating  alone  .required  an  inpuTtmt  of  all  proportion  to  the  power  re- 
quired to  propel  a train  composed  of  several  such  oars  operating  at  the  same 
speed,  consequently  new  adjustments  had  to  be  made  in  train-resistance  for- 
mulas then  existing. 

During  the  spring  of  1900,  a series  of  tests  were  made  by  Mr.  W.  J.  Davis, 
Jr.,  on  the  Buffalo  A Lockport  Railway,  which  consisted  in  running  a 40-ton 
electric  locomotive  alone  and  with  trailers  at  speeds  approaching  60  miles 
per  hr.,  as  a maximum.  These  tests  probably  constitute  the  first  consistent 
attempt  to  utilise  the  benefits  of  greater  accuracy  which  eleotrioal  methods  of 
recording  afford.  Since  then  other  tests,  taken  under  better  conditions  and 
with  various  classes  of  equipment,  afford  data  from  which  it  is  possible  to 
predict,  with  a considerable  degree  of  accuracy,  the  total  resistance  (wind, 
bearing  and  rolling)  opposing  the  movement  of  cars  or  light  trains  up  to 
•peeds  of  100  miles  per  hr. 

I.  Train  resistance  may  be  expressed  in  pounds  tractive  effort  ex- 
erted at  the  rim  of  the  driving  wheels  of  the  prime  mover  of  a train.  It 
includes  all  losses  in  bearings,  losses  due  to  rolling  friction,  bending  rails, 
flange  friction,  etc.,  and  the  wind-resistance  loss.  The  last  item  is  made  up 
of  head-on  resistance,  skin  or  side  resistance  and  eddy  currents  caused  by  the 
suction  at  the  rear  of  the  car  or  train.  All  these  variables  depend  upon 
the  condition  of  bearings,  design  of  trucks,  condition  of  the  road-bed,  shape 
and  croao  section  of  oars,  direction  of  wind,  etc.,  so  that  any  tests,  to  furnish 
authoritative  data,  must  be  sufficiently  comprehensive  to  eliminate  the  errors 
of  purely  local  oonditions.  As  no  such  elaborate  series  of  tests  have  yet 
been  made,  any  formulas  predicated  on  the  data  available  must  at  best  be 
approximate. 

Data  are  available  on  the  performance  of  locomotives  and  cars  of  modern 
construction  as  follows:  Buffalo  and  Lockport  experiments  in  1900;  Zossen 
high-speed  tests  in  1902-3;  tests  on  New  York  Central  type  locomotive  at 
8chenectady,  1905-6;  tests  on  oar  No.  5 at  Schenectady,  1906;  tests  made  by 
the  Electric  Railway  Test  Commission,  on  the  test  oar  “Louisiana,”  1904-5; 
New  York  Subway  tests,  1905;  Dynamometer  oar  tests  by  Prof.  Edward  C. 
8chmidt,  University  of  Illinois,  1910,  and  by  Schmidt  and  Dunn  in  1914 
and  1917. 

Many  isolated  tests  have  been  made  from  time  to  time  other  than  thoee 
mentioned  above,  but  either  the  data  was  not  sufficiently  oomplete  or  the 
conditions  were  too  unfavorable  to  justify  using  the  results  obtained  as 
applying  to  other  than  local  oonditions.  The  data  comprised  in  the  tests 
given  above  are  sufficiently  general,  as  they  include  the  operation  of  trains 
varying  from  a single  35- ton  car,  to  a train  of  532  tons,  and  at  speeds  up  to 
130  miles  per  hr.  in  the  Zoseen  teste. 

4.  Frictional  resistance.  The  laws  governing  the  friction  of  Journal 
bearings  are  fairly  well  understood,  and  such  bearing  friction  opposing  the 
motion  of  a train,  need  introduce  no  undetermined  factors  in  a calculation 
of  train  resistance.  8uch  friction  looses  HwurMia  with  the  pressure  on  the 
bearings  and  are  a function  of  the  speed.  Henoe,  the  expression,  /'  — A'  +B'S, 
where  f*  is  bearing  friction  expressed  as  lb.  per  ton.  A'  and  B'  are  constants 
determined  by  experiment  (see  Par.  8)  and  S is  the  speed  expressed  conven- 
iently in  miles  per  hr.  Rolling  friction  (eee  Par.  S3)  is  due  to  the  friction  of 
metal  rolling  on  metal  where  the  surfaces  are  not  perfect;  the  bending  of 
rails  due  to  insufficient  support,  or  meager  cross-section  of  rail;  and  flange 
friction  between  rail  and  wheel  flange.  All  these  factors  are  proportional  to 
speed,  and  henoe  may  be  represented  by  a straight  line  function  of  speed. 
As  bearing  and  rolling  friction  are  both  approximately  proportional  to  the 
speed  they  may  constitute  the  first  two  terms  of  a train  resistance  formula, 

/i  - A +B8  Ob.  per  ton)  (1) 
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7.  The  Motion  constant,  A,  has  been  determined  by  experiment  to  van 
from  3.5  to  as  high  as  12  lb.  per  ton,  depending  upon  the  weight  concentrated 
on  the  journal  bearings.  Both  the  Zoeaen  cars  and  the  New  York  Centra! 
locomotive  have  indicated  in  test  a value  of  A — 3.5  to  5,  both  the  can  sod 
locomotive  having  a weight  of  approximately  200,000  lb.  concentrated  oj 
twelve  journal  bearings.  Tests  on  Car  No.  5 at  Schenectady  on  the  othe 
hand,  gave  a value  of  approximately  8.5  for  A,  this  car  having  08,800  lb.  <w 
eight  bearings.  Hence,  the  impossibility  of  giving  a single  value  to  A tha 
will  obtain  over  wide  variation  in  type  of  equipment. 

The  factor,  A',  can  be  expressed  in  terms  of  the  train  weight  and  the  follow 
ing  purely  empirical  term  is  suggested  as  agreeing  remarkably  dose  wit! 
experimental  results. 


where  W — tons  weight  of  train. 

In  using  such  a term  it  is  necessary  to  limit  A to  a minimum  value  of  3J 
8.  Values  of  ▲ (Par.  7)  — 

20-ton  car 11.2  60-ton  car 6.41 

30-ton  car 9.12  80-ton  car <-T. . . 5 3 

40-ton  car 7.9  100-ton  car 5.01 

60-ton  car 7.07  200-ton  car 3 3 

9.  The  Motion  constant  B.  The  coefficient  of  S in  the  second  term  of  I 
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tory  experiment  end  previous  experimental  train  teste  by  Davis  in  1000. 
Hence,  that  portion  of  train  resistance  which  results  from  the  effect  of  wind 
may  be  given  by  the  relation 

/•  - Ob.  per  ton)  (3) 

where  ft  is  the  wind  resistance  in  lb.  per  ton,  C is  a constant,  a is  the 
projected  area,  and  W is  the  train  weight  in  tons.  This  equation  leads  to 
the  third  term  of  Eq.  4. 

Values  of  C ( Kemot , 1804) 

Cm 0.004  for  flat  surfaces,  C — 0.0020  for  cylinder, 

C -0.0024  for  octagonal  prism,  C — 0.0014  for  sphere. 

U.  Method  of  making  wind  resistance  experiments.  The  simplest 
and  most  accurate  is  the  coasting  method,  where  a moving  train  is  allowed 
to  drift  until  it  reaches  standstill,  the  rate  of  speed  decrease  and  elapsed  time 
being  accurately  noted.  The  efforts  of  most  experimenters  have  been 
directed  toward  securing  such  data  during  periods  of  no  wind  in  order  to 
eliminate  this  troublesome  feature.  However,  a series  of  runs  taken  with 
and  against  a wind  of  known  velocity  offers  much  data  not  otherwise  avail- 
able, and  affords  a ready  means  of  solving  directly  for  the  coefficient  of  the 
"eoond  and  third  term  of  the  train  resistance  formula  (Eq.  4). 

For  example,  given  a wind  of  20  miles  per  hr.  velocity,  a series  of  runs 
made  with  and  against  such  a wind  will,  at  say  50  miles  per  hr.  train  speed, 
correspond  .to  a wind  pressure  at  30  miles  per  hr.  with  the  wind  and  70  miles 
per  hr.  against  the  wind,  the  rolling  friction  being  constant  at  the  value  ob- 
taining at  the  train  speed  of  50  miles  per  hr.  As  the  wind  pressure  varies  as 
the  square  of  the  speed,  such  a series  of  tests  affords  a means  of  determining 
the  coefficient  of  S*  for  the  particular  type  of  equipment  used. 

IS.  The  shape  of  the  ear  end  has  a large  influence  upon  the  coefficient 
of  &*,  such  a result  being  reasonably  expected  from  the  results  of  experiments 
by  Goss,  Kernot  and  others:  in  fact,  Davis  checked  up  the  values  of  0.004 
found  by  Kernot  for  flat  surfaces.  As  a matter  of  fact,  no  oars  or  locomotives 
used  for  high-speed  service  have  perfectly  flat  ends,  and  hence,  all  experi- 
mental values  of  C have  been  found  to  be  less  than  0.004. 


little  attempt  has  been  made  to  construct  cars  for  least  wind  effect, 
owing  largely  to  a lack  of  full  understanding  of  the  benefits  to  be  secured 
thereby.  The  cars  used  for  high-speed  suburban  service  and  all  electrio 
locomotives,  with  few  exceptions,  are  provided  with  partially  rounded  ends, 
with  the  result  that  the  effective  wind  pressure  is  considerably  reduced.  A 
notable  example  of  the  extreme  type  of  pointed  nose  design  is  the  steel 
g&aolene  motor-car  No.  7,  of  the  Union  Pacifio  Company,  and  such  construc- 
tion is  a step  in  the  right  direction. 

Values  of  0 vary  from  0.004  with  perfectly  flat  ends  to  0.0015  with  noses 
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of  the  extreme  type,  while  the  average  rounded  end  suburban  car  and  ebt 
trio  locomotive  with  sloping  front  give  rise  to  values  of  C from  0.002 
0.0025  (see  Par.  10). 


■■■■■■KZftf ■■■ 


Length  of 
Carbodg 


Pounds  per  Ton 

Fio.  2. — Train  resistance  (Berlin-Zoesen  tests  Fig.  3. — Endelev»&J 

1903;  Allgemine  car  weight  206,400  lb.,  area  Allgemine  car  (Bern 
130  sq.  ft.).  Zossen  testa). 

IS.  The  complete  train-resistance  formula  for  single-car  operstis 
beoomes 

/-A+BS+^ 

-^+0,3S+^--* 

wherein  S is  the  speed  in  miles  per  hr.;  a the  cross-section  in  square 
and  W the  car  weight  in  tons. 

It  was  found  by  Davis  that  somewhat  larger  coefficients  for  B and 
obtained  from  the  limited  data  of  the  Buffalo  and  Lockport  tests,  but  inu« 
subsequent  data  seem  to  indicate  values  of  B — 0.03  and  C — 0.002  for  cal 
weighing  not  less  than  40  tons  and  having  partially  rounded  ends. 

14.  Comparison  of  calculated  car-resistance  with  the  actual  ts 

values 

(Zossen  experiments)  * 


Speed  miles  per  hr.  10  20  40  60  80  100  1*5 

A —4.92 4.02  4.92  4.92  4.92  4.92  4.92  4.4 

BS  — 0 . 035 0.30  0.60  1.20  1.80  2.40  3.00  3< 

CoS*  m0.002.S»X128 o.2o  1.00  3.96  8.93  15.90  24.80  35  1 

W lUo .A  4 , 

F (calculated)- 5.47  6.52  10.08  15.65  23.22  32.72  44 

F (observed)- 3.5  5.5  9.10  14.9  22.8  33.3  46 .i 


* Here  a — 128  sq.  ft.  and  W — 103.2  tons  (2,000  lb.). 
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It  Is  very  possible  that  the  higher  values  obtained  at  the  maximum  speeds 
were  influenced  by  reason  of  the  track  being  not  rigid  enough  for  speeds  of 
120  miles  per  hr.,  and  hence  increasing  the  value  of  B. 

15.  ▲ consideration  of  trains  of 
several  cars  makes  it  necessary  to  intro- 
duce an  additional  factor  in  the  third  term  5 — 
of  the  proposed  train-resistance  formula  H 
that  shall  express  the  effect  of  the  wind  re- 
sistance upon  the  sides  of  the  succeeding 
cars.  The  head-on  wind  resistance  is 
borne  by  the  leading  car,  and  hence  addi- 
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Fro.  4. — Train  resistance  (General 
Electric  tests) ; weight  63,000  lb. 


Fro.  5. — Elevation  and  plan,  car 
No.  5 (General  Electric  tests). 

tional  cars  only  introduce  the  additional  skin  friction  offered  by  a train  of 
greater  length. 

15.  The  most  reliable  and  exhaustive  series  of  tests  made  with 
trains  composed  of  a different  number  of  cars  is  offered  in  the  experi- 
mental runs  of  the  New  York  Central  locomotive  No.  6,000,  during  its  60,000- 
mile  endurance  run,  hauling  trailers  up 
to  a nine-car  train.  Over  140  runs 
under  different  climatic  conditions  are 
condensed  in  the  series  of  curves  shown 
ia  Fig.  6,  where  the  train  resistance  is 
expressed  in  pounds  per  ton  weight  of 
total  train  including  locomotive.  This 
•et  of  curves  indicates  very  plainly  the 
reduction  in  train  resistance  per  ton  of 
train  with  the  increase  of  tram  weight, 
euch  a reduction  being  largely  due  to 
the  fact  that  the  head-on  wind  resist- 
ance remains  constant  for  any  com- 
position of  train,  being  influenced  only 
by  the  shape  and  cross-section  of  the 
locomotive. 

IT.  The  increase  in  skin  friction 
along  the  surface  of  succeeding  cars 

corresponds  closely  to  10  per  cent,  of 


Fia.  6. — Train-resistance  runs  (N. 
Y.  C.  locomotive  and  train), 
the  value  of  wind  resistance  os  expressed  by  Eq.  3,  and  for  a train  of  several 
cars  the  expression  for  wind  resistance  becomes, 

/ CS***  / . | n 1 \ 

w (1+  10  ) 

where  n represents  the  number  of  cars  in  the  train, 
for  the  third  term  of  Eq.  4. 


(lb.  per  ton)  (5) 

This  may  be  substituted 
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IS.  The  complete  formal*  for  anj  weight  end  composition  of  tni 
(see  Per.  SS)  now  becomes, 


abpw‘“' 


The  above  formula  is  presented  as  being  an  expression  of  the  lmovieq 
of  train  resistance  with  the  data  extant,  but  any  such  formula  is  larp} 
empirical,  and  is  subject  to  change  from  time  to  time  as  the  results  of  »oc 
tion&l  tests  become  available. 


Fia.  7. — N.  Y.  C.  locomotive,  side  elevation. 


Figs.  0 to  13  show  curves  based  upon  this  train  resistance  formula  ** 
express  the  resistance  encountered  with  cars  of  from  20  to  60  tons  weight  f 
erating  singly  and  in  trains.  Also,  for  high-speed  locomotijre  service,  a «aj 
of  curves  is  plotted  for  train  values  up  to  nine-car  tngi*  operation,  il 
these  results  assume  a perfectly  level  tangent  track,.  fipO  from  any  fomij 
matter,  such  as  street  accumulations,  sand,  snow,  etc.  The  effect  of 
matter  is  to  increase  seriously  the  value  of  Bt  hence  the  curve  values  (few 
be  increased  if  conditions  are  unfavorable. 


Lb.per  Ton  (MO Lb.) 

Fia.  9. — Train  resistance,  single-car  trail 


19.  Freight  train  resistance  is  but  little  affected  by  wind  reostan: 
owing  both  to  the  low  speeds  of  such  trains  and  due  also  to  the  small  cro* 
section  of  the  car  compared  to  the  length  of  the  train.  , What  wind  « 
nstanoe  is  offered  is  therefore  largely  skin  friction. 
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.The  results  of  a series  of  dynamometer  ear  teste  conducted  by  the  Engi-’ 
nearing  Experiment  Station  of  the  University  of  Illinois,  are  given'  by  Prof. 
Edward  C.  Schmidt  in  a paper  read  before  the  A.  S.  M.  E.,  May  14,  1910. 
These  tests  covered  a wide  range  of  car  weights  and  train  speeds;  Fig.  14 
gives  the  results  thereof. 


29.  Track  corves  are  usually  expressed  in  degrees;  a 1-deg.  curve  is 
taken  arbitrarily  as  one  in  which  a 100-ft.  chord  will  subtend  an  arc  of  1 
deg.  or,  which  is  the  same  thing,  will  subtend  a 1-deg.  angle  at  the  centre. 
Hence  the  radius  of  a 1-deg.  curve 
is  approximately  (100  X 360)/ (2?) 

— 5,730  ft.  Similarly  the  radius 
of  any  curve  in  feet  is  approxi- 
mately 5,730/No.  of  deg.  In  the 
metric  system  a chord  of  20  meters 
is  used  instead  of  a chord  of  100  ft.; 
hence  the  radius  of  a 1-deg.  curve 
metric  is  360X20/27  — 1,146 
meters  — 3,758  ft.  which  is  equiva- 
lent to  1.525  deg.  U.  8.  A. 

SI.  Curve  location.  This 
custom  of  rating  curves  by  degrees 
instead  of  by  radius  has  undoubt- 
edly arisen  from  the  facility  offered 
for  laying  out  a curve  in  the  field 
with  a transit.  For  instance,  a 
transit  is  set  up  at  the  point  of 
curve,  PC  (Fig.  15),  and  several 
angles,  EAB.BAC,  etc.,  each  equal 
to  one  half  the  degree  of  the  curve 
are  laid  off.  In  the  first  of  these 
directions  100  ft.  is  measured  off 
and  a stake  driven.  From  this 
stake  another  100  ft.  is  measured 
off  and  lined,  in  by  the  transit  in  its 
secondpostrion.  One-hundred-foot  chords  are  thus  laid  off  until  point  of  tan- 
gent PT  is  reaced.  As  indicated  in  Fig.  15,  this  point  is  seldom  at  an  even 
station,  but  is  always  indicated  by  a stake  marked  as  shown.  PT.  Sta.  102+ 
80.  Likewise  with  the  point  of  curve,  PC.  In  case  the  PC  is  not  at  an  even 


Fio.  12. — Train  resistance,  5-car  train. 
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Fiq.  14. — Train  resistance  of  freight  trains. 

station,  the  first  stake  of  the  curve  is  driven  at  an  even  station  so  that  tk 
remaining  stakes  of  the  curve  will  come  at  even  stations.  When  the  cun  * • 
sharp,  intermediate  stakes  are  necessary  and  are  driven  at  fractional  distant 
It  is  evident  that  as  the  degree  of  curvature  ib- 
creases,  this  method  of  laying  out  a curve  bccotn* 
less  accurate  and  not  particularly  expedition 
therefore,  the  sharp  curves  met  in  city  streets  iff 
generally  rated  as  special  work  and  are  laid  «*' 
and  assembled  in  the  works  of  the  switch  mano 
facturers  before  they  are  shipped,  in  which  ca* 
the  curves  are  generally  rated  by  radius. 

St.  Curve  friction.  In  rounding  a curve,  tk 
rolling  friction  of  a car  is  increased  due  to  the  i* 
creased  flange  friction,  this  increase  being  approir 
mately  at  the  rate  of  1.0  lb.pertonforeachdefW 
of  curvature.  As  curves  are  of  necessity  of  limited 

length  they  do  not  become  a serious  factor  in  tra« 


1 5. — Track-cur  vo 
lay-out. 
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resistance  calculations  except  in  the  oaloulation  of  locomotive  oonstants 
assigned  to  mountain  grade  sendee,  where  both  sharp  curves  and  heavy 
grades  occur. 

11.  Grades  are  expressed  in  percentages,  being  the  ratio  of  the  distance 
the  train  is  raised  to  the  distance  travelled,  in  other  words,  the  ratio  of  the 
ordinate  of  a right-angled  triangle  to  the  hypo  then  use.  A grade  of  plus  1 
per  cent,  is  one  where  the  train  is  raised  vertically  1 ft.  for  each  100  ft. 
travelled;  a minus  1 per  cent,  grade  is  one  where  the  train  falls  1 ft.  for  every 
100  ft.  of  distance  travelled.  It  follows  that  a plus  1 per  cent,  grade  calls 
for  a tractive  effort  of  20  lb.  per  ton,  while  a minus  1 per  cent,  grade  is  equiva- 
lent to  delivering  a tractive  effort  of  20  lb.  per  ton  to  the  train. 

Where  gradients  are  small  it  is  not  necessary  to  consider  the  reduction 
in  train  weight  due  to  the  angle  of  direction  of  travel  to  the  true  horisontal 
in  calculations  of  friction  (Par.  8)  and  adhesion  (Par.  28).  However,  with 
the  excessive  grades,  it  is  necessary  to  correct  for  effective  train  weight. 

Grades  are  divided  in  railway  parlance  into  virtual  grades  and  ruling 
grades. 

14.  Virtual  grades  are  of  limited  length  and  are  so  called  as  they  ex- 
press the  equivalent  jgrade,  a value  always  something  less  than  the  true 
grade.  A train  running  at  constant  speed  can  surmount  a certain  grade 
as  determined  by  the  maximum  tractive  effort  available.  The  moving 
train  however  may  be  compared  to  a flywheel,  and  has  stored  in  the  moving 
mass  a large  amount  of  energy,  which  is  usually  expended  in  heating  the 
brake  shoes  during  the  period  of  stopping.  This  stored  energy  may  be  used 
to  furnish  the  extra  tractive  effort  required  to  ascend  a heavier  grade  than 
the  available  locomotive  tractive  effort  alone  would  permit,  but  in  such  a 
case  the  grade  must  be  of  short  length.  Hence,  the  aotual  grade  may  be 
considerably  in  excess  of  the  virtual  grade,  provided  it  is  so  short  that  the 
inertia  of  the  moving  train  oan  supply  the  additional  energy  required  to 
ascend  it. 

18.  The  ruling  grade  means  the  maximum  grade  encountered  on  a 
given  section  of  track  and  may  be  the  aotual  grade,  where  such  is  of  long 
extent,  or  the  virtual  grade,  where  the  inertia  of  the  train  may  be  used  to 
advantage  in  overcoming  a heavier  short  grade.  The  ruling  grade  of  freight 
hauling  roads  should  be  limited  to  2 per  cent,  or  less  when  the  topography 
of  the  country  will  permit,  in  fact,  on  a modern  freight  roed  any  grade, 
exceeding  1 per  cent,  maximum  would  be  considered  excessive,  and  would 
demand  the  use  of  helper  locomotives.  While  low  grades  are  not  so  impor- 
tant on  electric  suburban  railways  where  the  inoome  is  largely  derived  from 
passenger  reoeipts,  the  future  possibilities  of  freight  traffic  over  these  lines 
makes  a low  gradient  desirable  whenever  postible. 

28.  Coefficient  of  adhesion  expresses  the  ratio  between  total  tractive 
effort  and  weight  on  drivers.  Coefficient  =>F,/  W where  F,  is  the  maximum 
possible  tractive  effort  in  lb.,  and  W is  the  weight  on  the  drivers  in  lb. 

This  is  expressed  in  per  cent,  and  is  a variable  depending  upon  the  con- 
dition of  track  and  composition  of  wheel.  See  Par.  27. 

It  is  good  practice  to  design  the  motive  power  of  a car  or  locomotive  so 
that  it  can  slip  the  wheels  on  a dry  rail,  this  practice  not  being  strictly  fol- 
lowed in  very  high-speed  motor-car  equipment,  owing  to  the  enormous 
current  input  that  this  would  demand  of  such  an  equipment,  designed  pri- 
marily for  low  tractive  effort  and  high  speed.  In  steam  locomotive  practioe, 
however,  it  is  customary  to  rate  the  locomotive  at  the  tractive  effort  corre- 
sponding to  a coefficient  of  22  per  cent,  of  the  weight  upon  the  drivers,  that 
is,  at  practically  the  slipping  point  of  the  drivers.  This  practioe  is  handed 
down  from  steam-locomotive  practice,  where  the  tractive  effort  is  fluctuating 
during  one  revolution  of  the  driver,  henoe  on  account  of  the  perfectly  uni- 
form torque  exerted  by  the  eleotrio  motor,  the  eleotrio  locomotive  could 
readily  be  rated  about  15  per  cent,  higher  in  tractive  effort  for  the  same 
weight  upon  the  drivers.  — 

27.  Coefficients  of  adhesion  with  uniform  torque  (approx.) 

Clean  dry  rail 30  per  cent. 

Wet  rail 18  per  cent,  with  sand  22  per  cent. 

Rail  oovered  with  sleet 15  per  oent.  with  sand  20  per  cent. 

Rail  oovered  with  dry  snow 10  per  oent.  with  sand  15  per  oent. 
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In  using  these  figures  allowance  must  be  made  for  unequal  distribatn 
of  weight  on  drivers  due  to  weight  transfer  from  pull  on  drawbar  or  tied 
centre  pin.  The  minimum  driver  weight  must  be  used  unless  drivers  m 
connected  by  side  rods. 

28.  Maximum  allowable  grades.  The  values  for  coefficient*  of  i* 
hesion  given  in  Par.  ST  are  based  upon  the  assumption  that  the  mctm 
power  gives  a perfectly  uniform  torque.  Thus,  while  30  per  cent,  is  the  m*c- 
raum  value  given,  tests  with  electric  locomotives  have  recorded  a*  high » 
coefficient  as  35  to  40  per  oent.  under  very  favorable  conditions.  For  ufk 
motor-car  service  where  all  axles  are  equipped  with  motors,  the  t ractrt 
effort  available  with  a coefficient  of  adhesion  of  22  per  oent.  is  22  per  out 
of  2,000  - 440  lb.  per  ton,  or  sufficient  to  carry  the  car  up  a 22  per  «st 
grade,  taking  no  account  of  train  resistance  or  reduced  effective  weight « 
car  on  such  an  extreme  grade.  Par.  IS.  A motor  car,  however,  has  to  cre- 
ate under  all  climatic  conditions,  and  hence  is  liable  to  meet  conditions  vb« 
the  coefficient  of  adhesion  may  drop  to  as  low  as  10  per  cent.,  so  that  th 
maximum  grade  in  practice  should  never  exceed  12  to  13  per  cent.  Show 
such  extreme  grades  be  necessary,  some  form  of  track  brake  should  * 
provided  as  an  auxiliary  to  hand  or  air  brakes  in  order  to  ensure  safetr  n 
operation.  Moreover,  all  curves  encountered  should  be  compensated  wj 
grades  are  heavy,  especially  if  the  rigid  wheel  base  of  the  trucks  is  lax**** 
the  radius  of  curvature  small. 

29.  Determination  of  locomotive  tonnage  rating.  In  deter misiu 
the  tonnage  rating  for  any  locomotive  in  a given  service  usually  two  methca 
are  employed,  one  for  light  grades  and  level  track  and  the  other  far  heaq 
grades.  On  level  track  and  light  grades  it  is  usual  to  allow  6 lb.  per  ton  fa 
train  resistance,  10  to  20  lb.  for  acceleration  and  25  per  cent,  coefficient  a 
adhesion  for  the  slipping  point  of  the  wheel.  Thus'when  the  train  is  upj* 
speed  the  tractive  effort  required  to  keep  the  train  running  is  approximate? 
only  6 to  10  per  cent,  of  the  weight  on  the  drivers.  On  the  other  hand  if 
rule  is  used  lor  determining  the  tonnage  rating  on  a heavy  grade,  mf  2 p* 
cent.,  the  train  resistance  will  be  6 lb.  for  resistance,  30  lb.  few  grade  and  101* 
for  acceleration  making  a total  of  56  lb.  per  ton  at  starting  and  46 Ihpf 
ton  running,  or  when  the  train  is  up  to  speed  the  tractive  effort  requite* 
4He  X 25  — 20.5  per  cent,  of  the  weight  on  drivers.  For  satisfactory  pr* 

.tical  operation  it  has  been  found  that  the  tractive  effort  required  to  kw* 
train  running  on  ruling  grades  shoulb  not  exceed  about  18  per  cent,  and  to 
this  reason  electrio  locomotives  in  freight  service  are  given  a tonnage  nthf 
equivalent  to  a tractive  effort  of  about  18  per  cent,  of  the  weight  on  driven, 
and  on  light  grades  and  in  passenger  service  a somewhat  less  percent**? « 
the  weight  on  drivers  is  taken  depending  upon  the  speed  required. 

SPEED-TIME  CURVES  AND  MOTOR  CHARACTERISTICS 

50.  Acceleration.  The  many  problems  connected  with  train  accslsrans* 
can  be  treated  either  analytically  or  graphically.  As  will  be  shown  l»t«. 
there  are  so  many  variables  entering  into  the  consideration  of  train 
ments  at  variable  speeds  that  the  analytical  method  becomes  somevW 
complicated  and  difficult  to  follow.  The  graphical  method  is  equally  * 
accurate,  much  easier  to  work  with,  and  the  final  results  are  given  in  wp 
form  that  they  are  of  general  application  without  calling  for  the  famifiant? 
of  terms  and  symbols  made  necessary  by  the  analytical  treatment 

There  are  several  terms  used  in  connection  with  train  acceleration  pbe 
noraena  which  are  defined  in  Par.  31  to  S7. 

51.  Tractive  effort  is  the  torque  in  pounds  developed  at  the  rim  of  ts* 
wheels. 

52.  Braking  effort,  also  expressed  in  pounds  is  the  opposite  of  trsetin 
effort,  expresses  the  force  tending  to  retard  the  motion  of  the  train  and  brici 
it  to  rest. 

53.  Rate  of  acceleration  is  the  rate  of  increase  in  speed  of  train, 
may  be  expressed  in  feet  per  sec.  per  sec.,  or  miles  per  hr.  per  sec. — usu»U! 
the  latter. 

84.  Rate  of  braking  is  the  rate  of  decrease  in  speed  of  train.  Both  r*t« 
of  acceleration  and  rate  of  braking  may  vary  considerably  during  success?* 
periods  of  time,  depending  upon  type  of  motive  power  and  brake  riggin* 
used. 
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35.  Train  resistance  a variable,  expressed  in  pounds  per  ton  and  tending 
retard  the  motion  of  the  train  (Par.  4 to  29). 

36.  Speed-time  curves  show  the  relation  of  the  above  variables  in 
rve  form,  generally  with  speed  in  miles  per  hr.  as  ordinates,  and  elapsed 
ne  in  seconds  as  abscissus. 

37.  Energy  curves  show  the  energy  consumption,  generally  expressed 
watt-hours  per  ton  mile,  for  different  rates  of  acceleration,*  braking  and 

un  resistance,  for  various  elapsed  times  over  a given  distance  run. 

38.  Curves  of  free  acceleration.  A better  understanding  of  the  possible 
ovements  of  a car  or  train  operating  at  different  speeds  over  different 
»tances,  is  obtained  by  ell  mi- 

ting  the  type  of  motive 
iwer  and  brake  rigging  used, 
id  assuming  straight-hne  ac- 
lerating,  coasting  and  brak- 
t curves.  The  results  so 
ttained  are  fundamental,  and 
ay  be  applied  to  examples, 
lasidering  auy  type  of  motive 
)wer  using  a correction  fac- 
»r,  which  will  be  treated  later, 

Down  as  the  efficiency  of  ac- 
ileration. 

39.  The  problem  of  train 

sceler&tion  deals  with  the 
lovement  of  a given  weight 

m-  a given  distance  within  a specified  time.  As  it  is  impracticable  to 
art  and  stop  the  train  instantaneously,  it  is  necessary  to  deal  with  some 
Elite  rate  of  acceleration  and  braking,  thus  giving  rise  to  the  simple  form 
f speed-time  curves  shown  in  Fig.  10.  The  speed-time  curve  is  here 
lown  in  the  simplest  form,  acceleration  being  carried  on  at  constant  rate 
p to  the  point  of  applying  brakes,  which  are  so  applied  as  to  also  give  a 
instant  rate  of  braking.  The  area  enclosed  within  the  triangle,  A,  B,  C,  is 

proportional  to  the  distance 
travelled,  the  distance  covered 
up  to  any  instant  being  repre- 
sented by  the  distance-time 
curve  shown.  Thus,  with  the 
constants  chosen  in  Fig.  16,  a 
maximum  speed  of  60  miles 
per  hr.  is  required  to  obtain  an 
average  speed  of  30  miles  per 
hr  , that  is,  covering  a distance 
of  5,280  ft.  in  120  sec. 

40.  The  simple  formulas 
required  in  the  construc- 
tion of  fundamental  speed- 
time curves  are  given  as 
rollows: 


Fig.  16. — Typical  speed-time-distance 
curve  (no  coasting). 


* 17. — Typical  speed-time  curves  (vary- 
ing coasting  resistance). 


Let  v represent  velocity  in  ft.  per  sec.;  S,  velocity  in  miles  per  hour;  /,  the 
oree  producing  acceleration  expressed  in  lb.;  t,  the  time  interval  expressed 
in  sec.;  m,  the  mass,  m — w/g  — w/ 32.2;  ip,  the  weight  in  lb. 
rhen, 

'-T-  7> 

On  the  basis  of  one  ton, 

, 2,000s 

1 " ~32^2t  lb'  P*r  tOD 

It  is  more  convenient  to  express  velocity  in  miles  per  hr. 

2,000  X 5,280  X S _ nS 
1 " 32.2  X 60  X 60  X t " 
or  if  8 is  1 mile  per  hour  and  t is  1 second 

/ - 91.2  lb.  per  ton 


Hence 


91.2^  lb.  per  ton 


(7) 


(8) 


(») 
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The  velocity  in  milea  per  hour, 

S - 0.01098  ft., 

/ beinf  expressed  in  lb.  per  ton. 

The  distance  covered  in  any  given  time  may  be  expressed 

't-£‘XJ^lf“0•00804/,,  per *oB)  ;w 

(See  Par.  60) 

41.  Actual  speed-time  curves.  In  practical  operation  it  is  not  pooftdi 
to  choose  the  late  of  acceleration  and  braking  with  such  nioeneas  as  shows  n 
Fig.  16,  a greater  or  less  period  of  coasting  being  required.  Introdao^ 
coasting  gives  rise  to  the  form  of  speed-time  curve  shown  in  Fig.  17,  ahovu) 
three  friction  rates — /—  0.  15  lb.  per  ton,  and  30  lb.  per  ton  lespectiTelj 
With  no  friction  the  speed-time  curve,  A,  B,  C,  D,  is  constructed,  the  spwj 
being  maintained  constant  at  40  miles  per  hr.  during  the  coasting  period 
With  15  lb.  per  ton  friction,  the  speed-time  curve.  A,  E,  O,  D,  is  formed, 
with  30  lb.  per  ton  friction  the  speed-time  curve.  A,  F,  H , D.  The  rntra 
duction  of  friction  occasions  a falling  off  of  speed  during  the  ooasting  pewq 
proportional  to  the  friction  value  taken,  which  for  the  sake  of  sunpoo^ 
is  here  assumed  to  be  oonst&nt  at  all  speeds. 

The  speed-time  curves  shown  in  Figs.  16  and  17  both  indicate  the  compel 
tion  of  the  run  of  5,280  ft.  in  120  sec.,  although  in  one  case  the  rate  of  acoeka 
tion  was  that  produced  by  65.7  lb.  per  ton,  and  in  the  other  case  by  100  .a 
per  ton.  These  curves  are  of  equal  area,  as  the  distance  in  each  cam  i 
I 5,280  ft.  Thus,  it  beoomes  possible  to  produce  any  number  of  speed*wa 
. curves,  for  a given  distance  and  elapsed  time,  by  varying  the  rate  of  accent 
i tion  with  consequent  variation  in  time  of  coasting. 


Fia.  18. — More  extended  set  of  speed-time  curves. 


A more  extended  set  of  curves  is  given  in  Fig.  18,  for  the  same  distance 
1 mile  covered  in  120  sec.,  the  rate  of  acceleration  varying  from  0.713  nula 
per  hr.  per  see.  as  a minimum  to  an  infinite  number  of  miles  per  hr.  per  ** 
as  a maximum. 

A train  resistance  value  of  15  lb.  per  ton  is  assumed  constant  at  all 
and  the  dotted  curve,  A,  B,  is  described  by  the  loci  of  the  maximum 
reached  with  the  different  rates  of  acceleration.  The  highest 
speed  reguired  is  obtained  with' no  coasting,  and  the  minimum  speedup 
tained  with  an  in6nite  rate  of  acceleration.  The  pounds  per  ton  correspoc* 
ing  to  the  different  accelerating  rates  are  given  as  including  15  lb.  per  W 
train  resistance,  henoe  the  net  tractive  effort  values  corresponding  to  the  raw 
of  acceleration  indioated  are  15  lb.  per  ton  less  than  the  figures  given. 

48.  Application  of  unit- distance  speed-time  curves.  Instead 
plotting  similar  curves  for  distances  other  than  5,280  ft.,  advantafe  may0* 
taken  of  the  fact  that  the  area  enclosed  by  the  speed-time  curve  is  proper* 
tional  to  the  distance  travelled  and  the  coordinates  are  proportions!  toj* 
square  root  of  the  enclosed  area.  It  is  convenient,  therefore,  to  plot  »!« 
series  of  curves  for  one  distance,  preferably  one  stop  per  mile,  that  is, 
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tanoe  of  6,280  ft.  run,  and  to  apply  the  results  so  obtained  for  any  other 
distance  by  using  a factor  expressing  the  relation  of  the  square  roots  of 
the  distance  travelled.  This  is  shown  in  Fig.  10,  where  A,  B%  C,  D,  repre- 
sents an  area  of  1 mile,  or  one  stop  per  mile.  A,  F,  I,  L,  two  stops  pqr  mile 
with  a factor  of  l/\/2  — 0.707;  A,  E,  H,  K,  four  stops  per  mile  with  a fac- 
tor of  l/\/4-0.5,  and  A,  Q,  J,  M,  one  stop  in  1}  miles  with  a factor  of 

VTfi- 1.226. 

Referring  to  Fig.  17,  it  is 
obvious  that  a similar  sheet 
could  be  prepared  for  any 
elapsed  time  other  than  120 
sec.,  using  the  same  train 
resistance  and  braking  values 
of  15  and  150  lb.  per  ton 
respectively. 

48.  Imposed  time  limits. 

In  Fig.  20  is  shown  the  time 
limits  imposed  by  16  lb.  per 
ton  train  resistance,  and  loO 
lb.  per  ton  braking  for  any 
length  of  run  ana  any  rate 
of  acceleration.  The  dotted  curves  indicate  the  loci  of  the  several  maximum 
speeds  reached  with  different  accelerating  rates  for  a run  made  in  a given 
elapsed  time.  Thus  the  dotted  curve  terminating  at  80.7  lb.  per  ton  is  a 
reproduction  of  the  similar  dotted  curve,  A,  B,  given  in  Fig.  20,  and  gives 
the  maximum  speed  reached  with  any  rate  of  acceleration  for  a run  of 


o ao  40  oo  80  loo 
Second* 

Fio.  19. — Similar  speed-time  curves 
(varying)  distances. 


Fia  20. — General  speed-time  curves  (train-resistance  15  lb.,  braking 
150  lb.). 

5,280  ft.  in  120  sec.  with  15  lb.  per  ton  train  resistance  and  150  lb.  braking 
effort.  Similarly,  the  dotted  curve  terminating  at  100.4  lb.  per  ton  gives 
the  limiting  maximum  speeds  reached,  with  any  rate  of  acceleration,  when  a 
run  of  5,280  ft.  is  accomplished  in  110  sec.,  using  the  same  values  of  train 
resistance,  braking,  etc. 

44.  Time  limits  with  and  without  coasting.  The  full  line  C,  D,  gives 
the  angle  made  by  a coasting  line  when  the  rate  train  friction  is  15  lb.  per  ton. 
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Thus,  in  a run  completed  in  120  sec.,  the  minimum  accelerating  rate  eon* 
■ponds  to  80.7  lb.  per  ton  (gross),  with  no  coasting  introduced,  lor  he* 
braking  commences  as  soon  as  acceleration  ceases. 

If  a higher  rate  of  acceleration  than  80.7  lb.  per  ton  be  used  for  a ettb 
completed  in  120  sec.,  for  example  132  lb.  per  ton  (gross),  coasting  sot 
be  introduced  between  the  accelerating  and  braking  lines.  This  cmstug 
line  may  be  plotted,  with  132  lb.  per  ton  acceleration,  by  drawing  a fee 
parallel  to  full  line  C.D  (Fig.  20).  This  line  starts  at  the  intenectioB  d 
accelerating  line,  132  lb.  per  ton,  and  the  dotted  line  to  80.7;  and  termiastes 
at  the  intersection  with  the  braking  line  ending  at  120  sec. 

48.  Application  of  general  speed-time  curves.  By  the  use  of  Fix 
20,  it  becomes  possible  to  determine  the  time  required  to  make  a run  om 
any  distance  with  any  rate  of  acceleration,  provided  the  train  resistance  ■ 
16  lb.  per  ton  and  braking  corresponds  to  150  lb.  per  ton  retarding  effort 
Example:  Given  a distance  of  8.000  ft.,  train  resistance  15  lb.  per  toa, 
braking  effort  150  lb.  per  ton,  tractive  effort  gross  67.4  lb.  per  ton  (iochd- 
ing  15  lb.  per  ton  train  resistance),  what  is  the  minimum  tame  required  k 
perform  the  run  and  what  maximum  speed  is  reached? 

SolxUion:  From  Fig.  20,  minimum  elapsed  time  with  67.4  lb.  trsrtiw 
effort  is  130  sec.  with  no  coasting.  Ratio  of  distances  — y/ 8,000/5.280* 
1.23.  Hence  for  8,000  ft.  time  of  run  ■■  130 X 1.23  — 160  sec.;  maximcs 
speed  for  5,280  ft.  — 55.6  miles  per  hr.;  hence  for  8,000  ft.,'  speed -55.6X1-2 
— 68.5  miles  per  hr. 


Fio.  21. — Typical  direct-current  motor  performance  (75  h.p.,  500  rolu) 


46.  In  actual  practice,  a certain  amount  of  coasting  is  nsossMp 

hence,  the  run  of  8,000  ft.  ^Par.  48),  would  be  made  in  somewhat  mote  tto* 
the  minimum  possible  limit  of  160  sec.,  or  else  the  tractive  effort  show 
be  increased  to  allow  for  a higher  rate  of  acceleration  that  would  p«»ut « 
some  coasting.  Fig.  20  is  of  universal  application  as  it  is  not  limited  ^ 
any  particular  type  of  motive  power,  having  its  own  peculiar  speed 
actenstics.  Moreover,  the  values  of  15  lb.  and  150  lb.  chosen  for  tr>a 
resistance  and  braking  effort  respectively  are  conservative  operating 
obtaining  in  practice. 

47.  The  maximum  speed  reached  during  the  performance 
service  run  will  be  little  influenced  by  the  type  of  motive  power  snd  i* 
curve  characteristics  (See  Par.  41).  The  values  indicated  in  Fig;  20 
hold  approximately  true  in  service  operation  with  series  motors  of  either  w 
alternating-current  or  direct-current  types,  and  hence,  the  curves  given  co^ 
stitute  a set  of  fundamental  data  by  means  of  which  it  becomes  posable  W 
attack  any  acceleration  problem  and  determine  the  data  required. 
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48.  Electric  motors  used  in  railway  service  ere  of  the  following  types: 

(1)  Series- wound  direct-current  motors, 

(2)  Single-phase  alternating-current  motors, 

' (3)  Polyphase  alternating-current  induction  motors. 

In  addition  to  the  above,  there  have  been  several  attempts  at  operating 
(hunt-wound  direct-current  motors,  but  as  such  motors  have  not  come  into 
sven  partial  use,  owing  to  the  superior  qualities  of  other  types,  the  shunt- 
irouna  motor  will  not  be  discussed. 

48.  Direct-current  series-wound  motor  characteristics  and  appll- 
The  direct-current  series  motor  has  the  general  characteristics 


Fiq.  22. — Typical  speed-time  curve  with  motor-curve  acceleration. 

ihown  in  Pig.  21.  Applying,  this  motor  characteristic  to  the  performance  of 
i car,  it  becomes  necessary  to  reduce  the  motor  voltage  during  the  starting 
>r  accelerating  period  of  the  car  in  order  to  limit  the  tractive  effort  to  a value 
bat  will  not  slip  the  driving  wheels.  In  other  words,  if  full  voltage  were 
•o  be  applied  to  the  motor  at  standstill,  the  resulting  current  would  be 
tnormous,  would  produoe  a torque  that  would  slip  the  wheels,  and  would 
ar  exceed  the  safe  commutating 
iapadty  of  the  motor.  Hence, 
be  necessity  of  introducing  ex- 
ternal starting  resistance  in  suc- 
xesive  steps  during  acceleration, 
with  the  result  that  the  starting 
nxrrent  is  maintained  practically 
:onstant  at  the  full-load  rating  of 
the  motor. 

BO.  A speed-time  curve  with 
direct-current  series-wound 
motor  is  shown  in  Fig.  22,  indi- 
:ating  a constant  current  input  up 
to  a speed  of  28  miles  per  hr.  At 
higher  values  of  speed,  the  motor 
)as  full  voltage  applied  to  its 
3 rushes,  and  hence  operates  with 
k constantly  decreasing  current 
mtfl  full  speed  is  reached,  when 
•ulrent  ana  tractive  effort  both 
become  constant. 

81.  Advantage  of  straight- 
line  functions.  As  many  acceler- 
ktion  problems  involve  curves  of 
*ather  short  radii  and  grades, 
equiring  a step-by-step  method  of 
plotting  the  performance  of  a train 
'?fraoA?'  &ny Jjfpneral  speed-time  curves  other  than  straight  line  functions 
rig.  20),  would  not  be  of  universal  application;  especially  as  considerable 
ranation  exists  in  the  characteristics  of  railway  motors  in  general  use.  The 
itraight-line  functions  give  sufficiently  close  approximation  as  regards 
n*t?lmuin  r**®  of  acceleration  and  general  constants  required  to 

lerform  a given  schedule  as  indicated  in  Fig.  22,  comparison  of  straight  line 
md  motor  characteristics. 


Fia.  23. — Typical  alternating-current 
motor  performance  (75  h.p.,  225  yolts). 


1373 


Digitized  by 


Google 


See.  16-52 


ELECTRIC  RAILWAYS 


ft.  The  alternating-current  eerlec-wound  motor  must  operate  it  i 
lower  flux  density  than  its  directrcurrent  competitor  and  henee  haa  a 
characteristic  that  is  even  more  drooping  than  that  of  the  direct-cumtf 
series-wound  motor.  In  consequence,  there  is  leas  straighfchne  operation  urn 
more  motor-curve  operation  during  the  a ooele  rating  period,  reeuluBf  i*» 
lesser  peak-load  demand  upon  the  distributing  system.  Thus,  white  cot 
stant  rate  of  acceleration  with  direct-current  motors  may  be  earned  uptew 
per  cent,  of  the  free  running  speed,  this  ratio  may  be  reduoed  to  poanwy** 
per  cent,  with  the  alternating-current  motor. 

•S.  Speed  with  series- wound  motors.  The  maximum  speed 
during  the  performance  of  a service  run,  however,  will  be  practically  tbeaaw 
for  either  direct-current  or  alternating-current  series-wound  motors,  * 
preliminary  speed-time  run  may  be  deduced  from  Fig.  20.  straight 
characteristics. 

54.  The  polyphase  induction  motor  is  practically  a cons  tan  trip** 
motor,  its  speed  dropping  only  approximately  5 to  10  per  cent,  iron iw 
load  to  maximum  tractive  effort  developed.  During  the  aceeieratiK 
period,  therefore,  this  type  of  motive  power  labors  under  the  disadvantage  s 
demanding  full  rate  of  acceleration  carried  up  to  full  free  running  ip** 
a condition  calling  for  a very  large  peak  load  as  compared  with  either  dire** 
current  or  alternating-current  series  motor  performance. 


Fig.  24. — Typical  polyphase  induction  motor  performance. 

55.  The  characteristics  of  the  three-phase  induction  motori tt 
use  on  the  Great  Northern  locomotives  are  shown  in  Fig.  24. 
motor  is  rated  476  h.p.  at  76  deg.  cent,  rise  for  1 hr.,  and  the  speed  cur 
indicates  the  almost  constant,  speed  at  which  such  equipments  must  open* 

For  starting  and  for  fractional  speed  running,  a resistor  is  inserted  in  xrr 
in  the  secondary  circuit,  the  speed  attained  being  sero  when  the  full  «co- 
dary  e.m.f.  is  absorbed  by  the  combined  armature  and  external  res»Uo« 

Owing  to  its  general  unfitness  for  rapid-transit  service  with  frequent  stop* 
the  induction  motor  is  limited  to  long  distance  running  as  its  legitim^ 
field. 

56.  The  permissible  rate  of  acceleration  is  determined  first  by  con 
fort  of  passengers  and  second  by  the  traotive  effort  available.  It  has  bw 
found  experimentally  that  the  discomfort  to  passengers  is  occasioned  large] 
by  the  cnange  in  rate  of  acceleration  and  not  entirely  upon  its  mten«tl 

us,  a very  high  rate,  2 miles  per  hr.  per  sec.  may  occasion  no  discoo 
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fort  with  ears  having  oroaa  seats,  provided  .the  rate  of  acceleration  is 
attained  gradually  with  no  abrupt  change.  The  following  accelerating  rates 
obtain  in  practical  operation. 

67.  Table  of  accelerating  rates 

Looomotxvss 

Steam  locomotives,  freight  service 0.1  to  0.2  miles  per  hr.  per  sec. 

Steam  locomotives,  passenger  service 0.2  to  0.5  miles  per  hr.  per  sec. 

Eleetrio  locomotives,  passenger  service 0.3  to  0.6  miles  per  hr.  per  sec. 

Motor  Cars 

Electric  motor  cars  interurban  service 0.8  to  1 .3  miles  per  hr.  per  sec. 

Electric  motor  oars  city  service 1.3  to  1.8  miles  per  hr.  per  sec. 

Eleetrio  motor  cars  rapid  transit  service.  ..1.5  to  2 . 00  miles  per  hr.  per  sec. 
Highest  practical  rate 2.00  to  2.5  miles  per  hr.  per  sec. 

18.  Limits  of  acceleration  rate.  The  rates  given  in  Par.  67  apply  only 
to  that  part  of  the  accelerating  period  during  which  the  current  is  maintained 
practioally  constant  by  means  of  outting  out  successive  sections  of  the 
external  starting  resistance.  The  higher  rates  from  1.0  to  2.6  miles  per  hr. 
per  seo.  demand  a gradual  increase  to  those  values  in  order  to  avoid  the 
discomfort  to  passengers  that  would  surely  result  from  a sudden  application 
or  cessation  of  such  rates. 

The  coefficient  of  adhesion  (Par.  16)  also  determines  the  accelerating  rate 
by  limiting  the  available  tractive  effort,  thus  giving  rise  to  the  values  given 
above  for  locomotive  practice.  As  the  practioe  is  common  to  run  loco- 
motives very  close  to  the  limit  of  adhesion  for  full-speed  operation  on  grades, 
it  leaves  but  a small  excess  of  tractive  effort  available  to  accelerate  the  train. 
High  acceleration  demands  that  all  axles  shall  be  equipped  with  motors, 
and  if  trains  are  run,  that  all  cars  must  be  motor  cars,  that  is.  no  trailers  are 
permissible  when  extreme  accelerating  rates  are  required  to  make  the  schedule 
desired. 

•8.  Limits  of  braking  rate.  The  limits  reached  in  acceleration  hold 
equally  true  in  braking.  As  a matter  of  fact,  acceleration  may  be  at  a 
higher  rate  than  braking,  for  two  reasons:  first,  discomfort  to  passengers  is 
greater  during  braking  of  cross-seat  cars,  as  the  inertia  of  the  passenger  tends 
to  carry  him  away  from  his  seat  and  he  lacks  the  supporting  back  that  pre- 
vents discomfort  during  rapid  acceleration  when  his  body  is  pressed  back- 
ward; second,  in  braking  a train  to  standstill,  it  is  necessary  for  the  operator 
to  stop  within  a distance  of  a few  feet  of  a fixed  spot,  and  the  skill  shown  in 
judging  speed  and  distance  will  determine  the  braking  rate.  During  accelera- 
tion no  such  limit  exists;  the  motorman  has  absolute  freedom.  There  is, 
however,  a system  of  motor  control  available  that  will  bring  about  uniform 
or  automatic  acceleration,  the  rate  being  determined  by  the  necessities  of 
the  service. 

10.  The  Inertia  effect  of  revolving  parts  must  be  considered.  This 
factor  reduces  the  effective  accelerating  and  braking  rates.  In  other  words, 
it  is  necessary  to  expend  from  4 to  12  per  cent,  more  tractive  effort  during 
acceleration  and  braking  in  order  to  overcome  the  inertia  of  car  wheels,  gears 
and  motor  armatures,  than  is  required  to  accelerate  *the  car  or  train  longi- 
tudinally on  a level  track.  This  inertia  may  be  calculated  as  follows: 

The  energy  of  a rotating  body  — W-s-pV*—  W + o -^V*  (ft-lb.)  (11) 

where  V «■  the  speed  of  the  oentre  of  gravity  of  the  body  in  ft.  per  sec. 

V — speed  of  train  in  ft.  per  sec. 
r — radius  of  gyration  in  ft. 

R — radius  of  nm  in  ft. 

or  the  effective  weight  — Wr^/R*.  The  ratio  r*/R*  has  been  found  from  a 
large  number  of  tests  to  be  approximately  0.6  for  ordinary  designs  of  car 
wheels,  hence  the  effective  weight  of  the  wheels 

— 0.6X  weight  of  wheels  (lb.)  (12) 

The  ratio,  r*/#*,  for  armature  is  approximately  0.5.  For  geared  motors  it 
is  important  that  allowance  be  made  for  the  higher  speed  of  the  armature. 

Hence  the  effective  weight  of  the  armature-*  0.5  ^0f  ^Reel  * gcar 

ratio)*  X weight  of  armature  (lb.)  (13) 
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It  ia  common  practice  to  uae  100  lb.  per  ton  instead  of  91.2  lb.  per  ton  for  1 
mile  per  hr.  per  sec.  acceleration,  and  take  dead  weight  of  train  only.  Tfa 
allows  for  approximately  10  per  cent,  equivalent  weight  due  to  the  inertias 
rotating  parts.  It  is  a very  simple  method  and  its  results  are  very  neartk 
proper  amount  for  street  cars.  For  more  accurate  calculations,  see  Psr.  0. 
61.  Per  cent,  of  total  tractive  effort  consumed  in  rotating  pern 


Electric  locomotive  and  heavy  freight  train 5 per  test 

Electric  locomotive  and  high-speed  passenger  trains 7 pereetL 

Electric  high-speed  motor  cars 7 pereett 

Low-speed  motor  cars 10  per  eest 


The  above  percentages  added  to  91.2  and  multiplied  by  the  rate  of  fed- 
eration will  give  the  total  pounds  tractive  effort  per  ton  required  for  acccfar- 
ation. 

61.  Calculation  of  acceleration  rate.  In  figuring  upon  aecelerstiix 
and  braking  problems  for  different  classes  of  service,  the  percentages  in  Par  11 
should  be  added  to  the  actual  train  weight  to  obtain  the  effective  train  wd*tt 
The  net  tractive  effort  as  determined  by  the  gross  tractive  effort  minus  the 
train  resistance  can  then  be  used  in  connection  with  the  effective  train  vrifbt 
to  arrive  at  the  rate  of  acceleration  as  expressed  in  miles  per  hr.  psr  see. 

63.  Schedule  speed,  expressed  in  miles  per  hr.,  denotes  the  average  speed 
of  a train  including  all  stops,  slow  downs,  etc.,  being  the  distance  run  in  mile 
divided  by  the  elapsed  time  in  hours,  including  time  of  stops  enroots.  See 
Par.  64. 


64.  Duration  of  i erriee  stops 


Through  trains,  steam 5 min. 

Local  trains,  steam 2 min. 

Interurban  cars,  electric 10  to  30  sec. 

City  rapid  transit  trains,  electric 10  to  20  sec. 

City  surface  cars,  electric * 5 to  12  see. 


The  following  frequency  of  stops  are  characteristic  of  the  different  eUa» 
of  railway  service: 

66.  Frequency  of  stops  in  service 


Steam  locomotive  through  service 1 stop  in  100  mDea 

Steam  locomotive  local  service 1 stop  in  20  mike. 

Steam  locomotive  suburban  service 1 stop  per  mile. 

Electric  interurban  express 1 stop  m 10  milea 

Electric  interurban  local 1 stop  in  2 mike. 

Electric  suburban 1 to  2 stops  per  mik 

City  elevated  or  rapid  transit 2to3  stops  per  mik 

City  surface  lines 5 to  10  stops  per  mik- 


66.  The  relation  between  schedule  and  maximum  speed  with 
varying  frequency  of  stops  is  expressed  in  Fig.  26,  which  indicates  the 
schedule  speed  possible  to  make  with  trains  having  a free  running  speed  c4 
30,  45,  60  and  75  miles  per  hr.  respectively. 

Thus  with  a train  geared  for  a free  running  speed  of  60  miles  per  hr. 
it  is  possible  to  make  a schedule  of  45.5  miles  per  hr.  with  one  stop  in  fow 
miles,  37.5  miles  per  hr1,  with  one  stop  in  2 miles,  etc. 

For  frequent-stop  service,  a low  free-running  speed  is  desirable  as  it  u 
easier  on  the  equipment,  calls  for  less  motor  capacity  and  leas  energy  con- 
sumed in  performing  the  service.  Hence,  it  is  advisable  to  use  the  loves 
maximum  speed  that  will  give  the  schedule  desired. 

67.  Effect  of  acceleration  on  frequent-stop  service.  When  usm 
Fig.  26,  it  should  be  recognised  that  where  stops  are  more  frequent  than  <»t 
per  mile,  the  rate  of  acceleration  becomes  a controlling  factor,  and  as  above, 
in  the  curve,  when  the  frequency  of  stops  approaches  three  or  more  per  mik. 
the  maximum  free-running  speed  of  the  equipment  does  not  have  any  appre- 
ciable effect  upon  the  possible  schedule  speed.  Hence,  for  frequent  stop 
service  where  it  is  of  great  importance  to  attain  the  highest  possible  sebeduk 
speed,  recourse  should  be  had  to  Fig.  20,  in  order  to  determine  the  advantages 
of  higher  rates  of  acceleration  than  the  120  lb.  gross  which  forms  Urn  bun 
of  Fig.  25. 


68.  Effect  of  track  curves  on  rapid  service.  In  all  classes  of  service, 
due  recognition  should  be  paid  to  the  effect  of  curves  of  such  short  radii  ts  to 
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demand  slowing  down  while  rounding  them.  The  safe  speed  at  which  a 
jurve  may  be  taken  will  depend  upon  the  elevation  of  the  outer  rail,  but  a 
greater  elevation  than  8 in.  is  not  common.  Also  curves  having  a spiral 
tpproach  will  ride  much  easier  .than  those  in  which  the  tangent  leads 
directly  into  the  curve. 

69.  Safe  maximum  speed  on  track  curves 

Radius  of  curve,  ft 10,000  5,000  2,000  1,000  500  200  100  50 

3 peed,  miles  per  hr. 100  75  50  35  25  15  10  6 

The  above  values  apply  only  when  full  elevation  may  be  given  outer 
•ail.  ' Speeds  will  be  less  when  operating  in  city  streets  where  such  eleva- 
.ion  is  not  possible,  and  where  wheel  flanges  of  three-quarters  of  an  inch  or 
ess  are  the  rule. 

70.  Limitations  of  theoretical  schedules.  On  any  road  abounding  in 
rurves  of  short  radius,  it  will  not  be  possible  to  reach  the  schedules  given  in 
Pig.  25.  No  general  rule  can  be  given  to  fit  all  cases,  as  each  problem  must 
m treated  according  to  local  conditions.  There  is  sufficient  leeway  in  the 
icbedules  given  in  Fig. '25  to  allow  for  irregularities  of  stops,  as  there  is  in- 
duded  a period  of  10  sec.  coasting  that  may  be  cut  out  when  a stop  has 


0 12  3 4 5 6 7 

Stops  per  Mile 


^iq.  25. — Relation  between  maximum  and  schedule  speed  and  Btops  per 

mile. 

txceeded  the  limit  of  15  sec.  assumed,  but  excessive  duration  of  stops  and 
ime  lost  in  meeting  and  passing  trains  on  single-track  systems,  is  not 
flowed  for. 

71.  The  method  of  plotting  speed-tin  relations  consists  in  taking 
uccessive  small  intervals  of  time  or  speed  and  assuming  that  the  accelerating 
oroe,  train  resistance  and  other  factors  remain  constant  during  the  interval, 
t is,  therefore,  only  necessary  to  take  sufficiently  small  intervals  in  order 
hat  the  so-called  step-by-step  method  may  give  results  of  great  accuracy. 
Iny  speed-time  calculations  are  at  best  an  approximation,  owing  to  the  fact 
hat  in  actual  train  operation  there  is  a constant  change  taking  place  in  the 
undamental  factors  assumed  as  the  basis  of  calculations.  Hence  a fair 
legree  of  accuracy  is  sufficient  to  afford  as  close  an  approximation  as  the 
>roblem  warrants.  This  does  not  mean  that  errors  made  in  calculations 
ire  of  no  consequence,  but  that  it  is  not  required  to  assume  extremely 
•mall  speed  intervals  in  order  that  the  resulting  speed-time  values  shall 
Jear  a proper  relation. 

71.  Speed-time  curves  following  motor  characteristics.  As  the  char- 

icteristics  of  different  motors  vary  somewhat  from  each  other,  and  there  is 
:onsiderable  divergence  between  the  characteristics  of  motors  of  different 
types,  it  is  best  to  plot  speed-time  curves  from  the  characteristics  of  the  motor 
to  be  used  in  a given  proposed  service.  Even  this  is  a refinement  not 
lecessary  in  many  problems  of  a more  general  character,  as  it  will  be  found 
-hat  the  speed  and  torque  curves  of  modern  railway  motors  are  of  the  same 
general  shape  and  may  in  fact  be  expressed  by  a simple  formula. 
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7S.  Example  of  oaloulatlon  of  speed-time  curves;*  tractive  form 
The  beet  etep-by-etep  method  of  plotting  curves  consists  in  assuming  url, 
epeed  increments,  two-mile  increments  giving  sufficient  accuracy  in  pnt- 
tically  all  cases. 

Example:  Given  a car  weighing  32  tons,  with  an  equipment  of  4 mobxi 
Motor  characteristics  as  per  Fig.  21.  Average  line  voltage  500.  Findtht 
relation  of  speed,  amperes,  distance  and  time  for  normal  acceleration  whfc 
the  capacity  of  the  motors. 


Fia.  26. — Speed,  distance,  and  current  time  curves. 

Solution;  Reduce  problem  to  consideration  of  the  performance  of  » 
single  motor  as  all  motors  may  be  assumed  to  equally  divide  the  work. 
Henoe,  32/4  - 8 tons  per  motor. 

Assume  safe  accelerating  current  per  motor  * 140  amp. 

From  (Fig.  20)  140  amp.  — 1,090  lb.  tractive  effort  at  speed  of  27  miles  perk 
Car  friction  per  motor  116  lb.  (Fig.  9)  at  27  miles  per  hr. 

1,090  — 116  — 974  lb.  net  available  for  acceleration  of  ear  and  rotstix 
parts  (Par.  60). 

974/8  - 122  lb.  per  ton  net. 

74.  Example  of  calculation  of  speed-time  curves,  aeceteratk* 
To  find  acceleration  expressed  in  miles  per  hr.  per  sec.  from  a given  ftf* 
expressed  in  lb.  per  ton,  proceed  as  follows. 

Acceleration,  expressed  in  miles  per  hr.  per  * 
((32.2 X0.682)/2,000]X lb.  per  ton  — (lb.  per  ton) /9 1.2  Theabovevsk* 
of  (lb.  per  ton)/91.2  applies  only  to  the  net  lb.  per  ton  available  for 
acceleration  only.  In  this  particular  problem  assume  7 per  cent,  of 
accelerating  tractive  force  as  being  required  to  overcome  tne  inertia  of 
rotating  parts,  then  the  factor  of  acceleration  expressed  in  miles  per  hr. 
sec.  =■  (net  ib.  per  ton)/(91.2X  1.07)  — (lb.  per  ton)/97.5.  Hence — ven- 
eration — 122/97.5  =»  1.25  miles  per  hr.  per  sec. 

Assume  that  car  resistance  remains  constant  at  all  speeds  up  to  27  mi**1 
per  hr.,  as  error  introduced  thereby  is  so  small  as  to  make  it  unneee»»£ 
to  plot  the  curve  step  by  step  until  motor-curve  running  is  reached  at 
miles  per  hr. 

The  several  relations  may  be  calculated  as  given  ih  Par.  76. 

76.  Example  of  calculation  of  speed- time  curves;  effects  of  track 
curves,  grades  and  coasting.  The  above  example  is  worked  out  on 
of  level  tangent  track.  The  calculation  of  speed-time  curves  is  generafi? 
based  upon  this  assumption.  Where  it  is  necessary  to  predetermine  t/ 
performance  of  a motor  operating  over  grades  and  around  curves,  add  <r 
deduct  tractive  force  so  consumed  from  gross  tractive  effort  and  proceed  « 
in  Par.  76.  Also  see  Par.  SS  and  S3.  u 

Completing  the  speed-time  cycle  by  introducing  coasting  and  bralo^ 
requires  the  same  treatment  as  in  Par.  76  except  that  both  coasting 
braking  are  equivalent  to  negative  acceleration.  Another  method  of  plotov 

* For  other  methods  of  plotting  speed-time  curves  see  Mailloux,  C J 
‘‘Notes  on  the  Plotting  of  Speed-time  Curves,”  Proe.  Am.  Inst,  of  h**0 
Eng.,  1902,  Vol.  XIX,  p.  901.  E.  C.  Woodruff,  Trans.  Am.  Inst,  of  W* 
Eng.,  1914,  Vol.  XXXIII,  p.  1673  and  Discussion. 
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peed-time  curves  is  given  by  Mailloux  in  Prooeedings  American  Institute 
>f  Electrical  Engineers,  June,  1902. 


7i.  Relation  of  speed,  distance,  amperes  and  time  (Par.  78); 
example  of  detailed  calculations 


1 

T' 

4 

5 

— 

7 

8 

9 

10 

i 

11 

27 

1,090 

116 

974 

1.25 

21.6 

21.6 

428 

428 

140 

2 

20 

980 

119 

861 

1.10 

1.82 

23.4 

75 

503 

130 

2 

31 

790 

126 

664 

0.85 

2.25 

25.6 

99 

602 

112 

2 

33 

640 

133 

507 

0.65 

3.08 

28.7 

145 

747 

97 

2 

35 

640 

140 

400 

0.51 

3.92 

32.6 

196 

943 

86 

2 

37 

440 

147 

293 

0.37 

5.40 

38.0 

286 

1,229 

76 

2 

39 

370 

155 

215 

0.28 

j 7.15 

45.2 

410 

1,639 

68 

2 

41 

310 

163 

147 

0.19 

10.5 

55.7 

633 

2,272 

61 

2 

43 

270 

172 

98 

0.13 

15.4 

71.1 

952  | 

3,234 

57 

2 

45 

230 

180 

50 

0.06 

34.4 

105.0 

2,230 

5,464 

52 

. Not*. — 1.  Speed  increment  of  2 miles  per  hr.  2.  Sum  of  speed  incre- 
nents.  3.  Gross  tractive  effort  as  obtained  from  motor  characteristics 
[Fig.  22).  4.  Car  friction  per  motor  (Fig.  9).  5.  Net  tractive  effort  avail* 

ible  for  gross  acceleration  after  deducting  car  friction.  6.  Acceleration  as 
>btained  by  dividing  net  accelerating  force  (column  5 reduced  to  lb.  per  ton) 
>jr  acceleration  factor  as  determined  (97.5).  7.  Time  increment  as  deter* 

nined  from  1 and  6.  8.  Total  elapsed  time  summation  of  7.  9.  Distance 

ncrement  as  determined  from  2 and  7.  10.  Total  distance  traveled,  sum- 

nation  of  9.  11.  Amperes  as  determined  from  motor  characteristics. 

Values  in  3,  5,  6 are  average  values  obtaining  during  increase  of  speed 
ncrement  in  1. 

ENERGY  AND  POWER  CONSUMPTION 

77.  The  energy  consumed  In  moving  a train  at  constant  speed  is 
expended  in  overcoming  train  resistance  (Figs.  9 to  14  inclusive)  and  internal 
motor  losses.  It  is  customary  for  manufacturers  to  give  the  net  efficiency 
>f  railway  motors  after  having  carefully  determined  their  internal  losses 
from  stand  tests,  and  hence,  the  railway  operator  is  concerned  only  with  the 
determination  of  the  energy  required  to  overcome  train  resistance  when  the 
ipeed  of  the  train  is  constant  at  any  fixed  miles  per  hr. 

Curves  given  in  Figs.  9 to  14  inclusive  express  in  pounds  per  ton  the 
train  resistance  of  different  weights  and  combinations  of  cars.  As  a ready 
means  of  changing  from  pounds  per  ton  train  resistance  to  watt-hours  per 
ton-mile,  the  following  holds  approximately  true:  Pounds  per  ton  X 2 » 
v&tt-hours  per  ton- mile. 

The  above  gives  the  watt-hours  per  ton-mile  net  output  of  the  motive 
>ower,  and  to  get  train  kilowatts  input  it  is  necessary  to  know  the  efficiency 
>btaining  for  different  sixes  of  equipments  as  given  by  the  manufacturers. 


78.  Efficiency  of  direct-current  railway  motors 


Capacity,  h.p 

Max.  Efficiency,  per  cent. . . 
Efficiency  Car,  lull  speed, 
per  cent. 

1 

40' 60 

80 

100 

125  150 

200  250 

•250 

1 1 

*500  700.0 

84 

86 

87 

88 

891  89 

891 

89 

91 

93!  90.5 

68 

70 

72 

73 

74  74 

75 

75 

90 

! 

92  78.0 

1 ! 

79.  The  maximum  efficiency  of  railway  motors  of  the  geared  type 

>ccurs  during  maximum  output,  hence  the  values  quoted  should  be  used 
'or  calculation  of  the  power  required  to  accelerate  a car  or  train.  An  ex- 
ception to  this  rule  may  be  taken  in  locomotive  work,  where  it  is  customary 
<o  force  the  motors  to  nearly  their  maximum  rated  output  even  after  the 
rain  has  reached  its  normal  maximum  speed. 

* Motors  of  gearless  type 
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80.  The  efficiency  when  the  ear  ia  at  full  speed  is  generally  lower  vtt 

motors  of  the  geared  type,  owing  largely  to  the  loeeee  in  gears ‘and  ikon 
the  magnetic  circuit  of  the  motors  themselves.  This  lower  efficiency  si 
higher  speeds  does  not  hold  true  of  motors  of  the  gearleas  type  as  indicated 
in  Par.  78.  The  advantage  of  using  gearless  motors  for  high-speed  paaKSgs 
service  is  clearly  indicated  by  the  extremely  high  efficiency  at  light  ootpota 
On  the  other  handt  such  motors  do  not  compare  favorably  with  the  tested 
type  for  heavy  freight  haulage  as  the  efficiency  falls  off  rapidly  at  the  over- 
loads characteristic  of  this  class  of  servioe. 


81.  Power  requirements  at  constant  speed.  To  determine  po«er 
required  to  propel  a oar  or  train  at  any  constant  speed,  proceed  as  fo0o«t: 

D FX2XWXS  n x .... 

Pmm  eX  1,000  (kw’)  ( 

wherein  F is  the  train  resistance  in  lb.  per  ton  (from  Figs.  9 to  14  incharr?! 
W the  weight  of  the  car  or  train  in  tons;  S the  speed  of  the  train  in  mil" 
per  hr.,  ana  17  the  motor  efficiency  with  the  train  at  full  speed. 

88.  Calculation  of  power  requirements  of  motor-car  trains.  Tm 
tables  show  the  kilowatts  input  required  for  motor-car  trains,  and  also  to 
high-speed  passenger-train  and  low-speed  freight-train  operation.  Thee 
tables  are  baaed  directly  upon  the  train-resistance  values  given  in  Figs  * 
to  14  inclusive,  and  represent  the  kilowatts  input  that  would  be  expected 
with  well- ballasted  rail  when  trains  are  running  at  constant  speed. 

Constants  assumed  in  these  calculations  are:  efficiency  at  full  speed,  71 
per  cent,  based  upon  the  use  of  direct-current  geared  motors;  and  tna 
resistance  as  obtained  from  the  formula 


50 


Tractive  effort  — . 

y/W 

Cross-sectional  area  of  cars 
aq.  ft. 


+0.03S  +°  ”2ag*(l  + -^-) 


(lb.  per  ton)  (U 


W 

_ b follows:  20-ton  car,  crom  section,  8 

30-ton  car,  cross-section,  100  sq.  ft. ; 40- ton  car,  cross  section,  1& 
sq.  ft. : 50-ton  car,  cross-section,  120  sq.  ft.;  60-ton  car  croas-eectioii.  1$ 
sq.  ft. 

83.  Train  input  for  constant-speed  running  on  level  tanget’i 
track,  motor-car  service 

(Input  values  expressed  in  kilowatts) 


Train  weight 


2-20'ton  cars... 
2-30  ton  cars.. . 
2-40  ton  cars.. . 
2-50  ton  cars.. . 
2-60  ton  cars.. . 


20  ton  car. 
30  ton  car. 
40  ton  car. 
50  ton  car. 
(30  ton  car. 


3-20  ton  cars... 
3-30  ton  cars.. . 
3-40  ton  cars.. . 
3-50  ton  cars.. . 
3-60  ton  cars.. . 

5-20  ton  cars... 
5-30  ton  cars... 
5-40  ton  cars... 
5-50  ton  cars... 
5-60  ton  cars.. . 


Speed  (miles  per  hr.) 


10  20  30  40  50  60  70  80  90 


I 

9.3  22.4 
. 11.5  27.4 
.13.2  31.6 
. 14  8135. 5 
.16.3138.8 

. 6.516.2 
. 8.0,19.5 
. 9.4  23.1 
.10.4  25.6! 
111. 5 27.9 

111. 4 27.2 
.140  33.3 
.16.3  38.7 

18.4  43.7 

. 20.  1,48. 0| 

.14.8  35.3 
.18.3  43.51 
. 21 . 3 1 50 . 8 1 
. 26.2  61.9 


42. 5 
51.4 

59.0 

66.3 

71.7 

32.0 

38.4 

44.1 

49.2 

52.8 

50.9 
61.8 

71.5 

80.6 


72.5  116.0 
87.0  s 137.0  206| 
99. 3i  156. 01234 
1U.0'175.0  261 
119.0  185.0  274 


56.7  93-5' 
67.3,109.0,1671 


76.2 
84.8 

90.2 

84.1 

103.0 

119.0 

134.01 


136.01. 

162.0  240| 

185.0  271 

I ,206.0  3081 

87.4  144.0,222.0  326, 


3 06  . . . 
374  520 
390  540 


124.0;  188  276 
137.0  210  305 


144.0  218 


65.4 
80. 0: 
93.2' 
112.0| 


316 


100 


G99 

720 


945 


430' 

442 


584 

599 


792 


391  . . . 

437  602 
460  635 


109.0  171.0 

133.0  205.0  303 

154.0  237.0  348  493 

183.0  279.0  406  568  773 


31.3  72.8  130.0:208.0j312.0  448  622  835, 


805 

925 


1.092 


1,026 

1,100 


*1.415 
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M.  Train  input  for  oonetant-speed  running  on  loral  tangent 
track,  loeomotira  passenger  service 

(Input  values  expressed  in  kilowatt •) 


Speed  (miles  per  hr.) 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

200  tons. 

17.6 

41.2 

76.8 

124 

196 

277 

398 

530 

710 

920 

300  tons. 

26.1 

60.5 

108.0 

172 

258 

369 

511 

689 

905 

1,160 

400  tons. 

32.0 

79.0  139.0 

219 

330 

462 

636 

840 

1,100 

1,405 

500  tons. 

41.0 

99.0’  170.0 

268 

395 

563 

755 

995 

1,296 

1,645 

@80  tons. 

50.0 

118.0  203.0 

315 

464 

645 

875 

1,150 

1,489 

1,890 

700  tons. 

59.0 

135.0  235.0 

363 

530 

735 

996 

1,306 

1,682 

2,132 

800  tons. 

69.0 

154.01267.0 

410 

596 

828 

1,117 

1,460 

1,878 

2,375 

900  tons. 

77.0 

173.0 

300.0 

459 

663 

920 

1,238 

1,616 

1,771 

2,070 

2,620 

1,000  tons. 

85.0 

193.0 

330.0 

507 

730 

1,011 

1,358 

2,261 

2,860 

80.  Calculation  of  power  requirements  of  passenger-service  loco- 
motives involve  the  following  assumed  constants:  efficiency  at  full  speed, 
90  per  cent,  for  locomotive  using  series-wound  direct-current  motors  of  the 
gear  less  type;  cross-section  of  cars,  110  sq.  ft.;  weight  of  car,  50  tons;  weight 
of  track  rail,  not  less  than  80  lb.  per  yd. 

88.  Power  required  on  grades.  The  values  of  power  required  to  drive 
a car  at  any  speed,  apply  only  for  constant  speed  on  tangent  level  tracks. 
On  up  grades  there  is  required  an  additional  tractive  effort  of  20  lb.  per  ton 
for  each  1 per  cent,  grade.  Hence,  to  calculate  power  required  on  grades, 
proceed  as  follows: 

The  total  train  resistance  is  Fo—F+F,,  in  lb.  per  ton;  wherein  F is 
the  train  resistance  in  lb.  per  ton  found  from  the  curves,  and  F,  the  tractive 
effort  due  to  the  grade  (Ft  — per  cent,  grade  X 20).  Then  the  power 
input  is 

2WFoS 

P 1,000s  (16) 

wherein  W is  the  weight  in  tons  of  the  train;  Fo  the  total  train  resistance 
in  lb.  per  ton;  8 the  speed  in  miles  per  hr.,  and  v the  efficiency  of  the  motors. 

Example:  Given  a train  of  three  40- ton  cars  operating  up  a 2 per  cent, 
grade  at  40  miles  per  hr.  what  kilowatt  input  is  demanded  by  the  motors? 

Answer:  From  Fig.  11,  a three-car  train  requires  a tractive  effort  of  0 
lb.  per  ton  at  40  miles  per  hr. 

To  this  add  for  grade  2X20  — 40  lb.  per  ton  (see  Par.  18). 

Tractive  effort  from  Fig.  11  — 9 lb. 


Total  tractive  effort  49  lb. 

Train  weight  — 3 X 40  — 120  tons. 

Assuming  that  the  excessive  output  demanded  by  the  grade  will  almost 
completely  load  the  motors,  the  maximum  efficiency  of  the  motor  will  be 
realised  on  the  grade;  with  an  80-h.p.  motor  this  would  be  87  per  oent. 

__  . x 2X120X49X40  _.A  , .. 

Hence  input ,[000  x 0 ^ 640  kilowatt,. 

87.  Energy  of  acceleration.  The  above  power  values  are  based  upon 
the  assumption  that  the  train  has  reached  full  speed  and  the  power  values 
are  those  required  to  maintain. the  train  at  constant  speed.  During  the  time 
that  the  train  is  attaining  full  speed,  however,  it  is  necessary  to  impart  to 
it  the  energy  required  to  acoelerate  the  mass  in  the  direction  of  travel  and 
also  to  acoelerate  the  rotating  parts  around  their  several  axes. 

Energy  of  acceleration  — ■ (ft-lb.)  (17) 

m JLQ 

where  w is  the  weight  in  lb.;  v the  velocity  in  ft.  per  sec.,  and  g the  gravity 
constant  (82.2  ft.  per  sec.  per  sec.). 

88.  Power  required  to  overcome  train  resistance.  In  addition  to 
the  energy  of  acceleration,  it  is  necessary,  during  the  accelerating  period. 
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to  furnish  power  to  the  train  in  order  to  overcome  train  resistance,  a qvaactr 
constantly  changing  with  increasing  speed,  and  finally  to  supply  vsiiow 
changing  looses  in  the  motive  power  ana  its  system  of  control,  xne  stnigb- 
line  diagram  furnishes  the  simplest  means  of  attacking  the  speed-time  prnb- 
lem,  and  it  also  furnishes  the  fundamental  data  for  all  energy-cocsa&f- 
tion  curves,  as  it  eliminates  the  question  of  motive  power  with  its  internal 
losses,  and  considers  only  the  moving  train  itself. 

S9.  The  energy  required  to  more  a train  from  rest  to  a gtm 
velocity  is  represented  by 

(ft-lb.)  (IS 

wherein  m is  the  mass;  v the  velocity  in  ft.  per  sec.;  F#  the  total  train  n 
iistanoe  in  lb.,  and  L the  distance  in  ft.  covered. 


The  most  convenient  form  of  expressing  energy  values  is  in  watt-boon 
per  ton-mile.  Fig.  27  has  been  constructed  from  the  speed-time  date  sf 
Fig.  20,  giving  the  energy  consumption  for  anv  rate  of  acceleration 
elapsed  time  Tor  a distance  of  5,280  ft.  or  1 mile  run.  This  set  of  currti 
is  plotted  with  train  resistance  — 0,  and  henoe  represents  the  value  of  tht 
energy  of  acceleration  only. 

90.  Energy  dissipated  in  braking.  In  bringing  a train  to  rest  by  me*4 
of  brakes,  the  energy  stored  in  the  train  during  acceleration  and  represents 
by  mr*/2  is  all  wasted  in  heating  the  wheels  and  brake  shoes,  and  the  rain* 
in  Fig.  27  therefore  represent  the  energy  thus  dissipated  as  heat.  The  cur^fl 
have  no  value  as  applying  directly  to  service  conditions  as  all  moving  train 
have  more  or  less  running  resistance,  but  they  are  useful  as  indies  tint  th 
energy  required  to  accelerate  the  mass,  all  of  which  reappears  as  heat  in  th 
brake  shoes  and  car  wheels,  unless  some  method  of  regenerative  braking  b 
used  (Par.  114,  110  and  116). 

91.  Curves  of  energy  consumption.  Unless  the  train  reaches  a apt* 
of  more  than  40  miles  per  hr.  it  is  a sufficiently  close  approximation  f< 
preliminary  calculations  to  assume  a constant  rate  of  train  resistance  £ 
from  10  to  15  lb.  per  ton,  the  latter  figure  being  the  more  conservative  valm 
Hence,  Figs.  28  and  29  are  plotted  with  a constant  value  of  train  resistant 
st  all  speeds  of  10  and  15  lb.  per  ton  respectively.  These  curves  used  i 
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conjunction  with  the  speed-time  curves  erf  Fig.  20  permit  of  the  ooddImi 
solution  of  any  acceleration  problem  so  far  as  relates  to  performance  of  tie 
train  and  its  net  energy  consumption.  For  convenience,  both  sped* 
time  and  energy  curves  are  made  up  with  the  same  elapsed  time  for  a sale 
run  as  abscissa,  this  distance  run  being  chosen  as  being  a convenient  \ 
for  comparison. 

Having  determined  the  watt-hours  per  ton-mile  for  a mile  run.  the  i 
value  holds  true  for  any  other  distance  run  as  long  as  the  speed-time  earn 
is  entirely  similar  in  every  respect  and  the  areas  are  proportional  to  tk 
respective  distances  run.  Thus,  a mile  performance  in  120  see.  vht  a 
tractive  effort  of  00  lb.  per  ton  (including  15  lb.  per  ton  train  resii 

mil  require  an  output  rate  of  73  watt-hr.  per  ton-mile,  and  the  same  c „ 

73  watt-hr.  per  ton-mile,  would  be  required  to  perform  a run  of  half  t 
distance  in  l/y/2  times  120  sec.,  or  84.8  sec. 

Thus  while  the  speed-time  curves  must  be  changed  in  area  ^ 
to  the  distance  travelled,  the  value  of  energy  consumption  found  for  c 
distance  holds  equally  true  for  any  other  distance  made  with  a i 
speed-time  curve. 

92.  Example  of  calculation  of  energy  consumption.  Given  s r . 
of  1,760  ft.  to  be  made  in  75  sec.,  train  weight  100  tons,  33.5  per  cents 
drivers,  coefficient  of  adhesion  12  per  oent.,  train  resistance  15  lb.  per  t 
Find  energy  consumption. 

Available  tractive  effort  -200, 000  X 0.335  X0. 12  - 8.000  lb.-8.000/10<H 
80  lb.  per  ton. 

To  reduoe  to  mile  basis  v/ 5^80/1,760  *X  75  — 130  seconds.  (See  Par.  4 

From  Fig.  29,  1 mile  in  130  sec.  with  80  lb.  tractive  effort  gives  I 
watt-hr.  per  ton-mile. 

The  same  value,  60,  is  true  for  1,760  ft.  made  by  similarly  shaped  i 
time  curve  in  75  sec. 

9S.  Motor-curve  acceleration.  Instead  of  being  able  to  acoelerau  l 
train  at  a uniform  rate  until  maximum  speed  is  reached,  all  types  of  deetn 
motors  operate  best  with  a certain  amount  of  motor-curve  acceleration  ail 
rate  constantly  falling  off  from  the  initial  or  straight-line  acceleration  i 
is  only  carried  part  way  to  full  speed.  Also,  the  electric  motor  has  i 
losses,  electrical  and  mechanical,  which  together  with  certain  lo 
to  its  system  of  control  make  it  neoessary  to  add  a greater  or  lees  percent**?  * 
the  net  energy-consumption  curves  given  in  order  to  obtain  the  injmt  to  tl 
train.  The  different  types  of  motors  have  their  distinctive  internal  ket 
and  type  of  control,  and  the  performance  relation  of  the  several  'mm 
equipments  to  the  net  energy-oonsumption  curves  is  beet  expressed  by  tk 
efficiency  of  acceleration  of  the  several  systems. 

94.  The  efficiency  of  acceleration  is  the  percentage  of  the  net  eoaa 
consumption  of  motor  output,  to  the  gross  input  of  the  train.  The  ratal 
given  in  Figs.  28  and  29  hold  true  as  the  net  output  of  any  type  of  moth 
and  control  system,  hence,  given  the  efficiency  of  acceleration  of  any  syi 
tern,  the  net  energy  values  form  the  basis  of  calculating  train  inputs  for  as 
operating  conditions.  See  Par.  97,  107  and  111. 

The  losses  in  the  motor  equipment  during  acceleration  are  divided  iota 
internal  motor  losses  including  loss  in  gears,  and  losses  incident  to  method  < 
control. 

95.  Internal  motor  losses  consist  of  copper  DR  in  armature  and  fuk 
hysteresis  and  eddy-ourrent  losses  in  the  iron  circuit,  bruah-frictioa  sJ 
DR  loss,  bearing  friction  and  gear  losses.  All  these  losses  are  included  in  « 
curves  furnished  by  the  manufacturers  for  normal  600  volts  oonstant  potent* 
at  the  brushes,  but  no  such  values  are  readily  available  for  fractional-voltafl 
operation  during  the  accelerating  period. 

99.  Starting  resistance  losses.  It  is  customary  to  assume  fuff-los 
current  of  a railway  motor  during  the  straight-line  acceleration  period,  mo 
at  standstill  the  IR  drop  in  the  motor  copper  will  approximate  50  volts.  ! 
is  necessary,  therefore,  to  provide  sufficient  starting  resistance  in  series  wil 
the  motor  to  take  up  the  remaining  450  volts  or  the  difference  between  t] 
line  potential  and  the  motor  copper  drop.  This  starting  resistancis  cut  & 
in  successive  steps  as  the  motor  armature  gains  speed  and  establishes  its  ov 
oounter-electromotive  force,  until  a period  is  reached,  when  the  startii 
resistance  is  entirely  short-circuited  and  the  full  line  e.m.f.  is  just  suffiora 
to  maintain  full-load  current  through  the  motor.  This  period  completes  tl 
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ght-line  acceleration,  as  after  this  point  the  series-wound  motor  will  still 
lerate  the  train,  but  at  a constantly  decreased  rate,  until  full  constant 
d is  attained.  It  is  evident  then,  that  a large  amount  of  power  is  con- 
ed in  the  starting  resistance  and  to  reduce  this  excessive  loss  at  starting, 
nethod  was  introduced  of  connecting  two  motors  in  series  during  half  the 
xi  of  straight-line  acceleration,  thus  reducing  the  amount  of  starting 
>t&nce  required  (Par.  49). 


Hotor>  in  Parallel 


2 Motors  8crles  Tarallel 


4 Motors  Series,  Series* 
parallel,  and  Parallel 


i.  30. — Direct-current  control  of  series-wound  motors  (shading  shows 
loss  in  starting  rheostat) 

l current-input  curve  is  plotted  for  the  three  methods  of  control  of 
&ot-currcnt  railway  motors  in  Fig.  30  the  shaded  portion  indicating  the 
rgy  lost  in  heating  the  starting  resistances,  and  showing  the  economy 
ned  by  starting  with  motors  in  series.  This  economy  is  expressed 

merically  in  Par.  97. 

Efficiency  of  acceleration  direct-current  series-wound  motors 
(Par.  94) 


Per  cent,  of 
straight-line 
acceleration. 
(See  Par.  98) 

Motors, 

parallel. 

(Per  cent.) 

Two  series 
parallel. 

(Per  cent.) 

Four  series,  two 
series-parallel. 
(Per  cent.) 

100 

43 

50.0 

60.5 

90 

46 

59.0 

02  5 

80 

49 

62.0 

65.0 

70 

52 

64.0 

67.0 

60 

56 

67.0 

69.0 

50 

58 

69.0 

71.0 

40 

62 

71.0 

72  5 

30 

65 

72 . 5 

73  5 

20 

G8 

73 . 5 

74.0 

10 

72 

74.5 

74.5 

0 

75 

75.0 

76.0 

98.  The  per  cent,  of  straight-line  acceleration  is  the  ratio  of  the 
ne  constant  current  is  supplied,  to  the  total  time  current  is  supplied  to 
e motors,  and  it  thus  becomes  a measure  of  the  shape  of  the  speed-timo 
rvo.  In  typical  rapid  transit  service,  the  constant  accelerating  period 

from  25  per  cent,  to  35  per  cent,  of  the  total  time  during  which  power  is 

9>lied  before  coasting  and  braking  begins. 

ence,  100  per  cent,  of  straight-line  acceleration  denotes  the  fact  that 
0 cutting  out  of  starting  resistance  has  just  been  accomplished,  while 
NT  cent,  of  straight-line  acceleration  means  that  the  train  is  running  free, 
vmB  speed,  at  the  free-running  efficiency  of  the  motors. 
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M.  Krtmnln  nf  CftleuUtlon  of  S&srff 
tion  with  the  two-motor  series-parallel  combination.  In  t 
the  efficiency  of  acceleration  ranges  from  56  per  cent,  to  75  per  cent, 
speed-time  curve  will  require  approximately  30  per  cent,  of  str 
acceleration,  henoe,  the  efficiency  of  acceleration  which  meets  general  _r_  _ 
ing  conditions,  will  be  approximately  73  per  cent,  for  geared  motors  of  75h| 
or  over  and  68  to  73  per  oent.  for  smaller  motors.  The  value  of  73  per 
efficiency  may  be  used  directly  in  connection  with  the  energy  values  i 
in  Fig.  30,  that  is,  the  energy-curve  values  divided  by  0.73  will  give  tk 
train-input  watt-hours  per  ton-mile  at  the  train,  allowing  for  no  loa 
the  distribution  system. 

Example:  Given  a mile  run  made  in  135  sec.,  tractive  effort  of  1 
per  ton  including  10  lb.  train  resistance,  find  average  input  for  100  too 

A newer:  From  Fig.  30,  energy  consumption  net  — 38  watt-hr.  pet 
mile.  Input  — 38/0.73  — 52  watt-hr.  per  ton-mile. 

Train  makes  1 mile  in  135  sec,  — 1 mile  in  147  sec.,  including  12 
stop  — 24.5  miles  per  hr.  schedule  speed. 

Hence,  the  power  input  is 

P- 52X100X24.5- 127  kw.  per  hr. 

100.  Relation  between  schedule  speed  and  frequency  of  stop! 
shown  in  Par.  101.  In  other  words,  an  effort  has  been  made  to  pr — “ 
properly  the  maximum  free-running  speed  of  the  equipment  to  the 
speed  obtaining  for  a given  number  of  stops  per  mile.  Thus  an  equr 
operating  with  one  stop  per  mile  can  make  24  miles  per  hr.  schedule  with 
of  12  seo.  and  should  properly  be  geared  for  40  miles  per  hr.  If  the  e. 
ment  were  geared  for  nigher  maximum  speed  than  40  miles  per  hr.,  the 
suiting  schedule  speed  would  not  be  muchm  excess  of  the  24  miles  per  hr.  gn 
while  the  power  consumption  would  have  been  considerably  greater.  On 
other  hand,  an  equipment  geared  for  Bomewhat  lower  maximum  speed  thas 
miles  per  hr.  could  still  make24  miles  per  hr.  schedule  with,  a 12-sec.  stop  or 
ring  at  every  mile,  but  requiring  a higher  rate  of  acceleration  than  the  1.1 
per  hr.  per  seo.  assumed.  As  a high  rate  of  acceleration  is  undesirable 
high-speed  equipments,  the  rates  given  in  the  table  should  not  be  greatly 
ceeded  unless  there  are  strong  local  reasons  making  such  high  rates  neeo — 

101.  Interruptions  to  service  treated  as  “ equivalent  stops.” 
table  of  schedule  speed  includes  little  or  no  leeway  to  make  up  for  lost  ts 
and  where  such  interruptions  of  service  are  liable  to  occur  they  dboald 
treated  as  additional  stops  per  mile,  and  the  proper  schedule  speed,  a* 
mum  free-running  speed,  eto.,  should  be  taken  for  the  equivalent  number 
•tops  per  mile,  including  actual  stops,  slow-downs  for  curves,  crossing* 
ana  a margin  for  unexpected  delays.  Thus,  with  one  actual  stop  of  15  »j 
duration  occurring  every  2 miles,  there  may  be  slow-downs  for  curves,  ek 
making  the  equivalent  number  of  stops  approximate  one  per  mile,  in 
case  a 24-mile  per  hr.  schedule  with  40  miles  per  hr.  maximum  speed  i 
equipment  would  be  a safer  estimate  of  speed  possible  than  the  32  sed  1 
miles  per  hr.  respectively  given  for  one  stop  in  2 miles.  In  other  werd 
keep  the  maximum  speed  of  the  equipment  at  the  lowest  value  that  vi 
admit  of  maintaining  the  schedule  desired  with  the  frequency  of  stops  girt 
Not  only  is  there  a Baving  in  energy  consumption  resulting  from  the  u*< 
lowest  possible  maximum  speed,  but,  as  will  be  shown  later,  there  issko 
large  saving  in  the  capacity  of  motor  required  to  perform  the  service. 

10S.  Train  input  in  kw.,  frequent-stop  service,  tangent  level  trad 


Stops  per  mile 

IT 

* 

T 

1 

2 

nr 

T 

[T 

Schedule  speed,  miles 
per  hr. 

Maximum  speed,  miles 
per  hr. 

50.0 

40.0 

32.0 

24.0 

18.5 

15.5 

13.7 

1 

12. 5:11.7 11  < 

65.0 

55.0 

45.0 

40.0 

30.0 

25.0 

23.0 

21.0 

20.0,19  1 

Stops,  seconds 

30. 01 

20.0 

15.0 

12.0 

10.0 

9.0 

! 8.0 

7.0 

6.0!  5 < 

Eff.  of  accel.,  per  cent. 

75.0 

75.0 

75.0 

74.0 

72.0 

70.0 

69.0 

68.0 

67.0  65.1 

Accel.,  miles  per  hr. 
per  sec. 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6j  1 1 

The  above  data  are  common  to  all  trains. 
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ope  per  mile 

H 

H 

1 

2 

3 

4 

5 

6 

7 

ton  car. 

51 

36 

29 

26 

24 

23 

22 

22 

• ton  car 

96 

69 

51 

40 

36 

33 

32 

31 

31 

i ton  car 

176 

119 

85 

63 

51 

45 

43 

41 

40 

i ton  car 

195 

Whim 

94 

73 

61 

55 

52 

50 

49 

49 

i ton  oar 

140 

106 

82 

70 

64 

62 

KJ 

59 

58 

78 

60 

50 

45 

43 

41 

40 

40 

137 

104 

69 

64 

62 

60 

59 

58 

228 

160 

124 

103 

89 

82 

79 

77 

76 

75 

-50  ton  cars.. 

255 

183 

147 

125 

111 

103 

99 

97 

95 

94 

•60  ton  cars.. 

282 

165 

144 

127 

117 

115 

113 

111 

m 

102 

76 

67 

63 

61 

60 

59 

58 

173 

135 

112 

97 

90 

88 

86 

84 

83 

-40  ton  cars.. 

280 

EJdl 

164 

■f!il 

127 

117 

115 

113 

111 

110 

-50  ton  cars.. 

miom 

236 

198 

172 

155 

145 

142 

139 

137 

136 

-60  ton  cars.. 

342 

263 

219 

191 

175 

167 

163 

160 

158 

157 

144 

124 

110 

102 

98 

97 

95 

94 

j&lftlfggl 

238 

196 

171 

154 

145 

142 

139 

137 

136 

-40  ton  cars.. 

370 

292 

246 

216 

197 

188 

183 

180 

178 

176 

-50  ton  cars.. 

438 

350 

302 

270 

250 

236 

228 

225 

222 

Ei 

-60  ton  cars.. 

495 

352 

314 

290 

280 

275 

271 

266 

263 

These  train  resistances  corresponding  to  the  different  train  weights  agree 
th  figs.  9 to  14. 


101.  Suburban  cars  in  city  serrlce.  While  the  values  given  in  the  table 
ver  the  entire  field  of  rapid  transit  service  from  seven  stops  per  mile  to  one 
min  8 miles,  it  frequently  happens  that  the  relation  between  maximum 
a schedule  speed  given  cannot  be  approximated  in  actual  service  operation 
ring  to  peculiar  local  requirements.  Thus  a suburban  car,  operating  at 
miles  per  hr.  maximum,  may  be  called  upon  to  operate  in  city  service  at 
rminals  or  en  route  where  the  frequency  of  stops  approximate  six  per  mile, 
nondition  properly  calling  for  a maximum  speed  of  20  miles  per  hr.  The 
wer  consumption  given  for  six  stops  per  mile  would  be  greatly  increased  in 
e case  of  a high-speed  suburban  car  operating  on  such  service,  even  though 
rice  running  were  adopted  exclusively  in  the  city  service.  Series  running 
>uld  then  correspond  to  the  efficiency  of  acceleration  given  in  Par.  97,  for 
l motors  in  parallel,  and  would  thus  be  10  per  cent,  or  more  lower  than  for 
ries-parallel  operation;  hence  the  figures  for  kilowatts  input  at  train  given 
the  table  represent  minimum  values  resulting  from  a proper  proportion 
ttween  the  maximum  free-running  speed  of  the  equipment,  the  schedule 
eed  and  the  frequency  of  stops. 

104.  For  rates  of  acceleration  other  than  those  given  in  the  table 
*ar.  101),  where  the  frequency  of  stops  is  greater  than  one  per  mile,  any 
trial  case  should  be  worked  out  from  the  general  watt^hour-per- ton-mile 
[rvee  (Figs.  28  and  29). 

100.  Frequent-stop  service  for  electric  locomotives  is  not  treated 
sre  as  it  is  assumed  that  the  legitimate  field  of  the  locomotive  is  in  express 
«rvice  having  very  infrequent  stops,  in  which  case  the  energy  of  acceleration 
rms  but  a small  percentage  of  tne  total  input  of  the  train. 

100.  The  single-phase  railway  motor,  being  a series- wound  type,  can 
d operated  by  means  of  non-inductive  external  starting  resistance  as  in 
is  case  of  the  direct-current  series- wound  motor.  Owing,  however,  to  the 
wality  with  which  alternating  voltage  may  be  varied  by  atatio  transformers, 
better  method  of  control  is  offered  by  means  of  shifting  the  motor  terminals 
om  tap  to  tap,  brought  out  from  the  step-down  transformer  or  compensator 
instituting  part  of  the  car  equipment.  The  potential  control  thus  made 
oasible  introduces  no  looses  commensurate  with  the  starting  resistance  losses 
f direct-current  motor  control,  and  is  the  most  efficient  form  of  control  yet 
reived  for  railway  work. 
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The  accelerating  efficiency  of  luff  induction-motor  railway  equipment 
indicated  for  parallel  operation  only,  concatenation  not  being  considered, 
a straight-line  acceleration  will  constitute  fully  60  per  cent,  of  the  total 
;riod  during  which  power  is  supplied  in  a typical  rapid-transit  run,  an 
duction-motor  equipment  will  have  an  efficiency  of  acceleration  not  to 
cee d 56  per  cent.  This  represents  the  power  efficiency  and  does  not  include 
te  power-factor  which  will  approximate  80  per  cent,  dqring  acceleration 
ith  non-inductive  resistance  inserted  in  the  secondary  circuit,  thus  making 
e apparent  efficiency  of  acceleration  approximately  44  per  cent. 

Hence,  for  acceleration  problems  involving  a consideration  of  railway 
duotion  motors  of  the  polyphase  type,  divide  energy  values  given  in 
go.  30  and  31  by  0.44  to  obtain  the  volt-amp.  input  at  the  train  and  not 
cfudinp  any  trolley  or  distribution  losses.  The  proper  field  of  the  induction 
otor  is  the  haulage  of  trains  at  constant  speed  behind  locomotives  and  the 
ie  of  this  motor  will  be  further  discussed  under  Locomotives, 
lit.  Regenerative  (dynamic)  braking.  In  service  calling  for  frequent 
arting  and  stopping  of  trains,  it  is  evident  that  the  m®*/ 2 constituting  the 
tergy  lose  in  heating  brake-shoes  and  wheels,  forms  a considerable  per- 
tntage  of  the  total  energy  input  to  the  train.  As  the  electric  motor  is 
ivermble,  that  is,  can  absorb  power  and  give  out  mechanical  energy,  or  can 
ive  out  electric  power  when  mechanically  driven  as  a generator,  it  seems 
aaible  to  expect  that  some  means  of  control  can  be  designed  which  will 
lable  a train  to  be  braked  electrically  with  reduced  wear  and  expense  of 
rake-shoe  maintenance,  besides  returning  to  the  line  a considerable  per- 
tntage  of  the  energy  delivered  to  the  train  during  acceleration.  Also  on 
tads  having  excessive  continuous  grades,  it  is  desirable  to  return  energy  to 
ie  line  partly  for  the  economy  thus  effected,  but  largely  in  order  to  reduce 
ie  danger  that  goes  with  braking  long  heavy  trains  by  means  of  brake-shoes. 
114.  Motor  capacity  for  regenerative  braking.  The  standard  direct- 
xrrent  motor,  being  of  the  series-wound  type,  cannot  be  used  directly  as  a 
irect-current  generator,  and  some  modification  of  shunt  winding  or  excita- 
on  of  the  senes  field  at  low  potential  must  be  used  in  order  to  enable  the 
totor  to  act  as  generator  when  braking  the  train.  Of  the  total  energy 
elivered  to  the  train  during  a typical  city  run,  nearly  one-third  of  the  amount 
i wasted  due  to  the  inefficiency  of  the  motor,  gears,  and  method  of  control, 
if  the  remaining  two-thirds,  fully  26  per  cent,  is  to  overcome  train 
saistance,  leaving  50  per  cent,  of  the  original  train  input  as  available  for 
^generative  purposes.  Owing  to  the  complications  required  to  make  a series 
irect-current  motor  equipment  available  for  generation,  it  would  not  be 
oasible  to  effect  the  same  efficiency  of  deceleration  as  the  70  to  75  per  cent, 
osaible  during  acceleration.  Fiu*thermore,  the  capacity  of  a railway  motor 
c do  work  is  limited  by  its  heating,  and  this  heating  is  dependent  upon  the 
uperficial  area  and  weight  of  the  motor,  hence,  if  the  motor  is  chosen  with 
lue  regard  for  its  safe  temperature  rise  when  used  for  accelerating  the  car. 
is  thermal  capacity  must  be  increased  in  due  proportion  to  the  amount  of 
xtra  motor  loss  entailed  in  electrically  braking  the  car.  This  extra  weight 
f equipnrent  will  in  turn  entail  an  additional  expenditure  of  energy  during 
be  accelerating  period,  so  that  the  effect  of  braking  the  train  electrically 
rith  the  same  motive  power  used  for  acceleration,  will  be  to  increase  the  duty 
f such  motors  considerably,  and,  hence,  their  weight  and  first  cost. 

111.  Economy  of  regenerative  braking.  Assuming  that  an  efficiency 
f 60  per  cent,  could  be  obtained  during  retardation  by  electric  braking,  it 
rould  mean  the  possible  saving  of  30  per  cent,  in  the  energy  consumption 
*f  the  car,  provided  the  car  weight  were  not  increased  due  to  the  larger 
notor  capacity  demanded.  It  is  not  possible,  however,  to  effect  any  such 
iconomy  as  the  figure  indicated,  and  from  15  to  20  per  cent,  saving  of  gross 
nput  would  more  nearly  represent  the  possibilities  of  regenerative  control, 
m a class  of  service  calling  for  very  frequent  stops.  It  is  evident  that  where 
ttops  are  infrequent  as  in  high-speed  interurban  service,  the  effect  of  regenera- 
tion would  become  negligible  so  far  as  economy  of  operation  is  concerned. 

111.  The  first  cost  of  regenerative  control,  and  the  increased  cost 
>f  maintenance  offset  the  advantages  derived  from  a possible  smaller  energy 
consumption  of  the  car.  It  is  not  too  much  to  expect  that  the  car  equipment 
rill  be  increased  fully  60  per  cent,  in  weight  and  first  cost  if  regenerative  con- 
trol be  adopted,  and  the  possible  15  to  20  per  cent,  energy  must  be  balanced 
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against  the  interest  on  the  additional  first  cost  and  oost  of  maintaimagtat 
equipment. 

As  any  system  of  regenerative  oontrol  depends  upon  the  counter 
of  the  revolving  armature,  it  is  evident  that  when  approaching  sero  apei 
there  will  be  no  torque  developed  by  the  motor,  and  hence,  rcgcnenar 
braking  must  be  used  in  connection  with  air  brakes,  with  resultant  deoasb 
saving  in  economy.  For  street-car  service,  including  interurban  s mm 
it  can  be  said  that  there  is  small  attraction  in  regenerative  control,  not  beeun 
such  control  is  not  possible,  but  because  the  added  complication  and  expesi 
brings  no  adequate  return  in  the  coet  of  the  energy  saved. 

117.  Regenerative  control  used  in  connection  with  locomotim 
for  heavy  passenger  or  freight  service  on  mountain-grade  sectissi 
offers  many  advantages  far  outweighing  in  importance  the  possibility  of i 
small  amount  of  energy  saved.  One  of  the  disadvantages  attendant  4 
operation  of  long  heavy  trains  on  mountain  grades,  is  the  danger  iaosrt 
in  braking  the  trains  on  the  down  grades.  More  accidents  oocur  when  tnH 
are  running  down  grade  than  when  operating  up  grade,  due  to  the  fact  th 
overheated  brake  shoes  and  car  wheels  may  cause  a derailment,  and  ail 
due  to  breaking  apart  of  long  trains  when  the  brakes  sue  released  mood 
tarily  for  the  purpose  of  recharging  the  train  pipe.  On  such  daws  t 
service,  a regenerative  system  of  oontrol  offers  safer  means  of  bolding  tnd 
on  down  grades  than  exists  with  present  air-brake  control,  and  its  dam 
in  this  direction  make  it  worthy  of  very  careful  consideration  for  this  sfa 
of  service.  Also  see  “Eleotric  Locomotives,’'  Par.  IM,  et  seq. 

118.  Wsstinghouse  direct-current  regeneration  system.  The  art 
tern  of  regeneration  used  with  direct-current  railway  motors  by  the  We*tui 
house  Electric  A Manufacturing  Company  is  fundamentally  shown  sal 

Fig.  31.  This  figure  shows  the  armature  of  the  as 
motor.  A,  the  main  motor  field,  F , the  balanciif  < 
stabilising  resistor,  Rf  and  the  exciter,  B.  Inherently^ 
series  direct-current  generator  has  no  stability  of  rotm 
and  some  external  means  is  neoeseary  to  control  it  *hi 
regenerating.  In  the  figure,  the  exciter,  B,  furnishes 
rent  which  flows  in  the  path  indicated  by  the  dotts 
arrows.  This  current  excites  the  main  motor  field  m 
causes  the  armature.  A,  to  generate  a voltage  oppcw 
to  the  line  voltage.  The  voltage  of  B oan  be  ragabw 
either  by  regulating  its  field  strength  or  by  inseitiMd 
removing  resistance  in  series  with  its  armature.  "M 
the  voltage  of  A overcomes  the  line,  a current  sure* 
flow  from  the  ground  through  R and  A to  the  line.  Th 
R carries  both  the  main  regenerated  current  and » 
exciting  current.  I 

The  stabilising  effect  comes  from  the  resistance  R, 
any  variation  in  the  regenerated  current  will  vary  W 
drop  across  the  resistance  and  thus,  assuming  the  volts* 
of  the  exciter,  E,  to  be  fairly  constant,  will  have  wist 
Fio.  31.— Direct-  mediate  effect  on  the  field  of  the  main  motor  to  counter** 
current  regenera-  such  a variation.  For  instance,  if  a train  is  regenenfck 
tive  braking.  down  grade  with  the  exciter  voltage  set  so  as  to  giw 
the  proper  excitation  to  the  main  field  to  furnish  df 
necessary  braking  effort,  and  the  line  voltage  should  suddenly  drop,  tk 
regenerated  current  would  immediately  tend  to  increase.  However,  tk 
increased  current  which  tends  to  flow,  increases  the  voltage  drop  across  tk 
resistance  R,  and  directly  reduces  the  exciting  current,  thus  maintaining 
balanced  condition  as  before. 

It  is  important  in  a direct-current  regenerating  system,  to  have  this 
lating  influence  as  nearly  direct  as  possible,  since,  changes  in  line  voltaij 
may,  at  times,  be  so  great  and  so  sudden  that  unless  the  regulation  is  any 
taneous  with  the  variation,  a condition  of  unbalance  between  the  armstd 
and  field  of  the  motor  may  be  sufficiently  great  to  cause  flashing  st  th 
commutator. 

The  excitation  for  the  main  motors  is  supplied  by  a separate  genersta 
driven  either  by  a motor  or  from  an  idle  locomotive  axle  through  gesriol 
The  regulation  of  the  braking  is  then  obtained  by  varying  the  exciter  W 
strength  or  by  varying  the  amount  of  resistance  in  the  stabiliser  circuit 
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II.  Alternating-current  regeneration.  Regeneration  with  poly- 
iae  motors  ia  obtained  very  simply  by  driving  the  rotors  above  synchronous 
*cL  No  change  in  connections  or  separate  means  of  excitation  are  re- 
red.  This  method  of  regeneration  has  been  in  successful  operation  for 
umber  of  years. 

lever al  schemes  of  regeneration  with  single-phase  commutating  motors 
re  been  devised,  but  none  have  been  put  in  operation  in  this  country* 
lough  a form  of  regeneration  or  dynamic  braking  has  been  placed  in 
ration  in  Switserland  by  the  Oerliken  Co. 

RAILWAY  MOTOR  CAPACITY 

10.  Limitations  of  design.  The  capacity  of  railway  motors  to  do  work 
mot  be  measured  by  the  same  standards  governing  the  rating  of  motors 
the  stationary  type.  Conditions  of  operation  demand  that  the  motors 
11  conform  to  the  requirements  of  a 4 ft.  8|  in.  gage  track,  and  fre- 
mtly  a wheel  base  of  not  over  78  in.,  and  preferably  less.  The  re- 
sted space  thus  available  makes  it  imperative  that  the  weight  and  out- 
e dimensions  of  railway  motors  shall  be  scaled  to  the  lowest  possible  limit 
isistent  with  the  average  and  momentary  output  demanded  by  service 
[uirements.  It  is  customary,  therefore,  in  railway-motor  design,  to  force 
i density  of  the  magnetic  circuit  far  in  excess  of  what  is  considered  good 
tctice  in  the  design  of  stationary  motors.  The  effect  of  this  high  satura- 
q of  the  iron  circuit  is  to  entail  an  iron  hysteretic  and  eddy-current  loss 
nich  a high  value  as  to  preclude  the  possibility,  in  many  cases,  of  running 

* motor  continuously  at  full  voltage  without  overheating  it  due  to  the 
a loss  fdone.  It  is  evident,  therefore,  that  recourse  must  be  had  to!methods 
comparative  rating  of  railway  motors  other  than  the  usual  continuous 
tning  at  full  voltage,  obtaining  in  the  case  of  stationary  motors.  On 
omotives  these  space  restrictions  can  be  largely  overcome  by  use  of  the 
e-rod  drive  with  the  motor  mounted  above  the  wheels. 

IS1.  The  nominal  rating  of  a railway  motor  is  given  in  the  A.  I.  E.  E. 
mdards,  Sec.  24,  Par.  S10S. 

LSI.  The  continuous-rating  input  of  a railway  motor  is  given  in  the 
I.  E.  E.  Standards,  Sec.  24,  Par.  flOS. 

LIS.  The  maximum  load  on  railway  motors  does  not  usually  exceed  150 
' cent,  of  the  nominal  rating. 

L14.  Two  f acton  determine  the  capacity  of  railway  motors,  namely 
nmutation  and  heating.  During  the  accelerating  period  the  current  input 
manded  by  a railway  motor  is  always  considerably  in  excess  of  the  current 
erward  required  to  run  the  car  at  full  speed  on  level  tangent  track.  The 
lue  of  this  current  will  depend  upon  the  several  conditions  entering  into 
» problem,  weight  of  train,  schedule  speed,  and  frequency  of  stops,  these 
(tors  determining  the  rate  of  acceleration  and  maximum  speed  required  as 
sviously  outlined.  A motor  must  be  selected  which  can  commutate  the 
normal  current  required  during  the  accelerating  period  without  excessive 
irking  at  the  brushes. 

It*.  Division  of  load  between  motors.  For  close  calculations  it  is 
aessary  to  plot  the  actual  speed-time  curves  obtaining  with  any  individual 
(tor.  In  dividing  the  total  current  input  to  the  train  by  the  number  of 
(tors,  in  order  to  obtain  the  current  per  motor,  it  can  be  assumed  that 
)h  motor  will  take  its  equal  share  of  current  at  all  speeds,  provided  the  mo- 
■»  are  of  the  same  type  and  capacity,  and  have  the  lame  gear  ratio. 

116.  Effect  of  acceleration  rate  and  maximum  Speed  on  capacity, 
is  evident  from  working  out  a few  examples,  that  high  rates  of  acceleration 
x be  used  only  when  low  maximum  speeds  are  possible,  and  that  an 
normally  large  motor  capacity  will  be  essential  if  high  rates  of  acceleration 
» demanded  m connection  with  high  maximum  speeds.  Thus,  although 
>tor  equipments  of  the  direct-current  series- wound  type  can  always 
nish  enough  current  to  slip  the  driving  wheels,  such  high  current  inputs 
U be  demanded  as  will  considerably  exceed  the  safe  rated  commutating 
>acity  of  motors  operating  cars  at  50  miles  per  hr.  or  more,  common  to 
erurban  high-speed  service.  Various  devices  have  been  brought  out  for 

* purpose  of  limiting  starting  currents  to  safe  predetermined  values,  and 
i current-limiting  device  now  forms  a component  part  of  certain  types  of 
atrol  equipment. 
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127  The  heating  of  railway  motors  in  operation  is  caused  by  inim 

copper,  iron  and  brush  losses.  These  losses  vary  not  only  in  intensity 
also  in  distribution  with  different  types  of  motors  and  classes  ol  kttz?. 
At  zero  speed,  the  losses  are  all  in  the  copper  of  field  and  armature,  bets 
divided  according  to  their  relative  resistance.  As  the  armature  apee; 
increases  there  is  an  iron  loss  distributed  between  the  iron  of  armature 
pole  face  and  tips,  depending  upon  the  design  of  the  motor.  This  sxb 
loss  starts  from  zero  at  standstill  and  increases  to  a maximum  at  the  moser 
of  cutting  out  starting  resistances,  after  which  it  decreases  some-na: 
this  again  is  a matter  of  motor  design.  As  the  various  losses  are  the  W3J 
of  temperature  rise  in  the  motors,  it  is  necessary  to  trace  their  influenre 
the  individual  part  of  a motor  under  study. 

128.  Internal  motor  losses.  As  the  heating  of  a motor  is  the  ressh 
the  average  losses  within  it,  the  average  losses  and  their  distributions?* 
any  moment  of  shutting  off  power  must  be  determined. 

Internal  motor  losses  during  fractional-speed  running  are  indicated  i 
Fig  32  w here  abscissas  give  elapsed  time  and  ordinates  represent  power  a 
In  other  words,  the  losses  depicted  are  not  instantaneous  losses  at  any  prs 
speed,  but  integrated  losses  from  the  time  of  starting  from  rest,  to  gaining© 

^Equally  important  with  the  determination  of  the  various  internal  bre 
is  their  distribution.  Thus  in  a closed  motor  the  armature  loss  most 
conducted  through  the  field  structure  before  it  can  reach  the  outside 
of  the  motor  and  be  dissipated  into  the  surrounding  air.  Added  to  the  be 
imparted  to  the  field  structure  by  its  own  r-R  losses  and  pole  face  1<?« 
there  is,  therefore,  considerable  heat  delivered  to  it  by  virtue  of  its  semceii 
conducting  medium  for  the  armature  heat.  On  the  other  hand,  the  t* 
structure  would  conduct  the  armature  heat  at  a more  rapid  rate  were  it  a 
for  its  own  internal  loss.  It  becomes  important  to  establish  a relaGoc  ' 
this  interchange  of  heat  betw  een  field  structure  and  armature,  the  relation  N 
best  expressed  by  the  ratio  of  armat  ure  loss  to  field  loss,  as  indicated  in  Fig  * 


129.  Thermal-capacity  curves  furnish  the  foundation  for  all  drw 
ruinations  of  motor  capacity  for  any  service;  it  is,  therefore,  important  i 
understand  the  method  of  their  construction.  A typical  speed-time  nj 
Fig.  33,  is  performed  over  a tangent  level  track  with  proper  weight  of  car  ti 
gear  ratio  for  a given  motor,  a succession  of  these  runs  being  made  for 
10  hr.,  or  until  the  motors  have  attained  a constant  temperature.  T» 
typical  run  will  call  for  certain  internal  losses  in  the  motor  having  a tin 
ratio  between  armature  and  field  losses,  and  there  is  a direct  connect 
between  these  losses  averaged  over  the  8 or  10  hr.  run  and  the  tfl 
perature  rise  of  the  several  parts  of  the  motor.  Fig.  34  is  thus  construe 
from  results  of  a series  of  such  temperature  runs,  each  separate  1(H 
run  giving  rise  to  a certain  ratio  of  armature  to  field  losses,  and  therein 
establishing  one  point  upon  the  field  and  armature  thermal-capacity  curve. 

ISO.  Application  of  continuous  rating.  The  continuous  rating  l 
railway  motors  (see  Par.  122)  differs  from  that  of  consta nt-epeed  motor# 
that  it  is  based  not  on  the  normal  voltage  of  the  motor  but  on  voltages  wH 
oombined  with  the  rated  continuous  current,  will  give  the  average  core  H 
corresponding  to  the  particular  service.  For  convenience  the  continue 
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13S.  Service  capacity  curves.  Applying  results  similar  to  Fig.  34,  to  a 
aeries  of  speed-time  curves  for  different  distances  run,  a curve  similar  to 
Fig.  35  is  obtained  for  an  equipment  having  a fixed  gear  ratio,  in  this  case 
proportioned  for  a maximum  speed  of  45  miles  per  hr.  on  tangent  level  track. 
This  curve,  called  a service  capacity  curve,  gives  directly  the  temperature 

rise  for  a given  equipment,  in  this 
__  case  a 125-h.p.  motor,  for  any 
±4  schedule  speed  that  can  be  per- 


9 formed  with  a varying  number  of 
stops  per  mile,  the  equipment  being 
geared  for  45  miles  per  hr.  maxi- 
mum speed  when  running  free. 

It  will  be  noted  that  the  tons 
train  weight  per  motor  for  a given 
temperature  rise  do  not  vary 

Sreatly  over  the  whole  range  from 
ve  stops  per  mile  down  to  less 
than  one  stop  per  mile.  In  other 
words,  a railway  motor  equipment 
of  fixed  gear  ratio  when  mounted 
on  a car  of  fixed  weight,  will  attain 


2 3 

MmwiwrMlU 

Fio.  35. — Motor  service  capacity. 


approximately  the  same  temperature  rise  above  the  surrounding  air,  irre- 
spective of  the  number  of  stops  per  mile  demanded  by  service  conditions. 
Thus  from  Fig.  35,  16  tons  per  motor  gives  temperature  rise  of  60  deg.  cent, 
'or  the  motor  under  consideration,  and  this  temperature  rise  holds  good 
whether  the  car  is  making  a schedule  speed  of  11.5  per  hr.  with  five  stops 
?cr  mile,  or  29  miles  per  hr.  with  one  stop  per  mile. 

This  fact  furnishes  a means  of  simplifying  the  expression  giving  the 
’elation  between  the  1-hr.  commercial  capacity  test  and  service  capacity 
>f  the  railway  motor.  It  is  sufficient  for  purposes  of  approximation  to  rate  a 
given  motor  at  the  tons  train  weight  per  motor  which  can  be  hauled  for  a 
given  maximum  speed  or  gear  ratio,  taking  say  60  deg.  cent,  rise  as  a basis. 
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188.  Short  method  of  determining  hone-power  rating  of  trelle 
ear  equipment!.  Because  of  the  many  conditions  which  have  to  be  tafee 
into  account  in  the  selection  of  motors  for  various  classes  of  trolley  c 
service  and  the  varying  characteristics  of  railway  motors,  some  such  proce 
as  outlined  above  is  usually  adopted  when  close  recommendation*  an  r 
quired.  Tbe  process  is  too  elaborate  for  approximate  estimates  and  betas 
of  this  there  are  several  approximate  short-cut  methods  which  are  some  fa m 
used.  There  is  a feeling,  however,  that  there  are  many  cases  when  t 
service  can  be  made  more  or  less  to  fit  the  equipment  and  the  problem  bo 
down  to  a selection  of  a rational  equipment  lor  various  weights  of  tni 
geared  for  various  maximum  speeds.  For  short-stop  city  service  the  era 
omy  of  light-weight  cars  geared  for  low  maximum  speeds  and  capable 
high  acceleration  is  being  appreciated  more  and  more.  In  considering  t 
equipment  for  such  a service  the  motors  will  be  required  to  give  a hi 
rate  of  acceleration  without  exceeding  the  1-hr.  rating,  whereas  for  fej 
speed  service  the  accelerations  are  not  so  frequent  and  high  rates  of  an 
eration  are  not  so  essential,  consequently  the  1-hr.  rating  of  the  moti 
can  be  somewhat  exceeded  during  acceleration.  Thus  cars  geared  for 
maximum  speed  of  25  m.p.h.  should  be  equipped  with  motors  ‘which  c 
accelerate  the  car  at  approximately  1.5  m.p.h.  per  second  without  exceeds 
the  one-hour  rating  of  the  motors,  whereas  cars  geared  for  50  m-f 
probably  would  not  be  used  in 'a  service  where  they  would  have  to  ten 
erate  at  more  than  1 m.p.h.  per  second  in  which  case  a motor  equipc* 
which  would  produce  this  acceleration  at  30  or  40  per  cent,  overia 
would  ordinarily  have  sufficient  capacity  to  handle  a service  which  wen 
require  such  a high  maximum  speed.  The  following  table  (Par.  184)  i 
been  prepared  along  these  lines  to  show  relatively  the  nores-power  esp&csi 
for  low-  and  high-speed  service  and  is  useful  as  a means  of  selecting  fro« 
list  of  standard  motors  the  equipment  which  will  come  nearest  meeting  i 
requirements  of  any  particular  service.  A temperature  rise  of  65  deg  cal 
has  been  taken  in  order  to  ensure  a reasonably  long  life  to  the  motor  uu*i 
tion,  a much  higher  temperature  rise  causing  a too  rapid  deterioration,  J 
this  connection  may  be  mentioned  the  possibility  of  running  motors  st  am 
higher  temperature  when  they  are  provided  with  mica  and  asbestos  iorii 
tion  with  no  fabric. 

184.  Horse-power  motor  capacity  required;  standard  direct-con* 
railway  motors,  ventilated  type 

Max.  Weight  of  train  including  passengers,  tons 

speed,  : j j j : 

m.p.h.  20  1 30  | 40  50  60  80 1 100  120  150  180  | 200  | 250  3* 

25  1 103  142;  181  215  248  312'375  435  526  610,'  667|  82f|  «l 

30  110  160  202  240  278  346  419  483  580  673.  734  , 900  1,0? 

35  131  179,226  268  309  3831461  531  638  738  807!  993  1, 1? 

40  ...  200!  250  298  34 1 4 19  505  579  695  802  877  1,080  1.3 

45  275  326  372  450,549  632  7541  872  955  1,165  1,5? 

50  | ...  360  408  502  600  685  818  940  1,030,  1.257, 1,43 

55  ...392  442  548  651  744  885|  1,013  1,116  1,358 ,1.58 

60  483  596  708  802  960  1,097  1,200  1,458  1 M 

65  | 528  640j759  863  l,025j  1,169;  1,280  1.559  1.3 

The  horse-power  capacity  required  conforms  to  the  commercial  rating1 
railway  motors,  that  is,  the  1-hr.  horse-power  rating  defined  by  the  A.  I.  E. 
Standardisation  Rules  (Sec.  24,  Par.  5108). 

135.  Division  of  train  horse-power  capacity.  The  horse-power  capi 
ity  given  for  any  train  weight  may  be  split  up  into  the  required  number 
units.  Thus,  a train  composed  of  five  40-ton  cars  running  at  45  ra: 
per  hr.  requires  955  h.p.  motor  capacity.  This  may  be  divided  into  j 
units  of  160  h.p.  each,  that  is,  three  motor  cars  equipped  with  double  l| 
h.p.  motors  hauling  two  trailers,  or  each  car  of  the  train  may  be  a motor  < 
and  be  equipped  with  a pair  of  100-h.p.  motors.  Approximately  the  mi 
temperature  rise  will  obtain  in  either  case. 

. Certain  motors  of  modem  construction  provide  for  longitudinal  ventilsti 
either  with  blower  on  armature  or  with  external  blower.  In  either  ease,  i 
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armature  and  field  losses  are  carried  off  independently  of  each  other  by  the 
introduction  of  external  air,  hence  the  ratio  of  losses  in  such  motors  becomes 
of  secondary  importance. 

116.  Division  of  capacity  for  single  cars  and  trains.  For  single-car 

operation  a four-motor  equipment  is  preferred  for  double-truck  cars,  this 
being  especially  true  where  snow  or  heavy  grades  are  characteristic  of  the 
service.  For  train  operation,  two-motor  equipments  are  used,  as  the  dis- 
abling of  a single  unit  will  not  incapacitate  the  train. 

1S7.  Power  requirements  with  single-phase  equipment.  Owing 
to  the  short  period  during  which  single-phase  motors  have  been  operated, 
their  design  has  not  yet  become  standardised,  nor  is  there  sufficient  operating 
data  upon  which  to  base  anything  more  than  general  conclusions  of  the  horse-  * ' 

E>wer  required  for  a given  service.  The  single-phase  motor  is  essentially  a 
gh-speed  motor,  having  a high  copper  loss  and  low  core  loss,  hence,  is 
more  particularly  adapted  to  constant-speed  running,  and  suffers  in  com-  * _ 

IMrison  with  the  direct-current  series  wound  motor  when  used  for  accelera-  Vj 

tion  work.  There  is  no  lack  of  starting  torque  with  the  alternating-current 
motor,  but  a large  tractive  effort  is  obtained  only  at  the  expense  of  a large 
copper  loss,  so  that  alternating-current  motors  are  unsuitable  for  rapid 
transit  service  demanding  repeated  high  rate  of  acceleration,  not  because 
Mich  motors  cannot  furnish  the  tractive  effort  required,  but  because  the 
copper  loss  incident  to  such  high  tractive  efforts  will  heat  the  motors  unduly 
if  used  exclusively  for  acceleration  service.  Thus  the  alternating-cuiTent 
motor  becomes  much  heavier  than  the  direct-current  motor  on  the  basis  of 
•erviee  performed  with  frequent  stops. 

168.  Single-phase  equipment  for  a service  embracing  infrequent 
steps.  In  wtenjrban  or  express  service  with  infrequent  stops,  the  smaller 
core  loss  of  the  alternating-current  motor  brings  it  more  nearly  on  a par  with  , 
the  direct-current  series  wound  motor  as  regards  output  per  pound  weight 
of  motor.  It  is  possible  therefore  to  use  the  figures  of  Par.  134  as  applying 
to  alternating-current  motor  capacity.  where  stops  are  not  greater  than  one 
in  2 miles.  However,  the  table  should  not  be  used  in  connection  with  higher 
frequency  of  stops  given,  as  then  the  resulting  motor  capacity  indicated  in  the 
table  must  be  largely  increased  when  applied  to  alternating-current  motors. 

' Owing  to  the  fact  that  the  chief  advantage  of  the  single-phase  motor 
lies  in  its  ability  to  utilise  the  benefits  of  trolley  potentials  of  11,000  to 
15,000  volts  as  compared  with  the  600  to  3,000  volts  used  with  direct-current 
motors,  questions  of  safety  limit  the  field  of  operation  of  alternating-current 
motors  to  lines  operating  over  private  rights  of  way  exoept  where  altemating- 
eurrent-direct-current  equipments  are  used  or  a lower  alternating-current 
voltage  is  used  on  the  trolley  as  is  sometimes  done. 

139.  Three-phase  equipment.  Owing  to  the  few  applications  of  three- 
phase' induction  motors  to  motor  cars,  no  statements  can  be  made  regard- 
ing the  capacity  of  such  motors  for  service  performed.  The  induction  type 
of  alternating-current  motor  is  not  at  all  adapted  for  acceleration  work, 
owing  to  the  poor  efficiency  of  the  car  equipment  during  fractional  speed 
running.  The  field  of  the  three-phase  induction  motor  lies  in  the  direction 
of  a service  calling  for  constant  effort  at  constant  speed,  and  the  problems 
wherein  this  type  of  motive  power  can  be  considered  are  so  special  and  infre- 
quent as  to  place  it  entirely  beyond  consideration  for  general  motor  car 
application. 

140.  Locomotive  motors.  Locomotive  operation  demands  a special 
treatment  of  the  motor  capacity  subject,  in  most  cases  requiring  such  special 
knowledge  of  the  motor  construction  as  to  prevent  any  general  conclusions 
being  drawn  with  the  limited  data  at  hand.  The  locomotive  motor  is  de- 
signed more  along  the  lines  of  a stationary  motor,  that  is,  owing  to  the 
necessity  for  operating  a locomotive  close  to  the  tractive  limit,  its  motive 
P°wer  ia  running  continuously  at  nearly  its  full-load.  With  a locomotive 
working  at  75  per  oent.  or  more  of  the  slipping  point  of  the  drivers,  there  is  a 
po^ribility  of  Dut  small  overload  and  hence  the  motors  may  be  designed 
with  lower  density,  in  fact  like  a stationary  motor.  With  the  absence  of 
extreme  overloads,  the  question  of  commutation  becomes  secondary  and  the 
selection  of  a motor  becomes  a matter  of  its  ability  to  radiate  the  heat 
generated  for  Hie  service  specified.  The  whole  question  of  motor  capacity 
for  locomotives  is  so  intimately  connected  with  mechanical  problems  of  loco- 


Dg,M?b5y  Google 


Sec.  1&-141 


ELECTRIC  RAILWAYS 


motive  design,  that  it  must  be  placed  in  the  list  of  special  problems  regain* 
the  careful  cooperation  of  the  manufacturers.  Locomotives  for  switekaf 
service  use  the  motor  intermittently,  and  the  above  remarks  do  not  apply. 
141.  Standard  General  Electric  railway  motors,  commntating-pd* 

type 
600  Volta 


Weight  (lb.) 

Type 

H.p. 

motors 

control 

Motor 

Total 

equipment 

258-C 

25 

2 

K-63 

885 

2,520 

4 

K-35 

4,830 

4 

PC 

4,940 

268-D 

25 

2 

K-63 

1,000 

2,750 

4 

K-35 

5,290 

4 

PC 

5,400 

264-A 

25 

2 

K-63 

1,005 

2,760 

4 

K-35 

5,310 

4 

PC 

5,420 

264-B 

25 

2 

K-63 

1,130 

3,010 

4 

K-35 

5,810 

4 

PC 

6,920 

200 

40 

2 

K-63 

2,115 

5,080 

4 

K-35 

9,950 

4 

PC 

9,940 

247-A 

40 

2. 

K-63 

1,740 

4,330 

4 

K-35 

8.450 

4 

PC 

8,440 

247-D 

40 

2 

K-63 

1,870 

4,590 

4 

K-35 

8,970 

4 

PC 

8,960 

203 

50 

2 

K-36 

2,630 

6,470 

2 

PC 

6,510 

4 

K-35 

12,040 

4 

PC 

12,020 

201 

65 

2 

K-36 

2,845 

6,990 

2 

PC 

7,140 

4 

K-35 

13,060 

4 

-PC 

13,040 

263-A 

65 

2 

K-36 

3,050 

7,400 

2 

PC 

7,550 

4 

K-35 

13,780 

4 

PC 

13,970 

240 

no 

2 

PC 

3,840 

9,560 

4 

K-64 

18,160 

4 

PC 

17,870 

259-A 

120 

2 

PC 

4,000 

10,200 

4 

PC 

18,600 

25-VA 

140 

2 

PC 

4,515 

11,410 

4 

PC 

20.960 

248 

160 

2 

PC 

5,720 

13,780 

207 

165 

2 

PC 

5,200 

12.740 

260 

195 

2 

PC 

5,745 

13,970 

212 

225 

2 

PC 

6,050 

14,690 

| 600/1,200  Volts  | 

263-A 

55 

4 

PC 

3,050  . 

15,900 

240 

90 

4 

PC 

3,840 

19,000 

207 

110 

4 

• PC 

5,200 

24,530 

207 

140 

4 

PC 

6,200 

24,810 

254 

145 

4 

PC 

4,480 

22,070 

^ 1396 
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14S.  Forced  ventilation  is  being  resorted  to  especially  in  the  ease  of  the 
irger  motors  for  locomotives,  as  owing  to  the  limits  imposed  by  standard 
age  and  allowable  wheel  base  it  often  becomes  extremely  difficult  to  conoen- 
rate  the  required  motor  power  without  exceeding  safe  temperature  limits, 
is  the  aise  of  locomotive  motors  is  largely  determined  by  their  ability  to 
tdiate  heat,  the  use  of  foroed  ventilation  naturally  follows  as  the  next  step 
a advance. 

143.  Standard  Wsstinghouss  direct-current  commutating-pole 
railway  motors 


Motor 

‘SS6 

1 H.p. 
at 

| 600 
| volts 

No.  of 
motors 

1 Type  of 
control 

| Weight 
of  double 
end 
control 

Weight 
of  motor 
with 
gears 

Total 
weight  of 
equipment 

508-A 

1 25 

2 

K-63-BR 

769 

1,035 

2,869 

4 

K-35-Ci  Ri 

1,228 

5,428 

508-C 

25 

2 

K-63-BR 

769 

1,100 

2,999 

4 

K-35-GR, 

1,228 

5,688 

5 14- A 

40 

2 

K-63-BR 

925 

1,700 

4,365 

4 

H.L. 

1,827 

8,707 

514-C 

1 40 

2 

K-63-BR 

925 

1,770 

4,505 

4 

H.L. 

1,827 

8,987 

532- B 

| 50 

2 

H.L. 

1,528 

2,325 

6,208 

4 

H.L. 

1,888 

11,248 

306-CV 

, 65 

2 

H.L. 

1,736 

2,700 

7,166 

4 

H.L. 

2,108 

12,968 

547-C 

80 

2 

H.L. 

1,800 

3,175 

8,190 

4 

H.L. 

2,650 

15,430 

548-C 

100 

2 

H.L. 

1,856 

3,175 

8,246 

4 

H.L. 

2,719 

15,499 

333- V 

125 

2 

H.L. 

1,941 

3,850 

9,641 

4 

H.L. 

2,835 

18,235 

557- A 

140 

2 

H.L. 

2,187 

4,050 

10,287 

4 

H.L. 

3,166 

19,366 

507-A 

165 

2 

H.L. 

2,633 

4,900 

12,433 

4 

H.L. 

577-A 

190 

2 

H.L. 

2,750 

5,650 

25,350 

4 

H.L. 

600-1.200  Volt  Motors  (Full  speed  on  600  Volts) 
Without  Dynamotor 


306-CV 

547- C 

548- C 
333-V 
557 

567 

577 

65 

80 
100 
125  , 

140  i 
165  1 

| 190  1 

4 

4 

4 

4 

•4 

•4 

4 

H.L. 

H.L. 

H.L. 

H.L. 

H.L. 

H.L. 

H.L. 

3,037 

3,451 

3,651 

3,909 

4,000 

3,600 

3,800 

2,700 

3,175 

3,175 

3.850 

4,050 

4,900 

5,650 

13,897 

16,231 

16,431 

19,309 

20,200 

23,200 

26,400 

750-1,500  Volt  Motors 

Motor 

type 

No. 

1 H.p. 
at 
750 
volts 

No.  of 
motors 

Type  of 
control  j 

Weight 
of  double 
end 
control 

Weight 
| of  motor 
with 
gears 

Total 
weight  of 
equipment 

545-C 

85 

4 

H.L. 

3,472 

3,175 

16,172 

334-V 

120 

4 

H.L. 

4.100 

3,850 

19,500 

567-A 

200 

•4 

H.L. 

3,600 

4,900 

23,200 

577-A 

230 

•4 

H.L. 

4,264 

6,650 

26,864 

• Half  speed  on  600  and  750  volts. 
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144.  Alternating-current  single-phase  railway 


H.p. 

No.  of 
motors 
per 

equip- 

ment 

Type  of 
control 

Weight 

control 

0b.) 

Weight  of 
motor 
gear,  gear 
case,  axle 
bearings 
and  axle 
caps 
(lb.) 

Weight 
of  dnve 
details 
0b.) 

R 

135- B 

75 

4 

Unit  switch 

8,525 

4,500  lb. 

132- A 

■OUR 

4 

Unit  switch 

I’HWl 

Motor  cb 

148- A 

125 

4 

Unit  swtich 

a ail 

Motor  m 

409-  B 

175 

4 

Unit  switch 

asii 

mjMM 

Motor*' 

412 

225 

2 

Unit  Bwitch 

ii 

Motor  m 

RAILWAY-MOTOR  CONTROL 


148.  Classification.  There  are  two  general  types  of  control  used  «itk 
direct-current  series- wound  rail  wav  motors,  namely:  drum  control  »ad. 
multiple-unit  control.  With  each  of  these  types  there  are  two  systems  wkira 
may  be  used,  these  being  known  as  the  straight  rheostatic  control  system  m 
the  series-parallel  control  system. 

144.  With  the  straight  rheostatic  system  of  acceleration  the  moton 
are  connected  permanently  in  series  or  parallel  according  to  the  arrangemeu 
desired,  and  the  full  starting  resistance  is  connected  in  series  with  the  moton 
This  resistance  is  then  notched  out  of  circuit,  step  by  step,  until  full  poteata 

t is  used  for  single-motor  eqs*- 


is  applied  to  the  motors. 


SMcConP*nll«l 

TwtfUy 

4 Moton  S«rlea  Parallel 

4 Meton  Parallel 

Trolly  Qw—d 

Fio.  36. — Motor  connections; 


.This  arrangement  ii „ 

meats,  two-motor  equipments  on  doabfc 
voltage  (two  600-volt  motors  insulated « 
withstand  1,200  volta  on  a 1.200 
circuit),  and  for  slow-speed  industrial 
or  mining  locomotives  of  small  capsdtia 
147.  The  chief  advantages  of  ‘ 
series-parallel  control  system  are  ^ 
two  running  speeds  are  obtained,  and  ds* 
economy  is  effected  during  accelerated 
The  motors  or  groups  of  moton  (Rf- 
are  first  connected  in  series  with  the  fol 
starting  resistance  in  the  circuit.  Th»  re 
sistance  is  then  notched  out  of  the  dmst 
step  by  step,  until  full-line  potential  a 
applied  to  the  motors  or  groups  of  mowfl 
in  series.  A portion  of  the  resistance:* 
next  re-introduced  in  the  circuit,  and  tw 
motors  or  groups  of  motors  are  connected 
in  parallel.  Finally , the  resistance  is  fjj 
out  of  the  circuit  step  by  step  until  fuB-fcJ 
potential  is  across  the  motors  or  group*  ■ 
motors  in  parallel. 


14S.  Three  methods  of  transition  from  series  to  parallel  are  in  oft 

these  being  known  as  the  shunting  or  “X”  method,  the  bridging  method 
and  the  open  circuit  or  "L”  method.  Shunting  transition  denvea  its  n»n*| 
from  the  fact  that  in  changing  from  series  to  parallel,  resistance  is  re-iodoi 
duced  into  the  circuit,  then  one  motor  or  group  of  motors  is  short-circuittj 
(shunted)  and  is  subsequently  thrown  into  parallel  with  the  other.  In  $ 
bridging  transition,  after  the  motors  are  running  in  full  aeries  with  no  reasUnci 
in  circuit,  a portion  of  the  main  resistance  is  thrown  in  parallel  with  eschof  ttf 
motors  or  groups  of  motors.  Following  this,  the  circuit  between  the  moton* 
opened  in  such  a way  as  to  leave  resistance  in  series  with  each  of  the  tnottfi 
or  groups  of  motors,  and  the  latter  in  parallel.  The  open-circuit  tranaud 
denvea  its  name  from  the  method  of  opening  the  power  circuit  entirely  befoul 
ohanging  the  connections. 
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149.  The  distinctive  feature  of  cylinder  (drum)  control  is  that  the 
arious  electrical  connections  are  made  and  broken  manually,  by  means  of  a 
and  controller.  This  consists  of  an  upright  cylinder  upon  which  are 
lounted  the  contacts  and  against  which  stationary  fingers  press.  When 
be  cylinder  is  rotated  (by  means  of  a handle)  the  contacts  connect  the  proper 
ngers  to  form  the  required  electrical  connections. 
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Type  "R  ” Controllers  are  of  the  rheostatic  type  and  are  designed  toossto 
one  or  more  motors  by  means  of  resistance  only.  Certain  of  these  eontnfin 
are  arranged  so  that  the  motors  may  be  grouped  either  in  series  or  in  pankl 
at  the  option  of  the  operator,  but  as  this  must  be  accomplished  by  threwni 
a separate  lever,  these  controllers  are  not  used  as  series-parallel  contrdkmsd 
their  field  is  limited.  . . , 

Type  **£”  controllers  may  be  either  of  the  rheoetatic  or  the  senes-esnwi 
types,  but  they  differ  from  the  ordinary  rheostatic  or  series-paralkl  cat- 
trollers  by  having  the  contacts  arranged  so  that  if  desired,  the  power  may  w 
cut  off,  the  motors  reversed  and  then  short-circuited  through  a 
resistance,  the  motors  thus  acting  as  series  generators.  Beside  the  brami 
effect  of  the  motors  acting  as  generators,  use  is  sometimes  made  of  magatj 
rail  brakes  or  axle  brakes,  the  coils  of  these  magnetic  brakes  being  in  so* 
with  the  short-circuited  generators. 

' 1*1.  Capacity  of  drum  controllers.  Two  ratings  are  given  to  drd 
controllers,  conforming  to  the  double  ratings  presented  by  the  A.  I.  fc  s 
for  railway  motors  (see  Par.  131  and  US).  That  is,  the  capacity  of  (M 
controllers  is  defined  by  specifying  the  1-hr.  rating  and  also  the  eont»«J 
rating  in  amperes  at  three-fourths  voltage  of  the  largest  motors  with 
the  controller  can  be  used.  It  is  necessary  therefore  in  selecting  oontraBa 
for  a given  motor  equipment  to  note  that  neither  the  hourly  rating  u> 
power  nor  the  continuous  rating  in  amperes  is  exceeded.  It  is  Jurtks  w 
essary  to  define  the  number  of  motors  the  control  is  arranged  for  and  ** 
the  maximum  voltage  of  the  circuit  on  which  it  can  be  used. 

lit.  Standard  series-parallel  controllers — 800  volts 


No.  of 

Capacity 

No.  of  points 

Maximum 

Type 

motors 

H.p. 

| Amp. 

Series 

Parallel 

volts 

K-35 

4 

65 

60 

5 

3 

750 

K-36 

2 

70 

66 

4 

4 

750 

For  tapped- 
field  motto 

K-51 

2 

70 

66 

5 

4 

750 

K-63 

2 

40 

38 

4 

3 

750 

K-64 

4 

110 

105 

1 6 

4 

750 

183.  Line  circuit  breakers  with  drum  controllers.  In  order  V 
eliminate  the  severe  arcing  from  controller  fingers  when  the  main  ' 
broken,  an  attachment  is  fitted  to  the  lower  end  of  the  main  cylinder 
for  the  purpose  of  closing  and  opening  the  main  circuit  breaker.  Thu® 
cuit  breaker  with  an  overload  relay  is  enclosed  in  a sheet  metal  box »« 
located  under  the  car  body.  The  line  breaker  used  for  this  purpose  u 
netically  operated  and  is  provided  with  renewable  contact  tips  and  a pow 
ful  magnetic  blowout  coil  with  large  arc  chute.  The  attachment  in  the  cos 
troller  is  essentially  a ratchet  switch  which  makes  oontact  and  doses  « 
circuit  breaker  when  the  control  handle  is  turned  to  the  first  point  and  n 
mains  closed  throughout  all  succeeding  positions  of  the  operating  hand* 
When  the  controller  is  notched  back  in  the  "off”  direction  the  rate* 
switch  opens  and  de-energises  the  line  breaker  which  opens  the  main  arts 
regardless  of  the  position  of  the  operating  handle.  Thus  the  current  u a 
off  before  the  control  fingers  break  contact.  To  close  the  line  breaker 
the  operating  handle  must  be  turned  completely  off  and  brought  back  & 
the  first  point  as  before.  In  case  of  overloads  the  overload  relay  opera” 
and  opens  the  line  breaker.  In  this  equipment  the  line  breaker  takes 
place  of  the  hand-operated  breaker  which  is  usually  located  in  the  vestibu* 
154.  Multiple-unit  control  is  a term  originally  applied  to  a contn 
system  which  was  designed  to  permit  a train  of  motor  cars,  when  coupled  < 
any  combination,  to  be  operated  as  a single  unit  from  either  end  of  any 
in  the  train.  To  secure  this  result  several  methods  have  been  adopts 
Fundamentally  the  methods  are  essentially  identical  but  the  means  ea 
ployed  have  differed.  That  is,  the  control  systems  for  each  car  may  o 
considered  in  two  parts,  one  consisting  of  apparatus  which  makes  the  nui 
connections,  or  motor  controller,  and  the  otner  part  consisting  of  apparau 
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which  governs  the  operation  of  the  motor  controller,  that  is,  a master  con* 
troller.  There  are  three  ways  in  which  this  has  been  done  as  described  in 
Par.  14ft. 

lftff.  Oeneral  Electric  contactor  control  employs  magnetically-oper- 
ated contactors  or  circuit  breakers  which  are  opened  and  closed  in  proper 
sequence  by  means  of  train  wires  which  are  energised  through  a master 
controller. 

lftft.  The  master  control  (Par.  Iff)  Fig.  38  comprises  those  parts  which 
switch  the  control  current  operating  the  motor-control  apparatus.  The 
master  controller  is  operated  by  hand,  and  is  located  in  the  vestibule  at 
either  end  of  the  car.  The  motor  control  is  local  to  each  par,  and  current 
for  this  circuit  is  taken  directly  from  the  trolley  or  third-rail  through  the 
contactors,  starting  resistance  and  reverser  to  the  motors,  thence  to  the 
ground.  Where  it  is  necessary  to  operate  with  a gap  in  the  third-rail  sys-  «. 

tern,  it  is  sometimes  customary  to  install  a train  fine  so  that  any  car  may 
supply  the  motor  current  for  the  other  cars  of  the  train. 


The  master  control  includes  train  wires  made  continuous  throughout  the 
train  by  means  of  couplers  between  the  cars.  On  each  car  the  operating 
coils  of  the  motor  control  are  connected  to  this  train  Une  through  a cut-out 
switeh,  these  train  wires  being  energized  in  proper  sequence  by  the  hand- 
operated  master  controller  on  the  platform.  Current  for  the  master  control 
is  taken  directly  from  the  trolley  or  third-rail  through  the  master  controller, 
which  is  being  operated  by  the  motorman,  to  the  train-Une,  and  thus  to  the 
operating  coils  of  the  contactors  forming  the  motor  control  on  aU  cars  of  the 
train. 

1ST.  The  master  controller  (Par.  155)  is  similar  in  design  to  the  original 
cylinder  controller  in  that  it  contains  a movable  cylinder  and  stationary 
contact  finders  through  which  current  is  supplied  in  proper  sequence  to  the 
different  wires  of  the  train  line,  for  energising  the  operating  coils  of  the  mof 
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oontrol.  The  value  of  the  current  required  ia  very  small,  not  exceediiif  ii 
amp.  for  each  car  in  the  train.  The  master  controller  is  provided  with  to 
handles,  one  for  operating  and  one  for  reversing  the  train  movement. 

The  operating  handle  is  provided  with  a button  which  must  be  kept 
down  except  when  the  handle  of  the  controller  is  in  the  off  position,  u re- 
leasing this  button  permits  an  auxiliary  circuit  to  open,  cutting  off  the  suppi? 
of  current  to  the  master  controller,  and  thus  de-energixing  the  train-line  sad 
opening  up  the  motor-control  apparatus.  This  button  is  intended  to  aem 
as  a safety  appliance  in  case  of  physical  failure  of  the  motortnan. 

The  reverser  handle  is  connected  to  a separate  cylinder  which  establish* 
control  connections  for  throwing  the  electrically  operated  reverser  either 
forward  or  reverse  position  when  the  master-controller  handle  is  on  the 
off  point.  The  operating  circuit  for  the  reverser  is  so  interlocked  that  unks 
the  reverser  itself  corresponds  to  the  direction  of  the  movement  indicated  hj 
the  reverser  handle  of  the  master  controller,  the  line  oontactors  on  that  or 
cannot  be  energised. 

168.  The  contactor  (Par.  166)  is  a switch  operated  by  solenoid  cods 
and  each  contactor  may  be  considered  as  the  equivalent  of  a finger  and  n> 
corresponding  cylinder  segment  in  the  hand-operated  “J£”-type  controller 
It  consists  of  an  iron  magnet  frame  with  an  operating  coil  and  two  main  co> 
tacts,  one  fixed  and  the  other  directly  connected  to  the  movable  fin *« 
These  main  contacts  open  and  close  in  a moulded-insulation  arc  chute  pro- 
vided with  a powerful  magnetic  blowout.  Interlocks  are  provided  for  maiioi 
the  neocssary  connections  in  control  circuits  to  ensure  proper  sequence  is 
operating  the  different  contactors. 

All  of  the  contactors  are  mounted  in  a box  placed  beneath  the  car,  this  boi 
being  provided  with  a sheet-steel  cover  lined  with  insulating  material. 

166.  The  reverser  (Par.  166)  is  a switch,  the  movable  part  of  which  is  • 
rocker  arm  operated  by  two  electromagnets  working  in  opposition.  Tk 
coils  receive  their  energy  from  the  master  controller  through  the  train-hat 
and  the  connections  are  such  that  only  one  coil  can  be  operated  at  s 
Leads  from  the  motors  are  connected  to  the  main  reverser  fingers,  and  b? 
means  of  copper  bars  on  the  rocker  arm,  the  proper  relations  of  armature 
field  windings  are  established  for  obtaining  forward  or  backward  motion  i 
the  car.  Also  see  Par.  178. 

160.  Circuit  couplers  between  cars  (Par.  166)  are  so  designed  as  <■ 
give  a corresponding  connection  of  train  wires,  this  being  secured  by  nwa* 
of  proper  mechanical  design  of  plug  and  sockets,  it  being  rendered  impoaaw 
to  insert  the  plug  in  the  socket  improperly. 

161.  Automatic  multiple-unit  control.  Sprague  General  Electa 
automatic  (Par.  166)  provides  for  the  acceleration  of  the  train  at  a prede 
ter  mined  value  of  current  in  the  motor,  this  feature  being  provided  without 
preventing  the  manual  operation  of  the  master  controller  at  less  than  the 
predetermined  ourrent  if  desired. 

The  operation  of  the  contactors  is  controlled  from  the  master  controller, 
but  is  governed  by  a notching  or  current-limit  relay  in  the  motor  circuit, » 
that  the  accelerating  current  of  the  motors  is  substantially  constant. 

This  is  accomplished  by  having  small  auxiliary  interlocking  switches  a* 
certain  of  the  contactors,  the  movement  of  each  connecting  the  operatioi 
coil  of  the  succeeding  contactor  to  the  oontrol  circuit.  The  contactors  an 
energised  under  all  conditions  in  a definite  succession,  starting  with  the 
motors  in  series  and  all  resistance  in  circuit;  the  resistance  is  subsequently  rtf 
out  step  by  step;  the  motors  are  then  connected  in  parallel  with  all  resisting 
in  circuit,  and  the  resistance  again  cut  out  step  by  step.  The  progresses 
can  be  arrested  at  any  point,  however,  by  the  master  controller,  and  is  ne«r 
carried  beyond  the  point  indicated  by  the  position  of  the  master  controller 
The  rate  of  the  progression  ia  governed  by  thtf  current-limit  relay,  so  that  the 
advance  cannot  be  made  at  a rate  so  rapid  that  the  ourrent  in  the  motors  mC 
exceed  the  prescribed  limit.  One  of  these  relays  is  provided  with  each  ear 
equipment,  so  that  while  the  contactors  on  each  car  of  a train  are  controls 
from  the  master  controller  in  use  for  the  application  and  removal  of  power, 
the  rate  of  progression  through  the  successive  steps  is  limited  by  the  r d*j 
on  each  car  independently,  according  to  the  adjustment  and  ourrent  require 
mente  of  that  particular  car. 
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181.  The  control  for  lAM-volt,  1, 500-volt,  1,400-volt  end  9, 009-volt 
ear  Molpmenti  (Par.  195)  is  essentially  the  same  as  that  described  for 
600-volt  servioe  exoept  that  two  motors  are  usually  connected  permanently 
in  series.  Series-parallel  connection  of  the  two  groups  of  motors  provides 
for  half  speed  ana  full  speed,  but  when  full  speed  is  desired  on  600-volt  sup- 
ply, & commutating  switch  is  provided  with  the  1,200-volt  equipments,  thus 
changing  the  motors  from  two  in  series  to  all  in  multiple.  Usually,  however, 
two  motors  remain  permanently  in  series,  and  provide  half  speed  when  1,200- 
volt  cars  run  over  terminal  tracks  supplied  with  energy  at  600  volts.  A 
dynamotor  or  motor-generator  set  run  from  the  trolley  supplies  current  at 
low  voltage  for  actuating  the  switches.  The  air  compressor  and  heaters 
operate  direct  from  the  trolley  circuit. 

199.  Protection  against  failure  of  power  (Par.  199).  Another 
automatic  protection  for  individual  oars  is  provided  by  a second  or  potential 
relay,  which  has  its  coil  connected  to  the  lead  from  the  collecting  shoes  of 
the  respective  oar.  The  oontaots  are  so  oonneoted  in  the  contactor  circuits, 
that  in  case  of  failure  of  power  to  any  car  (such  as  would  be  caused  by  passing 
over  a dead  section  of  rail),  this  relay  is  de-energised  and  causes  the  control 
circuits  on  that  car  to  be  thrown  back  to  the  series  position  with  resistance 
in  circuit.  When  power  is  re-applied  the  control  progresses  step  by  step  to  its 
former  advanced  position.  This  method  prevents  any  surging  or  overloading 
in  such  contingencies.* 

194.  Train-wire  circuits  (Par.  199).  There  are  five  circuits  leading 
from  the  master  controller,  and  five  corresponding  train  wires.  The  five 
circuits  comprise  one  for  forward  direction,  one  for  reverse,  one  each  for 
aeries  and  parallel,  and  the  fifth  for  controlling  the  aooeleration.  When  the 
master  controller  is  moved  to  its  first  forward  point  a direction  wire  is  ener- 
gised which  throws  the  reveraer  to  its  forward  position,  if  it  is  not  already  so 
thrown.  The  reverser  is  electrically  interlocked  so  that  it  cannot  be  man- 
ipulated when  the  motors  are  taking  current. 

The  operating  circuit  is  so  arranged  that  unless  the  reverse  is  thrown  for 
the  direction  of  car  movement  indicated  by  the  master-controller  handle, 
the  contactors  and  motors  on  that  particular  car  are  inoperative.  When  the 
reverser  has  moved  to  the  proper  position,  connections  are  made  by  it  from 
the  direction  wire,  through  the  forward  revereer-operating  coil,  to  the  ooils  of 
the  contactors  which  control  the  main  or  trolley  leads  to  the  motors. 

199.  General  electric  cam  control.  This  is  a later  design  of  multiple- 
unit  control  than  the  contactor  type  (Par.  199)  and  is  a more  direct  applica- 
tion of  the  principle  of  the  drum  controllers.  In  certain  features  it  resembles 
both  the  drum  controllers  and  also  the  contactor  control.  That  is,  instead 
of  the  main  controller  shaft  of  the  drum  controller  with  segments  mounted 
thereon  and  turned  by  hand,  there  is  substituted  in  the  new  oontrol  a cam 
•haft  which  is  operated  by  means  of  compressed  air.  This  cam  shaft  oper- 
ates the  contactors  by  means  of  cams.  It  has  been  possible  with  this  design 
to  assemble  the  contactors,  reverser,  line  breaker  relays,  etc.,  in  one  box 
beneath  the  oar  body.  The  electric  control  circuits  are  greatly  simplified 
and  positive  serial  action  of  the  contactors  has  been  obtained  without  elec- 
trical interlocks.  It  also  weighs  less  than  the  older  type  of  contactor  control. 

199.  Air-operated  line  circuit  breaker  and  reverser.  The*  line 
breaker  and  reverser  (Par.  199)  are  provided  with  individual  air  cylinders 
and  magnet  valves.  These  magnet  valves  control  the  air  inlets  and  outlets 
of  cylinders  which  in  turn  close  the  line  breaker  and  operate  the  reverser. 
The  operation  of  these  valves  is  governed  through  train  wires  whiclj  are 
energised  through  the  master  controller. 

197.  Air-operated  cam  shaft.  The  contactors  (Par.  195)  instead  of 
Having  individual  magnet  valves  and  air  cylinders  similar  to  the  line  breaker 
and  reveraer  are  all  operated  by  means  of  cams  mounted  on  a horisontal 
shaft  which  carries  a pinion  at  one  end.  This  pinion  engages  with  a rack 
as  shown  in  Fig.  39,  which  is  moved  back  and  forth  by  a double-acting  air 
piston.  Air  is  admitted  or  released  frpm  either  end  of  the  air  cylinder  by 
means  of  magnet  valves  which  are  energised  through  the  master  controller 
and  train -circuit. 

198.  Controller  air  cylinder.  The  ends  of  the  controller  air  cylinder 
(Par.  199)  are  fitted  with  magnet  valves  and  are  designated  as  the  “on’* 
and  “off**  ends.  The  “on”  end  is  the  end  of  the  cylinder  at  which  air  is 
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admitted  to  turn  the  controller  “on”  and  likewise  the  “off"  end  is  the  esd 
at  which  air  is  admitted  to  turn  the  controller  off.  When  the  magnet  tbIws 
are  de-energised  the  normal  position  of  the  “on”  valve  is  cloeed  to  the  nee- 
roir  and  open  to  the  exhaust.  The  normal  position  of  the  ‘‘off’'  vsh* 
when  the  magnet  valve  is  de-energised  is  just  the  reverse,  closed  to  the  ex- 
haust and  open  to  the  reservoir.  When  the  car  is  stopped  the  magnet 


Off  Valve  On  feW 


Fio.  39. — Cross-section  of  General  Electric  type  PC  controller  main  eagise 
and  magnet  valves. 

valves  are  both  de-energised,  that  is,  air  at  reservoir  pressure  is  admitted 
at  the  “off”  end,  and  the  “on”  end  is  open  to  the  exhaust;  thus  the  piston 
is  forced  in  the  direction  which  turns  the  motor  controller  “off,”  toward! 
the  “on”  end.  When  the  master  controller  is  turned  on  and  the  reverse; 
throws,  the  line  breaker  closes  and  both  the  “on”  and  “off”  magnet^ 
valves  are  energised,  that  is,  air  is  admitted  to  the  “on*  ’ side  of  the  pwet 
and  exhausted  from  the  “off”  side  and  the  rack  revolves  the  cam  shaft 


making  the  first  motor  connections.  The  piston  will  continue  to  move  wj 
the  same  direction  if  both  magnetio  valves  are  kept  energised,  but  if  the 
current  flowing  in  the  main  motor  circuit  should  exceed  a predetermines! 
amount  it  will  operate  a relay  whioh  de-energises  the  “off”  magnet  valve, 
thus  closing  the  exhaust  port  and  admitting  air  from  the  main  reservoir, 
which  in  turn  will  equalise  the  pressure  on  both  sides  of  the  piston  and  stc? 
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ITS.  The  mein  switch  (Par.  ITS)  is  arranged  for  mounting  underneath 
the  ear  and  is  enclosed  in  a box,  which  protecta  it  from  the  weather  and 
insures  against  aocidental  contact. 

1T4.  The  main  fuse  box  (Par.  ITS)  is  of  the  magnetic  blow-out,  copper- 
ribbon  type,  arranged  for  mounting  under  the  car.  The  fuse  fives  an 
additional  safeguard  in  series  with  the  circuit-breaking  switohes  which  ordi- 
narily open  the  circuit  in  case  of  overload  or  short  circuit. 


Fig.  42. — Schematic  diagram  of  control  box,  with  four  motors. 

ITS.  Control  box  (Par.  ITS).  The  various  main  circuit  connections  are 
made  by  means  of  a number  of  independent  switohes  known  as  unit  switches, 
each  provided  with  a strong  magnetio  blowout  and  normally  held  open  by 
a powerful  spring.  Each  switch  is  closed  when  desired,  by  compressed  air 
acting  on  a piston.  This  notion  forces  the  switch  jaws  together  against  the 
spring  pressure,  the  foroe  being  sufficient  not  only  to  compress  the  spring 
but  also  to  apply  a heavy  pressure  at  the  switch  jaws.  The  air  is  admitted 
to  or  exhausted  from  the  cylinder  through  a valve  which  is  operated  by 
means  of  an  electro-magnet  in  the  control  circuit.  The  control  box  includes 
the  assembly  of  a number  of  these  unit  switches  and  blowout  coils,  reverser, 
cut-out  switches,  and  overload  trip  relay  in  a common  frame,  completely 
enclosed  by  removable  sheet-steel  covers  lined  with  asbestos.  A cross- 
section  view  of  the  control  box,  indicating  the  construction  and  operation 
of  the  unit  switohes  is  shown  in  Fig.  43. 

1T6.  Interlooks  are  provided  to  make  the  necessary  changes  in  the 
control  circuits  in  order  to  secure  the  proper  sequence  of  switches  and 
to  safeguard  against  improper  operation.  These  interlocks  consist  of  cop- 
per contacts,  mounted  on  an  insulated  base,  which  is  meohanically  connected 
to  the  movable  switch  element.  Stationary  fingers  press  against  this 
block  and  make  the  necessary  control-drouit  connections  in  the  “IN”  or 
“OUT”  position  of  the  switch. 

ITT.  Line  switch  (Par.  1T1).  On  equipments  where  it  is  necessary  to 
have  an  increased  number  of  switches  to  secure  a larger  capacity,  two  of 
the  switohes  are  mounted  in  a separate  frame  with  the  overload  trip.  This 
assembly  constitutes  what  is  termed  a “line”  switoh.  The  overload  tr* 
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relay  includes  a aeries  coil  connected  directly  in  the  trolley  circuit.  Whin 
this  ooil  is  mounted  a movable  plunger  to  which  are  attached  ineshud 
metal  discs  connected  in  the  control  circuit.  Excessive  current  throng 
the  coil  moves  the  plunger  and  opens  the  control  circuits  of  certain  sahehs 
which  cut  off  the  power.  The  plunger  is  held  in  the  normal  position  by 
gravity  assisted  by  a spring,  but  when  actuated  is  latched  in  the  open  poabsa 
and  must  be  released  manually  or  by  energising  a reset  coil  from  the  consol 
and  reset  switch  in  the  cab.  Calibration  is  accomplished  by  an  adjusinct 
of  the  air  gap. 


Oxper 
fOO  U»  Pressure  >nsam 
High  Current  Capacity 

Magnet 

Mure  Mechanism 
u-dcrfcr 

Electro 
Admission  ot 
Snitch  Q/rnJer 


Fia.  43/ — Electro-pneumatic  switch  unit. 

178.  Reverser  {Par.  178).  The  direction  of  rotation  of  the  mottr  ■ 
changed  by  reversing  the  main  fields.  The  reverser  consists  of  the  necw 
s ary  number  of  main  circuit  fingers  mounted  on  a stationary  base.  *» 
arranged  to  press  against  contacts  carried  on  a movable  drum.  The  dr® 
with  its  contacts  is  moved  to  the  forward  or  to  the  reverse  position  by  oa 
or  the  other  of  two  pneumatic  cylinders,  closely 'resembling  those  in  the  con- 
trol box,  except  that  no  springs  are  used.  Each  cylinder  is  controlled  b?J 
magnet  valve  similar  to  tnose  in  the  control  box.  The  reverser  is  mount" 
on  one  end  plate  of  the  control  box  (Par.  178),  which  greatly  simplifi*** 
main  circuit  connections  and  the  mounting  of  the  apparatus. 

179.  The  master  controller  (Par.  171)  is  a small  drum-type  control 
which  governs  the  application  of  power  to  the  control  circuits.  Althcwj 
much  smaller  in  sise,  this  controller  is  similar  in  construction  to  the  opsj 
main  drum  controller,  having  one  handle  governing  the  direction  of  mot® 
and  another  governing  the  acceleration,  the  two  handles  being  mutwj 
interlocked.  Energy  for  the  control  is  obtained  from  the  line  by 
low- voltage  taps  from  a resistor  connected  from  line  to  ground.  This  re®*” 
is  connected  to  the  line  through  high-voltage  fingers  and  contacts  on  M 
master  controller  and  a fused  control  switch.  A magnetic  blowout  cod « 
provided  for  rupturing  the  arc  at  the  high-voltage  fingers.  In  operatica 
the  controller  connects  the  trolley  potential  to  the  control  resistor  and  w 
regulates  the  connections  of  the  low- voltage  control  circuits  to  the  vanoa 
operating  coils. 
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180.  The  control  resistor  (Par.  171)  consists  of  a number  of  resistance 
nits  mounted  in  a common  frame  witn  & sheet-iron  cover.  Each  unit  is 
iade  by  insulating  a slotted  steel  ribbon  with  mica  and  enclosing  this  insu- 
lted ribbon  in  a sheet-iron  scabbard.  The  scabbard  is  firmly  pressed  against 
he  mica  insulation,  and  being  waterproof  renders  the  resistor  especially 
ui  table  for  railway  service. 

181.  The  control  junction  boxes  (Par.  171)  are  provided  for  making 
onvenient  control-circuit  connections  between  the  master  controller,  the 
rain  line  receptacles  and  other  control  apparatus.  Each  box  contains  an 
asulating  base,  provided  with  a number  of  terminals,  and  has  a hinged  lid 
o facilitate  installation  and  inspection. 

181.  Train  line  receptacles  are  provided  when  multiple  operation  of 
ars  is  desired.  These  reoeptacles  together  with  the  necessary  train  line 
uxnpers  complete  the  control  circuits  between  adjacent  cars,  allowing 
imultaneoua  operation  of  all  equipments  so  connected. 

188.  Pneumatic  details  (Par.  171)  for  supplying  air  at  the  proper  pres- 
ure  for  the  qontrol,  are  furnished  with  each  equipment.  These  consist  of 
n air  strainer,  a reducing  valve  (when  the  main  reservoir  air  pressure  is 
hove  75  lb.),  a check  valve  and  a control  reservoir.  The  oheck  valve  and 
tontrol  reservoir  permit  the  operation  of  the  control  system  in  event  of  fail- 
ure of  the  main  air  supply,  the  oontrol  reservoir  having  sufficient  air  capacity 
o operate  the  control  a great  number  of  times.  Local  conditions  sometimes 
squire  extensive  oontrol  operation  even  though  the  main  air  supply  fails; 
a such  cases  an  emergency  control  reservoir  is  employed.  The  use  of  air 
or  braking  purposes  has  proven  that  very  little  trouble  may  be  expected 
rom  this  source  if  the  piping  is  properly  arranged  and  the  reservoirs  drained 
•t  proper  intervals.  The  use  of  air  for  operating  switches  insures  a heavy 
ontact  pressure  at  the  switch  jaws,  which  pressure  is,  of  course,  independent 
•f  trolley  voltage. 

184.  Westinghouse  type  “AL”  control.  Where  service  conditions 
rarrant  the  use  of  automatic  acceleration  a modified  type  of  equipment  is 
mployed.  The  operation  of  the  switches  which  commutate  tne  main 
emstor  circuits  ana  establish  the  series  or  parallel  connection  of  the  motors 
Par.  178)  is  governed  by  a sequence  switch  which  in  turn  is  operated  from 
he  master  controller  under  the  control  of  a limit  relay. 

188.  The  sequence  switch  (Par.  184)  is  essentially  an  electrically  con- 
rolled,  pneumatically  operated  drum  which  carries  contacts  arranged  for 
tnergising  the  valve  magnet  coils  of  the  control  box.  It  consists  of  two  air 


Fia.  44. — Cross-section  of  differential  air  cylinders. 

cylinders  with  the  pistons  connected  by  a rack  which  transmits  the  move- 
ment of  the  pistons  through  bevel  gears  to  the  drum  carrying  the  contacts. 
Compressed  air  is  admitted  or  released  from  the  cylinders  by  means  of  a 
magnet  valve  at  each  cylinder.  The  magnet  valves  are  similar  in  general 
construction  to  those  in  the  control  box,  but  the  operation  of  one  valve  is 
fifferent  in  that  when  this  magnet  valve  coil  is  energized,  air  is  released 
rom  the  oylinder  and  when  the  coil  is  de-energized,  air  is  admitted;  this  is 
ndled  the  "off”  magnet  valve.  The  other  valve  admits  air  to  its  cylinder 
*ben  the  coil  is  energized  and  releases  air  when  the  coil  is  de-energized; 
his  is  called  the  "on”  magnet  valve  and  is  the  same  in  operation  as  the  valves 
)f  the  control  box.  If  both  magnet  valves  are  energized  simultaneously, 
movement  of  the  drum  results  since  air  is  admitted  to  one  cylinder  ana 
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released  from  the  other.  With  neither  magnet  energised,  the  air  in  the  “on” 
valve  magnet  cylinder  is  at  atmospheric  pressure,  while  that  in  the  “off** 
valve  magnet  cylinder  is  at  reservoir  pressure,  thus  holding  the  pistons  and 
drum  in  the  ‘off**  position.  Energising  the  “on"  magnet  balances  the 
pressure  on  the  two  pistons  but  causes  no  movement.  Thus  to  move  the 


piston  and  drum  in  successive  steps,  it  is  only  neoessary  to  energise  the  “on** 
magnet  from  the  supply  circuit  and  the  “off”  magnet  through  the  limit  relay 
contacts.  The  general  construction  of  the  cylinder,  pistons  and  valves  is 
fthown  in  Fig.  44. 

186.  The  limit  relay  (Par.  184)  is  a solenoid  type  with  a series  coil  con- 
nected directly  in  the  main  motor  circuit.  The  relay  armature  carries  con- 
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tact*,  which  are  connected  in  the  control  circuit  to  the  sequence  rribeb. 
The  relay  armature  lifts  when  the  main  motor  current  reaches  a certain  pre- 
determined value,  thua  interrupting  the  control  current  to  the  “off”  vain 
magnet  and  halting  the  progression  of  the  drum.  As  the  motor  yd  a- 
creases,  the  current  will  fall  until  a value  is  reached  where  the  limit  rmy 
plunger  will  drop  again,  dosing  the  operating  circuit  to  the  sequence  switch. 
This  performance  is  repeated  until  toe  control  has  reached  the  notch  indi- 
cated on  the  master  controller. 

Three  points  are  provided  on  the  master  controller — switching,  series  sad 
parallel.  The  first  one  gives  the  first  point  series;  the  second  automaticiSv 
progresses  the  control  to  the  full  series  position,  and  the  last  to  the  full  par- 
allel position. 

1ST.  ▲ notching  relay  (Par.  184)  is  included  which,  in  connection  witi 
a small  notching  lever  incorporated  in  the  master  controller,  provides* 
means  for  obtaining  step-by-step  notching  on  heavy  grades  or  under  anal* 
conditions  of  operation  where  the  current  required  by  the  motors  for  sari- 
era  tion  is  above  that  for  which  the  limit  relay  is  set.  The  diagram  of  wa- 
ned ions  for  an  automatic  equipment  of  this  type  for  four  40-h.p.  motors  s 
shown  in  Fig.  45. 

188.  Automatic  equipments  for  subway  or  elevated  terries.  On 
elevated  or  subway  equipments  where  lon£  trains  and  high-speed  sarvw 
are  common,  it  is  usual  to  employ  bridging  transition  to  insure  *aow 
acceleration.  The  operation  of  the  oontrol  equipment  is  essentially  thj 
same  as  described  above.  The  wiring  diagram  for  an  equipment  of  this  typj 
is  shown  in  Fig.  46.  Energy  for  the  control  circuits  is  provided  by  astarac 
battery,  which  ia  charged  by  connecting  it  in  series  with  the  air-comprws 
circuit.  A battery-charging  relay  is  provided  to  disconnect  the  batte? 
from  the  compreesor  circuit  when  the  latter  is  not  running. 
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Fia.  47. — Schematic  diagram  of  main  circuit  control,  11,000  volts alt*ro*ti»< 
current,  with  two  motors. 

189.  Tap-potential  control  of  aingle-phaie  motors.  The 

phase  motor  is  essentially  the  same  in  its  characteristics  as  the  direct-curre® 
series-wound  motor,  and  can  be  started  at  low  voltage  by  means  of 
series  resistance  according  to  the  direct-current  standard  method. 


RTtSW 


voltage  without  sacrificing  efficiency,  as  the  step-down  transformer  fo*1®* 
part  of  the  alternating-current  oar  equipment  and  be  constructed  WJ*J 
so  that  it  will  furnish  fractional  voltage  without  the  necessity  of  introaaoj 
starring  resistance.  The  universal  method  of  starting  single-phase  n»°‘® 
is,  therefore,  by  the  so-called  tap-potential  control,  and  the  function  o> w 
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ontrol,  whether  it  be  hand-operated  “K"  type  or  multiple  unit,  is  to  con- 
ect  the  motor  terminals  successively  to  transformer  tape  of  increasing  poten- 
al  while  starting. 

190.  The  hand-operated  control  of  single-phase  motors  is  identical 
ith  the  type  "A”  controller  used  with  direct-current  motors,  except  that 
d vantage  is  taken  of  the  fact  that  alternating-current  arcs  of  considerable 
ise  can  be  broken  in  the  air  without  the  aid  of  the  magnetic  blowout.  Where 
lie  cars  are  to  be  operated  from  both  alternating-current  and  direct-current 
rolley  with  the  same  equipment,  the  hand-operated  control  is  provided 
ith  magnetic  blowout  for  direct-current  operation,  using  the  same  controller 
ithout  the  magnetic  blowout  for  alternating-current  operation,  unless  the 
lotor  equipment  be  of  large  capacity. 

191.  Control  of  single-phase  motors  for  combined  altemating- 
urrent  and  direct-current  service.  The  control  of  single-phase 
lotor  is  effected  by  connecting  the  motor  terminals  to  transformer  taps  of 
icreasing  potential  in  order  to  vary  the  speed,  while  reversal  is  effected  by 
Bversing  the  series  field- winding  connections,  thus  calling  for  practically  the 
une  combinations  as  demanded  in  direct-current  series  motor  control, 
dternatin^-current  series  motors  are  wound  for  low  potentials  not  exceed- 
ig  approximately  300  volts  per  motor,  and  such  motors  in  order  to  meet  the 
xactions  of  commercial  operation  must  sometimes  be  adapted  to  run  with 
00-volt  direct-current.  In  such  cases  it  requires  some  additional  features 
i control  to  perform  this  double  service  of  alternating-current  and  direct- 
urrent  control. 


199.  The  Westinfhouse  alternating-current  motor  control  is  very 
imilar  to  the  direct-current  control.  Pantagraph  trolleys  are  ordinarily 
m ployed  because  of  the 
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igh  voltages  common  for 
lternating-current  opera- 


ion.  High-potential  wires 
re  encloeea  in  metal  tub- 
ig  which  is  thoroughly 
rounded  in  order  to  insure 
ifety  to  operator  and 


When  passing  from  one 
ransformer  tap  to  the 
ext,  it  is  evident  that 
ny  metal  contact  bridging 
be  gap  between  the  two 
rill  cause  a short  circuit 
o a portion  of  the  trans- 
irtner.  It  is  therefore 
ecessary  to  introduce 
ither  a resistance  or  an 
iductance  in  the  circuit 
'hen  passing  from  one 
ip  to  another.  An  in- 
uctance,  termed  a pre- 
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Fio.  48. — Schematic  diagram  of  main  circuit 
control,  alternating  current,  with  two  motors. 


mtite  cod,  is  most  frequently  used  in  both  locomotive  and  motor-car 
it  vice.  See  Fig.  48. 


19S.  Combined  alUmatiny-current  and  direct-current  equip- 
lsnts.  At  times  existing  conditions  may  require  the  operation  of  an  equip- 
lent  on  both  alternating-current  and  direct-current  a.,  stems,  an  example 
f this  being  the  equipments  of  the  N.  Y.,  N.  H.  & H.  R.  R.  Co.  which  enters 
leQrand  Central  Terminal  in  New  York  City.  No  change  iarequiredin  the 
ogle-phase  motor  for  direct-current  operation,  but  since  the  control  ia 
eceasarily  of  a different  character,  some  means  must  be  provided  for  re-ar- 
raging  circuits.  This  is  usually  accomplished  by  means  of  a drum  type  of 
bange-over  switch,  but  if  heavy  currents  are  to  be  handled,  individual  knife 
ritches  are  emploved.  The  control  apparatus  used  with  a combination  al- 
srnating-current-direct-current  equipment  is,  in  general,  more  complicated 
isn  equipments  for  straight  alternating-current  or  straight  direct-current 
deration. 
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194.  Number  of  starting  points  (Per.  Iff).  Owing  to  the  feet  tie 
the  alternating-current  motor  characteristic  is  more  drooping  than  tty 
the  direct-current  series-wound  motor,  fewer  starting  points  are  reqdnd 
for  this  type  of  control.  Since  each  point  on  the  controller  cousfcitme  * 
running  point  at  full  efficiency,  it  is  not  neoessary  to  use  series-parallel  e®- 
nection  of  motors  as  is  done  in  direct-current  equipments.  A total  of 
notches  is  usually  all  that  is  required. 

Iff.  Multiple-unit  control  equipments  for  single-phase  acton 
differ  somewhat  from  direct-current  equipments  in  the  general  pUa  d 
operation.  This  difference  is  confined  chiefly  to  the  main  circuits  ana  nsn- 
mrcuit  apparatus.  The  high-tension  current  passes  from  the  overfed 
collector  through  an  oil  circuit-breaker,  to  a transformer.  Low  vdtop 
currents  are  fed  to  the  main  motors  through  a group  of  unit  switchm,  vfeo 
can  be  arranged  for  automatic  or  non-automatic  acceleration,  R*.  t 
shows  the  connections  for  a typical  type  ** AB 11,000-volt  singfe-pb* 
equipment. 

TYPES  OF  RAILWAY  MOTORS 

196.  Direct-current  series-wound  motor.  Wound  for  potential^ 
from  500  to  1,200  volts  is  the  standard  railway  motor.  Motors  of  from  » 
to  600  volts  are  used  in  and  around  large  cities,  14200-volt  motors  bos 
adopted  on  interurban  eleotrified  lines.  Armature  and  field  windings  s* 
connected  in  series  and  the  use  of  motors  of  the  oommu  taring  pole  type  i 
increasing.  All  motors  designed  for  street,  interurban  and  rapid  transit  a 
or  train  service  have  four  field  poles,  the  structure  being  entirely  enclose 
with  hand  hole  covers  making  it  waterproof.  Such  motors  transmit  po«t 
by  single-reduction  gear,  motors  being  suspended  at  one  end  upon  the  a 
axle  and  spring  suspended  at  the  other  end. 

For  locomotive  work,  the  General  Electric  Company  has  brought  otf 
two-pole  gearless  motor,  which  design  is  also  adapted  for  high-speed  naff 
car  servioe  calling  for  large  motor  outputs.  The  two-pole  series  motor j 
especially  adapted  to  very  high  speed  service;  it  minimises  cost  of  rep® 
and  operates  with  decreased  noise  and  greatly  increased  efficiency  for  exp® 
service.  For  further  description  of  gearless  motors  see  locomotive*  (fr 
170). 

197.  The  single-phase  series  motor  has  been  developed  along  ard 
lines  of  which  the  series-wound  compensated  motor  is  the  one  most  gene nw 
used  in  the  United  States.  The  single-phase  motor  differs  from  the 
current  series-wound  motor  in  having  two  fields,  the  series  or  energuuf  ■■ 
and  the  compensating  field.  The  office  of  the  latter  is  to  compensate* 
or  neutralise  the  inductance  of  the  armature  produced  by  the  alternating** 
rent  therein.  Compensation  may  be  the  means  of  raising  the  power-factor* 
a single-phase  motor  to  values  closely  approximating  100  per  oent.,  and  fe* 
ing  An  operating  value  above  95  per  cent. 

This  compensating  field  may  be  either  conducrively  or  inductively  jtf> 
duced,  depending  upon  whether  the  winding  is  traversed  by  the  main  mote 
current,  or  by  the  current  produced  in  its  own  short-circuited  winding  b; 
the  alternating  armature  flux.  So  far  as  concerns  operation  from  ahem; 
ing-current  supply,  one  form  is  about  as  efficient  as  another,  but  the  cow* 
tive  compensation  is  an  aid  when  the  alternating-current  motor  is  aw 
upon  to  operate  as  a direct-current  motor. 

The  series-field  winding  of  the  single-phase  corqpensated  motor  u cot 
nected  in  series  with  the  armature,  and  the  direction  of  rotation  can  be  m 
versed  by  reversing  the  field- winding  connections  similar  to  direcVcnnaw 
operation.  The  series-field  winding  may  be  distributed  in  a number  9 
slots  in  the  field-magnet  structure  similar  to  the  oompenaa ting-field  winding 
or  it  may  take  the  form  of  a concentrated  winding,  in  which  case  it  is  a®*1 
to  the  winding  of  a direct-current  series  motor  embracing  inwardly  pro** 
ing  poles.  The  concentrated  field  winding  is  largely  used  in  alternate 
current  motors  of  the  series  type,  while  the  distributed  field  winding i 
required  for  motors  of  the  repulsion  or  similar  types.  As  the  series-comp* 
sated  motor  is  universally  used  in  this  country,  and  the  repulsion  and  amili 
types  are  limited  to  special  cases  demanding  special  characteristics  of  th 
motive  power,  the  series  type  motor  alone  will  be  considered.  _ , 

As  the  armature  rotates  in  an  alternating  field,  there  is  a short  arc® 
developed  when  brushes  touch  two  commutating  segments  at  ones,  ft) 
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abort  circuit  h very  large  at  starting,  being  reduced  to  a reasonable  amount 
when  running  at  full  speed.  To  reduce  the  amount  of  this  short-circuit  cur- 
rent, and  better  the  low-speed  commutation,  the  alternating-current  series 
compensated  motor  is  sometimes  provided  with  resistance  leads  connecting 
armature  winding  with  commutator  bars.  Such  leads  are  desirable  with 
motors  of  the  series  compensated  type,  where  full  field  strength  is  used  in 
starting  and  there  is  no  commutating-pole  effect  to  neutralise  the  short- 
circuit  voltage  when  moving 

1M.  The  repulsion  motor  as  originally  developed  by  Thomson  abd 
perfected  is  shown  in  Fig.  61.  The  field  winding  is  very  similar  to  the  field 
winding  of  an  induction  motor.  The  armature  is  an  ordinary  series-wound 
armature  short-circuited  upon  itself.  The  repulsion  motor  is  very  similar  in 
its  operating  constants  to  the  single-phase  compensated  motor  but  oannot 
be  used  for  speeds  much  higher  than  100  per  oent.  of  synchronism,  owing  to 
the  imperfect  commutation  at  the  higher  speeds.  It  has  the  advantage  of 
having  its  field  circuit  distinot  from  the  armature  circuit,  henoe,  permitting 


Fig.  52.  Fig.  53. 


of  a field  winding  of  any  potential  best  suited  for  control  or  operation.  With 
type  of  motor  it  is  possible  to  operate  3,000  volts  direct  on  the  field 
winding  if  desired. 

Best  results  appear  to  be  obtainable  from  a combination  of  repulsion-motor 
connections  for  starting  and  operation  at  low  speedst  changing  to  series- 
motor  connections  for  speeds  above  synchronism.  This  is  effected  automatic- 
ally by  relays. 

Iff.  In  the  Latour  motor,  which  is  a modification  of  the  Winter- 
Eichberg  motor  the  armature  winding  is  short-circuited  in  part  only,  rather 
than  through  diametrically  opposite  brushes,  with  the  result  that  the  arma- 
ture I*R  loss  is  reduced.  This  type  is  limited  in  its  field  of  application  to 
special  cases. 

tOO.  The  three-phase  induction  motor  has  all  the  characteristics  of 
a direct-current  shunt-wound  or  constant-speed  motor,  and  comprises  a 
three-phase  primary  winding  either  star  or  delta  connected,  with  a three- 
phase  secondary  winding  either  star  or  delta  connected.  The  secondary 
terminates  in  collector  rings  across  which  non-inductive  resistance  is  inserted 
during  the  accelerating  period,  after  which  the  collector  rings  arc  short- 
circuited.  The  induction  motor  may  be  wound  for  the  trolley  potential  if 
desired,  as  the  potential  of  the  secondary  winding  is  entirely  independent 
of  that  of  the  primary.  The  constant-speed  characteristic  of  this  type  of 
motor  is  especially  adapted  for  duty  of  a constant  nature,  such  as  haulage 
over  a regular  profile,  either  level  or  up  a uniform  gradient,  in  other  words, 
where  there  is  no  combination  of  slow-speed  grade  haulage  and  high-speed 
level  service. 
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SOI.  The  single-phase  induction  motor  has  been  used  for  raibnj 
purposes  on  experimental  roads,  but  owing  to  the  sero  starting  tonpe  oi 
this  motor  it  is  necessary  to  operate  it  in  conjunction  with  an  aunliary  wan- 
ing device  and  throw  the  motive  power  into  action  by  mechanical  dntcba 
or  other  means  after  full  motor  speed  has  been  obtained.  This  type  of  motrre 
power  is  very  limited  in  its  field  of  application. 

SOS.  The  split-phase  converter  system  comprises  a method  of  obtains 
polyphase  current  from  a single-phase  trolley,  for  the  operation  of  polyphase 
motors  It  consists  of  a phase  converter  which  is  essentially  a polyphase; 
induction  motor  the  capacity  of  which  is  approximately  75  per  cent  of  the 
capacity  of  the  motors  it  supplies.  As  the  phase  converter  is  operated  froa 
one  phase  onlv.  it  requires  a starting  motor  to  bring  it  up  to  near  aynchroo&a 
speed.  In  all  applications  of  this  principle,  the  single-phase  current  haabeea 
converted  into  two-phase  current.  In  the  Norfolk  A Western  locomotor*, 
these  two  phases  are  changed  to  three-phase  by  a connection  similar  to  tte 
well-known  Scott  system.  The  advantage  claimed  for  the  three-phase  a 
that  the  motor  has  a better  performance  and  is  also  better  for  pole  enaaginf 
while  it  entails  no  more  regulating  switches  and  has  fewer  leads. 


BRAKING 


SOS.  Retarding  factors.  In  order  to  bring  a moving  train  to  a stop,  it 
is  evident  that  some  external  force  opposed  to  the  motion  of  the  train  mo* 
be  applied'  1 he  ideal  force  would  be  applied  at  the  centre  of  gravity  d 
the  car  (producing  no  tendency  for  the  car  to  rotate)  and  would  be  suffuses 
to  stop  the  tram  in  case  of  emergency  in  the  shortest  possible  time,  witfcod 
undue  shock  to  passengers  or  equipment.  With  the  exception  of  a few  is 
stances,  such  as  short  cable  roads  up  a mountain  side,  the  only  avaiUhi 
force  which  may  be  utilised  in  stopping  a train  is  the  friction  which  enra 
between  the  wheels  and  the  rails.  This  force,  besides  being  applied  st  * 
lower  rim  of  the  wheel  and  consequently  not  at  the  centre  of  gravity  of  tk 
car,  is  also  a variable  quantity  of  uncertain  magnitude,  and  therefore  not  a 
ideal  retarding  force.  F or  instance  the  adhesion  between  a dry  rail  and  vfed 
may  be  equal  to  about  30  per  cent,  of  the  pressure  between  wheel  and  td. 
whereas  with  a wet  rail  it  may  be  only  half  that  amount.  The  additioa  d 
sand  to  a slippery  rail  will  increase  the  adhesion  from  15  per  cent,  to  tbetfj 
25  per  oent.  of  the  weight  on  the  rails,  and  this  amount  can  usually  be  rated 
upon  in  making  emergency  stops.  This  force  of  25  per  cent,  of  the  vein 
on  the  rails  applied  to  a car  will  produce  a retardation  equal  to  one-qu&rW 
the  acceleration  due  to  gravity,  or  8.04  ft.  per  sec.  per  sec.,  or  nearly  5.5  mfel 
per  hr.  per  sec.  If  it  were  possible  to  apply  this  force  instantly  and  unifora^ 
throughout  the  stops,  a stop  from  an  initial  speed  of  60  miles  per  hr.  eeex 
be  made  in  about  11  sec.,  or  in  a distance  of  480  ft.  This  force,  however J 
only  available  when  the  wheels  are  rolling  on  the  rails,  for  as  soon  as  slipped 
occurs  the  adhesion  rapidly  decreases.  . Therefore  the  force  which  oppose 
the  revolution  of  the  wheels,  namely  the  brake-shoe  friction,  must  new  ei 
ceed  that  which  is  keeping  the  wheels  turning,  namely  the  adhesion  betvwi 
the  wheels  and  rails.  This  opposing  force  is  obtained  in  several  differs 
ways,  the  most  familiar  being  by  applying  brake-shoes  to  the  rim  of  the  wheel 
with  considerable  force  by  means  of  hand  or  power  brakes.  Another  method 
which  is  applicable  in  electric  traction,  is  known  aa  electric  braking,  as  da 
tinguished  from  mechanical  braking,  and  oonaiats  in  opposing  the  revoluwi 
of  the  wheels  with  the  counter-torque  of  the  motors  or  by  the  friction  < 
electrically  operated  brake  discs. 

104.  Testa  to  determine  friction  coefficients.  About  the  first  syi 
tematio  tests  to  determine  the  value  of  the  coefficient  of  friotion  bet*w 
brake  shoes  and  wheel,  and  between  wheel  and  rail  were  conducted  b 
Sir  Douglass  Galton  and  Mr.  George  Westinghouse  in  1878  and  1879  ontf 
London,  Brighton  & South  Coast  Railway,  England.  A report  of  these  teal 
appears  in  the  proceedings  of  the  Institute  of  Mechanical  Engineers  I 
London,  for  April,  1879.  The  table  in  Par.  105  gives  the  results  of  these  teM| 
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206.  Variation  of  friction  coefficient  with  speed.  From  the  values 
ten  in  Par.  196,  Mr.  R.  A.  Parke  has  developed  the  following  formulas. 

0 326 

the  mean  values  / ~ — -—j— — (19) 

0 382 

>m  the  maximum  values  / » 1 _j_Q'  2933  S (2°) 

iere/-»  coefficient  of  friction,  and  S = speed  in  miles  per  hr.  The  latter 
rmula  gives  values  corresponding  more  nearly  to  recent  experiments. 

207.  Coefficient  of  friction  as  affected  by  time* 


Miles 

Commencement 

After 

After 

After 

After 

per  hr. 

of  experimentt 

5 sec. 

10  sec. 

15  sec. 

20  sec. 

20 

0. 182 

0.152 

0.133 

0.116 

0.099 

27 

0.171 

0.130 

| 0.119 

0.081 

0.072 

37 

0.152 

0 . 096 

0 . 083 

0.009 

47 

0. 132 

0.080 

0.070 

60 

0.072 

0.063 

0.058 

208.  Decrease  of  the  coefficient  of  friction  with  length  of  brake 

Implication  is  represented  by  Mr.  R.  A.  Parke’s  formula,  which  is  as 

2+0000472  2 

1 1+0.00239  l 1 1 " 

aerein  / is  tho  coefficient  of  friction  at  boginning  of  application:  /'  the 
efficient  of  friction  after  brake  application  of  T see 

• Sir  Douglas  Galton  has  also  published  the  following  values  of  the  co- 
icient  of  dynamic  friction  as  affected  by  time  of  brake  application, 
t The  figures  in  this  column  are  somewhat  different  from  those  that  have 
it  been  given  in  the  altered  table,  because  they  resulted  from  the  average 
fewer  experiments;  but  the  effect  of  time  in  reducing  the  coefficient  of 
ction  may  be  accepted  as  correct.  ^ » 
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109.  Q«n«ril  ltwi  aflietlni  Motion  ooeffleUnt.  The  absence  of  now 

extended  observations  and  the  complex  nature  of  fluctuations  of  the  ooeft- 
eient  of  friction  make  it  impossible  to  formulate  a practical  mathemsbeil 
equation  which  will  determine  the  rate  of  retardation  under  varying  coi- 
tions. However,  the  results  of  the  tests  shown  in  the  tables  above  indicate 
a law  of  variations  which  may  be  briefly  stated  as  follows,  regardless  of 
materials  used. 

(a)  The  coefficient  of  friction  increases  with  the  decrease  in  speed; 

(b)  Decreases  with  the  increased  distanoe  through  which  wakes  &n 
appbed,  and 

(c)  Decreases  with  the  increase  of  pressure. 

110.  To  obtain  a uniform  braking  effort  throughout  the  stop,  tbt 
brake-shoe  pressure  must  be  varied  to  compensate  for  the  fluctuation*  in  tb» 
coefficient  of  friction,  that  is,  the  brake-shoe  pressure  must  be  decreased  » 
the  diminution  in  speed  increases  the  coefficient  of  friction,  and  increased  a 
the  distance  of  brake  application  decreases  the  coefficient  of  friction,  w 
further  increased  to  compensate  for  the  decrease  of  the  latter  with  inert** 
pressure. 

For  certain  speeds  the  increase  in  coefficient  of  friction  with  decree*  « 
speed  is  practically  neutralized  by  a decrease  due  to  increased  dutaaa 
of  frictional  contact.  For  lower  speeds,  however,  the  increase  from  tb 
former  cause  is  more  rapid  than  the  decrease  from  the  latter,  necesduos 
an  almost  abrupt  decrease  in  brake-shoe  pressure  near  the  end  of  a stop  i 
order  to  avoid  dipping  the  wheels  on  the  rails  and  disoomfort  to  pasteups 

111.  Efficient  emergency  braking.  For  the  same  pressure,  the  a 
efficient  of  brake-shoe  friction  at  60  miles  per  hr.  is  only  about  half  thstj 
20  miles  per  hr.  It  is  therefore  evident  that  an  emergency  stop  for  n 
speed  is  less  efficient  than  for  a low  speed,  since  an  emergency  applicate 
implies  that  the  maximum  pressure  which  will  not  slip  the  wheels  near  a 
end  of  the  stop,  is  instantly  applied  at  the  very  outset.  A consider** 
shorter  stop  may  be  made  if  the  pressure  applied  during  the  earlier  pen* 
of  the  atop  is  greatly  in  excess  of  that  which  will  slip  the  wheels  at  low  ep* 
but  in  the  absenoe  of  the  motonnan’s  skill,  some  means  must  be  prorid** 
decrease  the  pressure  near  the  end  of  the  stop,  in  order  that  the  limit*  ri  * 
friction  will  not  be  exceeded,  and  the  efficiency  of  the  stop  thereby  deem* 
This  provision,  however,  requires  additional  apparatus,  which  on  c*** 
principles  is  objectionable  unless  the  showing  is  so  favorable  as  to  wirnil 
further  complications. 

211.  Application  of  the  retarding  force.  Thus  far,  attention  hub* 
devoted  to  outlining  methods  for  overcoming  the  obstacles  presented  by  it 
complex  nature  of  the  fluctuations  of  the  coefficient  of  brake-shoe  fnew 
which  prevent  the  utilization  of  the  theoretically  possible  retarding  for* 
The  nature  of  the  application  of  these  forces  imposes  difficulties  which  F 
vent  the  full  utilisation  of  the  weight  on  the  trucks  and  wheels,  the* 
directly  affecting  the  braking  foroe. 

At  the  present  time  it  is  customary  to  equip  double-truck  cars  with  ehb 
two  motors  or  four  motors,  depending  upon  the  nature  of  the  service.  In  u 
former  case  both  motors  are  usually  placed  on  one  truck  thus  permits 
the  use  of  a lighter  truck  for  a trailer.  The  pressure  which  may  be  *ak 
applied  to  the  wheels  of  the  motor  truok  without  causing  the  wheel*  to  A 
cannot  be  applied  to  the  wheels  of  the  trailer  truck.  Hence  the  brake  ri*g 
must  be  so  proportioned  that  the  greatest  portion  of  the  braking  is  <* 
upon  the  wheels  of  the  motor  truck.  Considering,  however,  the  case  *kj 
the  normal  distribution  of  weight  is  equal  for  all  wheels,  it  is  found  thaiJ* 
ing  braking,  a greater  pressure  may  be  applied  to  the  wheels  of  the  for** 
truck  without  causing  them  to  slide  than  may  be  applied  to  the  wheel*  oft 
rear  truck.  The  explanation  is  somewhat  simplified  when  considering  aiafl 
oar  operation,  since  draw-bar  forces  may  be  eliminated. 

213.  Vertical  thrust  on  forward  truck.  The  resultant  of  all  the  paid 
forces,  which  act  on  the  elementary  masses  of  the  car  tending  to  keep  m 
motion,  is  equal  to  the  sum  of  all  these  forces  acting  through  the  oentd 
gravity  of  the  car  and  in  the  direction  of  motion.  Directly  opposed  to  I 
motion  of  the  car  is  the  wind  pressure,  which  is  exerted  normal  to  the  I 
manta ry  surfaces,  the  resultant  passing  approximately  through  tbs  oeS 
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of  gravity  of  the  oar.  Wind  pressure,  however,  is  sufficient  to  oause  only  a 
alight  retardation  compared  to  that  obtained  with  the  brakes,  and  its  effect 
has  been  neglected  in  this  consideration.  The  retarding  force  of  the  brakes 
sets  at  the  surface  of  the  rail  and  as  all  parts  of  the  structure  are  retarded 
equally,  the  king  pins  must  transmit  the  foroe  required  to  produce  the  same 
retardation  in  the  car  body  as  is  produced  in  the  truck.  The  total  retarding 
force  less  the  amount  required  for  retarding  the  wheels  and  trucks  therefore 


Fig.  54. — Braking-e tress  diagram. 


acts  at  the  points  of  support,  which  are  somewhat  lower  than  the  centre  of 
gravity  of  the  ear  body.  The  moment  of  these  forces  about  the  oentre  of 
gravity  of  the  car,  is  balanoed  by  the  moment  produoed  by  the  increased 
pressure  of  the  forward  truck  acting  upward  through  the  point  of  support; 
at  the  same  time  the  weight  on  the  rear  truck  is  decreased. 

S14.  The  distribution  of  weight  on  the  wheels  of  each  truck  is 
affected  in  the  same  manner,  exoept  that  the  retarding  force  transmitted 
through  the  king  pins  to  the  car  body,  also  reacts  to  further  increase  the 

pressure  on  tne  front  pair  of  wheels 
of  each  truck.  Because  either  end 
of  the  car  may  at  some  time  be- 
come the  rear  end,  it  is  essential 
that  the  brake-shoe  pressure  be 
kept  the  same  for  all  wheels  which 
necessarily  restricts  the  maximum 
pressure  which  can  safely  be  em- 
ployed to  that  which  will  not  slip 
the  wheels  with  the  least  weight. 
In  the  case  of  the  eight-wheel  pas- 
senger car,  the  effective  wheel 
pressure  which  may  be  utilised  in 
braking  is  only  about  85  per  cent. 

Fig.  65. — Stress  diagram.  of  that  permissible  with  the  total 

weight  on  the  wheels. 

tlf . Location  of  brake-shoes  affecting  recoil  at  instant  of  stopping. 

On  account  of  the  stored  energy  in  the  revolving  wheels,  gears  and  armatures, 
which  may  amount  to  5 or  10  per  cent,  of  the  total  stored  energy  of  the  car, 
a consideration  of  the  effect  of  these  forces  upon  the  truck  through  the  brake 
hangers  is  essential.  With  outside-hung  brake-shoes  the  pressure  due  to  the 
friction  between  brake-shoes  and  wheel,  is  downward  for  the  leading  wheels, 
thereby  causing  compression  of  the  forward  springs  of  the  truok.  For  the 
trailing  wheel  the  pressure  is  upward,  thereby  relaxing  the  rear  springs  of 
the  truck.  The  recoil  of  the  forward  springs  results  in  the  backward  motion 
of  the  car  body  so  disagreeable  to  passengers  at  the  instant  of  stopping. 
With  inside-hung  brake-shoes,  the  brake-shoe  friotion  force  acts  upward 
through  the  hanger  links  of  the  forward  portion  of  the  truck  and  downward 
through  the  hanger  links  of  the  rear  porti  in  of  the  truck,  thus  tending  to 
neutralise  instead  of  aggravate  the  effect  of  the  rotating  influence  of  the  car 
body.  The  problem  of  proportioning  the  length  of  brake-shoe  hangers  and 
the  proper  inclination  of  the  same  to  the  tangent  at  the  point  of  contaot 
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of  the  oentre  of  the  shoe,  in  order  to  compensate  exactly  for  the  rotating  t» 
fluenoe  of  the  oar  body,  is  too  involved  for  preeenUtion  here.  For  tfcx 
reason  referenoe  is  made  to  Mr.  R.  A.  Parke's  excellent  paper  in  the  Proceed 
ings  of  the  American  Institute  of  Electrical  Engineers,  Viol.  XXII,  Dec,  1902 
SIC.  ▲ common  form  of  hand  brake  consists  of  a vertical  shaft  at  erl 
end  of  the  car  fitted  at  the  top  with  a ratchet  handle  or  crank,  or  geared  t 
a hand  wheel.  By  means  of  this  mechanism,  the  motorman  can  wind  sp 
chain,  one  end  of  which  is  fastened  to  the  lower  end  of  the  vertical  shaft  in 
the  other  end  to  a rod  which  connects  with  a system  of  brake  levers  B 
means  of  a pawl  (or  dog)  which  engages  in  a ratchet  wheel  on  the  vertin 
shaft  near  the  floor  of  the  car,  the  motorman  is  enabled  to  maintain  a we 
sure  on  the  brake-shoe  while  he  gains  a more  favorable  purchase  for  apply® 
more  pressure,  or  until  such  times  as  he  desires  to  release  the  brakes  Tb 


brake  has  been  found  capable  of  supplying  sufficient  braking  power  for  ti 
safe  control  of  light  cars  running  at  moderate  speed,  but  for  heavy  can  u 
high  speeds  the  physical  effort  and  time  required  to  properly  apply  the  brak 
render  it  necessary  to  provide  other  means  of  supplying  the  proper  force  i 
a minimum  length  of  tune.  Hand  brakes,  nevertheless,  are  always  proTidi 
as  an  additional  safeguard,  even  though  the  cars  may  be  equipped  with  po«e 
brakes,  as  it  is  always  customary  to  set  up  the  hand  brakes  on  all  can  wW 
they  are  left  standing. 

S17.  Air-brakes  (Par.  SIS  to  188)  in  some  form,  have  been  univentf 
adopted  on  all  steam  roads  for  braking  both  passenger  and  freight  trains- « 
the  results  have  been  attended  with  such  success  that  modifications  and  *• 
prove  me  nts  of  the  old  steam-railroad  air-brake  system  have  been  deveM 
and  adopted  by  a vast  majority  of  electric  lines  operating  heavy  W 
speed  interurban  cars,  either  singly  or  in  trains.  On  acoount  of  the  varpl 
oharacter  of  the  service  on  different  electrio  roads,  it  has  been  found  z*w 
sary  to  develop  several  systems,  or  modifications  of  the  same  system 
will  be  best  adapted  for  the  servioe  in  hand. 

The  most  familiar  types  at  present  are  known  as  the  following:  the  kmid 
air-brake  system  (Par.  118),  recommended  for  single-car  operation  only; 
emergency  straight-air  system  (Par.  184),  suitable  for  two-car  operation.  P* 
ticularly  when  one  is  operated  single  most  of  the  time  and  with  a trailer  adb 
during  rush  hours;  the  automatic  air-brake  (Par.  117),  suitable  for  efectri 
trains  of  three  oars  or  more;  the  combined  straight  and  automatic  eir-brd 
(Par.  116),  designed  for  Iooomotive  operation,  no  matter  whether  steam  < 
electric;  the  electropneumatic  air-brake  (Par.  117),  at  present  in  an  exp« 
mental  state,  but  particularly  adapted  to  train  operation,  inasmuch  a*  ti 
time  element  in  the  application  ana  release  of  the  brakes  on  the  rear  end  i 
a long  train  is  practically  eliminated. 

818.  The  straight  air-brake  system  described  in  detail  in  Par.  tit  a 
118,  consists  essentially  of  a source  of  compressed  air  (either  a tank  filled  t 
intervals  from  a compressor  at  charging  stations,  or  an  air  compressor,  mou 
or  axle  driven,  located  upon  the  car) ; a reservoir  which  receives  the  air  Ira 
the  charging  tanks  or  from  the  compressor  and  in  which  the  pressure  is  mvi 
tained  practically  constant  by  means  of  a reducing  valve,  or  by  a govern 
which  automatically  controls  the  operation  of  the  compressor;  a bni 
cylinder,  the  piston  of  which  is  connected  to  a system  of  brake  levers  in  ess 
a manner  that  when  the  piston  is  forced  outward  by  air  pressure  the  brtfc 
are  applied;  an  operating  valve  mounted  in  each  vestibule  by  means  of  wW 
the  oompressed  air  is  either  admitted  or  released  from  the  brake  cytindd 
ft  pipe  system  connecting  the  above  parts,  including  cut-out  valves,  extra  b* 
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and  angle  fittings  between  ears.  In  order  ter  prevent  any  possibility  of  accu- 
mulating an  excessive  pressure,  a safety  valve  designed  to  open  at  100  lb.  per 
aq.  in.  is  placed  in  the  air-supply  system.  A set  of  pressure  gages  is  usually 
supplied  with  each  complete  equipment  in  order  that  the  motorman  may 
observe  the  pressure  in  the  reservoir  and  remedy  any  defects  in  the  govern- 
ing apparatus. 

319.  Jo  operate  the  motorman’s  valve  (Par.  919),  the  handle  is  inserted 
when  the  valve  is  in  lap  position,  where  the  slot  in  the  body  of  the  valve  is  en- 
larged for  this  purpose  (in  order  to  prevent  its  removal  in  any  other  position). 
In  this  position  tne  valve  is  set  so  that  air  can  neither  pass  into  nor  out 
of  the  brake  cylinder.  Moving  the  handle  to  the  left  places  the  valve 
in  ’‘full  release/’  that  is,  connects  the  brake  cylinder  to  the  atmosphere  and 
allows  the  air  which  holds  the  brakes  applied,  to  escape,  and  the  spring 
which  is  opposed  to  the  air  pressure,  restores  the  piston  and  releasee  the 
brakes.  After  the  brakes  have  been  released  the  valve  is  returned  to  lap 
position,  which  is  the  normal  running  position.  To  partially  release  the 
brakes,  which  is  necessary  in  braking  in  order  to  prevent  shocks  as  the 
ear  stops,  the  handle  is  moved  to  the  right  and  quickly  returned  to  lap. 
This  reduces  the  pressure  on  the  brake-shoes,  but  does  not  entirely  release 
them. 

930.  To  apply  the  brakes  for  a service  stop  (Par.  319),  the  handle  is 
moved  to  the  right  a little  past  the  lap  position,  then  back  to  the  lap.  This 
connects  the  reservoir  with  the  brake  cyhnder  through  a small  opening  in  the 


Fig.  57. — General  Electric  straight-air  brake  system. 


valve,  then  holds  the  pressure  constant  until  it  is  necessary  to  release  or  apply 
more  pressure.  Moving  the  handle  further  to  the  right  connects  the  reser- 
voir to  the  brake  cylinder  through  a large  opening,  thus  causing  the  cylinder 
to  fill  rapidly  and  instantly  apply  the  brakes  with  maximum  pressure. 
Sand  is  usually  applied  to  the  tracks  as  soon  as  the  handle  is  turned  to  the 
emergency  position  in  order  to  avoid  skidding  the  wheels. 

331.  In  descending  grades  (Par.  319),  a light  application  of  the  brakes 
should  be  made  and  the  handle  returned  to  lap.  A sufficient  length  of  time 
should  be  allowed  for  car  to  feel  the  effect  of  the  brakes  before  applying  more 
pressure.  If  speed  is  higher  than  desired  a second  light  application  should 
be  made  and  operation  repeated  as  often  as  necessary  until  the  desired  speed 
is  obtained,  or  until  the  car  has  left  the  grade. 

333.  Use  with  trailer  (Par.  319).  The  straight-air  system  of  air-brakes 
although  only  recommended  for  single-car  operation,  may  be  used  when, 
operating  with  a trailer.  The  equipment  for  trail  cars  consists  of  a brake 
cylinder  and  system  of  levers  similar  to  the  ones  on  the  motor  car,  and  a 
(ength  of  pipe  running  the  entire  length  of  the  car  and  provided  with  hose 
oouplings  and  cut-out  cocks  for  connections  to  the  forward  and  rear  cars. 
In  connecting  up  train  cars,  all  the  hose  couplings  must  be  thoroughly  united 
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to  insure  that  air  will  apply  throughout  the  entire  train.  All  the 
cocks  must  be  open  except  those  on  the  rear  of  the  last  car,  and  the  hostel 
the  first  ear. 


Fiq.  58. — General  Electric  emergency  straight-air  brake  system. 

SSS.  Field  of  application  (Par.  318).  So  far  as  single-car  operation  I 
concerned,  the  straight  air-brake  system  is  very  satisfactory,  as  the  d**? 
flexibility  in  the  matter  of  graduations  of  applications  and  release  of  u 
brakes  with  due  regard  to  the  passengers  standing  can  readily  be  secured,  a 
this  apparatus  is  usually  so  simple  in  construction  that  the  motorman  m 
beoome  familiar  with  its  operation  to  such  an  extent  that  accurate  stopafi* 
be  secured  with  a minimum  amount  of  instruction.  In  trains  of  oonsideflM 
length,  however,  the  response  of  the  brakes  on  the  rear  cars  is  too  slow,  sj 
all  the  air  must  pass  from  the  main  reservoir  on  the  front  car  throng*  J 
opening  in  the  motorman’s  valve  to  the  brake  cylinders  of  each  car.  si  a 
addition  of  each  car  add-  to  the  volume  of  the  brake  system,  the  main 
voir  on  the  first  car  must  be  considerably  in- 
creased. The  reservoir  capacity  must  be  so  pro- 
portioned that  the  pressure  will  not  be  reduced  to 
such  an  extent  that  the  brake  application  will  be 
insufficient  and  result  in  overrunning  the  desired 
stopping  place.  These  1 attcr  objections  would  not 
necessarily  prevent  the  use  of  this  type  of  air- 
brakes on  short  trains  of  two  or  three  cars,  were  it 
not  for  the  objection  that  a broken  hose  connec- 
tion or  leaky  train  pipe  renders  the  brakes  on  the 
whole  train  inoperative 

334.  The  emergency  straight  air-brake, 
described  in  detail  in  Par.  220  and  226,  differs 
from  the  straight  air-brake  in  the  details  of  the 
motorman’s  valve  and  in  the  addition  of  an 
emergency  valve  and  reservoir  line  which  con- 
nects the  motorman’s  valve  with  the  emergency 
valves  (Figs.  58  and  59).  In  the  case  of  a trail 
oar,  an  auxiliary  reservoir  (Par.  336)  is  also  added, 
as  shown  in  Fig.  60. 

In  the  ordinary  operation  of  single  cars  or  short 
trains,  the  emergency  valve  is  seldom  brought 
into  play.  It  is  necessary,  however,  to  provide  a short  direct  passage  ^ 
the  reservoir  to  the  brake  cylinder  in  order  to  ensure  the  quickest  po» 
action  in  time  of  emergency  and  to  provide  some  means  of  automatwl 
braking  the  rear  cars  should  a break  occur  in  the  train  line.  At etl 
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times  when  it  is  desired  to  make  a sendee  application  or  release,  the  air  is 
admitted  or  exhausted  through  the  motorman’s  valve  the  same  as  in  the 
straight  air-brake. 

Stf.  Emergency  application  (Par.  114).  With  the  motorman's  valve 
in  the  emergency  position,  it  allows  air  to  escape  from  the  reservoir  line  and 
causes  the  reservoir  pressure,  which  is  above  that  in  the  emergency  valve,  to 
compress  the  spring  which  holds  the  valve  in  its  normal  position,  thus 
opening  a port  in  the  valve  casing  which  communicates  with  the  brake  cyl- 
inder for  the  direct  passage  of  the  reservoir  air.  The  line  from  the  reservoir 
tupplying  the  air  for  this  prooees  should  not  be  confused  with  the  reservoir 
line.  During  an  emergency  application,  all  communication  with  the  train 
*nd  reservoir  linee  is  out  on.  To  release  the  brakes,  therefore,  it  is  neces- 
sary first  to  return  the  emergency  valve  to  He  nornfal  position  by  recharging 
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Fio.  60. — General  Electric  emergency  straight-air  brake  for  trail  cars. 


the  reservoir  line  to  the  reservoir  pressure.  This  equalising  of  pressures 
allows  the  spring  under  the  valve  to  return  it  to  its  original  position,  and  the 
brakes  can  be  released  in  the  same  manner  as  after  a servioe  application  by 
exhausting  the  air  from  the  train  line.  The  recharging  of  the  reservoir 
line  is  accomplished  by  moving  the  motorman’s  valve  to  emergency-release 
position  at  the  extreme  left  of  the  slot  in  the  body  of  the  valve.  With  the 
motorman's  valve  in  this  position,  a connection  is  opened  between  the  main 
reservoir  and  the  reservoir  line  and  also  a connection  between  the  train  line 
and  atmosphere.  With  the  emergency  valve  in  normal  position  there  is  a 
direct  passage  to  the  train  line  ana  brake  cylinder,  and  tne  service  applioa- 
(ions  and  release  are  made  by  increasing  or  decreasing  the  pressure  in  the 
train  pipe. 

SS6.  Auxiliary  reservoir  with  trailer  (Par.  114).  In  the  case  of  a 
trail  car,  the  auxiliary  reservoir  is  charged  during  emergency  release  by  the 
air  pressure  equalising  on  both  sides  of  the  slide  valve  through  charging 
grooves  in  the  valve  casing.  At  other  times  it  is  charged  from  tne  main  res- 
ervoir through  the  charging  grooves  in  the  emergency  valve  on  the  motor 
car. 

In  case  of  accident  to  the  reservoir  line  the  air  can  be  exhausted  from 
the  auxiliary  reservoir  and  the  train  operated  on  straight  air  without  inter- 
rupting the  service.  An  accident  to  the  train  line  has  no  effect  upon  the 
action  of  the  emergency  valve  which  still  can  be  employed  as  ordinarily 
by  throwing  the  motorman’s  valve  to  the  emergency  position.  As  the 
8traight"air-Drake  principle  predominates  in  this  system,  it  is  subject  to  the 
same  objection  which  prevents  the  use  of  the  straight  air-brake  on  longer 
trains,  namely  the  time  limit.  For  this  reason,  the  automatic  air-brake  is 
used  on  trains  of  three  or  more  cars. 

1ST.  The  automatic  air-brake,  described  in  detail  Par.  SIS  to  136, 
differs  from  the  straight  air-brake  in  that  the  former  requires  a decrease  in 
the  train-pipe  pressure  to  apply  the  brakes,  and  an  increase  in  pressure  to 
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release  them,  wnereas  in  the  latter,  air  is  admitted  to  the  train  pipe  to 
the  brakes  and  exhausted  to  release  them. 

SSS.  The  apparatus  required  (Par.  1ST)  for  this  system  in  addition  to 
that  already  mentioned  for  the  straight  air-brakes  is  as  follows:  a artef 
duplex  pressure  gages,  which  indicate  simultaneously  the  pleasure  is  tie 
mam  reservoir  and  in  the  train  pipe;  an  auxiliary  reservoir,  for  storing  toe 
air  used  by  each  car  in  braking;  a triple  valve,  the  function  of  which  ate 
admit  air  from  the  auxiliary  reservoir  into  the  brake  cylinder  and  to  rebut 
it  therefrom  (in  release  position,  the  auxiliary  reservoir  is  recharged),  sod  u 
air-whistle  reservoir,  with  suitable  check  valve  for  sup- 
plying air  to  the  air  whistle. 

This  system  is  capable  of  a great  many  refinements 
which  may  be  added  or 'omitted  as  requirements  of  a 
particular  service  may  prescribe.  The  main  points  of 
difference  between  particular  automatic  air-brake 
equipments  will  generally  be  found  in  the  details  of  the 
triple  valves,  and  the  addition  of  pressure  maintaining 
ana  reducing  valves.  These  features  are  essential  in 
oertain  classes  of  grade  work  in  order  to  prevent  brakes 
*'  leaking  off."  These  particulars  have  been  intention- 
ally omitted  from  this  consideration  in  order  to  avoid  Fio.  61. — S.  L 
undue  complexity.  Two  forms  of  triple  valves,  how-  triple  valve, 
ever,  need  to  be  considered  here  inasmuch  as  the  plain 
triple  valve,  Fig.  61,  is  only  used  on  comparatively  short  trains,  shoot  fa 
cars  in  length,  whereas  the  quick-action  triple  valve,  Fig.  62,  is  deagn*!  v 
be  used  on  much  longer  trains. 


129.  Emergency  application  (Par.  117).  For  the  emergency  porithi 
shown  in  diagram,  Fig.  62,  the  train  line  is  open  to  the  atmosphere,  silovik 
auxiliary  reservoir  pressure  on  the  right  of  the  slide-valve  piston  forrin*  1 
to  the  left  against  the  graduating  spring,  compressing  it  ana  uncovering  tk 
brake  cylinder  port.  Air  is  thus  permitted  to  flow  from  the  snxuad 
reservoir  directly  into  the  brake  cylinder;  at  the  same  time  the  ports  leafrf 
to  the  atmosphere  and  to  the  train  pipe  are  doeed. 

130.  To  release  the  brakes  (Par.  117),  the  main  reservoir  air  is  admits^ 
through  the  train  to  the  ohamber  at  the  left  of  the  slide-valve  piston,  forts* 

it  to  the  right,  and  connecting  the  bnk 
cylinder  port  to  the  exhaust  pipe.  At* 
same  time,  air  at  the  main  reservoir  prase 
raises  the  check  valve  and  recharges  the  *»• 
iliary  reservoir  to  main  reservoir  pressure 
A graduated  release  of  the  brakes  nuy « 
obtained  with  this  type  of  valve,  by  pips 
the  exhaust  from  the  triple  valve  to  the  mow- 
man’s  valve  where  a movement  of  the  nhl 
handle  will  release  the  air  the  same  m in  tk 
straight  air-brake. 

111.  Necessary  train-line  reduetke 
(Par.  117).  A service  application 
only  a slight  reduction  in  train-line  prewufl 
Fio.  62. — K triple  valve.  (from  5 to  7 lb.)  which  is  sufficient  to  pen er 
the  slide-valve  piston  to  slightly  oornprra* 
graduating  spring  and  partially  open  the  brake-cylinder  port.  When  « 
auxiliary  reservoir  pressure  has  been  reduced  to  about  the  same  value  k 
the  train-line  pressure,  the  graduating  spring  will  return  the  slide  v»ht  v 
lap  position,  closing  all  the  ports  before  the  brakes  are  fully  applied.  ft 
auxiliary  reservoir  and  brake  cylinder  are  usually  so  proportioned  that  tk 
brakes  are  fully  applied  when  the  brake  piston  displacement  is  sufficient  8 
reduce  the  auxiliary  reservoir  pressure  about  15  lb.  Therefore,  a train 
reduction  greater  than  15  lb.  fully  applies  the  brakes  and  is  wasteful  of** 
because  the  train  pipe  and  the  auxiliary  reservoir  must  be  fully  charged 
each  application. 

. 138.  The  quick-action  triple  valve  (Par.  117),  shown  in  Fig.  62,  i»» 
signed  to  be  used  on  freight  trains  of  considerable  length,  its  function  is* 
apply  and  release  the.  brakes  on  the  rear  cars  so  quickly  that  the  running 
and  out  of  the  slack  is  avoided.  F*ig.  64  is  a diagrammatical  section  of  9 
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triple  vahre  shown  in  Fig.  62.  In  the  full  release  position  shown,  sir  is 
allowed  to  pass  from  the  brake  cylinder  through  ports  in  the  slide  valve,  the 
same  as  in  the  plain  triple  valve.  The  auxiliary  reservoir  is  charged  through 
grooves  around  the  slide-valve  piston,  and  also  through  the  raised  check 
valve  and  the  uncovered  port  in  the  slide  valve.  The  operation  of  the  auto- 
matic air  brake  (Par.  227)  in  conjunction  with  this  valve  is  described  in  Par. 
122  to  222. 


^Motorman’i  Brake  Valve 
"Slide  Valve  ^ 


Pomp  Governor 


Duplex  OheclrValve 
Brake  Cylinder-^ 


Main  Reservoir  a 


^Auxiliary  Reservoir 


Fio.  63. — Westinghouse  automatic  air-brake. 

222.  Release  with  quick-action  triple  valve  (Par.  227  and  222).  In 
release  position,  the  decrease  in  train  line  pressure  allows  the  valve  piston  to 
move  to  the  left,  closing  the  charging  grooves  and  feed  port,  J , ana  exhaust 
port,  P.  Just  before  valve  piston  strikes  the  graduating  stem,  a cavity  in 
the  grading  valve  on  top  of  the  slide  valve  connects  ports  which  allow  com- 
munication from  the  brake  cylinder  to  the  emergency  chamber  and  train 
pipe.  The  piston  in  the  emergency  chamber  is  only  loosely  fitted,  so  that 
the  air  ( which  is  admitted  from  the  train  pipe  to  the  unseated  check  valve 
passes  into  the  brake  cylinder  before  communication  is  established  between 
the  auxiliary  reservoir  and  the  brake 
wwssjjjx  To  Aux.Rpi.  cylinder.  Owing  to  the  friction  in  the 

,„T.-  \ train  pipe,  a reduction  of  air  pressure  at 

_JLj2  the  front  end  of  the  train  is  not  felt  at  the 

FTTTffi  ETj-m' -II  ;■  jjES  rear  end  until  some  time  later.  Thus  the 

“a|'  ||p  venting  of  the  train  pipe  at  each  car  re- 

^|LiO  I suits  in  hastening  the  reduction  for  each 

If  car  following;  at  the  same  time  requiring 

"r  , a iess  redUction  at  the  engineer’s  valve  to 

apply  the  brakes  with  a given  pressure, 
since  the  auxiliary  reservoir  is  not  re- 
l„MJl \ I|M|f  f quired  to  supply  all  the  air  to  the  brake 

When  the  brake-cylinder  pressure  is  re- 

v ..  | * duced  below  that  in  the  train  line,  the 

Fio.  64.  iv-4nple  valve.  slide-valve  piston  moves  to  the  right  with 

the  graduating  valve  and  closes  all  ports 
leading  to  the  brake  cylinder.  The  tendenoy  for  the  brake-pipe  and  auxil- 
iary-reservoir pressures  to  equalise  through  the  connections  to  the  brake 
cylinder  is  prevented  by  the  proportioning  of  the  respective  ports,  so  that  the 
auxiliary-reservoir  pressure  decreases  faster  than  the  brake-pipe  pressures, 
and  insures  the  travel  of  the  piston  to  the  right. 

224.  In  retarded  release  with  quick-action  triple  valve  (Par.  227  and 
222)  the  train  line  is  quickly  re-charged,  forcing  the  valve  piston  to  the  ex- 
treme right.  Thus  is  prevented  the  re-charging  of  the  auxiliary  reservoir 
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through  the  charging  grooves  before  opening  & small  port  in  the  slide  vi he, 
would  permit  the  train  line  pressure  to  raise  the  cheek  valve  and  aewly 
re-charge  the  auxiliary  reeervoir.  The  function  of  the  oharging  derw 
(shown  on  the  outside  of  the  valve  in  Fig.  62)  is  to  prevent  the  inertia  of  tk 
slide  valve  from  forcing  it  to  the  extreme  right  of  its  travel  when  the  vsbe 
piston  is  brought  up  against  its  stop.  The  restricted  area  at  the  left  ad  of 
the  exhaust  cavity  of  the  slide  valve  partly  closes  the  exhaust  port,  and  sllw» 
the  brake-cylinder  air  to  flow  slowly  into  the  atmosphere.  On  account  of  tt* 
friction  in  the  train  pipe,  it  is  impossible  to  re-charge  the  train  line  at  the 
rear  of  the  train  faster  than  the  air  will  flow  through  the  charging  groove* 

, of  the  triple  valves.  Ai  & 
result,  only  the  triple 
valves  of  the  foremost  on 
move  to  retarded  reles*. 
the  others  remaining  is 
full  release,  which  retessw 
the  brakes  on  the  rear  ess1 
quickly. 

288.  Emergency  im- 
plication with  quick* 
action  triple  valve  (Pa* 
218  and  228).  Tbesoddo 
reduction  of  train  pep' 
pressure  in  the  emerges?? 
position  of  the  engineers 
valve,  moves  the 
: valve  piston  to  the  ks 
compressing  the  grades 
ing  spring  and  opening! 
port  directly  to  the  bras 
cylinder,  and  alsoopetuj 
another  port  to  the  <bt 
gency  chamber  which  w 
seats  the  emergency  vit*i 
At  the  same  time  the  tew 
line  pressure  opens  m 
check  valve  and  air  few 
from  the  train  line  direrth 
into  the  brake 
applying  the  brakes  vstt 
maximum  pressure,  if 
quick  venting  of  tbe  trsct 
Une  insures  the  rapid 
action  of  the  brakes  on  w 
rear  cars.  , 

288.  The  oombin* 
straight  and  automat 


Fio.  66. — Air  compressor. 


air-brake,  as  the  name  implies,  consists  of  two  sets  of  motorman  • 
for  the  control  of  each  system.  The  straight  air-brake,  operaUni^ 
pressure  between  66  and  70  lb.  per  sq.  in.,  applies  and  releasee  the  b raker* 
the  front  oar  independently  of  the  brakes  on  the  other  care.  The  automig 
brakes  operate  witn  air  pressure  from  100  to  110  lb.  per  sq.  in.,  and  apply 
brakes  on  the  remainder  of  the  train  independently  of  the  brakes  on  the  frg 
car.  The  chief  advantage  of  such  an  arrangement  is  the  possibility  ofb^ 
ing  the  brakes  on  the  locomotive  applied  while  the  tram  brakes  are  we** 
for  the  purpose  of  re-charging  the  auxiliary  reservoirs. 

287.  The  electropneumatic  system  is  practically  the  samew^ 

E resent  automatic  system,  except  that  the  valves  are  operated  by  soieMH 
i much  the  same  way  as  the  contactors  in  the  multiple-unit  train  1 ooe 
At  the  present  time  air  control  is  retained  as  a safeguaid  in  < ease 
of  the  electric  control.  With  electric  traction*  the  possibilities  ofth* 
tem  seem  to  be  unlimited  and  automatic  retardation  as  well  as  aoce*er»w 
is  quite  feasible.  I 

228.  The  air  reservoirs  should  have  a capacity  sufficient  to  supply  f 
for  three  or  four  applications  without  reducing  the  pressure  more  than  ircwj 
to  15  lb.  Otherwise  every  ordinary  application  of  the  brake  will  tt 
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ported  upon  elliptic  and  coil  springe  designed  to  take  up  the  shock  reepkiif 
from  riding  over  uneven  tradk.  Single-truck  ears  are  limited  to  a zn&xi&mii 
length  of  about  30  ft.  over  alt  apa  a maximum  weight  including  car  bod; 
ana  trucks,  but  exclusive  of  electrical  equipment  of  approximately  15,000  !b 

241.  The  double-truck  oar  is  equipped  with  two  distinct  trucks  Joiae* 
together  through  the  medium  of  the  car-body  framing.  The  swirel  o 
bogie  truck  consists  essentially  of  two  or  more  axles  centred  in  commo 
side  frames  which  are  joined  by  a cross  piece  or  bolster  carrying  a centr 
plate  and  also  side-bearing  plates  upon  which  the  car  body  rests. 

The  bogie  truck  may  comprise  two  or  more  axles  mounted  in  a mag! 
stru  ture.  the  prevalent  type,  however,  is  composed  of  two  axles  for  car 
weighing  up  to  50  tons  total  weight.  For  very  high-speed  service  or  fo 
heavy  cars,  three-axle  trucks  are  to  be  reoommendea. 

243.  Classification  of  bogie  trucks.  The  standard  four-wheel  bogs 
truck  is  built  along  different  lines  depending  upon  the  service  which  it  it  u 
perform.  As  the  weight  of  the  car  body  is  oarried  upon  the  cross  piece  a 
bolster  connecting  the  side  frames,  it  is  evident  that  the  construction  a 
this  bolster  and  its  support  offers  a means  of  cushioning  the  effect  of  shock] 
given  the  car  wheels  when  riding  over  uneven  track.  There  are  three  gesen. 
types  of  bogie  trucks,  namely:  the  rigid-bolster  type  (Par.  S44),  the  floatuaf 
bolster  type  (Par.  845);  and  the  swinging-bolster  type  (Par.  345). 

844.  The  rigid-bolster  type  (Par.  843)  is  suitable  for  locomotive  wori 
only,  as  the  cushioning  effect  of  the  car  body  by  means  of  springs  is  nos 
oarried  to  sufficient  length  for  easy  riding  qualities.  The  bolster  is  solidk 
fastened  to  the  side  frames  and  forms  an. integral  part  therewith.  The  spring 
suspended  car  superstructure  is  sustained  by  means  of  box  spring 


Fia.  67. — Motor,  locomotive-frame,  rigid  bolster. 


placed  between  the  side  frames  and  the  journal  boxes.  These  springs  maj 
be  of  semi-elliptic  (Fig.  67)  or  spiral  type  (Fig.  70).  This  type  of  construe 
tion  offers  no  compensation  for  the  swaying  of  the  superstructure,  and  ii 
therefore  not  adapted  for  high-speed  or  passenger  service. 

845.  The  floating-bolster  construction  (Par.  843),  oomprisea  in  pan 
a bolster  mounted  upon  elliptio  springs  which  rest  upon  the  side  frames.  Th 
bolster  thus  has  an  independent  vertical  movement,  and  travels  in  ways  ii 
the  side  frame.  This  type  of  construction  is  beat  adapted  to  )ocomotiY< 
trucks  designed  for  slow-speed  service,  as  the  superstructure  is  not  sufficiently 
cushioned  to  provide  easy  riding  for  high-speed  passenger  service. 

845.  The  swinging-bolster  construction  (Par.  148)  comprises  a mov- 
able bolster  traveling  in  a guide  or  transom  and  mounted  upon  elliptic  spring* 
a construction  very  similar  to  the  floating-bolster  type.  In  tbs  forma 
however,  the  elliptio  springs  do  not  rest  directly  upon  the  side  frames,  bsl 
rest  in  a saddle  hung  from  the  transom  or  side-frame  construction  in  such  a 
manner  that  opportunity  is  provided  for  a transverse  swing  of  the  super 
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structure.  This  arrangement  permits  the  superstructure  to  swing  or  roll 
when  rounding  curves,  and  offers  a very  easy  riding  truck  for  high  speed 
passenger  service.  To  increase  the  cushioning  effect  still  further,  the  side 
frames  are  not  directly  mounted  upon  the  journal  boxes  but  have  coil  springs 
interposed,  either  placed  directly  over  the  journal  boxes  (Pig.  70)  or  between 
the  side  bar  and  tne  truck  frames  (Fig.  09)  or  a combination  of  both. 


Fig.  69. — Bar  frame,  swinging  bolster. 


Fio.  70. — Swing  bolster  truck  (Brill  Co.), 


The  swinging-bolster  truck  is  designed  for  high-speed  passenger  service, 
and  is  satisfactory  for  maximum  speeds  up  to  70  or  80  miles  an  nour.  For 
very  high  speeds  it  is  preferable  to  provide  a bogie  truck  construction  con- 
«ating  of  three  axles,  the  two  outside  axles  carrying  less  weight  than  the  centre 
axle,  and  preferably  carrying  no  motors  geared  thereto. 
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147.  Conatractlon  of  bolster  and  side  frames.  The  truck  bolster  as* 
be  made  of  wood  or  metal,  and  both  the  centre  plate  and  aide-bearing  piste* 
which  it  carrie*,  may  be  ball  or  roller  bearings,  in  order  to  reduce  the  fnctks 
and  permit  the  truck  to  respond  readily  to  the  demand*  of  track  curvature. 
The  side  frame*  may  be  built  up  of  steel  plates  riveted  together,  or  forged 
or  cast  in  a single  piece.  The  construction  is  rigid  and  provides  for  good 
alignment  of  the  axles. 


148.  Maximum  traction  trucks  are  designed  for  city  servioe  at  speeds 
not  much  exceeding  30  miles  per  hr.,  and  are  useful  where  it  is  desired  to 
mount  a single  motor  on  a 
truck  providing  for  four 
wheels,  having  a short 
wheel  base,  and  carrying 
70  per  cent,  of  the  total  car 
weight  upon  the  driving 
wheel,  which  is  larger  in 
diameter  than  the  trailing 
wheel.  Maximum  traction 
trucks  are  not  suitable  for 
high-speed  service. 


141.  Classification  of  Fig.  71. — Maximum-traction  truck  (Brill  Co. 

car  bodies.  Car  bodies 

differ  in  construction  according  to  local  requirements.  They  may  be  divided 
into  two  general  types,  namely:  open  cars,  and  closed  cars.  The  dividing 
line  between  these  two  types  is  not  sharply  defined  owing  to  the  introduction 
during  the  past  few  years  of  the  convertible  and  semi-convertible  type  of 
car  body,  which  permits  the  complete  closing  in  of  the  car  body  sides,  or 
partial  removal  thereof  according  to  climatic  conditions.  The  true  type  of 
open-ear  body  is  arranged  with  cross  seats  which  will  seat  five  passengers  pe 
seat  and  in  the  larger  cars  seating  75  passenger*  per  ear. 


U'U'U'U  u.u  uuu 

n.n.n.n.n'n.n.n.n 

Fio.  72. — Seat  capacity  44. 

Besides  the  convertible  and  semi-convertible  type  of  closed  cars,  a combus- 
tion open  and  closed  car  is  used  for  warm  climates,  as  it  offers  the  greater 
advantages  for  all-th e-year  operation. 

850.  Arrangement  of  seats.  The  closed-body  car  may  be  provided  with 
either  longitudinal  or  cross  seats,  the  former  being  used  in  the  shorter  cxn 
of  30  ft.  overall  and  under,  and  the  latter  in  thelarger  city  and  suburbia 
cars.  In  general  it  may  be  stated  that  longitudinal-seat  cars  are  suitable 
only  for  short  runs  and  medium  rates  of  acceleration,  and  transverse  seat* 
should  be  used  in  order  to  provide  comfort  for  the  passenger  where  the 
accelerating  rates  are  high  or  the  run  extended. 

The  prevalent  type  of  transverse-eeat  car  is  indicated  in  Fig.  72,  and  usu- 
ally contains  short  longitudinal  end  seats  in  addition.  Owing  to  the  po^ 
bihty  of  crowding  at  the  car  entrance,  it  has  been  found  advisable  to  provide 
more  standing  room  at  these  points.  This  leads  to  a composite  type  of  car 
having  longer  longitudinal  end  seats  and  providing  transverse  seats  in  the 
centre  portion  of  the  car  only.  . 

In  some  instances  it  is  necessary  to  provide  narrow  city  cars,  and  insuffi- 
cient space  is  allowed  for  transverse  seats  eapsble  of  seating  two  people  os 
the  side.  A modification  of  transverse-seat  car  is  constructed  for  such  case* 
having  the  longitudinal  aisle  and  providing  a two-passenger  seat  on  one  side 
and  a one-passenger  seat  on  the  other. 

261.  Entrances  and  exits.  In  rapid-transit  service,  where  large  crowd* 
must  be  handled  with  a minimum  time  allowed  for  stops,  it  is  desirable  to 
use  doors  at  the  sides  bo  arranged  that  the  crowd  can  circulate  rapidly,  with 
as  little  interference  as  possible  between  toe  boarding  and  the  leaving  pas- 
sengers. In  some  cases  this  is  accomplished  by  end  doors  for  entrance  and  s 
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Mtn  door  for  exit,  while  in  one  type  of  side-door  oar  there  is  a door  oppo- 
site each  seat,  all  doors  bein^  operated  from  one  point  by  compressed  air. 
These  types  of  oars  were  originally  installed  for  train  operation  on  subway 
sad  elevated  Hnee,  where  only  station  stops  were  made  and  where  fares  were 
collected  before  passengers  boarded  trains.  It  was  some  time  afterwards 
that  serious  thought  was  given  to  the  adoption  of  a similar  principle  in  car 
body  designs  for  operation  on  surface  lines,  that  is,  before  steps  were  taken 
to  separate  the  entrance  from  the  exit  or  to  collect  fares  as  toe  passengers 
boarded  the  oars.  The  first  cars  brought  out  employing  this  principle, 
were  known  as  Pay-aa-you-enfcer  cars  and  were  similar  in  design  to  other 
ears  then  in  use.  The  new  features  were  closed  vestibules  with  door  control 
handles  for  the  motorman  and  conductor  and  a fare  box.  Thus  the  front 
platform  was  converted  into  an  exit  which  relieved  the  congestion  around 
the  rear  platform  when  passengers  deisred  to  get  on  or  off.  This  arrange- 
ment was  a decided  improvement  over  the  older  method  of  collecting  fares 
after  the  passengers  were  seated  and  many  lines  charged  over  their  old  cars 
to  make  use  of  tne  pay-as-you-enter  principle. 

The  next  step  was  the  design  of  a new  type  of  car  body  with  a front 
entranee  and  centre  exit.  In  this  type  of  car  the  centre  exit  is  assumed  to 
divide  the  car  into  two  sections,  a pre-payment  section  in  the  rear  and  a 
pay-as-you-leave  section  in  front.  The  conductor  is  stationed  just  in 
front  of  the  centre  exit  and  collects  the  fares  as  the  passengers  pass  him  on 
their  way  to  the  pre-payment  section  or  as  they  pass  out.  Sucn  a oar  has 
the  advantage  of  quick  loading  at  transfer  points  and  gives  the  conductor 
an  opportunity  to  collect  the  fares  and  distribute  the  passengers  in  the  car 
before  reaching  the  next  stop.  There  have  been  a number  of  other  new 
features  added  in  the  design  of  these  cars,  notably  an  air-operated  sliding 
door  for  the  centre  exit,  low  wheels  and  low  step,  vertioal  and  horisontal 
grab  rails  instead  of  straps  for  standing  passengers,  dome  shaped  roof  with 
exhaust  ventilators  instead  of  Monitor  roof,  flush  platforms  and  other  im- 
provements in  car  body  whioh  do  much  to  reduoe  the  weight  of  the  car  and 
economise  in  space. 

MS.  Safety  or  one-man  cars.  The  development  of  safety  features 
suoh  as  closed  vestibules  and  mechanical  control  of  the  doors  has  made  it 
possible' to  advance  another  step  in  the  solution  of  the  street  railway  trans- 
portation problem.  This  advance  is  on  the  theory  that  if  a more  frequent 
headway  is  maintained  more  passengers  will  ride  and  in  the  interval  between 
csvs  fewer  passengers  will  assemble  who  will  have  to  be  accommodated. 
With  two-man  cars  the  platform  expense  prohibits  the  operation  of  cars  on 
such  short  headway  and  the  seating  capacity  of  the  ordinary  two-man  cars 
is  more  than  would  be  required  for  the  passenger  who  would  ordinarily  be 
picked  up  on  each  trip,  if  suoh  short  headways  were  operated.  The  appli- 
cation of  this  theory  required  the  development  of  special  features  in  car-body 
designs  so  that  one  man  could  collect  the  fares  as  the  passengers  boarded 
the  car,  close  the  doors  so  that  passengers  could  not  get  on  or  off  while  the 
car  was  in  motion  and  also  operate  the  car.  The  success  of  the  venture  is 
due  largely  to  the  details  of  the  safety  features  which  have  been  incorpor- 
ated in  the  control  which  is  so  interlocked  that  one  man  can  perform  the 
duties  of  motorman  and  conductor.  The  door  control  and  other  safety 
features  are  worked  out  in  conjunction  with  the  air-brake  equipment. 

MS.  Kxtra  compartments  on  suburban  cars  (Par.  254).  For  sub- 
urban service  it  is  desirable  to  provide  a smoking  compartment  divisioned 
off  from  the  main  portion  of 
the  car  and  connected  to  it  by 
a door.  Such  a car  should 
preferably  be  run  single  ended 
with  the  smoking  compart- 
ment in  front.  However,  it  is 
common  practice  to  run  such 
oars  double  ended,  in  which 
case  all  passengers  may  be  compelled  to  pass  through  the  smoking  compart- 
ment in  order  to  reach  the  main  seating  portion  of  the  car. 

Owing  to  the  necessity  of  taking  care  of  baggage  or  express  material  on 
suburban  lines,  many  such  oars  are  supplied  with  a baggage  compartment 
whieh  is  also  used  as  a smoking  compartment,  and  in  addition  a toilet  should 
be  provided  where  the  run  is  of  considerable  length. 


Fio.  73. — Single-ended  car. 
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264.  Arrangement  of  inter urban  cars.  Many  cars  are  heated  (Sec 

22),  with  hot  water  instead  d, 
electrically,  and  the  oc« 
elaborate  high-speed  is»* 
urban  cars  operating  crcr* 
long  distances  provide  x earn 
partment  for  express  matter, 
smoking  compartment,  dutj 
passenger  compartment,  tjtH 
rooms,  etc.  The  motorminj 
compartment  is  divisioned  ol 
from  the  baggage  compart- 
ment and  such  care  are  p?r.  't 
ally  run  single-ended,  require) 
the  use  of  a loop  or  Y at  thr 
terminals,  see  Fig.  73. 

205.  Double-deck  on 

For  certain  classes  of  or? 
service  where  the  track 
5ty  is  limited  and  speed*  in 
moderate,  recourse  maybebri 
to  a double-deck  or  top-seat*: 
car.  Unless  enclosed 
cars  are  only  suitable  : 1 
climates  having  small  temper 
ature  change  and  must  h 
operated  at  low  speed  (- 
miles  per  hr.  or  less)  in  ord*' 
to  prevent  possibility  of  ox? 
turning.  Access  is  had  to  t: 
upper  seating  portion  of  tkt 
car  by  means  of  stairways. 

SELF-PROPELLED  CA1S 

256.  Classification.  Ss£ 

propelled  cars  are  divided  iss 
three  general  types,  as  folk*? 
storage  battery  (Par.  1ST 
gasoline  or  oil  motor  tP*r-j 
258);  gas-electric  (Par.  2M 

257.  The  Btorage-batterl 
car  is  suited  to  very  apr  I 
conditions,  and  has  not  )> 
been  considered  for  gow* 
railway  service  owing  to  th 
li  nutations  i u weight,  cost  ltd 
restricted  mileage  of  the  bat( 
tery.  (See  Section  20.) 

258.  The  gas-motor  cal 
has  come  into  limited  use  M 
interurban  lines  and  on  feeds 
liues  of  steam  roads. 
greatest  disadvantage  lies  q 
the  mechanical  transmission  efi 
power  between  motor 
driving  wheels. 

259.  The  gas-electric  cu 
(Fig.  74)  claims  as  its  advan- 
tage the  elimination  of  ail 
chanicai  troubles  by  substittf 
ing  electric  drive  throof'j 
generator  and  motors.  Su:J 
cars  are  in  service  to  a limit/ 
extent  where  operating  cod cj 

Gas-electric  locomotives  are  possible  only  wnen  tq 
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structure  and  gearing  of  motors.  .The  service  performed  by  electric  loco- 
motives on  suburban  and  interurban  lines  can  generally  be  taken  care  of  by 
a locomotive  weighing  from  30  to  60  tons,  all  weight  being  disposed  on  the 
drivers,  and  equipped  with  four  geared  motors  of  standard  types.  These 
motors  have  an  aggregate  capacity  not  greatly  exceeding  1,000  h.p.  at  a 
1-hr.  rating.  The  trams  hauled  may  reach  15  or  20  oars,  totalling  500  to 
800  tons  as  a maximum,  while  the  average  service  comprises  the  movement 
of  freight  trains  of  considerably  less  number  of  cars.  The  duty  of  inter- 
urban  locomotives  is  quite  variable  and  is  of  such  an  intermittent  character 
as  seldom  to  require  accurate  predetermination  of  motor  capacity. 

161.  Switching  (yard)  locomotives  are  of  the  same  general  type  as 
those  in  use  on  interurban  lines,  except  that  the  speed  is  much  lower  and  tb«+ 
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the  total  weight  may  reach  100  tone  when  such  locomotives  are  need  betas 
large  yards  for  the  interchange  of  freight.  The  seryioe  is  intermittent  tsd 
the  average  speed  is  below  4 miles  per  hr.  The  average  energy  input  u ha 
than  80  kw.  for  a 60-ton  locomotive.  Slovr-epeed  armatures  and  a maxima 
gear  ratio  are  best  suited  for  the  service.  Often  two  motors  are  conoeew 
permanently  in  series  in  order  to  limit  the  maximum  speed  and  power  demaad 
to  reasonable  amounts.  While  yard  locomotives  will  vary  from  30  to  100 
tons  total  weight,  good  examples  of  the  heavier  types  are  given  in  succeeding 
paragraphs. 

163.  Main-line  freight  locomotives  present  a great  variation  in  desgn 
and  motor  equipment.  Main-line  service  demands  a locomotive  equipowt 
oapable  of  withstanding  a large  sustained  output,  and  hence  calls  for  different 

motor  characteristics  that 


those  which  meet  the  require- 
ment* of  city  and  intenirbw- 
r&ilway  service.  Steam-loco- 
motive practice  provides  fora 
locomotive  rating  on  rub* 
grade,  based  upon  a tractn* 
effort  corresponding  to  acoeS- 
cient  of  adhesion  of  approxi- 
mately 18  per  cent,  of  ttb 
weight  upon  the  driver*.  The 
is  exceeded  somewhat  under 
favorable  rail  and  climatic  con- 
ditions, but  a lower  rating  * 
found  necessary  during  winte 
months  in  cold  climate* 
Hence  assumption  of  18  j* 
cent,  coefficient  of  adbescr 
may  be  considered  good  prac- 
tice in  determining  eleetrr 
locomotive  rating  on  rubs? 
grades. 


Fio.  77. — Motor  characteristics  Butte 
Anaconda  A Pacific  direct-current  locomo- 
tive. 


trailing  load  rating  can  it  bo  given  on  1 per  cent,  grade! 


164.  Example  of  calcub- 
tion  of  permissible  tnQbK 
load.  An  electric  locomctr" 
weighs  100  tons,  all  weight  be- 
ing disposed  on  drivers,  wh*i 


Tractive  effort  due  to  grade  of  1 per  cent.  ■ 
Tractive  effort  due  to  train  resistance  — 


Lb. 

30 

6 


26 

36.000 


Total, 

Locomotive  tractive  effort — 200,000X18  per  cent.  — 

30.000/26  - 1,385  tons  gross  train  weight 
1,385— 100—  1,285  tons  trailing 

In  Fig.  77  are  presented  the  characteristic  performance  curves  of  the 
Butte,  Anaconda  and  Pacific  type  of  locomotive  motor.  This  operates  witi 
direct-current  supply  at  1,200  volts  (two  in  series  for  2,400  volts). 


265.  The  maximum  tractive  effort  of  a main-line  freight  locoxno- 
tive  should  correspond  to  a coefficient  of  adhesion  of  30  per  cent.,  as  ua 
value  is  reached  under  good  rail  conditions  with  electric  locomotives.  The 
difference  between  18  per  oent.  and  30  per  cent,  gives  the  range  in  tract- 
ive effort  available  for  starting  on  ruling  grade  and  is  ample  with  fair  ml 
conditions. 

As  the  ruling  grade  existing  upon  the  profile  of  steam  railway*  doe#  nti 
extend  unbroken  for  distances  greatly  exoeeding  15  to  20  miles,  it  is  poems 
to  proportion  the  continuous  rating  of  a main-line  locomotive  for  some  whs 
less  than  a tractive  effort  corresponding  to  18  per  oent.  coefficient  of  adheesoe 
For  example,  with  modern  locomotive  motors  of  the  fully  ventilated  type,  ? 
is  found  that  the  1-hr.  rating  is  approximately  25  per  cent,  morethan  tb 
continuous  rating.  Hence,  where  the  ruling  grade  is  short,  the  average  aatj 
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of  the  locomotive  will  be  less  then  would  oorreepond  to  an  18  per  cent 
coefficient  of  adhesion.  In  consequenoe  it  is  becoming  recognised  that  main- 
line freight  locomotives  should  be  provided  with  motors  capable  of  supplying 
continuously  and  without  injurious  heating,  a tractive  effort  corresponding 
to  approximately  16  per  oent.  coefficient  of  adhesion  of  the  weight  upon  the 
drivers,  see  Par.  166. 

166.  Bating  of  typical  slow-speed  main-line  freight  locomotive 


Weight  on  drivers 200,000  lb. 

Rated  tractive  effort,  ruling  grade 36,000  lb. 

Corresponding  coefficient  of  adhesion 18% 

Continuous  tractive  effort 32,000  lb. 

Coefficient  of  adhesion 16% 

One  hour  output 40,000  lb. 

Coefficient  of  adhesion 20% 

Starting  tractive  effort  for  6 min 60,000  lb. 

Coefficient  of  adhesion 30% 


Fio.  78. — Butte  Anaconda  and  Pacific  2,400-volt,  direct-current  locomotive. 


167.  Speed  of  electric  locomotives  for  main-line  freight  service 

will,  of  oourae,  be  proportioned  to  meet  requirements,  but  in  general  for 
mountain  grades  it  will  approximate  15  miles  per  hr.  on  ruling  grade  with 
rated  tonnage,  and  will  reach  a maximum  of  from  25  to  35  miles  per  hr.  on 
level  tangent  track.  Special  conditions  calling  for  a higher  speed  either  on 
ruling  grade  or  level  track  can  be  met  in  electric-locomotive  design  to  an 
almost  unlimited  extent,  due  to  the  flexibility  of  electric  motor  construction 
and  oontrol. 

168.  There  arc  several  types  of  heavy  freight  locomotives  in  service: 

(a)  Those  comprising  a cab  or  superstructure  containing  the  control  appa- 
ratus, air  compressor,  blowers,  operating  compartment,  etc.,  mounted  per- 
manently on  the  side  frames  which  carry  the  drive  wheels.  The  St.  Clair 
Tunnel  single-phase  locomotive  is  an  example  of  this  type. 

(b)  Those  in  which  the  cab  is  carried  on  two  bogie  trucks  which  are  coupled 
together  by  some  form  of  link  or  hinge  coupling.  In  both  this  type  ana  the 
one  previously  described,  the  motors  are  geared  to  the  axle  like  an  ordinary 
street  car  motor  except  that  in  the  case  of  large  motors  it  is  usual  to  have  twin 
gearing.  The  Cascade  Tunnel  three-phase  and  the  Detroit  Tunnel  direct- 
current  locomotives  are  examples  of  this  type. 

(c)  Those  in  which  the  cab  is  carried  on  two  trucks  each  having  two  driving 
axles  and  one  radial  or  pony  axle.  The  motors  are  mounted  above  the  axles 
on  the  truck  frame  ana  geared  to  quills  surrounding  the  driving  axles,  the 
quills  being  connected  to  the  driving  wheels  by  long  helical  springs  (Fig. 
76).  The  cab  rests  on  four  spring-supported  surface  plates  on  each  truck. 
The  truoks  are  coupled  together  as  in  id)  so  that  no  draw  bar  strain  is  car- 
ried by  the  .cab.  The  New  Haven  single-phase  freight  locomotives  given 
in  Par.  861,  are  of  this  type.  They  are  also  used  for  heavy  passenger  service 
up  to  60  miles  per  hour. 
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Fxq.  79. — Chicago,  Milwaukee  & 8t.  Paul  3, 000>volt  direct-current  locomotive,  *'BM  half. 
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(d)  Those  having  cabs  mounted  on  trucks  as  in  (c)  but  having  two  motors 
mounted  rigidly  between  the  side  frames  of  each  truck,  geared  to  a jack  shaft 
through  twin  gears,  and  the  jack  shaft  connected  to  the  driving  wheels 
through  side  rods.  The  Norfolk  & Western  split  phase  locomotives  (see 
Par.  871)  are  of  this  type. 

869.  Main-line  passenger  locomotives  are  required  to  operate  safely 
at  speeds  of  60  to  75  m.p.h.  and  the  heaviest  service  requires  that  trailing 
bads  of  1,000  tons  be  handled  at  these  high  speeds  in  order  to  meet  the 
requirements. 

870.  Construction  of  main-line  passenger  locomotives.  The  gear- 
less construction  operated  upon  the  New  York  Central  electric  sone  since 
1907  has  proved  very  successful  with  high  operating  efficiency  and  low  cost 

of  maintenance.  The  full 
advantages  of  gearless  con- 
struction oan  only  be  realised 
with  direct-current  bipolar 
motors.  The  original  instal- 
lation of  forty-seven  locomo- 
tives on  the  New  York  Centra) 
have  been  supplemented  by 
twenty-six  additional  locomo- 
tives of  the  gearless  direct- 
current  motor  type,  but  with 
a different  wheel  arrangement 
better  adapted  to  higher-speed 
main-line  operation,  see  Fig. 
80. 

The  latest  type  of  gearless 
locomotive  is  a twelve-motor 
design  shown  in  Fig.  82  for 
heavy  high-speed  passenger 
service  over  the  Cascade 
Mountains,  Chicago,  Milwau- 
kee & St.  Paul  Hallway. 

Gearless-motor  construction 
provides  the  simplest  form  of 
Fio.  83. — Locomotive  motor  characteristics  mechanical  drive  possible  to 
(N.  Y.  C.,  8-motor,  1913  type).  use,  and  is  well  adapted  to 

meet  the  requirements  of  high- 
speed passenger  service.  For  the  characteristic  curves  of  a typical  direct- 
ourrent  gearless-motor  locomotive,  see  Fig.  83. 

The  New  York,  New  Haven  & Hartford  single-phase  passenger  locomo- 
tives are  of  gearless  construction  but  owing  to  the  fact  that  the  motors  are 
spring  supported  and  the  locomotives  are  free  from  nosing  tendency,  they 
operate  safely  at  speeds  of  75  to  80  miles  per  hour.  Forty-one  of  these 
locomotives  have  been  in  hard  service  since  1907.  They  are  handicapped  by 
being  obliged  to  operate  on  600'volts  direct  current  as  well  as  op  single  phase 
alternating  current.  These  locomotives  are  also  notable  for  the  fact  that 
they  have  field  control  on  direct  current,  and  voltage  control  on  single  phase. 

The  locomotives  built  for  high-speed  passenger  service  over  tne  severe 
grades  of  the  Rocky  Mountain  and  Cascade  Mountain  Divisions  of  the 
Chicago,  Milwaukee  and  St.  Paul  Railway,  see  Fig.  82,  are  of  the  latest 
design  of  gear  and  quill  drive.*  These  lpoomotives  operate  on  3,000 volt 
direct  current.  The  New  York,  New  Haven  and  Hartford  have  also  put 
in  service  locomotives  with  this  type  of  drive. 

The  electric  locomotives  on  the  Pennsylvania  Terminal  electrification  in 
New  York  (see  P.  T.  A T.  locomotive  in  Par.  871)  are  built  for  the  arduous 
service  of  taking  the  heavy  trains  of  steel  cars  through  the  tunnels  leading  to 
and  from  the  terminal  and  across  the  meadows.  They  regularly  haul  trailing 
loads  of  800  tons  up  the  1 1 and  2 per  cent,  grades  at  speeds  of  30  to  40  miles 
per  hr.  These  locomotives  have  established  good  records  for  reliability  and 
low  cost  of  maintenance.  They  have  the  motors  mounted  high  in  the  cab 
thoroughly  protected  from  dust  or  dirt,  and  connected  to  the  driving  wheels 
through  jack  shafts  and  side  rods.  See  Fig.  84.  Field  control  is  also  an 
important  feature  as  will  be  seen  from  the  table  under  Par.  871. 
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POWER  DISTRIBUTION  FOR  RAILWAY  ELECTRIFICATION 
STS.  There  ere  three  systems  of  power  distribution  that  may  be  con- 
sidered for  the  electrification  of  main  line  railways,  as  follows: 

fa)  Single  phase  alternating  current; 

(b)  Three  phase  alternating  current; 

(c)  Direct  current. 

ST4.  Single  phase.  One  of  the  prime  requisites  for  main-line  electrifica- 
tion is  a high  voltage  for  distributing  the  power  from  substations  to  oars  and 
locomotives.  This  is  necessary,  first,  to  minimise  the  copper  in  the  distrib- 
uting system;  second,  to  secure  maximum  efficiency  of  distribution;  third,  to 
simplify  the  collection  of  currents  for  large  amounts  of  power.  The  use  of 
single  phase  alternating  current  permits  the  use  of  very  high  voltages  on  the 
trolley — as  high  in  fact  as  there  is  any  reason  for  using.  In  this  country  the 
voltages  vary  from  3,300  and  6,600  which  are  used  on  interurban  lines  and 
some  of  the  earlier  main-line  electrifications,  to  11,000  which  is  now  accepted 
as  the  standard  for  main  lines.  In  Europe  voltages  as  high  as  15,000  are  in 
use,  but  it  is  felt  in  this  country  that  this  is  higher  than  necessary.  With 
the  exceotion  of  one  small  installation,  25-cycle  current  is  used  for  all  single- 
phase railways  in  this  country.  In  Europe,  however,  the  preference  is  given 
to  15  or  16 1 oycles.  A frequency  of  25  cycles  has  tne  advantage  of  being  a 
standard  for  power,  distribution  in  many  localities,  and  in  lower  cost  of  power 
station  and  substation  apparatus.  It  has  the  disadvantage  of  greater  sise 
and  weight  of  com  mutator- type  motors,  and  thus  limiting  the  output  from  a 
given  space  on  a locomotive. 

On  snort  single-phase  lines  the  energy  may  be  fed  directly  from  the  genera- 
tors to  the  trolley,  but  for  long  lines,  it  is  necessary  to  use  a high  voltage  for 
transmission  and  feed  the  trolley  from  step-down  transformers.  These 
transformers  are  usually  located  in  substations  but  are  sometimes  of  the  out- 
door type.  In  either  case  regular  attendants  are  not  required. 


u P?.P/o<frqp/> 

Trolley  Bases 


Steam  Boiler 

nr- >. 

■ „ Junction  I 


Amme 


S'O'f-J*-*-  I0'6r  — 

* Third  Rail  Shoe 

Fio.  85 — Single-phase  twin-motor  geared  locomotive. 


Two  types  of  equipment  are  at  present  operated  from  single-phase  trolleys: 

(a)  Cars  and  locomotives  having  commutator  type  motors  with  series  charac- 
teristics; 

(b)  Split-phase  locomotives  have  induction  motors  whioh  derive  the  additional 
phases  from  the  phase  converter  in  the  locomotive  cab.  The  phase  converter 
consists  of  a polyphase  stator  and  a squirrel-cage  rotor,  tne  combination 
being  in  effect  an  induction  motor  fed  from  single-phase  supply  and  getting 
its  polyphase  field  by  means  of  its  rotating  armature. 

Both  types  employ  step-down  transformers  on  the  locomotive  so  that  the 
motors  have  low  voltages  applied  to  them.  The  former  type  is  particularly 
suited  for  passenger  service  with  both  multiple  trains  and  locomotives,  ft 
is  also  well  suited  for  high-speed  freight  and  switching  service.  In  such  ser- 
vice the  variable  speed  characteristics  are  valuable.  The  split  phase  loco- 
motive is  particularly  desirable  where  heavy  grades  are  encountered  which 
necessitate  high  tractive  efforts  and  where  the  automatic  regeneration  of  the 
motors  down  grades  saves  power  and  decreases  the  liability  of  accidents. 

The  disadvantages  attending  the  use  of  single-phase  current  are  in  the 
relatively  high  cost  and  low  efficiency  of  motive  power,  the  cost  of  supplying 
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(ingle-phase  power  and  the  inductive  interference  of  the  single-phase  trolley 
with  neighboring  telephone  and  telegraph  circuits.  The  latter  has  been 
largely  overcome  by  the  installation  of  series  track  transformers,  the  primary 
of  which  carries  the  trolley  current  and  the  secondary  is  connected  in  the 
track  return  circuit.  This  has  the  effect  of  keeping  the  return  current  in  the 
track. 

The  great  advantages  of  the  single-phase  system  of  distribution  lie  in  the 
high  efficiency  of  the  substations  ana  trolley,  and  the  low  cost  of  the  distribut- 
ing system. 

Large  single-phase  locomotives  with  commutator  type  motors  are  in  service 
on  the  following  main  line  electrifications: 

New  York,  New  Haven  & Hartford  Railway. 

Grand  Trunk  Rwy  ..St.  Clair  Tunnel. 

Boston  and  Maine  Railway — Hoosao  Tunnel. 

8pokane  and  Inland  Empire  Railway. 

This  system  has  also  been  adopted  for  the  New  York,  Westchester  & Bos- 
ton Rwy.,  and  the  Pennsylvania  Railway,  both  using  multiple  unit  trains, 
the  former  for  New  York  and  the  latter  for  Philadelphia  suburban  service. 

The  Norfolk  and  Western  Rwy.  is  using  split  phase  locomotives  with 
three-phase  motors  for  heavy  mountain  grade  service.  See  Par.  171. 
liquid  rheostats  are  used  in  starting  these  locomotives.  The  Pennsylvania 
have  also  built  one  split  phase  looomotive,  with  which  they  have  been 
experimenting. 

17f.  Three  phase.  The  three-phase  system  of  distribution  is  not  used  to 
any  extent  in  this  country  chiefly  on  account  of  the  difficulties  arising  from 
the  double  overhead  trolley  which  complicates  the  yards  and  cross-overs  so 
much.  It  is  used  extensively  in  Italy,  and  the  three-phase  locomotives  in 
use  there  are  the  lightest  electric  locomotives  of  their  capacity  in  the  world. 


Fig.  87. — Great  Northern  Cascade  Tunnel  three-phase  locomotive. 

Three-phase  locomotives  are  usually  used  with  about  3,300  volts  on  the  trol- 
leys and  this  voltage  is  applied  to  the  motors  without  the  use  of  lowering 
transformers.  The  Cascade  Tunnel  of  the  Great  Northern  Railway  has  the 
only  three-phase  locomotives  in  operation  in  this  country.  See  Fig.  87. 

tTf.  Direct-current  electrification  consists  of  a direct-current  motor 
equipment  fed  from  an  overhead  trolley  or  third  rail  which  receives  power 
from  substations  containing  rotary  converters  or  motor-generator  sets. 
It  is  the  system  in  almost  universal  use  in  city  and  interurban  electric 
railways,  but  varies  as  to  the  voltage  of  the  direct-current  supply.  As 
a result  of  perfecting  the  commutating  or  interpole  motor,  it  has  been 
possible  to  wind  motors  for  higher  voltages,  and  1,500- volt  direct-current 
motors  are  now  in  commercial  operation.  These  motors  are  connected 
two  in  series  and  are  fed  from  a 3,000-volt  trolley.  Still  higher  voltage 
equipments  are  entirely  possible,  as  indicated  by  factory  experimental  ap- 
paratus built  and  tested,  and  every  requirement  of  the  heaviest  main-line  serv- 
ice can  be  provided  for  at  moderate  cost  of  looomotivee  and  distribution 
systems.  The  chief  disadvantage  of  the  direct-current  system  has  been  the 
relatively  high  cost  of  feeder  copper  and  substations  and  their  low  efficiency 
but  thi«  has  been  largely  overcome  by  the  adoption  of  higher  voltages  ar~ 
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the  advent  of  the  automatic  substation.  The  advantages  of  this  ustm 
include  simplicity,  low  oost  and  high  efficiency  of  the  locomotives,  the  opti* 
of  trolley  or  t turd-rail  distribution,  the  benefits  of  bi-polar  gearUm-notor 
construction,  and  the  use  of  balanced  three-phase  power  supply  of  soy  he* 
quency  and  entailing  no  serious  telephone  or  telegraph  interference. 
Large  direct-current  locomotives  are  in  service  upon  the  following  main- 
line electrifications. 


P.  R.  R.  New  York  Terminal I 600  volts 

B.  <fc  O.  Tunnel  Railway 600  volts 

New  York  Central  Railway 600  volts 

Detroit  Tunnel  Rail  wav.  600  volts 

Butte,  Anaconda  & Pacific’  Railway 2,400  volts 

Canadian  Northern  Railway , 2,400  volts 

Chicago,  Milwaukee  & St.  Paul  Railway 3,000  volts  ' 


DISTRIBUTING  8YSTXM8 

277.  Train  diagrams  represent  in  graphic  form  the  movement  of  iH 
f rains  over  a given  division  during  the  24  nr.  of  operation.  8uch  diagram 
are  usually  plotted  with  distance  as  ordinates  and  elapsed  time  as  abeam 
and  they  are  of  the  greatest  value  in  determining  the  average  and  maiimua 
sustained  demands  upon  the  distributing  and  generating  systems. 

The  average  train  input  for  a given  service  is  determined  according  t a 
methods  outlined  in  Par.  7T  to  117,  so  that  a train  diagram  is  useful  fa i 
indicating  the  local  demand  upon  any  part  of  the  distributing  system  durisi 
any  period  of  24  hr.  The  train  diagram  also  furnishes  means  of  obtains! 
the  total  average  load  upon  the  entire  division  covered  by  the  diagram,  tr 
plotting  in  curve  form  tne  total  average  kilowatts  demanded  by  the  seven 
train  movements  intersecting  equally  spaced  ordinates.  Thus,  referring  i 
Fig.  88,  representing  a typical  train  diagram  wherein  is  depicted  the  pe> 


Fio.  88. — Typical  train  sheet  (suburban  service). 


tormance  of  both  local  and  express  trains,  the  ordinate,  a — b,  intersects  th 
graphs  of  five  trains.  Assume  that  the  various  trains  demand  the  foUo«io< 


average  input:  - 

Local  passenger 100  kw. 

Express  passenger 130  kw. 

Freight 210  kw. 

The  line,  a — b,  intersecting  the  various  train  movements,  there! 
for  a station  output  at  3:15  p-m.  as  follows: 

Three  local  passenger  trains 300  kw. 

One  express  passenger  train 130  kw. 

One  freight  train 210  kw. 


640  kw. 

278.  Calculated  load  curve.  By  erecting  other  ordinates  upon  the  14 
hr.  performance  sheet  it  becomes  possible  to  plot  a detailed  genera ting-staW 
load  ourve  for  the  24  hr.  with  the  train  movements  as  predetermined.  Tbi 
train  load  curve  does  not  show  momentary  fluctuations,  and  these  must 
be  considered  in  determining  the  character  of  the  distribution  system 
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especially  in  suburban  and  other  systems  where  the  train  unite  are  large  and 
operate  at  infrequent  intervale. 

tT9.  Classification  of  service.  As  affecting  the  distributing  system, 
railway  service  may  be  divided  into  two  broad  classes  as  follows:  (a)  fre- 
quent or  congested  service;  lb)  infrequent  operation.  Under  class  (a)  are 
grouped  all  city  systems,  underground  or  elevated  roads  and  certain  sub- 
urban roads  where  the  headway  between  train  units  is  small.  Under  class 
lb)  are  grouped  all  inter- 
urban  and  most  suburban 
roads,  in  fact,  all  classes  of 
service  where  the  interval 
between  trains  is  fairly 
large,  as  10  min.  or  more, 
ana  where  the  train  unit 
operates  at  a high  maximum 
speed  and  thus  demands  con- 
siderable input.  The  treat- 
ment of  classes  (a)  and  lb) 
service  as  affecting  the  dis- 
tribution system  must  be 
somewhat  different  as  in 
class  la)  momentary  fluctua- 
tions due  to  starting  of  cars 
have  little  effect  upon  the 
sise  of  oonduotor  determined 
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Fio.  80. — Typical  load  diagram. 


upon  for  feeders,  or  location  and  capacity  of  substations  if  these  are  used 
In  class  (b)  the  momentary  input  demanded  during  acceleration  is  often 
the  determining  factor  in  selecting  the  amount  of  feeder  conductor  and 
substation  capacity  required. 

MO.  Classification  of  distribution  systems.  Distribution  systems 
may  be  divided  in  general  into  two  classes,  which  are  secondary  systems 
(Par.  Ml),  and  primary  systems  (Par.  SOS). 

Ml.  Secondary  systems  consist  of  the  trolley  wire,  third  rail  or  other 
conducting  medium,  extending  from  the  generating  station  or  substation 
and  the  feeders  connected  thereto;  also  the  track  return  with  its  feeders  and 
boosters,  if  used.  The  conductivity  and  physical  characteristics  of  the 
secondary  distributing  system  are  determined  partly  by  the  momentary 
demand  of  eaoh  train  unit  and  partly  by  the  average  input  required  by  an 
aggregation  of  suoh  units,  where  the  interval  between  trains  is  short.  For 
instance,  in  suburban  service  a high  speed  oar  may  be  equipped  with  motors 
aggregating  300  h.p.  to  the  oar,  and  the  conditions  of  service  may  demand 
an  input,  during  acceleration,  of  400  kw.t  while  the  average  input  to  the  oar 
including  acceleration,  ooasting,  braking  and  standing  still  during  stops, 
may  not  be  much  greater  than  100  kw.  per  car.  As  the  train  interval  is  so 
great  that  possibly  not  more  than  two  cars  receive  power  from  a substation 
at  one  time,  it  becomes  necessary  to  determine  carefully  the  amount  of  over- 
load during  starting  as  influencing  the  conductivity  of  the  distributing  cir- 
cuit and  the  substation  capacity.  On  the  other  hand  in  city  service,  a sub- 
station or  generating  station  may  feed  fifty  or  more  oars,  and  individual 
feeders  may  carry  the  load  of  perhaps  fifteen  cars,  thus,  making  the  momen- 
tary demand  of  any  one  car  a matter  of  small  importance.  In  suoh  cases 
the  determination  of  conductivity  and  substation  capacity  would  rest  upon 
the  sum  of  the  average  load  of  all  the  cars. 

flfit.  The  permissible  drop  in  voltage  of  the  conducting  system  between 
car  and  bus  bar  with  a specified  load,  determines  its  conductivity.  This 
permissible  drop  varies  under  different  conditions  of  operation  and  types  of 
apparatus  used.  Following  are  approximate  percentages  of  allowable  voltage 
drop: 

City  systems 8 per  cent,  average  12  per  cent,  maximum 

Suburban  direct-current  sys-  10  per  oent.  average  20  per  cent,  maxinfum 
terns 

Interurb&n  direct-current  sys-  12  per  cent,  average  25  per  cent,  maximum 
terns 

Interurban  alternating-current  5 per  cent,  average  10  per  cent,  maximum 

systems 

Three-phase  induction-motor  5 per  cent,  average  10  per  oent.  maximum 
systems 
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(rounds,  and  is  necessary  in  large-city  systems  supplying  a considerable 
lumber  of  car  units  traveling  over  different  routes.  Thus,  with*  the  section- 
diaed  system,  the  failure  of  the  trolley  on  one  section  will  not  affect  the  oper- 
idon  of  cars  on  a different  route.  The  ends  of  trolley  sections  should  be 
oined  at  adjacent  ends  by  a switch  or  circuit-breaker  which  normally  remains 
ipen.  This  switch  may  be  closed  if  such  procedure  be  desirable,  as  in  the 
ase  of  possible  failure  of  an  individual  trolley  feeder.  These  trolley-pole 
twitches  may  be  operated  manually,  or  they  may  be  controlled  electrically 
from  the  supply  station  if  they  are  located  at  very  important  points  not 
convenient  of  access. 

188.  Feeder  copper  calculations  depends  upon  the  character  of  the 
nrvice,  trolley  potential  and  permissible  drop.  In  and  about  cities,  600- 
rolt  equipment  is  universally  used,  while  for  suburban  and  interurban  service 
both  600-volt  and  1,200- volt  systems  are  in  operation.  Still  higher  direct- 
eorrent  potentials  are  being  proposed,  but  the  1,200-600-volt  combination 
works  out  so  conveniently  in  practice  that  the  use  of  higher  voltages  will 
probably  be  restricted  to  special  locomotive  installations. 

The  use  of  1,200  volts  direct-current  or  higher  makes  it  possible  to  install 
iirect-curront  generators  of  this  potential  and  feed  direct  to  the  trolley,  pro- 
dded the  generating  station  oan  be  centrally  located  on  a road  not  over  36 
to  40  miles  long.  One  such  installation  is  in  operation,  and  a high  efficiency 
results  from  the  elimination  of  step-up  and  step-down  transformers,  trans- 
mission line  and  synchronous  converters. 

888.  Permanent  and  booster  feeders.  City  service  demands  a feeder 
distribution  capable  of  taking  care  of  rush  daily  loads  without  prohibitive 
drop.  In  addition  a property  proportioned 
system  should  easily  carry  infrequent  heavy 
loeda  on  certain  sections  such  as  those  due  to 
amusement  parks,  race  courses,  etc.  The 
daily  rush  load  justifies  the  expense  of 

feeder  conductor  permanently  installed,  but  Pjq  94 xJse  of  booster. 

nfrequent  loads  are  beet  taken  care  of  by 

feeders  arranged  for  use  with  series  or  shunt  boosters  in  the  power  house. 
In  other  words,  the  infrequent  load  occurs  so  seldom  that  it  does  not  justify 
the  expense  of  a large  amount  of  feeder  conductor,  which  may  be  inoperative 
luring  the  greater  portion  of  the  year.  With  the  pyramidal  feeder  system, 
Pigs.  92  ana  93,  it  is  entirely  possible  to  use  the  outside  feeder  as  a booster 
feeder  in  case  the  infrequent  heavy  load  should  occasion  a prohibitive  drop. 

890.  Factors  determining  sectional  layout.  A city  feeder  system 
ihould  be  so  designed  that  the  voltage  of  no  part  of  the  trolley  to  ground  will 
De  more  than  100  volts  lower  than  that  at  the  switchboard  when  momentary 
luctuations  due  to  starting  cars  are  eliminated.  This  100-volt  average  drop 
ihould  apply  to  the  rush  load  occurring  in  daily  operation.  The  laying  out 
)f  a city  direct-current  network  consists  in  establishing  the  limits  of  the 
territory  controlled  by  each  substation  (or  generating  station  if  separate 
itations  be  used) ; sectionalisms  the  district  according,  to  routes  and  streets, 
letermining  the  average  load  upon  each  section  as  obtained  from  the  average 
mput  demanded  by  the  several  cars  on  this  section*  and  determining  the 
'ross-section  of  the  conductor  required  for  feeder  sufficient  to  limit  the  IR 
irop  including  track  return,  to  100  volts.  In  crowded  city  districts  the 
trolley  will  be  cut  up  into  such  short  sections  that  the  additional  IR  drop 
xjcurring  therein  will  not  materially  add  to  the  combined  return  track  ana 
feeder  drop  of  100  volts.  For  the  outlying  districts  less  feeder  drop  must  be 
required.  In  order  to  allow  for  the  larger  drop  occurring  in  the  longer  trolley 
lections.  Trolley  sections  will  vary  in  length,  depending  upon  the  density 
of  service,  street  intersections,  etc.,  ranging  from  one  quarter  of  a mile  up 
to  2 miles  or  more  in  the  suburbs. 

881.  Components  of  a city  distribution  system. 

(s)  Trolley,  consisting  of  a grooved  oopper  conductor  upheld  by  so-called 
crosHraspension  approximately  20  ft.  to  22  ft.  over  the  centre  of  the  tru;k. 
This  trolley  conductor  is  sectionalised  according  to  local  requirements  into 
lengths  of  from  one  quarter  of  a mile  to  2 miles  or  more. 

(d)  Feeder  system,  consisting  of  copper  conductors  extending  from  the 
•everal  trolley  sections  to  the  supply  station.  The  feeder  may  be  under- 
ground in  conduits  in  the  congested  sections  and  carried  overhead  on  poles 
m the  suburbs,  or  in  small  towns. 
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(o)  Booster  in  the  supply  station,  which  can  be  connected  in  mm  wft 
any  feeder  extending  to  a temporarily  overloaded  section  for  the  purpose  ef 
supplying  the  added  voltage  required  to  compensate  for  the  excessive  Mr 
ana  trolley  drop. 

(d)  Track  return,  consisting  of  the  track  rails,  bonded  at  the  joints. 

(e)  Track  return  feeders,  consisting  of  copper  conductors  mnf  areas 
the  track  at  points  of  greatest  drop  or  at  points  where  the  track  is  negshn 
to  the  neighboring  pipes. 

(f)  Pressure  wires  extending  to  important  points  on  both  trolley,  tnci 
and  pipes,  and  serving  to  indicate  at  all  times  the  potential  of  the  amni 
parts  of  the  distribution  system. 

Such  large  city  systems  are  a matter  of  growth  and  not  of  calculation,  u 
the  practioe  giving  good  results  in  one  city  may  not  be  directly  applicable  u 
the  different  conditions  obtaining  in  another  city. 

191.  Feeders  for  underground  trolley  or  conduit  systems.  M 
systems  are  described  in  Par.  884.  The  trolley  conductors  are  two  in  nonbel 
and  are  located  underground  between  the  two  rails.  These  conductors  n 
of  opposite  polarity,  and  there  is  no  track  return  circuit.  The  arraagen**s 
therefore,  necessitates  double  the  number  of  feeders  required  with  the  m 
tionalised  overhead  trolley  used  with  track  return.  As  both  poritmw 
negative  rails  are  insulated  from  ground,  the  conduit  systems  practice 
eliminate  any  stray  currents  and  electrolysis.  Conduit  systems  are  install 
to  avoid  the  unsightliness  of  the  overhead  trolley,  and  can  only  be  consider 
in  the  largest  cities  owing  to  the  enormous  expense  of  their  installation 

198.  Primary  distribution  comprises  the  location  of  substations  and  tfc 
high-tension  overhead  transmission  lines  or  underground  cables  connects 
the  substations  to  the  generating-station  bus  bars.  Primary  transmM 
systems  invariably  employ  alternating-current,  and  where  synchros^ 
converters  or  motor-generator  sets  are  used,  this  primary  current  is  of  tl 
three-phase  type  transmitted  over  three  wires  or  in  multiples  of  three 
duplicate  circuits  are  provided.  Owing  to  the  novelty  of  aingle-phaM  re 
wav-motor  distribution  systems  and  the  dose  interconnection  of  second* 
and  primary  distribution  systems  when  applied  to  alternating-current  net) 
operation,  this  subject  will  be  considered  later  (Par.  998). 

194.  Methods  of  serving  direct-current  substations.  SubsUtiJ 
for  direct-current  svstems  are  located  at  strategic  points  along  the  ha « 
travel  best  suited  tor  secondary  distribution.  These  substations  vaj\ 
fed  from  a common  trunk  line  to  which  all  substations  are  connected;  is 
is  common  practioe  in  suburban  and  interurban  railways  operated  by  dM 
current  motors.  In  such  cases  the  trunk  line  preferably  consists  of  two®* 
pendent  circuits,  each  of  which  may  be  used  alone,  providing,  thereby,  ft 
continuity  of  service  in  case  of  the  accidental  g ouncung  of  one  set  of  fiwi 
It  is  also  common  prac  ice  to  interrupt  the  transmission  line  at  each  esl 
station,  providing  both  incoming  and  outgoing  line  panels  at  each  subeuts 
in  order  that  the  transmission-line  troumes  may  be  localised  between  tt 
adjacent  subs  rather  than  that  a whole  trunk  line  be  put  out  of  commM 
due  to  the  fault  of  any  portion  thereof. 

In  oity  systems  or  in  interurban  systems  where  the  traffic  is  very  best 
and  where  freedom  from  interruption  of  service  is  of  greatest  imports 
it  is  good  practice  to  connect  each  substation  to  the  generate  Jj 
bus  bars  through  its  own  individual  transmission  line  or  undergo  csbi 
In  fact,  if  the  substation  is  very  large,  this  divisibility  of  the  ti«osniiMj 
circuit  is  sometimes  carried  to  the  extreme  of  providing  each  substan 
with  several  cables  connected  either  to  individual  synchronous  convert* 
or  to  different  bus-bar  sections.  If  this  bus-bar  segregation  is  resorted  \ 
each  section  is  allowed  to  control  two  or  more  synchronous  eor;**te4 
It  is  evident  that  this  multiplicity  of  high-tension  transmission  lines  or  «ib; 
can  be  made  use  of  only  in  very  large  and  important  dries,  or  in  interurbi 
systems  taking  care  of  a very  congested  traffic. 

998.  Single-phase  generation  and  transmission.  Alternate 
current  single-phase  railway-motor  systems  are  best  energised  by  ring 
phase  generation  and  transmission,  owing  to  the  simplicity  of  single-pbil 
connections  throughout  the  system.  The  method  of  connecting  the  varici 
alternating-current  substations  to  the  generating  station  consists  usual 
in  tying  all  substations  to  a single  trunk  line  through  circuit-break! 
designed  to  open  on  short-circuit  only.  Individual  transmission  Qua 
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each  substation  may  be  preferable  under  oertain  conditions,  but  multiplicity 
of  transmission  circuits  is  generally  to  be  disoouraged  owing  to  the  consider- 
able inoreaae  in  coat  over  a single  or  duplicate  trunk  line. 

IM.  Single-phase  generation  with  three-phase  alternators. 

Owing  to  the  enormous  aggregate  kilowatt  capacity  of  three-phase  25-cycle 

Cneratora  already  in  operation  for  electric  railway  work,  and  due  to  the 
nt  that  single-phase  railway  installations  are  often  an  extension  of  existing 
direct-current  systems,  it  becomes  necessary  to  consider  the  different  systems 
of  primary  distribution  for  alternating-current  roads  operating  from  three- 
phase  generators.  The  simplest  means  is  to  use  one  leg  of  the  three-phase 
system  for  the  alternating-current  railway  distribution,  that  is,  to  treat  the 
generator  as  a single-phase  machine  and  carry  out  the  transmission  scheme 
and  substation  connections  in  all  respects  as  though  the  other  two  legs  of 
the  three-phase  generator  did  not  exist.  In  this  case  the  connections  will 
be  as  described  in  Par.  S9S  for  single-phase  generators.  The  objection 
to  this  method  of  connections  is  the  reduction  of  generator  capacity  re- 
sulting when  a three-phase  alternator  is  operated  single-phase.  For  the 
same  heating,  the  single-phase  output  of  a three-phase  generator  will  approxi- 
mate two- thirds  of  its  three-phase  output  on  balanced  load.  Although 
angle-phase  distribution  is  simplest,  the  resulting  reduction  in  generator 
capacity  may  be  so  serious  in  certain  installations  as  to  necessitate  the 
consideration  of  three-phase  distribution  to  the  transformer  substations 
(Par.  007). 

007.  Three-phase  transmission  'Tagged”  to  sectionalixed  trolley. 

Where  the  road  is  of  extended  length,  the  secondary  distribution  or  trolley 


Fig.  05. — Substation  systems. 


Fio.  98. — Three-phase  to 
single-phase. 
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Fig.  96. — Single-phase  to  trolley. 
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Fio.  97. — Three-phase  to  trolley. 

Fig.  99. — Three-phase  to 
two-phase. 


riroefe  jnay  be  divided  into  sections,  and  each  section  fed  from  a separate 
phase  bn  .toe  three-phase  primary-distribution  system.  This  system  of  con- 
nections wwmres  all  the  benefits  of  three-phase  generation  and  transmission, 
provided  the  load  is  equally  balanced  upon  the  several  trolley  sections,  but 
requires  double  the  conductivity  in  the  secondary  distribution  system  owing 
to  ‘he  impossibility  of  tying  substations  solidly  together  so  that  trains 
midw^/  between  substations  will  draw  equally  on  both. 

A modification  of  the  three-phase,  single-phase,  substation  connections 
is  shown  in  Fig.  98,  wherein  each  substation  contains  two  transformers 
connected  in  open  delta,  so  that  corresponding  phases  feed  each  end  of  a trolley 
section  and  each  succeeding  trolley  section  will  correspond  to  the  different 

E bases  of  the  three-phase  primary  distribution.  This  method  of  connection 
i often  open  to  the  objection  that  the  road  may  not  be  of  sufficient  length 
to  permit  of  its  division  into  a sufficient  number  of  equally  loaded  sections 
to  correspond  to  the  three  transmission  phases  or  multiple  thereof. 

SOS.  Three-phase,  two-phase  transformer  connection  (Sec.  6) 
can  be  used  where  the  road  is  of  limited  extent.  This  method  oonsiats 
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in  employing  the  three-phase  twophaee  connection  of  substation  tea* 
former,  feeding  the  two-phases  to  adjacent  trolley  sections,  so  that  cent* 
sponding  phases  will  be  fed  to  a given  trolley  section  from  the  transformer  ab- 
station  at  its  terminals.  This  system  of  connections  will  not  provide  perfect 
balance  upoh  the  three-phase  side  of  the  transformers  the  loads  in 

balanced  upon  the  several  trolley  sections.  Sufficient  balancing,  howe?, 
may  be  obtained  in  the  majority  of  cases,  and  this  system  of  connects*  ii 
in  quite  extended  use. 

SCt.  Two-phase  generation  and  single-phase  distribution.  Two 
phase  generators  may  be  used  to  supply  single-phase  railway  distribotioi 
systems  by  sending  out  transmission  lines  from  the  two  phases  in  differer 
directions,  thus  amounting  in  principle  to  two  separate  single-phase  tans 
mission  systems.  This  method  of  connection  is  open  to  the  objection  that 
unless  the  loads  are  perfectly  balanced  upon  the  two  phases,  the  v dial 
regulation  will  be  very  poor,  and  in  cases  of  generators  having  poor  inheres 
regulation,  it  may  reacn  such  proportions  as  to  endanger  the  lamp!  u4 
the  general  operation  of  the  equipments. 

800.  General  considerations  in  design  of  a new  single-phis 
motor  system.  In  general  a new  railway  system,  favorable  for  the  opex 
tion  of  single-phase  motors,  operates  to  best  advantage  with  the  soft 
phase  system  of  generation  and  transmission,  provided  the  contemplate 
road  has  no  future  connections  with  neighboring  systems  and  is  free  frea 
entanglements,  such  as  power  distribution,  operation  of  synchronous  rea 
verters,  etc.,  requiring  multiphase  generation  and  distribution.  Wte 
it  is  advisable  to  provide  for  the  future  utilisation  of  three-phase  powo 
three-phase  generators  may  be  installed,  operating  either  on  one  leg  stand 
phase  generators,  or  using  all  three  legs  in  connection  with  thiee-pM 
two-phase  transformer  connections  in  the  substations  in  order  to  pravs 
for  reasonably  good  balancing  of*  the  three-phase  primary  distribution-  | 

801.  Three-phase,  induction- motor  systems  may  employ  the  as 
method  of  substation  connections  and  primary  distribution  as  outlied 
under  the  head  of  synchronous  converter  substations  for  direct-cumi 
motor  systems.  Owing  to  the  fact,  however,  that  transformer  substsbri 
of  all  kinds  may  be  operated  without  attendance,  such  substations  are  be 
connected  to  a main  trunk  line  through  circuit  breakers  operated  by  rrfw 
designed  to  open  only  on  short-circuit.  Where  the  control  of  the  M 
station  is  extremely  important,  attendance  should  be  supplied,  or  each  * 
dividual  substation  should  be  connected  to  the  generating  status  13 
separate  transmission  lines  having  automatic  control  at  the  generating  « 
only.  In  all  cases  the  trolley  or  secondary  oonnection  to  the  tnnrfomfl 
substation  should  be  safeguarded  by  automatic  switches  designed  % 
open  on  short-circuit. 

808.  Resistance  of  trolley  wire  circuits  is  dependent  upon  the  weight  i 
trolley  copper  and  track  rail,  and  also  upon  the  composition  and  bouM 
of  the  latter.  Trolley  conductors  are  either  000,  or  0000  A.W.G.,  d 
smallest  rise  being  seldom  used  owing  to  its  lack  of  strength  and  the 
culty  of  clamping  its  small  diameter. 


808.  Trolley  wire  and  track  resistance 


Weight 
of  rail 
Ob.  per 
yd.) 

Copper* 
equivalent 
(cir.  mils) 

Ohms  per  mile 

Two 

rails 

No. 

3/0t 

trolley 

Ohms,  i 
total  ' 

f 

Two 

rails 

No. 

4/0t 

trolley 

Ohm 

total 

60 

600,000 

0.066 

0.34 

0.396 

0.056 

0.27 

0.32* 

60 

600,000 

0.047 

0.34 

0.387 

0.047 

0.27 

0 317 

70 

700,000 

0.040 

0.34 

0.380 

0.040 

0.27 

0.310 

80 

800,000 

0.036 

0.34 

0.375 

0.035 

0.27 

0.30S 

90 

900,000 

0.031 

0.34 

0.871 

1 0.031 

0.27 

0.3011 

100 

1,000,000 

0.028 

0.34 

0.368 

1 0.028 

0.27 

0.2*1 

110 

1,100,000 

0.026 

0.34 

0.366 

0.025 

0.27 

0.2*1 

’ Copper  equivalent  based  on  steel  weighing  490  lb.  per  ou.  ft.  and  hsrij 
* r.e^*t*nce  12.6  times  the  resistance  of  an  equivalent  section  of  copper,  j 
T Resistance  for  hard-drawn  oopper. 
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304.  Impedance.  The  use  of  alternating  current  in  the  trolley  and  rail- 
circuit  necessitates  some  modification  in  the  above  values,  ae  the  effective 
resistance  is  increased  by  reason  of  the  inductive  reactance  of  both  trolley 
and  rail,  also  due  to  eddy  currents  set  up  in  the  rail  -itself. 

300.  Ball  impedance.  The  impedance  of  a rail  depends  in  a considerable 
degree  upon  its  chemical  composition,  a reduction  in  permeability  also 
reducing  the  internal  losses.  In  general  the  action  is  a skin  effect,  and  the 
impedance  and  resistance  are  inversely  proportional  to  the  perimeter  of  the 
rail  and  are  proportional  to  the  square  root  of  the  frequency.  This  pro- 
portion assumes  an  unbroken  rail,  and  the  introduction  of  short  lengths  of 
rail  bonded  together  calls  for  modifications.  Thus  at  25  cycles  the  imped- 
ance of  track  rail  of  standard  outline  and  composition  is  approximately  eight 
times  the  ohmio  resistance  offered  to  the  passage  of  direct  current;  at  15 
cycles  a ratio  pf  6.2  obtains,  etc.  The  power-factor  at  either  frequency  is 
approximately  80  per  cent.  Considering  a track  circuit  with  bonding, 
experimental  results  show  an  impedance  at  25  cycles  of  6.6  times  the  ohmic 
resistance. 

Under  the  following  conditions  the  measured  impedance  of  rail  of  various 
weights  is  given  below:  height  of  trolley  above  track,  approximately  20  ft. ; 
gage  of  track  standard,  4 ft.8.5  in.;  power-factor  of  drouit.  80  per  cent.; 
average  power-factor  of  load  80  per  oent.;  ratio  of  impedance  to  ohmio 
resistance,  6.6  to  1.0;  frequency,  25  cycles  per  seo. 


306.  Trolley-wire  impedanco.  In  addition  to  the  increased  impedance 
of  the  rail  itself,  the  impedance  of  the  overhead  trolley  conductor  is  also 
increased  by  reason  of  its  reactance  when  carrying  alternating  current.  Tests 
made  upon  000  and  0000  conductors  indicate  an  increase  in  impedance 
1.5  the  ohmio  resistance.  The  conditions  under  which  the  following  values 
were  obtained  were,  with  the  exception  of  the  impedance  ratio,  the  same 
as  those  given  in  Par.  $06.  Impedance  per  mile  of  000  trolley  ■■  0.495 
ohms.  Ratio  of  impedanoe  to  ohmio  resistance,  1.5.  Impedance  per  mile 
of  0000  trolley  -•  0.390  ohms.  Ratio  of  impedance  to  ohmic  resistance,  1.5. 

$07.  The  height  of  trolley-wire  above  rail  can  be  varied  somewhat 
from  the  20  ft.  assumed  without  introducing  an  appreciable  error.  The 
power-factor  of  80  per  cent,  assumed  for  the  load  is  somewhat  lower  than 
would  be  experienced  in  a well-proportioned  alternating-current  railway 
Installation,  but  the  small  error  of  4 or  6 per  oent.  introduced  by  assum- 
ing full  impedance  drop  of  the  trolley  and  rail  circuit  is  justifiable  in  making 
preliminary  estimates  where  the  character  of  load  cannot  be  very  closely 
determined. 

30$.  Glassification  of  trolley  construction, 

fa)  Span  construction  (Par.  $09). 

( b ) Bracket  construction  (Par.  $11). 

$0$.  Span  construction  comprises  poles  on  either  side  of  the  track  con- 
nected by  oable  from  which  is  suspended  the  trolley  conductor.  The  trolley 
may  be  hung  directly  from  the  span  wire  through  an  intermediary  insulated 
hangar  or  may  be  suspended  from  a galvanized  steel  catenary  (Par.  $1$) 
which  in  turn  is  supported  by  the  span  wire.  Span  construction  may  be  used 
to  provide  a support  for  the  trolley  wires  over  any  number  of  tracks.  With 
more  than  two  tracks  it  is  preferable  that  the  side  poles  shall  be  self-sup- 
porting  steel  towers  joined  by  very  heavy  catenary  construction,  the  whole 
combination  being  thoroughly  anchored  to  withstand  stresses,  or  else  the’ 
side  towers  should  be  joined  by  a light  steel  truss,  forming  a bridge  construc- 
tion, this  latter  being  used  in  steam-railroad  electrification  where  the  num- 
ber of  tracks  exceeds  two. 

$10.  Trolley  wires  generally  have  a cross-section  equal  to  No.  3/0  or  No. 
4/0  A.W.G.,  and  are  drawn  in  three  sections;  round,  figure  8,  and  grooved. 
The  use  of  round  wire  is  objectionable  owing  to  the  difficulty  of  securely 
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Fiq.  100. — Cross  suspension.  Fia.  101. — Bracket  suspension. 


The  use  of  figure  8 wire  is  open  to  the  objection  that  owing  to  its  unsjd 
metrical  cross-section  it  is  very  difficult  to  handle  during  installation,  altb«s 
it  affords  a ready  means  of  fastening  and  leaves  a dd 
unbroken  under-eurfaoe  suitable  for  high-speed  opened 
The  grooved  trolley  wire  (Fig.  102)  is  m greatest  a 
consists  of  a round  wire  grooved  on^  opposite  m 
sufficiently  deep  to  permit  gripping  by  adjustable  cM 
or  hangers.  Owing  to  its  round  cross-section,  nj 
readily  unreeled  and  installed,  and  presents  all  the  a 
vantages  of  a smooth  under  surface. 

til.  Bracket  construction  comprises  a self-supptf 
ing  pole  having  a projecting  arm  or  bracket  exte&^j 
over  the  track  and  supporting  the  trolley  wire 
F'io.  102. — directly  or  by  means  of  a steel  catenary  cable.  The  p 

Trolley  clamp,  is  generally  of  wood,  and  the  best  construction  nrord 
for  anchoring  each  pole  to  guard  against  latersl  strsd 
due  to  wind  and  the  unbalanced  weight  of  the  overhung  trolley. 


Flo.  103. — Two-track  bracket  construction.  Fio.  164. — Combination  po 
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The  trolley  is  usually  not  attached  directly  to  the  projecting  arm  or 
bracket,  but  to  a flexible  cable  attached  thereto,  whose  office  is  to  provide 
for  the  needed  amount  of  flexibility.  Span  construction  is  more  flexible 
than  bracket  construction,  but  by  use  of  the  flexible  bracket  cable,  the 
latter  can  be  made  sufficiently  cushioned  to  permit  the  operation  of  trolley 
wheels  up  to  60  miles  per  hr. 

SIS.  Catenary  construction  (Par.  SOS)  has  been  brought  into  promi- 
nence with  the  development  of  the  alternating-current  motor,  but  its  applica- 
tion is  not  confined  to  alternating-current  motor  installation  as  its  excellent 
mechanical  qualities  are  of  equal  benefit  in  the  case  of  high-speed  direct- 
current  motor  installations.  Catenary  construction  comprises  either  a 
span  or  bracket-supporting  structure  over  which  is  hung  a stranded  gal- 
vanised steel  cable  loosely  suspended  with  20  in.  or  more  drop  between 
supports,  thus  giving  rise  to  the  term  catenary.  From  this  catenary  or 
messenger  cable  is  suspended  the  grooved  trolley  wire  by  means  of  hangers 
of  different  lengths.  The  number  of  these  hangers  varies  from  a minimum 
of  three  between  supports  to  'a  maximum  of  a hanger  every  10  ft.,  the 
object  being  to  secure  a practically  flat  trolley  wire  of  equal  height  at  all 
points  above  the  track. 

SIS.  Twin  trolley  construction  consisting  of  two  trolley  wires  hung 
ode  by  side  and  alternately  suspended  from  the  same  messenger  was  first 
used  on  the  Chicago,  Milwaukee  and  St.  Paul  electrification.  On  account 
of  the  fact  that  there  are  two  trolley  wires  the  current-carrying  capacity  of 
the  combination  is  greater  than  with  a single  trolley  wire  ana  on  account 
of  the  uniform  flexibility  of  the  arrangement  there  are  no  hard  spots  causing 
the  collector  to  leave  the  wire  and  cause  arcing.  This  type  of  construction 
is  suitable  for  both  high-speed  operation  and  heavy-current  collection  with 
pantograph  collector. 


Fzo.  105. — Three-point  catenary  suspension,  tangent. 


Fio.  106. — Three-point  catenary  suspension,  curve. 


S14.  Advantages  of  catenary  construction.  The  flexible  suspension 
of  a catenary-hung  trolley  and  the  flat  surface  which  it  presents  to  the  trolley 
collector  makes  it  admirably  suited  for  the  operation  of  high-speed  equip- 
ments whether  these  be  of  the  alternating-current,  or  direct-current  type. 
This  form  of  construction  is  furthermore  especially  adapted  to  withstand 
the  high-voltage  stress  of  the  trolley  voltages  employed  in  alternating- 
current,  secondary  distribution  systems,  owing  to  the  fact  that  the  oatenary 
is  generally  suspended  from  porcelain  insulators  of  the  high-potential 
transmission  type,  forming  both  a strong  mechanical  structure  ana  having 
high-pressure  resisting  qualities. 

With  catenary  construction  it  is  possible  to  adopt  a greater  spacing 
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between  supports  than  is  customary  with  the  self-supporting  trolley  i2t 
construction. 

SIS.  Distance  between  trolley-wire  supports  on  Unseats 

Self-supporting  trolley 110  ft. 

Catenary  wooden-pole  bracket  construction. 150  ft. 

Catenary  steel-pole  bracket  construction 200  ft. 

Catenary  steel-bridge  construction 300  ft. 

The  only  limit  placed  upon  the  distance  between  supports  in  catmrr 

construction  on  tangent  track  is  the  likelihood  that  long  spans  will  hart  ©s- 
siderable  lateral  sway.  This  is  corrected  in  part  by  suspending  the  twilej 
from  a double  catenary  construction,  thus  forming  a triangular  truss  a 
considerable  rigidity. 

316.  Pole  guying.  With  wooden-pole  bracket  construction  it  is  cus- 
tomary to  anchor  the  poles  on  curves,  often  on  tangents. 

317.  Duplication  of  primary  circuiU.  . Primary  transmission  circcie 
may  be  carried  upon  the  same  poles  that  serve  as  a support  for  the  txoLfl 
The  transmission  line  so  supported  may  be  supplemented  by  a sepanx 
transmission  line  hung  on  independent  poles,  in  order  to  provide  greater » 
surance  for  continuity  of  servioe. 

818.  Standard  trolley  potentials  in  use  are  as  follows:  600,  W 

I. 500,  2,400  and  3,000  volts  direct-current,  3,300,  6,600  and  11,000  raa 

alternating-current.  1 

An  alternating-current  trolley  potential  of  3,300  volts  has  been  uaeM 
several  installations  but  is  being  superseded  by  6,600  volts  in  the  smaller, 

II, 000  volts  in  the  larger  installations.  j 

819.  Overhead  collecting  devices  for  use  with  trolley  may  be  diri^ 
into  three  classes:  wheel  (Par.  880),  roller  (Par.  884),  and  aliding-hfl 
(Par.  888). 

880.  The  trolley  wheel  consists  of  a grooved  wheel  of  composition  nx4 
ranging  from  3.5  in.  to  6 in.  in  diameter,  depending  upon  whether  j* 
service  is  low  or  high  speed.  Wheels  are  carried  on  a self-lubricating  bean* 
and  press  against  the  trolley  at  pressures  from  15  to  40  lb.  depending  upoe* 
maximum  speed  of  the  equipment,  this  pressure  being  maintained  througW 
a wide  range  in  height  of  trolley  wire  in  order  to  provide  for  reducucs® 
standard  height  of  22  ft.  made  necessary  when  going  beneath  bndft 
culverts,  etc. 

881.  Approximate  life  of  trolley  wheels 

City  service  25  miles  per  hr.  maximum 11,000  mifet 

Suburban  service  35  miles  per  hr.  maximum 6,000  miks 

Interurban  service  50  miles  per  hr.  maximum 3,500  mik* 

High-speed  servioe  60  miles  per  hr.  maximum 2,000  mile* 

888.  The  current  capacity  of  the  trollev  wheel  is  determined  by  a 
speed  and  the  pressure  of  contact  between  wheel  and  wire,  the  higher  ta 


d the  greater  the  pressure  necessary  to  maintain  contact  without  sre* 


m 


at  which  trolley  wheels  are  used,  corresponds  to  a car  speed  of  60  mila«perh 
Following  are  the  current-carrying  capacities  of  trolley  wheels  at  Tin* 
speeds. 


Speed  in  miles  per  hr 5 

10 

20 

Current  capacity  in  amperes.  1,000 

850 

650 

This  table  is  compiled  on  the  basis  of  maximum  cuiTentrcarryingcap*^ 
at  the  different  apeeds  with  trolley  and  wheel  in  good  condition.  The 
is  balanced  for  the  higher  Bpeeds  and  the  contact  pressure  varies  from  $ ' 
40  lb.  between  trolley  and  trolley  wheels. 

888.  Flexible  trolley-wire  suspension  for  the  higher  speed*  J 
the  higher  speeds  it  is  absolutely  necessary  that  the  trolley  tuspenaraj 
very  flexible,  preferably  hung  from  a catenary  and  with  the  clip  fastis# 
the  trolley  wire  of  as  light  weight  as  possible  in  order  to  minimise  tbs  bio*1 
the  trolley  wheel  striking  it. 
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fS4.  Trolley  rollers  are  sometimes  used  in  plaoe  of  trolley  wheels  where  it 
is  desired  to  make  use  of  a reversible  collecting  construction  or  where  the 
trolley  potential  is  so  high  as  to  make  it  desirable  that  all  control  of  the 
trolley  collecting  devices  shall  be  automatic  and  not  manual  with  cord.  Roll- 
ing contacts  consist  of  a brass  or  composition  roller  about  5 in.  in  diameter 
and  30  in.  long,  supplemented  by  stationary  wings  to  provide  for  greater 
off-centre  displacement  of  the  trolley  than  can  be  taken  care  of  by  the  roller. 
Roller  trolleys  are  being  used  for  high-voltage  direct-current  locomotives 
with  success,  and  improvements  in  design  have  made  it  possible  to  collect 
any  current  required  for  main-line  freight  or  passenger  trains  with  direct- 
current  2,400-volt  supply. 


MS.  Sliding  shoe  trolleys  are  in  very  general  use  at  moderate  speeds, 
carrying  currents  of  moderate  value,  and  the  development  of  high  po- 
tential alternating-current  trolley  collectors  has  brought  this  form  of  con- 
struction into  prominence.  In  many  alternating-current  roads  the  use  of 
trolley  wheels  operated  by  means  of  insulated  linen  cord  is  still  adhered  to, 
but  the  majority  of  such  roads  are  adopting  some  form  of  roller  or  sliding- 
bow  oontact.  As  the  application  of  the  sliding-bow  trolley  to  high  speed 
operation  calls  for  certain  modifications  in  its  construction  as  hitherto  made, 
no  complete  operating  data  are  extant  in  regard  to  its  carrying  capacity  or  its 
life.  For  speeds  between  50  and  60  miles  per  hr.,  the  sliding  contact  has  an 
appreciably  less  life  than  either  the  trolley  wheel  or  roller,  but  continued  use 
of  the  sliding  bow  at  these  speeds  is  resulting  in  the  selection  of  metals  and 
forms  of  construction  which  will  provide  for  a reasonably  long  life.  A double- 
shoe trolley  has  lately  been  developed  for  collecting  heavy  ouiTent  which  will 
undoubtedly  supersede  the  roller.  It  is  much  lighter  and  will  oollect  much 
heavier  currents,  not  only  at  low  but  at  high  speeds. 

ttt.  Sliding-bow  construction  may  be  supported  either  by  « trolley 
pole  mounted  upon  a spring  base  along  the  lines  of  standard  trolley-wheel 
construction,  or  the  bow  or  scraper  may  be  held  in  a horiaontal  position  at 
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all  heights  by  means  of  the  so-called  pantograph  construction,  Beessie  d 
the  parallel  motion  introduced,  it  does  not  interfere  with  trolley  coustroewa 
J17.  Third-rail  construction  may  be  divided  into  tw0 /hro®d^»"n 
o,  overrunning  contact  (Par.  818);  b,  underrunning  contact  (Ptr.  Mil- 
Third-rail  voltages  of  600  and  1,200  volts  (Central  California  TracwnJ 
are  in  operation  and  still  higher  potentials  are  being  proposed.  The  tumtmc 


HubawB#! 
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Fia.  109. — 81iding  bow. 


Fig.  110. — Pantograph  bov.  ^ 


third-rail  voltage  has  not  yet  been  reached,  and  it  is  probable  that  As# 
velopment  of  improved  forms  ol  construction  will  result  in  the  asset  MM 
voltages  for  steam-road  electrifications.  Bonding  of  the  tliinl-fli.P 
treated  in  Par.  849. 

818.  Overrunning-contact  third  rails  were  the  first  introduced  sw*9 
in  more  general  use.  The  construction  consists  essentially  in  supportBtJ 
steel  rail,  of  either  standard  track  or  special  composition,  upon  msahw] 
placed  every  10  ft.  These  insulators  rest  on  supports  earned  up® 
projecting  ties.  Rails  are  joined  loosely  by  fish  plates,  are  bonded,  £ 
intervals  are  thoroughly  anchored  to  prevent  creepage.  Contact  is  ®s3 
with  the  collecting  surface  of  the  rail  by  means  of  a third-rail  shoe  suspea* 
from  the  trucks  of  the  car  or  locomotive. 


Flo.  111. — Unprotected  third-rail. 


Fig.  112. — Protected  third-rail. 


319.  Protected  third-rail  construction  is  a modification  of  the  above,  wj 
consists  in  providing  a wooden  or  metal  shield  over  the  rail  in  ordert 
protect  it  from  snow  and  sleet  or  accidental  contact,  the  rest  of  the  ooMtrj 
tion  being  identical  with  that  outlined  above.  The  wood  or  iron  construe^ 
is  supported  by  uprights  plaoed  every  10  ft.  or  more,  and  such  protection 
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330.  Third-rail  roads  giving  location  of  third-rail 


Name  of  road 

Type* 

Inches  on  Fig.  1 1 3| 

A 

B 

Albany  & Hudson  R.R.  Co 

• U.T. 

26.25 

0.00 

Aurora,  Elgin  and  Chicago  R.R.  Co 

U.T. 

20.25 

6.25 

Baltimore  & Ohio  R.R.  Co 

P.T.1 

30 . 35 

3.50 

Berlin  Elevated  and  Underground 

— 

14  375 

7 05 

Boston  Elevated  Ry.  Co 

P T * 

20.407 

5.94 

Brooklyn  Rapid  Transit 

Central  London 

U.T. 

20 . 50 

6.00 

— 

Centre 

1.50 

Central  Calif.,  Traction  Co 

P.B. 

29  50 

3.00 

Grand  Rapids,  Grand  Haven  & Muskegon 

U.T. 

19.00 

6.00 

Ry.  Co. 

Interboro  Rapid  Transit  Co. 

Manhattan  Elevated 

P.T.* 

20.75 

7.50 

Subway,  East  side,  Viaduct  A West  Farms 

U.T. 

20.75 

7.50 

Subway,  all  excepting  above  division 
Lackawanna  & Wyoming  Valley  Rapid 

Transit  Co 

P.T. « 

26.00 

4.00 

U.T. 

20 . 344 

3.00 

Liverpool  Overhead  Railway i 

— 

Centre 

1.50 

Long  Island  R.R.  Co 

P.T. 

27 . 50 

3.60 

Mersey  Railway 

— 

22.00 

4.50 

Metropolitan  & District  . . , 

— 

16.00 

3.00 

Metropolitan  West  Side  Elevated  Ry.  Co. 

U.T. 

20 . 50 

11.25 

Michigan  United  Rys.  Co 

U.T. 

21.50 

6.00 

MUan-Gallarate 

— 

26.625 

7.50 

New  York  Central  Hudson  River  lt.R. 

P.B. 

28.25 

2.75 

Northern  Electric  Co 

U.T. 

25.50 

5.562 

Northeastern 

— 

19.25 

3.25 

Parie-Orleans 

— 

25.625 

1 7.125 

Philadelphia  Rapid  Transit  Co 

Philadelphia  & Western  Ry.  Co 

P.B. 

27.00 

P.B.1 

27.50 

5.75 

Puget  Sound  Elec.  Ry.  Co 

U.T. 

I 21.22 

7.125 

Scioto  Valley  Traction  Co 

South  8ide  Elevated  Ry.  Co 

1 U.T. 

28.00 

6.00 

U.T. 

20.125 

11.562 

Union  Elevated  R.R 

' U.T. 

20.125 

| 6.187 

Waterloo  City 

— 

28.25 

0 

West  Jersey  A Seashore • . 

U.T. 

1 27.344 

3.50 

West  Shore 

— 

32.00 

' 2.75 

Wilkesbarre  <fc  Hazleton  Ry.  Co 

P.T. 

28.00 

5 00 

• Note. — U.T.  — unprotected  top  running;  P.T.  ■■  protected  top  run- 
ling;  P.B.  — protected  bottom  running. 

SSI.  The  location  of  the  third-rail  is  determined  by  physical  character- 
sties  of  the  rail  and  by  the  character  of  the  rolling  stock  passing  over  it,  that 
s,  sufficient  clearance  must  be  provided  to  allow  the  passage  of  low-pressure 
ocomotive  cylinders,  hopper  cars,  etc.,  and  also  the  third  rail  must  be  laid 


1 Two  side  guards  and  slotted  covering  through  stations. 

1 One  side  guard  on  outside  6.25  in.  distant,  extending  6.5  in.  above  top  of 
•ail. 

' One  side  guard  on  outside. 

• Like  that  shown  in  Fig.  113  "Protected.” 

• Farhan  System. 
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to  provide  sufficient  clearance  through  tunnels,  etc.  The  distance  fan 
track  gage  line  to  centre  of  third-rail  varies  from  20  in.  to  28  in.  lad 
the  height  above  track  is  from  sero  inches  to  nearly  8 in.  The  smalkr 
distances  apply  to  elevated  and  subway  roads  operating  only  one  class  d 
rolling  stock,  and  the  greater  distances  apply  to  interurban  lines  or  elec- 
trified steam  lines  where  provision  must  oe  made  for  the  passage  of  all 
classes  of  freight  cars  and  possible  steam  locomotives. 

881.  Third-rail  jumpers  are  used  to  connect  the  third  rail  severed  at 
crossings  and  consist  of  copper  cables  bonded  to  the  rail  and  extends* 
through  underground  conduits.  Jumper  cables  are  heavily  insulated,  ire 
lead  covered,  and  enter  the  ground  through  solidly-constructed  concrete 
structures. 

888.  Third-rail  insulators  consist  either  of  impregnated  wooden  block*, 
reconstructed  granite  or  poroelain  insulators  designed  to  be  held  in  chain 
fastened  to  elongated  ties  and  forming  a loose  support  for  the  third  rsi 
In  order  to  provide  for  elongation  of  third  rail  caused  by  extremes  in  tem- 
perature there  is  no  solid  fastening  between  the  third  rau  and  its  insulstisc 
support,  and  jumpers  must  be  of  sufficient  length  to  allow  for  creeps** 


Fio.  114. — Underrunning  third-rail. 

884.  Underrunning  third-rails  of  the  protected  type,  first  instalbd 
on  the  New  York  Central  R.R.,  offer  some  advantage  over  the  overronnnt 
type  in  regard  to  better  protection  against  accidental  contact  and  against  ike* 
and  snow.  The  contact  surface  being  the  under  side,  is  self  cleaning,  sk 
this  form  of  third  rail  has  successfully  operated  through  heavy  snovi 
completely  covering  the  third-rail  structure.  The  Central  California  Tree 
tion  Co.  operates  an  underrunning  third-rail  at  1,200  volts. 

8SS.  Leakage  from  third-rail  is  extremely  small  and  may  be  neglsctof 
unless  the  roaa  bed  should  be  deeply  impregnated  with  salt.  Even  tnooik 
the  third-rail  be  covered  with  snow  it  is  found  that  the  leakage  is  too  soul 
to  constitute  a notioeable  item  of  expense. 
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in  the  limited  space  between  rail  and  protection,  and  such  shoes  are  hinged 
and  actuated  by  springs  in  order  to  provide  the  necessary  pressure. 

SIT.  Current  capacity  of  third-rail  shoes  is  much  in  excess  of  that  of 
any  form  of  overhead  current  oollector,  especially  in  regard  to  current 
capacity  at  high  speeds.  Tests  have  been  made  which  indicate  that  eleo- 
tricity  may  be  collected  at  the  rate  of  2,000  amp.  from  a single  shoe  at  a 
speed  of  85  miles  per  hr.,  and  500  amperes  at  a speed  of  70  miles  per  hr. 
Owing  to  the  considerable  wearing  surfaoe  of  a cast-iron  shoe  its  life  may  be 
taken  as  exceeding  26,000  miles. 

888.  Conductivity  of  the  third  rail  depends  upon  its  composition, 
and  it  is  sometimes  the  practioe  to  roll  third  rails  of  special  composition  in 
order  to  increase  their  conductivity.  The  specific  resistance  of  steel  has 
been  found  to  be  proportional  to  the  per  cent,  of  manganese  and  carbon  which 
it  contains.  Of  these  two  elements  manganese  is  the  most  objectionable, 
and  the  standard  track  rail  contains  from  0.40  to  0.50  per  cent,  carbon  and 
as  high  as  0.70  per  cent,  manganese,  which  gives  it  a specific  resistance 
ranging  from  ten  to  twelve  times  that  of  pure  copper.  For  samples  of  special 
construction  see  Par.  888. 


888.  Composition  of  special  third  rails 


Material 

Manhattan 

railway 

New  York 
subway 

- 

Albany 

and 

Hudson 

Per  cent. 

• 

Per  oent. 

Per  cent. 

Carbon 

0.073 

0.10 

0.090 

Manganese 

8ulphur 

0.340 

1 0.60 

0.440 

0.073  1 

| 0.05 

0.08 

Phosphorus 

Ratio  of  resistance  compared] 

0.069  | 

| 

0.10 

I 

0.088 

to  copper 1 

7.7 

! 

8.0  | 

i 1 

7.25 

840.  Suggested  third-rail  composition  specification 


Carbon  not  to  exeeed 0.12  per  oent. 

Manganese  not  to  exceed 0.40  per  oent. 

Sulphur  not*to  exceed 0.05  per  oent. 

Phosphorus  not  to  exoeed 0.10  per  oent. 


The  resistance  of  a third-rail  of  composition  given  above  will  be  approxi- 

mately seven  and  three-quarters  times  that  of  commercial  copper. 

Including  bonds,  the  table  given  in  Par.  841  is  representative  of  third-rail 
rolled  according  to  these  specifications  for  special  rail,  having  7.75  times  the 
resistance  of  oopper  and  of  track  rail  having  12.5  times  the  resistance  of 


copper. 


841.  Resistance  of  rails  including  bonds 


Wright  of  rail  lb.  per  , 

yd I 40 

Third-rail  resistance  j 

ohms  per  mile. -0.093 

Two  track  rails,  resist-  | 

anoe  ohms  per  mile..  . 0.070 


50  I 
0.074 
0.056 


60  I . 70 

I 

0.06210. 053 


80 

0.046! 


0.047  0.040  0.035, 


90  100  | 110 

0.042  0.038  0.034 
0.031,0.028  0.025 


This  table  is  based  upon  the  use  of  9-in.  bonds  having  a carrying  capacity 
equal  to  one-half  that  of  the  rail. 

848.  Third-rail  maintenance  is  a very  small  item,  as  tests  have  shown 
the  rail  to  wear  an  extremely  small  amount,  even  in  very  heavy  service. 
Tests  taken  show  that  the  passage  of  2,000,000  third-rail  shoes  resulted  in 
wearing  away  0.006  in.  of  special  soft  rail.  The  maintenance  of  a third- 
rail  includes  auoh  items  of  expense  as  maintaining  the  bonding,  alignment, 
and  insulators  in  good  condition  together  with  the  upkeep  of  jumpers  and 
the  cables.  This  expense  has  been  found  in  practioe  to  be  very  small  and 
the  low  maintenance  oharge  of  third-rails  together  with  the  possibility 
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which  auoh  a system  offers  for  handling  unlimited  current  values  U ssj 
speed  constitute  the  strongest  arguments  in  favor  of  its  adoption. 

til.  Protection  of  third  rail  against  sleet  and  snow  is  afieaed 
directly  by  the  various  forms  of  protected  third  rail,  and  it  has  been  food 
that  especially  the  underrunning  type  can  operate  in  snow  entirely  sornraad- 
ing  the  third  rail  without  difficulty,  owing  to  the  fact  that  the  under  contact 
surface  of  the  rail  is  self  cleaning.  With  the  various  forms  of  exposed  over- 
running rail  it  has  been  found  that  the  accumulation  of  sleet  may  be  pre- 
vented by  the  use  of  calcium  chloride  Inixed  with  water  in  the  prooortioo  of 
1 lb.  to  5 gal.  and  sprayed  upon  the  rail  at  intervals  of  not  more  than  2 hr. 
during  the  continuance  of  the  storm. 

#44.  Underground  trolley  or  conduit  systems  are  in  use  only  in  tin 
very  largest  cities  owing  to  the  enormous  expense  of  their  initaltaka 
Such  systems  oonsist  in  the  location  of  two  third-rails  or  conductors  pUcd 
in  a conduit  located  between  the  track  rails,  contact  being  established  b? 
means  of  a plough  extending  through  a slot  opening  of  the  conduit,  k 
the  plough  carries  both  the  positive  and  negative  contacts,  there  is  no  trad! 
return  and  hence  the  conductivity  of  the  track  as  a return  feeder  is  lost 

Underground  trolley  systems  are  installed  in  city  streets  where  the  con- 
gestion of  travel  is  sufficiently  heavy  to  warrant  the  large  expense  and  vbci 
the  use  of  overhead  wires  is  objectionable.  As  conduit  systems  are  eva 
tially  double-trolley  systems,  the  feeder  network  is  double  that  requited  faj 
an  overhead  trolley  with  track  return.  Both  conductor  rails  are  coaueUd 
by  separate  feeders  and  are  divided  into  sections  as  previously  indiestd 
for  city  trolley  systems.  Each  section,  with  its  feeders,  is  controlled  M 
double-throw  switches  so  that  it  may  be  made  either  positive  or  negate 
at  will.  With  this  arrangement  of  aouble-throw  switches  it  become!  p* 
sible  to  throw  all  temporarily  grounded  sections  on  a bus  of  the  »2| 
polarity  and  thus  prevent  possible  short-circuits  due  to  simultaneous  grouts 
ing  of  a positive  and  a negative  conduit  conductor. 

#4#.  Double-trolley  systems  are  installed  to  a very  limited  extent a 
city  streets  in  order  to  prevent  any  liability  to  electrolysis  possible  with  u 
single-trolley  track-return  system  (Par.  450).  Such  systems  call  for  doaM 
collectors  and  double-trolley  construction,  which  becomes  complicatedw 
expensive  to  maintain  in  city  streets.  One  trolley  is  positive  and  the 
negative,  so  that  the  track  is  not  utilised  for  return  and  hence  need  not* 
bonded. 

846.  Three-phase  double-trolley  systems  or  double  third-rail  fi 

terns  are  sometimes  used  in  conjunction  with  three-phase  induction 
equipments  requiring  three  conductors,  in  which  case  the  track  acta  as ■ 
third  leg  of  the  triangle.  Such  systems  usually  carry  several  thoowa 
volts  upon  the  trolley  wires,  employ  the  catenary  overhead  constructs 
and  are  as  yet  in  very  limited  use.  • 

847.  Three-wire  systems  comprise  two  overhead  trolleys  hsrmc 
potential  difference  of  1,200  volts  between  them  and  600  volts  each  to  groew 
In  this  case  the  car  equipment  consists  of  two  separate  600- volt  mou 
equipments  including  control,  connection  being  established  with  the  trsi 
as  a neutral.  Such  systems  can  therefore  operate  either  as  600-volt  fro 
either  or  both  trolleys,  or  as  a straight  1.200- volt  system  trolley-to-trolh 
with  the  track  acting  as  a neutral  and  carrying  practically  no  corns 
Where  there  is  no  restriction  placed  upon  the  voltage  drop  in  track  wtsfl 
such  systems  suffer  in  comparative  first  cost  with  the  single-trolley  ays** 

848.  Track  return.  It  is  almost  the  universal  custom  in  electric  nj 
way  systems  to  utilise  one  or  both  rails  of  the  tracks  as  a return  circotl 
the  generating  station.  It  was  early  found  that  the  ground  itself  or 
adjaoent  bodies  of  water  constituted  a return  circuit  of  such  high  rewtss 
as  to  be  of  little  practical  use,  hence  the  necessity  for  a carefully  boa^ 
traf'k-roturu  circuit,  reinforced  by  feeders  where  necessary.  Data  on  rci 
ducti  vity  and  the  resistance  of  standard  rails  is  given  in  Par.  888  and  Ml 

849.  Bail  bonding  (Par.  850  to  864)  consists  in  establishing  contact,  fl 
to  rail,  in  order  to  utiuae  to  the  fullest  extent  the  conductivity  of  the  rail  * 
return  circuit  or  as  a third-rail.  The  contact  resistance  of  fish  plates  is  I 
great  as  to  amount  practically  to  an  open  circuit,  hence  the  need  of  a bond 
joint  of  good  conductivity.  The  question  of  bonding  has  largely  resold 
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itself  into  the  mechanical  problem  of  maintaining  a low  resistance  contact 
that  will  withstand  the  constant  pounding  and  extreme  ohanges  in  tempera- 
ture to  which  the  joint  is  subjected  under  operating  conditions. 

MO.  Types  of  bonds  may  be  listed  as  follows:  a,  expanded-terminal 
bonds  (Par.  Ml);  6,  soldered,  b raxed  or  welded  bonds  (Par.  MS);  e,  amalgam 
bonds  (Par.  SCO);  d,  cast  welding  (Par.  SSI);  «,  electiio  welding  (Par.  SS4); 
/,  thermit  welding  (Par.  SSS). 

Ml.  Expanded-terminal  bonds  comprise  all  those  which  depend  upon 
expanding  a soft  copper  core  into  contact  with  the  rail  through  a hole  in  the 
web  or  flange.  The  sise  of  hole  in-the  rail  varies  with  the  capacity  and  type 
of  bond  used,  ranging  from  f of  an  in.  to  1 in.  in  diameter.  There  are  two 
general  types  of  expanded  terminal  bonds. 

The  steel-core  bond  comprises  a soft  steel  centre  inserted  in  a copper 
head  and  so  designed  that  when  placed  in  the  rail  and  pressure  applied,  the 
expansion  of  the  steel  core  centre  will  force  the  copper  head  into  dose  con- 
tact with  the  rail.  This  type  of  bond  has  been  laigely  superseded  by  the 
all-copper  bond. 

The  second  type  of  expanded-terminal  bond  comprises  two  solid  copper 
heads  or  terminals  into  which  is  forged  a laminated  copper  conductor  joining 
the  two.  When  the  bond  is  in  plaoe  and  pressure  applied,  the  soft  copper 
head  is  expanded  into  close  contact  with  die  rail. 

Bonds  of  the  expanded-terminal  type  are  designed  for  use  either  beneath 
the  fish  plate  or  under  the  flange  of  the  rail,  or  are  made  of  sufficient  length  to 
span  the  fish  plate.  Where  the  conductor  joining  the  terminals  is  of  con- 
siderable length  as  in  cross  bonding,  it  is  sometimes  made  of  solid  copper  wire, 
but  a stranded  or  laminated  conductor  is  absolutely  necessary  where  the  bona 
is  short  and  must  conform  to  rail  deflection  at  the  joint. 

351.  Soldered  bonds  have  been  introduced  successfully  in  some  cases. 
These  comprise  a laminated  copper  conductor  terminating  in  two  solid  heads 
joined  to  the  rail  by  soldering,  braxing  or  welding.  The  bond  is  attached 
to  the  head  of  the  rail  on  the  outside,  or  to  the  flange  of  the  rail.  In  either 
case  it  is  exposed  to  view,  which  facilitates  inspection  and  renewals  but  also 
renders  the  bond  liable  to  theft.  It  is  difficult  to  obtain  a contact  by  soldering 
that  *will  withstand  constant  vibration,  but  brazed  and  welded  bonds 
appear  to  be  freer  from  this  objection.  Where  good  contact  can  be  secured 
tne  accessibility  and  cheapness  of  this  method  of  bonding  recommends  it. 

Ml.  Comparison  of  soldered  and  expanded-terminal  bonds. 
Both  the  expanded  terminal  and  soldered  bonds  are  universally  used  for 
bonding  the  track  and  third-rail  of  city  and  interurban  electric-railway 
systems.  While  the  soldered  bond  is  cheaper  and  has  many  qualities 
recommending  its  adoption,  its  use  on  T-rails  laid  on  surface  ties  is  open  to 
the  objection  that  it  is  relatively  easy  of  removal  which  renders  it  liable  to 
theft.  Hence  the  expanded  terminal  bond,  placed  beneath  the  fish  plate  is 
preferable  when  the  rail  is  exposed. 

354.  Tbs  selection  of  bonding  for  a given  road  depends  both  upon 
current  capacity  and  contact  resistance  desired,  and  is  determined  by  the 
class  of  service  involved. 


Mf.  The  contact  resistance  of  a single  9-in.  4/0  bond  of  the  ex- 
panded-terminal type  in  good  condition,  is  approximately  0.00003  ohms. 
Hence  the  relative  resistance  of  bonded  joints  ana  track  itself  is  approximately 
as  given  in  Par.  354. 

354.  Comparison  of  track  resistance  with  bond  resistance. 

1 Mile  70-lb.  track  (2  rails)  of  12.5  times  resistance  of  copper  — 0.0400  ohms 
Single  bonding  176  joints  at  0.000015  ohms  (2  rails) « 0.0026  ohms 


Total  per  mile  of  bonded  track — 0.0426  ohms 

It  is  evident  that  the  joint  resistance  of  a well-bonded  rail  is  relatively 
low  compared  with  the  total  resistance  of  the  rail  itself,  but  the  propor- 
tion holds  only  when  the  bonding  is  installed  and  maintained  in  first  class 
condition. 

357.  Doable  bonding  is  resorted  to  in  many  instances  in  order  to  insure 
a path  of  good  conductivity  in  case  of  failure  of  a single  bond.  Where 
double  bonding  is  not  required  to  provide  additional  current  capacity  in  order 
to  keep  temperature  rise  within  reasonable  limits,  it  is  better  engineering  to 
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install  a single  bond  of  sufficient  capacity  from  a temperature  rieestsac- 
point  and  maintain  this  bonding  in  good  condition.  Double  bonding  is  ep« 
to  the  objection  that  one  of  the  two  bonds  may  give  imperfect  contact  sad 
be  practically  useless,  and  such  a method  of  installation  usually  resuha  is 
the  operation  of  the  road  with  practically  single  bonding  throughout. 

SS8.  Single  bonding  for  suburban  roads  where  the  service  Is  infre- 
quent and  current  demands  do  not  momentarily  exceed  1,000  amp.,ia.tobe 
recommended  provided  rails  are  frequently  cross  bonded  and  all  beaded 
joints  are  regularly  inspected  and  maintained  in  their  original  good  conch  ton. 

M9.  The  heating  of  bonds  will  determine  the  size  and  number  of  bond* 
to  be  used  on  roads  over  which  there  is  a large  volume  of  traffic,  and  vben 
the  moving  units  demand  a large  kilowatt  input,  such  as  .trains  hauled  fc? 
locomotives,  etc.  Foliowring  are  given  values  of  temperature  rise  at  differed 
current  strengths: 
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almost  universal  for  supply  frequencies  of  both  26  cycles  and  60  cycles. 
The  location  and  capacity  of  railway  substations  depends  upon  the  character 
of  the  service  and  local  considerations,  but  the  type  of  apparatus  used  is 
similar  whether  the  substations  are  located  in  the  city  to  supply  many  small- 
car  units,  or  on  interurban  lines  to  supply  perhaps  but  one  or  two  high-speed 
oars  or  trains  of  several  such  cars.  Synchronous  converters  are  designed 
to  operate  both  three-phase  and  six-pnase,  depending  upon  the  capacity 
and  the  frequency  of  supply.  Also  see  Sec.  0. 

S67.  Field  of  application  of  the  compound  converter.  The  use  of 
the  compound  synchronous  converter  with  series  field  is  restricted  more 
especially  to  those  systems  in  which  the  station  output  is  very  fluctuating, 
such  as  would  be  experienced  in  substations  feeding  suburban  and  inter- 
urban  railway  systems,  or  city  systems  in  which  heavy  trains  accelerate  at 
a rapid  rate.  The  compound  winding  of  converters  is  generally  adjusted 
for  flat  compounding  at  600  volts  throughout  the  range  in  load,  and  this  is 
best  secured  in  conjunction  with  inductive  coils  placed  in  series  with  the 
transformer  secondaries.  Artificial  inductive  reactance  is  introduced  in 
compound  converter  substations  both  in  order  to  secure  flat  potential  on 
the  direct-current  side  on  all  loads  and  unity  power-factor  on  the  alternating 
current  side  at  all  loads.  * 

666.  The  shunt- wound  converter  may  be  used  to  advantage  in  sub- 
stations supplying  city  service  lines. 

666.  Starting  of  synchronous  converters  is  accomplished  by  one  of 
three  methods,  which  are  as  follows:  first,  direct-current  starting  through 
rheostat;  second,  alternating-current  starting  by  induction  motor;  third, 
alternating-current  starting  from  transformer  tape.  Starting  synchronous 
converters  from  the  alternating-current  side  with  a reduced  potential 
obtained  from  transformer  taps  is  the  recognised  method  of  starting  in  uni- 
versal use.  The  advantages  of  alternating-current  starting  are  cheapness 
of  installation  and  a minimum  amount  of  time  required  to  throw  the  con- 
verter into  service,  no  synchronising  being  necessary  (see  Sec.  0) . 

670.  Xqulpment  of  synchronous  converter  substations  is  generally 
as  follows  :a  (a)  Incoming  primary  feeder,  provided  with  disconnecting  switches 
and  lightning  arresters;  (b)  high-tension  oil  switch  and  current  transformer; 
(c)  step-down  transformer;  (d)  synchronous  converter;  (e)  control  panels  of  the 
hand  or  automatic  type. 

671.  Ratio  of  conversion  of  synchronous  converters  varies  somewhat 
with  the  construction  of  the  maohine,  being  in  general  as  follows:  three- 
phase  converters,  370  volts  alternating-current  to  600  volts  direct-current; 
six-phase  converters,  430  volts  alternating-current  to  600  volts  direct- 
current.  Machines  having  long  pole  arcs  have  a somewhat  higher  ratio  of 
conversion  than  those  of  shorter  pole  arcs.  In  order  to  provide  for  the  dif- 
ferences in  types  of  machines  ana  also  for  the  varying  drops  in  the  primary 
distribution  system  to  which  rotary  converter  substations  are  connected, 
it  is  customary  to  provide  five  primary  tape  of  2.5  per  cent.,  each  in  the  step- 
down  transformers. 

676.  Step-down  transformers  are  of  several  types,  as  follows:  air-blast, 
•elf-cooled,  oil-cooled  and  water-cooled.  Each  of  these  severhl  types  of  step- 
down  transformers  can  be  built  three-phase  or  single-phase;  in  the  latter 
case  three  transformers  are  required  for  either  "Y"  or  delta  connection  with 
each  converter. 

678.  Comparison  of  transformer  cooling  methods.  Air-blast  trans- 
formers, when  used,  require  the  construction  of  an  air  chamber  over  which 
they  are  placed  and  from  which  they  receive  air  at  a pressure  of  from  M os. 
to  1 os.  per  sq.  in.  Air  is  supplied  by  a duplicate  motor-driven  fan  feeding 
into  the  air  chamber.  This  type  of  transformer  is  not  designed  for  poten- 
tials above  33,000  volts.  For  nigher  potentials  and  for  small  transformer 
units  oil  is  resorted  to  for  cooling  by  a variety  of  means. 

The  design  of  the  small  self-cooled  (oil)  transformer  is  especially  adapted 
to  the  smaller  sices,  owing  to  its  cheapness.  For  larger  sixes  it  becomes 
necessary  to  cool  the  oil,  either  by  means  of  a cooling  coil  placed  in  the  trans- 
former and  through  which  water  is  circulated,  or  by  providing  means  of 
circulating  the  oil  itself  through  an  outside  pipe  coil,  in  order  to  reduce  its 
temperature.  In  general,  oil-cooled  transformers  in  all  sixes  and  at  all 
potentials  are  preferred  to  the  air-blast  type. 
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374.  The  general  arrangement  of  gubetation  apparatus  is  aooevkt 

similar  in  all  cases,  as  such  buildings  are  usually  designed  for  the  popes 
In  general  the  wiring  scheme  consists  in  providing  the  shortest  sad  mm 
direct  path  from  the  incoming  primary  lines  to  the  outgoing  direct-earrai 
feeders,  and  the  interior  wiring  scheme  is  carried  out  with  the  object  a 
view  of  preventing  any  crossing  of  circuits  or  doubling  back  upon  theneetm 

STS.  Duplicate  apparatus  in  a substation  may  or  may  not  be  inst*Bei 
depending  upon  local  requirements  and  is  generally  omitted  from  poruiw 
and  automatic  substations.  The  manufacture  of  synchronous  oonvtftin.  I 
transformers,  and  general  substation  apparatus,  has  been  so  far  perfected 
that  failures  in  such  apparatus  are  very  infrequent.  It  is,  therefore,  q«k 
customary  to  install  substations  containing  but  a single  converter  sod  irt 
of  transformers.  This  pr&otice  is  largely  influenced  by  local  requirement*  of 
absolute  continuity  of  service,  and  also  by  the  development  of  the  so-callal 
portable  substation,  which  is  now  furnished  in  units  as  large  as  1,000  kw. 

876.  Portable  substations,  so-called,  comprise  a synchronous  cooTertrr  1 
step-down  transformer,  and  switch-board  apparatus,  mounted  in  s box  or 
and  intended  to  be  moved  from  place  to  place,  as  occasion  demands,  de- 
serving as  a reserve  to  be  used  in  case  of  failure,  or  overload  of  any  substa- 
tion in  the  system.  A compact  arrangem&it  of  the  apparatus  involved  h* 
been  perfected,  so  that  portable  units  of  1,000  kw.  capacity  can  be  c ob- 
structed. The  complement  of  apparatus  is  identical  with  that  in  the  stand- 
ard substation,  and  the  arrangement  provides  sufficient  room  for  the  opera- 
tor. As  such  substations  are  not  intended  for  any  fixed  location,  they  an 
designed  to  be  connected  to  an  unbroken  primary  circuit.  The  converter? 
may  be  compound-wound  and  provided  with  an  equalising  switch,  so  thu 
a portable  substation  may  serve  as  an  auxiliary  to  a stationary  substatic- 
in  case  of  extreme  sustained  overload.  Portable  substations  are  often  auto- 
matically  controlled. 

3T7.  The  automatically  controlled  substation  may  be  defined  s 
one  in  which  the  function  of  starting  and  connecting  the  machines  to  t if 
line  whenever  there  is  a demand  for  power,  and  finally  shutting  them  do*i 
as  the  demand  for  power  has  been  satisfied,  are  all  performed  in  their  pro® 
sequence  without  the  assistance  of  an  operator,  either  locally  or  from  adja- 
cent stations.  The  automatic  equipment  does  not  require  a separate  alt* 
na ting-current  feeder  to  each  substation  and  is,  therefore,  essentially 
ferent  from  a remotely  controlled  system  with  separate  feeder  to  » 
machine,  and  in  which  the  operation,  both  of  starting  and  stopping  t» 
machines,  is  performed  by  an  attendant  in  the  station  from  which  the  po*« 
is  supplied.  Since  attendants  are  eliminated  and  the  light  load  losses  sawi 
it  is  practical  to  use  a relatively  large  number  of  substations  with  consequent 
improvement  in  the  voltage  regulation.  Daily  visits,  supplemented  bj  » 
careful  inspection  onoe  a week,  or  once  every  two  weeks,  are  recommend** 
The  control  has  been  developed  for  units  as  large  as  5,000  kw. 

878.  Wiring  diagram!  of  automatic  substation!  of  1,000-kw.  capac- 
ity, of  both  Westinghouse  and  General  Electric  design  are  given  belo*  i* 
Pig.  116  and  FJg.  117  respectively. 

879.  Operation  of  automatic  substations.  Substations  without 
attendants  may  be  made  to  start  automatically  in  a number  of  way*  de- 
pending upon  conditions  to  be  met,  but  for  the  moat  part  they  functus 
through  the  agency  of  some  form  of  remote  control,  or  automatically  by 
means  of  a voltage  relay,  which  closes  its  contacts  at  some  predetermine* 
value  of  reduced  trolley  voltage.  This  scheme  is  followed  by  the  Westing 
house  Electric  & Manufacturing  Co.  for  starting  their  automatic  substation 
(see  Fig.  116).  Circuits  thus  set  up  cause  other  control  relays  to  funcncs 
in  such  a way  as  to  close  the  oil  circuit  breaker,  the  normal  field  switch  a* 
the  alternating-current  starting  switch.  Synchronism  and  polarity  a*1 
indicated  by  a polarized  motor  relay  which,  in  case  of  reverse  polarity.  caw* 
the  polarity  of  the  machine  to  be  corrected  by  field  reversal  accompfisw* 
by  normal  and  reverse  field  switches  which  open  and  close  automatically 
The  control  for  the  field  switches  consists  of  a small  direct-current  roa«»« 
switch  energised  from  the  direct-current  end  of  the  converter  through  cot 
tacts  made  on  a small  drum  switch  driven  in  a counter  dock-wise  direct** 
by  the  polarised  motor.  The  field  of  the  polarised  motor  relay  is  fis« 
means  of  a permanent  magnet,  while  the  polarity  of  the  relay  armature  b* 
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oomes  that  of  the  machine,  for  the  reaeon  that,  during  starting,  it  is  directly 
connected  across  the  direct-current  terminals  of  the  converter.  It  is  thus 
obvious  that  the  relay  armature  will  not  rotate  until  the  machine  has  pulled 
into  step,  sinoe  prior  to  synchronism  it  is  receiving  alternating  current  of  a 


Fio.  116. — Schematic  diagram  of  control  for  500  kw.  self-starting  synchron- 
ous converter. 


diminishing  frequency,  the  value  of  which  becomes  sero  at  the  instant  the 
converter  armature  reaches  synchronous  speed.  The  General  Electric  Com- 
pany's automatic  substation  system  performs  the  function  outlined  in  Par. 
177,  and  protective  devices  are  provided  against  overapeed,  undervoltage, 
single-phase  starting,  hot  bearings,  overheated  machines,  reverse  power,  flash- 
over,  etc.  A motor-driven  drum  controller  is  provided  to  properly  time  an** 
fix  the  sequence  of  operation,  thus  preventing  sneak  circuits.  The  pals* 
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of  the  machine  is  definitely  and  instantly  fixed  by  means  of  a small  enter 
The  converter  is  cushioned  on  the  line  through  load-limiting  rqaataaea 
This  resistance  is  also  used  for  overload  protection.  High-speed  drert 
breakers  may  be  provided  for  feeder  control.  A motor  mechanism  is  iw 


vided  to  raise  and  lower  the  brushes  on  interpole  converters,  as  required,  i 
S^kw.  transformer  is  used  to  supply  energy  for  operating  the  control  and  th 
oil  circuit  breakers.  A supervisory  and  remote  selective  control  of  the  several) 
converters  and  feeders  may  be  provided,  giving  the  load  despateber  insUBJj 
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control  of  the  machines,  and  an  answer  back  to  indioate  the  condition.  This 
control  is  operated  over  the  usual  telephone  line.  Then  through  interlocks* 
which  are  olosed  in  proper  sequence,  the  brushes  are  lowered  to  the  com- 
mutator by  a motor-dnven  device  and  the  direct-current  switches  dose. 

This  connects  the  machine  to  load  through  current-limiting  resistance  which 
is  then  shunted  in  steps  by  switches  closed  through  the  functioning  of  accel- 
erating relays.  The  machine  remains  in  operation  until  out  out  of  servioe 
by  the  light  load  oontrol. 

MO.  Protective  features  of  automatic  substations.  Protection  is 
provided  by  induction  type,  single  and  polyphase  relays  whioh  prevent  the 
station  from  starting  under  any  abnormal  conditions  of  alternating-current 
line  voltage,  such  as  low  voltage,  open  phase  or  reverse  phase.  This  same 
type  of  relay  causes  the  station  to  shut  down  on  unbalanced  phase  conditions; 
if  the  trouble  is  inside  of  the  station,  a lockout  relay  prevents  restarting, 
while  if  the  unbalanced  phase  condition  is  outside  of  the  substation,  the  auto- 
matic equipment  will  function  to  bring  the  apparatus  into  service  as  soon  1 

as  the  Hue  is  restored  to  normal.  Bearings  are  equipped  with  thermostats 
which,  in  the  case  of  a hot  bearing,  look  the  machine  out  of  servioe  until  the 
contacts  of  the  thermostat  devioe  nave  been  reset  by  hand.  A thermal  relay 
protects  the  machine  from  overheating  on  overload.  A direct-current 
reverse  current  relay,  an  overspeed  devioe,  induction  type  alternating-cur- 
rent overload  relays,  a thermostat  to  prevent  overheating  of  the  direct- 
current  current-limiting  resistance,  ana  a lookout  relay  whioh  looks  the 
equipment  out  of  servioe  in  case  of  failure  of  any  part  of  the  apparatus  are 
other  protective  features. 

Ml.  Advantages  of  automatic  substations.  The  use  of  automati- 
cally controlled  substations  extends  the  economio  limits  of  direct-current 
systems  of  distribution.  The  voltage  regulation,  the  efficiency  and  capacity 
of  a distributing  system  can  be  improved  by  automatically  controlled  units 


Siie  of  Units  in  Kw. 

Fio.  118. — Cost  of  substations  for  electric  railways. 

interspaced  between  existing  hand-operated  substations.  Reserve  apparatus 
in  hand-operated  stations  oan  be  equipped  with  automatic  control  and  used 
to  great  advantage  when  relocated  in  these  interspaced  substations.  The 
advantages  claimed  for  automatic  substations  are  as  follows:  (1)  Reliability; 
(2)  saving  of  light-load  losses;  (3)  saving  in  wa^ea  of  attendants;  (4)  increase 
in  both  normal  and  overload  oapadty.  Relatively  smaU  machines  will  not 
be  injured  when  exposed  to  severe  overloads,  and  this  is  of  importance  to 
electric  railways  sinoe  any  number  of  trains  may  be  blocked  near  a small 
substation  and  started  without  injury  to  the  apparatus.  (5)  They  permit 
good  voltage  regulation  with  only  a small  amount  of  feeder  copper;  (0)  a 
promising  means  of  electrolysis  mitigation;  (7)  as  the  number  of  substations 
is  increased,  the  ohanee  of  an  interruption  in  service  caused  by  the  shutdown 
of  a single  station  is  greatly  lessened  and  the  need  of  spare  apparatus  is  also 
reduced;  (8)  quick  starting  in  case  Of  load  demand.  The  standard  time 
for  starting  and  taking  load  is  35  seconds.  Quick  restartingin  case  of  shut- 
down due  to  the  interruption  of  high-tension  lines.  (9)  Relatively  small 
and  inexpensive  buildings,  since  no  provision  need  be  made  for  the  operator. 
The  relative  oost  of  automatic  and  manually-operated  substations  is  shown 
in  Kg.  118. 
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GENERAL 

S8S.  Introduction.  The  development  of  this  art  has  bees  and  is « 
rapid  that  space  does  hot  permit  either  its  historical  treatment  nor  cos* 
sideration  of  details  of  design  of  apparatus  or  circuits.  Little  relatiai  w 
working  data  or  costs  is  given  in  this  discussion  as  these  change 
day  to  day,  but  only  such  material  as  will  assist  the  otherwise  well-quaioM 
electrical  engineer  who  may  have  to  do  with  signaling,  to  understand  *oc« 
of  the  principles  and  practices  involved  (for  further  details  see  Bibliography 
Par.  4*7  to  4*9). 

363.  The  salient  features  of  present-day  signaling  practice  an  tk 
recognition  of  the  electric  traok  circuit  as  the  only  adequate  means  of  agsu 
control,  the  rapid  increase  in  the  use  of  alternating-current  apparatus, 
the  attention  being  given  to  automatic  train  control. 

Interlocking  is  treated  at  some  length  in  subsequent  paragraphs,  beeac* 
of  the  lack  of  information  thereon  in  the  publications  commonly  read  t* 
electric  railway  men,  and  the  increasing  electrification  of  steam  roads  bava< 
yards  or  junctions  requiring  its  use. 

384.  Railway  signaling  may  be  defined  as  the  art  of  regulating  raOwj 
train  movements  by  means  of  the  indications  displayed  by  visual  ognao  j 
fixed  location  placed  along  the  roadway.  Its  practice  requires  a kiwwWa 
of  railway  operating  methods  and  rules,  of  train  acceleration,  running 
ditions  and  braking  (Par.  90S)  and  a thorough  understanding  of  the  reUtw* 
of  track  to  traffic.  Its  function  is  to  prevent  loss  of  life  or  property  M 
collision  or  derailment  and  to  save  time  and  money  by  minimising  congests* 
and  assuring  the  use  of  trackage  to  maximum  capacity.  Its  probkei 
include  the  proper  layout  and  subdivision  of  tracks  to  handle  an  exwtmg  f* 
assumed  traffic  with  the  greatest  safety  and  least  delay;  the  deteraunsw 
of  the  extent  to  which  visual  signal  indications  shall  supersede  wntton  w* 
muni  cation  in  the  regulation  of  train  movements;  the  design,  construrts* 
and  installation  of  the  necessary  signal  apparatus;  the  training  of  engine  *» 
train  crews  in  the  understanding  and  observance  of  signals;  and  the  off®" 
isation  and  training  of  the  necessary  personnel  for  the  maintenance  aa 
operation  of  the  various  installations. 

885.  Capitulation  of  railway  operation.  The  tracks  of  a^raiW 
bear  two  distinct  relations  to  the  trains  or  cars  running  thereon,  they  JJJ 
as  channels  of  traffio  and  they  also  serve  as  structures  for  carrying  roiling 
on  flanged  wheels.  In  order  to  define  the  relations  of  train  movement^ 
each  other  and  to  the  definite  channels  of  traffio  provided  by  the  main  tr»« 
and  sidings  of  a railway,  rules  are  established,  special  instructions  urow** 
time-tables  containing  train  schedules  are  prepared.  These  written  lnstrej 
tions  are  supplemented  by  train  orders,  communicated  from  the  train 
patcher  by  telegraph  or  telephone.  As  the  density  and  particularly  the  sp* 
of  traffic  increase  to  a point  where  either  danger  or  delay  result  from  ta 
multiplicity  of  train  orders  required,  it  becomes  necessary  to  supply  ^ 
needed  directions  for  train  movement  by  means  less  cumbersome  ana iw 
liable  to  error.  The  means  usually  employed  comprise  the  visual  mmcatxu 
of  fixed  signals  (Par.  387  and  388).  - ^ 

The  conditions  of  the  track  as  a structure,  namely,  whether  the  rtus  m 
intact  and  the  switches  so  set  that  a continuous  path  for  wheels  is JRro' 
over  a given  route,  can  hardly  be  indicated  by  rules  or  written  order* 
may  be  readily  denoted  by  signal  indications. 

386.  Classification  of  railway  signaling.  Isolated  signals  are 
times  used  to  protect  particular  points  such  as  curves,  stations  or 
where  the  view  is  poor.  Train-order  signals  at  stations  indicate  to  tras 
whether  or  not  there  are  orders  to  be  delivered.  Aside  from  these  two  ty? 
of  installation,  signalling  naturally  divides  itself  into  two  classes,  nsnw 
interlocking  (Par.  4§4  to  4*0)  and  Mock  signalling  (Par.  4*1  to  4*6). 
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TYPES  OP  FIXED  SIGNALS 

987.  Tar  feta  and  lamp  signals.  In  American  practice,  targeta  of 
▼arioua  forma  are  generally  used  to  show  the  positions  of  switches  except 
where  the  latter  are  operated  from  interlocking  plants.  The  signals  generally 
used  in  interlocking  practice,  as  well  as  for  train-order  signals  and  block 
signals,  are  of  the  semaphore  type,  in  which  an  arm,  composed  of  a casting 
on  which  are  mounted  colored  glasses  called  roundels  ana  a wooden  blade, 
is  pivoted  about  a horizontal  axis  so  that  it  may  be  moved  either  manually 
or  by  power,  from  a horizontal  posi- 
tion to  an  inclined  or  vertical  position 
in  order  to  indicate  the  various  condi- 
tions affecting  the  movement  of  trains. 

All  fixed  signals,  in  addition  to  their 
day  indications,  are  provided  at  night 
with  lights  of  prescribed  colors.  With 
semaphore  signals,  one  light  is  pro- 
vided for  each  signal  arm  and  is  so 
placed,  that  as  the  arm  moves  to  its 
various  positions,  the  different  colored 
glasses  will  move  in  front  of  thelamp 
to  show  red,  yellow,  green,  white  or 
purple  light  as  desired.  For  block 
signaling,  sigpals  of  the  endosed-disc 
type  are  used  to  some  extent,  although 
the  semaphore  affords  more  distinc- 
tive indications. 

"Light  signals,"  consisting  of  electric 
lamps  placed  behind  suitably  colored 
lenses  and  so  shaded  as  to  permit 
their  colors  to  be  distinguished  by 
day,  have  been  introduced  to  some 
extent  on  electric  railways,  and  have 
been  recently  developed  to  consider- 
able efficiency. 

The  American  Electric  Railway  As- 
sociation’s Committee  on  block  signals 
has  recommended  as  the  preferred 
type  of  signals  for  electric  roads,  a 
semaphore  moving  in  the  upper  left- 
hand  quadrant  as  viewed  from  an  ap- 
proaching train;  the  arm  in  the  hori- 
zontal position  indicating  "Stop;"  in 
the  inclined  position,  45  deg.  upward, 
indicating  "Caution;"  and  pointing  Fxo.  110. — Standard  location  of 
vertically  upward,  indicating  " Pro-  signal  (right  of  track) 

ceed."  It  is  considered  that  less  inter-  * 

ferenoe  with  the  view  of  signals  by  pole  lines  adjacent  to  the  track  will  thus 
result  than  if  the  steam  railroad  practice  of  displaying  the  blade  to  the  right 
of  the  mast,  as  seen  from  an  approaching  train,  is  followed.  This  is  based  on 
the  Ajnerican  practice  of  locating  signals  to  the  right  of  the  track  which  they 
govern  (Fig.  119). 

993.  The  usual  type  of  automatic  signal  is  the  electric-motor 

semaphore.  The  arm  comprising  the  blade  and  the  easting  carrying  the 
colored  glass  roundels  is  pivoted  near  the  top  of  the  post,  the  shaft  to  which 
it  is  connected  carrying  a crank  or  arm  connected  to  the  "up  and  down"  rod 
placed  inside  of  the  tubular  iron  signal  poet.  The  lower  end  of  this  rod  is 
connected  to  the  mechanism  proper  which  consists  of  an  electric  motor  and 

Searing  whereby  the  motor  transmits  motion  to  the  up  and  down  rod.  A 
evice  called  a slot"  which  comprises  a magnet  and  latch  is  so  arranged  that 
if  the  magnet  is  energised  the  motion  of  the  motor  is  transmitted  to  the 
signal  arm,  but  if  the  magnet  is  de-energized,  mechanically  disconnects 
the  motor  from  the  up  ana  down  rod  allowing  the  signal  to  go  to  the  stop 
position  by  gravity.  Signal  mechanisms  of  the  "top-post”  type  have  the 
motor  mounted  adjacent  to  the  semaphore-arm  shaft  at  the  top  of  the  post. 

The  "slot"  mechanism  is  generally  provided  with  two  windings  in  multiple, 
one  of  low  resistance  being  in  series  with  the  motor  while  the  latter  is  clear  - 
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the  signal.  A circuit  controller  actuated  by  the  signal  am  when  the  latts 
has  moved  to  the  clear  position,,  opens  the  circuit  of  the  motor  and  Iot 
resistance  winding,  leaving  the  high-resistance  coil  energised  m order  to  Mf 
the  latch  carried  by  its  armature.  This  latch,  by  connecting  the  dnvmi  M* 
driven  members  of  the  '*  slot,"  holds  the  signal  in  the  clear  position.  I 

resistance  of  the  holding  coil  reduces  the  current  required  for  hokung  w 
signal  clear,  to  a fraction  of  that  required  to  clear  the  arm  using  the  mew 
and  the  low-resistance  coil  in  series  with  it.  Motor-driven  signal  mema- 
isms  are  of  many  types  and  are  designed  for  either  upper-quadrant  or  wwr- 
quadrant  movement  of  the  arm;  for  operating  in  three  positions;  or  w 
operating,  by  selection,  one  of  two  or  three  arms  on  a P9st.  Motor-dnvtn 
signal  mechanisms  are  used  for  operating  either  black  or  interlocking  again 
with  direct  or  alternating  current  at  from  10  to  110  volts. 

TROLLEY- OPERATED  SIGNAL  SYSTEMS 
389.  Operation  and  reliability  of  various  systems.  On  many  eketnr 
railways  the  volume  of  traffic  is  not  sufficient  to  warrant  the  expen*  & 
employing  signalmen  to  operate  manual  or  controlled-manual  block 
Hence  signal  systems  have  been  developed  which  are  partly 

Eartly  automatic.  In  such  systems  the  manual  operations  are  pertortow 
y the  motormen  or  conductors  of  cars  or  trains,  and  the  au to mauc  opera- 
tions are  performed  by  the  action  of  the  trolley  upon  circuit  controller*, 
tuated  by  the  passage  of  the  trolley  wheel.  A very  large  variety  otagExi 
installations  of  this  character  have  been  made,  varying  from  exceeamgs 
simple  ones  to  those  involving  a greater  complication  of  apparatus**1 
circuits  than  are  necessary  in  complete  automatic  blocking.  Many  ojtaK. 
are  very  crude  and  of  decided  limitations  both  as  to  safety  and 
tent  to  which  they  facilitate  traffic.  Many  of  them  depend  unon  Btep-cs* 
step  devices  which  count  the  number  of  cars  that  enter  a block  and  coa^ 
them  out  at  the  other  end  of  the  block.  A number  of  these  systems 
been  quite  highly  developed  as  regards  their  apparatus.  The  relays  *» 
magnets  as  a rule  require  no  separate  source  of  energy  for  their  operation^ 
use  the  trolley  current.  None  of  them  can  be  considered  as  offering  a aev* 
of  safety  or  reliability  approaching  systems  employing  the  track  aw®*, 
which  is  the  only  means  so  far  known  in  signaling  whereby  a train  u 
tinuously  active  in  maintaining  its  own  protection  (Par.  398).  ^ 

890.  Relative  value.  By  strict  obedience  to  the  prescribed  rule*  J 
~ their  observance,  without  which  no  signal  system  is  9f  value,  trouey-operaw 
signals  afford  a very  considerable  degree  of  protection  and  facility  to 
Their  relatively  low  cost  makes  them  available  where  other  system*  eoa» 
not  be  installed  on  account  of  the  expense  involved. 

891.  Tendency  toward  abandonment.  The  development  of  tk 
light  signal  to  a point  where  its  day  indication  can  be  observed  at 
sufficient  for  stopping  high-speed  cars,  enables  it  to  be  substituted  tor »• 
electric-motor  semaphore,  resulting  in  a material  reduction  in  the 
automatic  block-signal  systems  employing  the  continuous  track  circuit.  ‘ ■ 
additional  apparatus  and  line  wires  which  it  has  been  found  necessary  to 
to  the  trolley-operated  signal  systems  to  make  them  furnish  tne 
information  as  that  given  by  track-circuit  signal  has,  on  the  other  in- 
tended to  increase  their  cost.  The  costs  of  the  two  systems  are  thus  rspwo 
approaching  each  other,  and  the  tendency  toward  the ^ adoption  oj  tna 
circuit  signaling  for  electric  railways  is  increasing  to  such  an  extent  tow  w* 
latter  bids  fair  to  supersede  the  trolley-operated  signal  at  no  distant  date. 

THE  TRACK  CIRCUIT 

S93.  “A  track  circuit  may  be  defined  as  a metallic  path  for  an  deciw 
current  formed  primarily  by  both  rails  of  a pro-determined  length  of 
the  terminating  rails  of  which  are  electrically  separated  from  adjacent 
a source  of  electric  energy  for  maintaining  a difference  of  potential 
the  rails;  and  one  or  more  devices  (relays)  so  connected  in  ^ 
respond  to  variations  in  the  potential  difference  between  the  rails  proao^J 
by  train  action  upon  them"  (J.  P.  Coleman).  This  invention,  than 
none  other  has  contributed  more  toward  safety  and  despatch  in  rsiwi 
transportation,  is  to-day  the  only  medium  recognized  as  fundamen»« 
aafe  by  experts  in  railway  signaling,  whereby  a train  or  any  vehicle  tne*** 

n “72 

Digitized  by  VjOOQLC 


ELECTRIC  RAILWAYS  Sec.  16-393 


may  retain  continuous  and  .direct  oontrol  of  a signal  while  occupying  any 
portion  of  the  track  protected  by  the  signal. 

39S.  The  function  of  the  closed  track  circuit  is  to  maintain  a relay 
normally  in  an  energised  state  j the  influence  of  the  train  upon  the  rails  is  to 
de-energise  this  relay  by  shunting  or  short-circuiting  the  generator,  a process 
as  effectively  accomplished  by  a single ‘car  as  by  a train  of  considerable  length. 
On  account  of  the  low  insulation  resistance  between  the  rails,  due  to  the 
conductivity  of  the  ties  and  ballast,  track  circuits  are  susceptible  to  influence 
from  excessive  leakage  of  current  from  rail  to  rail.  This  leakage  may  ap- 
proach, in  its  effect,  the  value  of  current  conducted  by  the  wheels  and  axles 
of  a train.  Obviously  a failure  of  the  source  of  energy  or  a break  in  the 
drouit,  whether  in  the  rails  themselves  or  in  the  wires  connecting  the  battery 
or  the  relay  to  the  rails,  produce  the  same  effect  upon  the  relay  as  if  a train 
were  running  or  standing  on  the  rails.  The  contacts  carried  by  the  armature 
of  the  track  relay  (Fig.  1201,  which  are  closed  only  when  the  relay  is  energized, 
are  included  in  the  circuits  which  control  the  signals  themselves.  These 
circuits  must  be  closed  in  order  that  the  signals  may  indicate  "proceed.” 
Thus  the  track  circuit  conforms  to  the  principle  demanded  by  souna  practice, 
namely,  that  the  signals  shall  invariably  display  the  "stop”  indication  when 
their  operating  or  controlling  energies  cease  to  be  active  from  any  cause. 


Fig.  120. — Track-circuit. 


B,  Source  of  energy,  as  two  gravity-battery  cells  in  multiple, or  one  storage- 
battery  cell  with  series  resistance  F to  limit  current  output  when  rails  are 
short-circuited  by  wheels  and  axles  of  a car,  ora  transformer^  to  8 volts  where 
alternating  current  is  used.  J,  Insulated  rail  joint.  T TV The  track  rails  in- 
cluded within  the  block,  adjacent  rails  being  bonded.  R,  Relay,  normally 
energized  by  current  from  B.  A B,  Contacts  carried  by  armature  of  relay 
R and  closed  when  Ris  energized.  C,  Contact  carried  by  armature  of  relay  R 
and  closed  when  armature  falls  by  gravity  upon  R being  de-energised.  The 
path  of  current  is  from  B through  wire  1,  resistance  F (if  used)  traok  rail  T', 
wire  4,  magnet  coils  of  relay  R,  wire  3,  track  rail  T,  wire  2 to  B.  The  dis- 
tributed leakage  of  current  between  track  rails  T and  T',  through  the  ties 
and  ballast,  is  in  multiple  with  relay  R. 

SM.  Requisite  performance  of  the  electrical  equipment.  The 
source  of  energy  supplying  current  to  a track  circuit  should  do  so  at  the  least 
e.m.f.  that  is  practicable.  The  ourrent  capacity  should  not  be  excessively 
great  nor  yet  too  limited.  When  a train  is  so  far  advanced  within  the  block 
from  the  relay  end  as  to  constitute  a somewhat  imperfect  shunt  upon  the 
relay,  stray  currents  sometimes  And  a path  through  it  from  adjacent  rails 
through  damp  or  defective  rail  insulations.  Relays  should  not  be  sufficiently 
sensitive  to  respond  to  these  currents.  In  excessively  long  blocks  and  where 
the  likelihood  of  such  occurrences  exist,  one  of  the  remedies  is  to  locate  a 
relay  at  each  end  of  the  section  and  supply  current  to  the  centre  of  the 
circuit,  so  that  as  the  shunting  effect  of  tne  train  recedes  from  one  relay  it 
approaches  the  other.  Naturally  the  resort  to  this  device  .entails  additional 
cost  and  complication,  for  the  operating  circuit  of  the  signal  is  carried 
through  the  entire  block  for  control  by  both  relays. 

398.  Low  e.m.f.  impressed  upon  track  dr  cults  is  advantageous 
for  two  reasons:  first,  to  minimise  the  break-down  effect  of  the  e.m.f  upon 
rail  joints  of  defective  insulation  or  upon  damp  ties  and  ballast  and  other 
parts  that  afford  a hormal  leakage  of  current  from  rail  to  rail  in  wet  weather; 
second,  to  reduce  to  a minimum  the  energy  normally  discharged  through 
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the  road-bed  and  relay  when  the  track  section  is  unoccupied,  as  veil  a id 
avoid  extravagant  discharge  through  the  tram  axles  when  the  sectios  a 
occupied.  Where  the  common  gravity  battery  is  the  source  of  energy, be 
general  custom  on  steam  roads,  its  internal  resistance  is  sufficient  and  so 
external  resistance  need  be  provided.  On  account  of  the  variation  in  intsul 
resistance  with  gravity  batteries,  however,  it  is  more  general  in  present  rttiE 
railroad  practice  to  use  storage  batteries  with  a fixed  resistance  in  s era 
therewith. 

896.  Track  relays.  In  common  steam-railroad  practice  relays  of  fna 
4 to  9 ohms  resistance  are  employed  on  track  circuits  varying  in  leagti 
from  about  60  ft.  as  a minimum,  to  about  6,000  ft.  as  a maximum.  A cer- 
tain minimum  air-gap  between  the  relay  armature  and  its  pole  pieces  mw 
exist  in  order  to  prevent  undesirable  effects  from  residual  magnetism.  Ai 
this  air-gap  is  increased  when  the  armature  falls  away  under  the  action  of 
gravity,  to  permit  the  contacts  carried  by  it  to  open,  it  is  evident  that  mxc 
current  through  the  relay  will  be  required  to  lift  the  armature  than  to  hoi 
it  in  position  against  the  pole  pieces,  once  it  has  been  raised.  The  uml 
4-ohm  track  relay  requires  about  70-mil  amperes  through  its  coila  to  pick  9 
the  armature;  it  will  drop  away  when  the  relay  is  shunted  sufficiently  tombs 
this  current  flow  to  about  35  mil-amperes. 

While  much  included  in  the  foregoing  paragraphs  is  only  applicable  » 
direct-current  track  circuits  for  steam  roads,  it  may  be  considered  imports 
as  indicating  the  principles  upon  which  the  track  circuit  has  been  develop! 
These  principles  should  be  thoroughly  understood  by  the  electrical  enriaw 
as  a preparation  to  the  consideration  of  track  circuits  for  electric  raunji 
(Par.  897). 

TRACK  CIRCUITS  FOR  ELECTRIC  RAILWAYS 

897.  Effect  of  bonding.  Wherever,  as  is  the  case  in  most  electric  m* 
ways,  adjacent  rails  of  the  traok  are  bonded  together  to.  form  the  b<* 
possible  conductor  for  the  return  propulsion  current,  it  is  obviously  imprv 
ticable  to  divide  these  rails  into  sections  electrically  separated  from  e»4 
other  by  insulated  joints,  as  is  done  where  track  circuits  are  used  for  sipito 
on  steam  railroads,  unless  means  can  be  provided  for  the  return  of  the 

Fulsion  current  without  affecting  the  action  of  the  track-circuit  rekj* 
n case  the  track  is  laid  upon  a metallic  structure  one  rail  can  be  bond'd  & 
the  structure.  Other  considerations  may  render  one  rail  of  each  tnd 
sufficient  for  the  return  of  the  propulsion  current.  One  of  the  rails  fftf 
therefore  be  left  electrically  continuous  to  serve  as  a return  for  the  props!* 
sion  current,  while  the  other  is  cut  into  sections  of  proper  length  for  the  ««* 
trol  of  the  signals.  It  is  evident,  if  generators  and  relays  are  eonneew 
across  the  rails  at  opposite  ends  of  each  track  section,  that  in  the  event tet 
the  conductance  of  the  power  rail  beooming  reduced  as  a result  of  defects? 
bonding,  the  return  current  would  divide  so  that  a sufficient  amount  of  it 
might  flow  through  the  signal  relays  to  energise  them  even  when  a eoeffli- 
erable  shunting  effect  was  produced,  upon  them  by  a train  in  the  bind 
furthermore,  the  drop  in  potential,  due  to  the  return  of  power  current  over 
the  considerable  length  of  rail  included  within  the  limits  of  the  block,  mig^ 
be  sufficient  to  energise  the  track  relay  illicitly. 

898.  To  prevent  improper  operation  of  track  relays  by  different 
of  potential  between  the  track  rails  produced  by  the  propulsion  eurrret 
itself,  the  track  relays  for  electric  roads  are  designed  to  De  immune  to  tk 
effects  of  the  propulsion  current.  This  may  be  accomplished  cither  bf 
protecting  them  against  excessive  flow  of  current  with  senes  resistance  ani 
in  some  cases,  providing  a shunt  path  around  the  relay  for  the  propuls* 
current,  or  by  so  designing  them  that  they  will  respond  only  to  the  aru:3 
of  alternating  current.  Where  alternating  current  is  used  for  propubi^ 
the  relays  are  made  to  respond  only  to  an  alternating  current  of  a differed 
frequency  than  that  used  for  propulsion. 

899.  Field  of  single-rail  track-circuit  system.  Whenever,  as  U 
yards  or  terminals,  the  number  of  tracks  that  can  be  bonded  together  * 
sufficient  to  afford  an  adequate  return  for  the  propulsion  current,  one  rail^ 
each  track  being  assigned  to  signaling,  the  single  rail  track  circuit  is  usei 
fpr  the  return  of  the  propul  don  ourrent.  Fig.  126  shows  a sirgle-rail  trad 
circuit  as  installed  at  an  interlocking  plant,  with  a desirable  arrangement  efl 
the  apparatus. 
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400.  Impedances  and  power-factors  per  1000  ft.  of  track 

(Union  Switch  and  Signal  Co.) 


Bonding 


Total  capacity. . 0. 10 
2 No.  6 copper.  . n 10 
1 No.  8 iron 

1 No.  6 copper 

2 No.  6 c.c.-40 
per  cent. 

2 No.  6 C.C.-30 
per  cent. 

2 No.  8 iron. . . . 
Total  capacity . . 

2 No.  6 copper. . 

1 No.  8 iron 

1 No.  6 copper 

2 No.  6 monnot- 
40  per  cent. 

2 No.  6 monnot- 
30  per  cent. 

2 No.  8 iron 

Total  capacity. . 

2 No.  6 copper. . 

1 No.  8 iron 

1 No.  6 copper 

2 No.  6 monnot- 
40  per  cent. 

2 No.  6 monnot- 
30  per  cent. 

2 No.  8 iron. . . . 
Total  capacity. . 

2 No.  6 copper. . 

1 No.  8 iron 

1 No.  6 copper 

2 No.  6monnot- 
40  per  cent.  , 

2 No.  6 monnot- 
30  per  cent. 

2 No.  8 iron. . . 

Total  capacity. 

2 No.  6 copper. 

1 No.  8 iron 

1 No.  6 copper 

2 No.  6 monnot- 
40  per  cent. 

2 No.  6 monnot 
30  per  cent. 

2 No.  8 iron. . . 


1 27.5-ft.  rails 

30-ft.  rails 

33 -ft.  rails 

25 

cycles 
per  sec. 

60 

cycles 
per  sec. 

25 

cycles 
per  sec. 

60 

cycles 
per  sec. 

25 

cycles 
per  sec. 

60 

cycles 
per  sec. 

Imped- 

ance 

Power- 

factor 

Imped- 

ance 

Power- 

factor 

I§ 

ag 

Power- 

factor 

is 

ag 

Power- 

factor 

is 

JS 

gS 

O 08 

Oo- 

Imped- 

ance 

Power- 

factor 

0.10 

0.40 

0.25 

0.40 

0.10 

0.4 

0.25 

0.40 

0.10 

0.40 

0.25 

0.40 

0.13 

0.72 

0.28 

0.56 

0.13 

0.7 

0.28 

0.56 

0.13 

0.69 

0.27 

0 54 

0.17 

0.83 

0.30 

0.65 

0.16 

0.82 

0.30 

0.63 

0.15 

0.79 

0.29 

0.62 

0.19 

0.87 

0.30 

0.69 

0.19 

0.86 

0.32 

0.69 

0.17 

0.84 

0.31 

0.68 

0.25 

0.91 

0.36 

0.75 

0.22 

0.91 

0.35 

0.74 

0.20 

0.88 

0.34 

0.73 

0.40 

0.97 

0.50 

0.88 

0.36 

0.96 

0.47 

0.87 

0 34 

0.96 

0 44 

0.85 

0.10 

0.43 

0.26 

0.43 

0.10 

0.43 

0.26 

0.43 

0.10  0.43 

0 26 

0.43 

;0  14  0.73 

0.29 

0.58 

0.13 

0.72 

0.28 

0.58 

0 13 

0.70 

0 27 

0 54 

0.17 

0.83 

0.31 

0.67 

0.16 

0.82 

0.31 

0.64 

0.16 

0.80 

0.29 

0 62 

0.19 

0.87 

0.33 

0.71 

0.19 

0.87 

0.33 

0.70 

0.17 

0.84 

0.31 

0.68 

0.23 

0.91 

0.36 

0.76 

0.26 

0.91 

0.36 

0.76 

0.20 

0.89 

0.34 

0.73 

0.40 

0.97 

0.51 

0.89 

0.37 

0.97 

0.48 

0.88 

0.35 

0.96 

0.45 

0.86 

0.10 

0.46 

0.26 

0.46 

0.10 

0.46 

0.26 

0.46 

0.10 

0.46 

0.28 

0 48 

0.14 

0.7410.29 

0.60 

0.13 

0.73 

0.29 

0.59 

0.13 

0.71 

0.28 

0.58 

0.17 

0.84 

0.32 

0.«8 

0.17 

0.83 

0.31 

0.67 

0.16 

0 81 

0.30 

0.65 

0.19 

0.88 

0.33 

0.7* 

0.19 

0.87 

0.33 

0.69 

0.18 

0.85 

0.32 

0.70 

0.23 

0.91 

0.37 

0.77 

0.23 

0.91 

0.36 

0.77 

0.21 

0.89 

0.35 

0.76 

0.41 

0.97 

0.52 

0.89  0.37 

0.97 

0.49 

0 88 

0.3s) 

0.96 

0.46 

0.84 

0.11 

0.48 

0.26 

0.48 

0. 10 

0.48 

0.28 

0.48 

0.11 

0 48 

0.26 

0.48 

0.14 

0.75 

0 29 

0 62 

0.14 

0.73 

10.29, 

,0  80 

0.13 

0 72 

0.29 

0 60 

0.17 

0.84 

0.32 

0.69 

0.17 

0.84 

0.31 

0.68j 

0.16 

0.82 

0.31 

0.67 

0.20 

0.88 

0.34 

0.73 

0.20 

1 1 
0.88, 

0.34 

0.73 

0.18 

0.85 

0.33 

0.71 

0.23 

0.91 

0.38 

0.78 

0.23 

0.91 

0.37 

1 

0.78 

0.21 

0.89 

0.36 

0.76 

0.41 

0.97 

0.53 

0 89 

0.37 

O.97' 

O.49! 

0.88 

0.35 

0.96 

0.47: 

0.87 

0.11 

0.52 

7 

0.52 

0.11 

0 68 

0.27 

0 52 

0.11 

0.52 

0 2710.52 

0.15 

0.77 

) 

0 65 

0.14'U  76 

0.30 

0.65 

0.14 

0 75 

0.30 

0.64 

0.18 

0.86 

0.33 

0.72 

0.17 

0.85 

0.33 

0.71 

on 

0.82 

0.32 

0.70 

0.20 

0.89 

0.36 

0.75 

0.20 

0.89 

Jo.  35 

0.75 

1°  18 

0.86 

0.34 

0.74 

0.24 

0.92 

0.39 

0.80 

0.24 

0.92 

0.38 

0.81 

0.22 

0.90 

0.37 

0.78 

0.42 

0.97 

0.54 

0.90 

0.38 

0.97 

0.51 

0.89 

0.36 

10.96 

0.48 

0.87 

Resistance  of  bond  wires 


2 No.  6 copper 

1 No.  6 copper  and  1 No.  8 
iron. 

2 No.  6 monnot-40  per  cent. 

2 No.  6 monnot-30  per  cent. 

2 No.  8 iron 


27.5- 

30- 

33-  | 

ft. 

ft. 

ft. 

rails 

rails 

rails 

0 037 

0 052 

0.048 

0.098 

0.089 

0.082 

0.124 

0.112 

0.103 

0.166 

0.150 

0.1381 

0.348 

0.315 

0.2911 

Bond  wires  48  in.  Iona. 
No  allowance  is  made 
for  conductance  by 
the  splices. 
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ELECTRIC  RAILWAYS 


401.  Two-rail  track-circuit  system.  Where  it  ii  not  praetkaUeto 
give  up  one  of  the  track  rails  for  signaling  purposes,  the  conditions  ensthf 
in  the  single-rail  track  circuit  not  only  apply,  but  means  must  also  be  prowfci 
whereby  both  rails  are  electrically  continuous  for  the  return  of  the  propulkQ 
current,  but  are  electrically  separated  from  adjacent  rails  at  the  ends  of  each 
track  section  in  so  far  as  the  signaling  track-circuit  current  is  concerad 
This  is  accomplished  through  the  means  of  Impedance  bonds  xhtl 
consist  of  a few  turns  of  heavy  copper  wound  about  and  insulated  iron  a 
laminated-iron  core.  The  connections  of  impedance  bonds  to  the  rafli  ■ 
so  made  that  the  traotion  current  has  no  magnetic  effect  on  the  bood 
provided  an  equal  amount  of  current  is  flowing  in  each  of  the  rails  H 
however,  more  current  is  flowing  in  one  rail  than  in  the  other,  there  wiD  to 
a tendency  to  saturate  the  iron  core  and  thereby  reduce  the  impedance  al 
the  bond.  This  effect,  which  is  called  “unbalancing,”  is  limited  by  intr* 
during  an  air-gap  Into  the  magnetic  circuit,  the  bonds  ordinarily  bein 
designed  to  stand  20  per  cent,  unbalancing  without  a decrease  of 
than  10  per  cent,  in  impedance.  The  sise  of  the  bond  to  be  installed  a 
dependent  upon  the  amount  of  current  it  will  be  obliged  to  carry,  tto 
mped&noe  for  which  it  must  be  wound  (this  being  more  or  less  depended 
upon  the  length  of  the  track  circuit)  and  the  amount  of  unbalancing  to  to 
cared  for.  Where  good  traction  bonding  can  be  maintained,  unbalance* 
can  be  assumed  less,  hence  a smaller  sise  of  bond  can  be  employed. 

401.  Energy  supply  for  signal  system.  Power  for  the  operation  of  tto 
track  circuits  and  signals  on  an  electric  railroad  may  be  taken  from  tran*- 
formers  connected  directly  to  the  propulsion-power  transmission  system 
More  frequently  a signal-power  line  is  provided  to  furnish  this  current  at  i 
reduced  voltage,  the  necessary  apparatus  being  located  in  the  substance* 
For  the  track  circuits,  the  potentials  of  the  transformer  secondaries  nag 
from  2 to  8 volts,  and  for  the  operation  of  the  signals  and  line  rimdi 
generally  from  55  to  110  volts.  For  any  installation  it  is  necessary  to  cot 
struct  a power  diagram.  The  current  consumption  of  the  track  ciretstt 
relays,  alternating-current  signal  motors,  indicators,  lights,  etc.,  will  vwj  i 
each  installation  and  will  be  affected  to  some  extent  by  the  volume  of  trafit 
which  governs  the  number  of  switch  and  signal  movements  per  dsy.  Th 
energy  consumption  data  for  each  piece  of  apparatus  is  furnished  by  tk 
maker. 

408.  Track-circuit  constants.  The  data  in  Par.  400  show  the  im- 
pedance in  ohms  per  1,000  ft.  of  track  and  the  power-factor  of  flw 
rail  of  various  weights  and  lengths  for  frequencies  of  24  and  60  cycles  and  rti 
various  types  of  bonding.  In  all  electric-railway  practice  the  cumst- 
carrying  capacity  of  the  bonds  provided  would  be  assumed  equal  to  that  d 
the  rail  itself.  The  data  given  for  the  other  types  of  bonds  apply  to  sock 
rail  circuits  for  electric  roads  or  to  steam-railroad  conditions. 

INTERLOCKING 

404.  Definition  and  field  of  application.  Interlocking  plants  *n 
assemblages  of  switches,  switch-operating  and  switch-locking  devices.  a* 
signals  so  interconnected  that  their  movements  must  succeed  one  soothe 
in  a predetermined  order.  They  are  used  at  crossings  or  junctions  of  oat 
line  with  another,  at  drawbridges,  at  cross-overs,  or  in  yards  where  the 
number  of  switches  or  the  frequency  of  their  movement  is  so  great  that  had 
operation  would  not  be  sufficiently  rapid  nor  safe.  At  railroad  croniop 
or  drawbridges,  signals  are  frequently  interlocked  with  derailing  devices,  tha 
protection  being  required  by  the  laws  of  several  states  provided  trains 
permitted  to  pass  over  without  stopping. 

408.  Classification.  Interlocking  plants  are  either  mechanical  « 
power-operated.  In  those  of  the  former  type,  pipes  or  wires  connect  t» 
switches,  locks,  signals,  or  other  operated  units  with  the  levers  that  operate 
them.  In  the  latter  type,  pneumatic  cylinders  or  electric  motors  are  con- 
nected to  suitable  “lock  and  switch  movements”  or  signal  mechaninca 
Electric  circuits  controlled  by  the  levers  in  the  interlocking  machine  regulate 
the  operation  of  these  switch  and  signal  mechanisms. 

406.  Mechanical  processes  involved  in  interlocking.  In  all  inter- 
locking machines  the  desired  sequence  of  operations  is  secured  by  means  of  tk 
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dogs,  bars,  or  tappets  which  constitute  the  mechanical  looking.  These  parts 
are  so  interrelated  that  if  any  lever  in  the  machine  is  reversed  (that  is, 
moved  from  its  normal  position),  the  act  of  the  signalman  in  unlatching  this 
lever  will  cause  parts  of  the  locking  so  to  operate  that  no  other  lever  in  the 
frame  can  be  moved  which  would  allow  a train  movement  conflicting  with 
the  train  movement  controlled  by  the  first  lever.  The  mechanical  lock- 
ing between  the  levers  of  the  machine  also  provides  for  the  movement 
of  the  levers  in  proper  sequence  when  the  route  for  a train  is  being  set 
up,  by  assuring  that  the  switches  must  first  be  properly  set  and  must  then 
be  locked  in  the  proper  position  before  the  signal  governing  the  route  can 
be  cleared. 

407.*  Prevention  of  switch  operation  while  train  is  passing.  Long 
bars  of  steel,  called  detector  bars,  are  held  by  clips  along  tne  outside  of  the 
head  of  the  rail  at  switches.  They  are  of  a length  greater  than  the  maximum 
distances  between  any  of  the  adjacent  wheels  of  a train,  and  are  so  mounted 
that  they  must  move  upward  above  the  level  of  the  top  of  the  rail  before  the 
switch  may  be  unlocked.  They  generally  are  mechanically  connected  to  and 
operated  simultaneously  with  the  lock  plungers  which  pass  through  holes  or 
notches  in  the  lock  rods  of  switches  to  lock  them  in  proper  position.  This 
method  of  protection  may  prove  unsatisfactory  owing  to  the  increasing  width 
of  rail  heads,  and,  especially  on  electrio  roads,  the  relatively  narrow  wheel 
treads  of  which  may  fail  to  engage  the  top  of  the  detector  bar  while  the  vehiole 
is  passing  over  it.  Electrio  track  circuits  controlling  electric  locks  mounted  on 
the  levers  of  the  interlocking  machine  itself,  are  beooming  guit©  generally 
used  as  a substitute  for  detector  bars  in  the  prevention  of  switch  movement 
while  trains  are  passing. 


Fio.  121. — Typical  interlocking  plan  and  locking  sheet. 


408.  Arrangement  of  mechanical  interlocking  plant.  The  plan  of  a 
single-track  line  crossing  a double-track  line  is  shown  in  Fig.  121.  There  is  a 
aiding  switch  on  the  single  line,  located  so  near  the  double-track  line  that  it 
is  necessary  to  include  it  in  the  interlocking.  Derails  are  shown  on  all  tracks. 
Those  on  the  double-track,  which  is  assumed  to  be  a steam  road,  are  placed 
500  ft.  from  the  crossing,  except  the  "back-up"  derails  which  are  about  300 
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ft.  from  the  crossing.  On  the  single-track  interurban  line  the  derails  wwk 
be  located  in  accordance  with  legal  requirements  or  the  neceasitow  of  the 
locality.  The  derail  in  the  aiding  is  placed  at  fouling  distance  from  the 
ipa.in  track.  The  single  8 witch  and  each  of  the  derails  is  locked  wits  a 
facing-point  lock  and  provided  with  a detector  bar.  At  the  cross  nr  itself 
a detector  bar  might  also  be  used  to  prevent  the  clearing  of  signals  tea 
movement  on  one  line  while  an  engine  or  a detached  car  was  standing  oo  the 


The  “home”  signals,  governing  through  movement,  and  the  dvarf 
signals,  governing  reverse  movement  and  the  movement  from  the  adding, 
located  about  60  ft.  from  the  points  of  the  derails.  One  home  signal  is  the 
single-track  line  has  two  arms:  the  upper  governing  the  through  or  highspeed 
movement,  while  the  lower  governs  the  low-speed  diverging  movement  cm  to 
the  siding.  Distant  signals,  used  to  regulate  the  approach  to  the  home  ag- 
nals,  are  placed  from  1,500  to  4,000  ft.  in  rear  thereof. 

The  mechanical  interlocking  mochine  has  a 24-ieyer  frame,  the  asagnmeci 
of  the  various  levers  being  shown  in  a table.  A locking  sheet  is  also  given.  n» 
which  a circle  drawn  around  any  lever  number  indicates  it  to  be  in  toe  re- 
versed position.  Levels,  the  numbers  of  which  are  not  within  a circle,  s*  01 
their  normal  position. 

409.  Power  interlocking.  In  mechanical  interlocking  (Par.  4M)  tk 
rigidity  and  mechanical  continuity  of  the  connections  between  *ny 

lock,  or  signal,  and  the  lev» 
that  must  be  thrown 
order  to  move  it,  is  depends 
upon  to  accomplish  the® 
sired  morion  of  the  unit.  I 
is  assumed,  in  other  words,  j 
the  lever  operating  a facirti 
point  lock  on  a switch) 
moved  through  its  full  stroki 
that  the  lock  is  also  more 
its  full  stroke.  It  is  funk 
assumed  that  the  movwnca 
of  the  lock  lever  may  be  A 
pended  upon  to  release  w 
mechanical  locking  in  w 
interlocking  machine  w 
permit  the  proper  lev**  v 
be  moved  that  will  dear » 
desired  signal  and  penal :\ 
train  to  pass  over  the 
which  is  locked  by  them 
ing-point  lock  previous 
mentioned. 


\0oouaoo  Return  IUU  BootUd  to 
til  ot ilur  Common  Return  RtU» 

Fia.  122. — Single-rail  track  circuit  at  an 
interlocking  plant. 


410.  Return  indication.  In  power -operated  interlocking  machinj 

where  the  only  physical  connections  between  the  operated  units  and  u 
levers  in  the  machine  consists  of  insulated  conductors  which  carry  imi 
currents,  there  is  no  direct  assurance,  when  a switch  lever  is  operated,  tfi 
the  switch  itself  has  moved  at  all.  To  insure  that  it  is  moved  properly  *i 
will  be  locked  in  a position  corresponding  to  that  of  the  lever,  all  powe 
interlocking  systems  provide  for  what  is  called  a return  indication.  When  u 
lever  in  the  interlocking  machine  is  moved  to  cause  a switch  or  signal  u>l 
thrown,  it  cannot  at  first  be  moved  through  its  complete  stroke  nor  throui 
sufficient  length  of  stroke  to  release  the  mechanical  locking  between  it* 
and  conflicting  levers.  The  lever  can  only_  be  moved  far  enough  to  doj 
the  circuit  which  will  cause  the  desired  morion  of  the  switch  that  is  to  I 
operated. 

The  switch  mechanism  itself  must  complete  the  throwing  of  the  swi«t 
must  completely  lock  it  in  the  proper  position,  and  must  then  close  cootwl 
that  will  cause  current  to  flow  back  to  the  lever  in  the  tower  and  enerai* 
magnet  to  release  a dog,  w'hich  has  heretofore  limited  the  morion  of  the  levj 
After  this  dog  has  been  released  the  operator  is  permitted  to  complete  tl 
stroke  of  the  lever,  which  will  in  turn  release  the  mechanical  locking  betva 
the  switch  lever  and  others  in  the  frame,  allowing  movement  of  the  latter  to  I 
made  in  proper  sequenoe. 
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411.  The  Eectrio-Pneumntic  Interlocking  System  of  the  Union 
Switch  and  Signal  Company.  This  system  is  so  named  because  com- 
pressed air  is  employed  to  shift  the  switches  and  signals,  while  electricity 
is  used  to  control  or  direct  the  admission  and  discharge  of  pressure  to 
and  from  the  cylinders  by  which  the  shifting  is  performed.  The  sys- 
tem is  comprised  of  the  following  elements:  an  air  compressor  (prefer- 
ably in  duplicate  for  reserve)  which,  especially  in  terminal  station  plants, 
is  often  used  for  many  other  duties;  a main  air  pipe  extending  through- 
out the  interlocking  system  with  branch  pipes  connecting  it  with  each  switch 
and  signal  to  be  operated;  a double-acting  cylinder  at  each  switch  which, 
through  a motion  plate,  operates  and  mechanically  locks  the  switch  in  its 
two  positions  by  movement  of  the  piston;  a slide  valve  for  each  switch 
cylinder  used  to  direct  the  pressure  to  either  side  of  the  piston  in  order  to 
effect  the  movement  of  the  latter  (Par.  411);  a single-acting  cylinder,  operat- 
ing the  signal  (Par.  414);  a source  of  energy  (Par.  41S). 

411.  Arrangement  and  operation  of  the  switch-cylinder  slide  valve 

(Par.  411).  There  are  two  miniature  cylinders  employed  for  shifting 
the  slide  valve;  two  pin  valves,  operated  by  electromagnets,  control  the 
movement  of  the  pistons  in  these  cylinders.  Mounted  over  the  slide  valve 
is  a third  small  cylinder,  also  under  the  control  of  a magnet  and  pin  valve. 
The  piston  of  this  small  cylinder  engages  with  and  locks  the  slide-valve  against 
movement  save  when  the  magnet  is  energised  and  the  pin-valve  is  actuated 
to  permit  the  pressure  to  withdraw  the  lock. 

By  energizing  and  de-energising  the  magnets  in  proper  sequence,  the  slide 
valve  is  unlocked,  shifted,  and  again  locked  by  the  operating  and  indicating 
strokes  of  the  lever.  During  this  process  each  movement  of  the  valvo  is 
accompanied  by  a corresponding  unlocking,  shifting,  and  relocking  of  the 
switch  through  the  resulting  operation  of  the  switch  enforced  by  the  piston 
of  its  own  cylinder.  The  three  magnets  are  directly  connected  with  contacts 
that  are  actuated  by  one  of  the  levers  in  the  interlocking  machine,  a separate 
wire  being  used  for  each  magnet. 

41S.  Indicating  system  (Par.  411).  In  the  latest  development  of  this 
system,  a circuit  controller  is  employed  which  is  actuated  by  each  switch 
movement.  When  the  switch  is  in  one  of  its  extreme  positions  and  locked 
there,  this  controller  allows  a current  of  given  polarity  to  traverse  two  wires 
which  connect  it  with  a polarised  relay  in  the  tower.  Conversely,  when 
the  switch  is  moved  to  and  locked  in  its  opposite  position,  a current  of  the 
reverts  polarity  is  sent  through  the  relay.  During  transit  of  the  switch,  and, 
in  fact,  when  the  switch  is  in  any  position  and  unlocked,  the  controller 
establishes  a shunt  or  short  circuit  between  these  two  wires.  This  short 
circuit  renders  the  apparatus  immune,  at  such  times,  to  the  effects  of  any 
stray  current  which  might  energise  the  relay.  The  circuit  controller  or 
pole  changer,  the  relay  in  the  tower,  and  the  two  wires  joining  them  consti- 
tute the  fundamental  elements  of  the  indication  system  of  this  type  of  power 
interlocking. 

The  polarised  relay  frees  one  or  the  other  of  two  electric  locks  which, 
previous  to  this  action,  has  been  arresting  the  complete  movement  of  the 
switch  lever  in  the  tower.  This  incomplete  movement  of  the  lever  from 
full  “ normal”  or  full  " reverse ” involves  about  two-thirds  of  its  total  move- 
ment. After  the  partial  movement  has  been  made,  the  complete  lever  move- 
ment can  be  consummated  only  in  the  event  of  one  of  the  two  locks  which 
previously  restricted  the  lever's  movements  beooming  energised.  The 
energisation  of  this  lock  can  occur  only  when  the  indicating  relay  has  shifted 
its  armature  in  response  to  a reversal  of  current  in  the  two  indicating  wires. 
Such  reversal  is  only  possible  when  the  switch  has  fully  moved  and  become 
locked  in  response  to  the  incomplete  lever  movement.  After  the  lever  has 
been  released,  its  movement  may  be  completed.  Following  the  processes 
involved  in  a final  execution  of  the  lever  stroke,  the  mechanical  interlocking 
between  switch  and  signal  levers  permits  the  shifting  of  the  proper  signal 
lever  for  train  movements  over  the  switch.  The  current  supply  to  each  and 
every  signal  leading  over  the  switch  is  carried  through  other  contacts  of 
the  indicating  relay,  so  that  unless  the  relay  is  energised  in  the  proper  polarity 
and  the  lever  and  the  switch  correspond  precisely  in  position,  no  signal  what- 
ever can  be  given  over  that  switeh.  Conversely,  should  a signal  be  properly 
cleared  for  train  movement  over  a switch,  by  reason  of  switch  and  lever 
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corresponding  in  position,  any  interference  causing  a partial  or  full  retensi 
of  either  lever  or  switch  would  immediately  cause  the  signal  to  move  to  the 
“stop”  position.  This,  the  most  necessary  feature  of  modern  power  inter- 
locking practice,  gives  protection  against  careless,  ignorant,  or  malms® 
shifting  of  a switch  by  improper  means  from  the  position  to  which  it  «u 
properly  moved  by  the  lever. 

414.  A single-acting  cylinder  operates  the  signal  (Par.  411),  the 
signal  being  held  at  and  returned  to  the  stop  position  by  gravity.  Com- 
pressed air  is  admitted  to  and  discharged  from  this  cylinder  by  means  of  & 
pin  valve  operated  by  an  electromagnet,  as  in  the  slide-valve  cylinder  of  the 
switch  mechanism.  When  energised,  this  magnet  causes  the  pressure  to 
depress  the  piston,  thereby  clearing  the  signal.  When  the  magnet  is  de-ener; 
gised,  the  air  escapes  from  the  cylinder  and  the  signals  move  to  the  “stop' 
position  by  gravity.  Failure  of  the  signal  so  to  move,  from  any  cause,  pre- 
vents the -signal  lever  from  being  restored  to  normal.  This  incomplete  levs 
stroke  prevents  the  mechanical  release  of  all  levers  operating  switches  vhkfe 
lie  within  the  route  governed  by  the  signal. 

To  restore  a signal  to  normal  in  regular  operation  the  signal  lever  is  monf 
partly  toward  normal,  where  the  lock  arrests  its  further  movement  tics! 
the  latter  becomes  energised  by  the  closing  of  the  circuit  when  the  togas! 
assumes  the  stop  position. 

41f . The  source  of  electric  energy  (Par.  411)  for  supplying  the  cumtt 
required  for  the  operation  of  the  pin-valves  and  locks  of  tne  system,  conseu 
usually  of  a storage  battery  of  7 cells  in  duplicate.  This  battery  has  a k* 
ampere-hour  capacity  and  may  be  charged  from  any  local  lighting  or  pow« 
circuit.  If  direct-current  service  is  obtainable,  a resistance  is  connect 
in  series  in  order  to  obtain  the  desired  charging  voltage.  Charging  m&y  b 
accomplished  from  an  alternating-current  fine  by  use  of  a converter  (Set 
9),  a motor-generator  set,  or  a rectifier  (Sec.  6).  Magnets  of  130  ohm 
resistance  will  operate  pin  valves  controlling  air  at  from  60  to  100  lb.  preasa 
and  are  supplied  with  energy  from  a 12-volt  battery.  Two  magneto  a* 
converted  m series.  Alternating-current  magnets  may  be  substituted  f« 
direct-current  magnets  in  the  operation  of  pin  valves,  and  the  system  ops* 
ated  without  batteries.  Cylinders  of  areas  and  strokes  appropriate  to 
the  work  to  be  done,  are  used  in  various  arrangements  of  switches  and  frop, 
A constant  current  rate  of  5 amp.  at  12  volts  being  sufficient  for  a beg 
terminal  plant. 

416.  Electric  interlocking  system  of  the  Union  Switch  A Signal  Or 

In  this  system  of  interlocking  known  as  the  Type  “F“  the  machine  for  tie 
control  of  the  switches  and  signals  is  very  similar  to  that  used  in  the  eketro- 
pneumatic  system.  The  switohes  and  signals  are  driven  in  this  case  by 
electric  motors  or  Bolenoid  magnets  working  through  suitable  gears  and  cawJ 
For  the  control  and  indication  of  a signal,  the  circuit  is  similar  to  that  t w 
in  connection  with  the  electropneuinatic  interlocking  (Par.  411),  exit® 
that  instead  of  a magnet  actuating  a pin  valve,  there  is  a relav  or  puto 
electromagnetic  device  controlling  either  an  electric  motor  or  a solenoid 
suitable  holding  magnet  at  the  Bignal.  The  function  of  the  motor  or  soleoow 
is  to  move  the  signal  arm  from  the  “Btop”  to  the  “clear”  position.  'K'W 
the  arm  comes  into  the  "clear”  position  it  is  cut  out  of  the  circuit  aute 
matically,  and  the  holding  coil  is  energised  in  order  to  maintain  the  signal  b 
the  clear  position  so  long  as  the  circuit  is  complete.  When  the  circuit  » 
opened  the  signal  moves  to  the  "stop”  position  through  the  action  of  gr»r1 
ity.  The  signal-indication  circuit  is  in  all  respects  the  same  as  in  eketfv 
pneumatic  interlocking. 

For  the  movement  of  a switch,  current  is  supplied  by  a stroke  of  the 
to  an  electromagnetic  controlling  devioe  at  the  switch.  Here  the  controllbl 
device  consists  essentially  of  an  electrically  operated  circuit  controller  « 
arranged  that  with  the  lever  in  one  position  the  controlling  device 
establish  a circuit  to  operate  the  switch  motor  in  one  direction;  whereas, 
the  lover  in  the  other  position,  the  connections  will  be  reversed,  so  that  ts 
motor  will  run  in  the  opposite  direction.  At  the  end  of  the  stroke  of  tn 
switch  in  either  direction,  a circuit  controller  is  actuated  in  such  a manto 
as  to  cut  the  motor  out  of  circuit,  and  partly  establish  connections  for  ti 
operation  of  the  switch  in  the  opposite  direction  when  the  proper  lever  inert 
ment  is  subsequently  made. 
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The  switch-indication  circuit  is  in  all  respects  the  same  as  in  the  electro- 
pneumatic  system.  A polarised  relay  controlled  by  a pole-changer  at  the 
switch  is  used.  The  pole-changer  is  so  arranged  that  in  any  position  except 
the  extreme  ends  of  stroke,  when  the  switch  is  locked,  the  wires  feeding  the 
polarised  indication  relay  are  short-circuited  and  disconnected  from  the 
source  of  energy. 

Direct-current  at  a potential  of  110  volts  is  supplied  to  the  switches  and 
« finals  through  heavy  mains  running  from  the  storage  battery  in  the  tower. 
Current  from  these  mains  is  fed  to  the  motors  through  the  electrically  oper- 
ated circuit  controllers  as  already  explained.  These  controllers  are  ener- 
gised by  current  from  the  same  battery  at  the  same  potential.  The  resist- 
ance of  the  various  pieces  of  apparatus  is  such,  however,  that  the  current 
flowing  in  these  control  circuits  is  very  small.  Consequently  the  wires  from 
the  interlocking-machine  levers  to  the  units  need  never  be  of  larger  site  than 
is  required  for  mechanical  strength.  For  the  indication  circuits,  the  poten- 
tial is  cut  down  by  resistances,  one  at  each  switch  or  in  series  with  each 
signal  indication*  circuit,  therefore  the  indication  wires  may  also  be  small. 
The  selection  of  signals  and  their  control  by  the  various  switches  in  a route 
is  accomplished  through  the  polarized  indication  relays  and  combination 
contacts  in  the  same  manner  as  in  electropneumatic  interlocking. 


41T.  The  electric-dynamic  indication  interlocking  system  of  the 
General  Railway  Signal  Co.  (see  Par.  418  to  480).  The  source  of  power 
consists  of  a storage  battery 

with  its  charging  unit,  which  Umpctie  g",  ^ , mmn 

furnishes  current  at  110  volts  _ 

for  the  operation  of  the  switch  1 

and  signal  motors.  Power-  L awar 

control  apparatus  is  intro-  I \ ' f In<11— 

duced  bcftweem  the  battery  v B ****** 

and  the  interlocking  machine.  lnd-Hn** — 4JU  T[  f 

The  interlocking  machine 

proper  is  provided  with  levers,  -roC'llGiyi — . 

of  the  sliding  type,  built  gen-  Tj  f 

orally  in  units  so  that  any  lever  n j l S t*  1 

with  its  safety  and  indication  i fiwmtad 

magnets,  accessories  and  hous-  K M 

ing  may  be  removed  from  the  I—  ToatMia 

frame  without  disturbing  adja-  p frb*0tlkl* 

cent  levers.  The  mechanical  ^ jf'.IXWSCtflj 

locking  is  of  the  vertical  type, 

the  tappet  bars  being  moved 

vertically  by  the  horizontal 

motion  of  the  levers  through 

the  medium  of  a cam  slot  in 

esc  lever.  Fig.  123  shows  a 

cross-section  of  a unit-lever 


typ-  electrio  interlocking  ma-  Fio.  123. — Electric  interlocking  machine. 

cmne,  and  Fig.  124  shows 

typical  circuits  for  this  interlocking  system. 

Alternate  levers  have  their  handles  turned  upward  and  downward.  Beside 
the  interlocking  machine,  the  system  comprises  the  switch  and  signal 
mechanisms  with  their  operating  and  indicating  circuits  and  means  for  the 
prevention  of  unauthorised  movement  of  any  unit.  Each  switch  or  derail  is 
thrown  and  looked  by  a switch  and  lock  movement  driven  by  a series-wound 
direct-current  motor.  Two  wires  are  used  for  this  control,  one  for  the 
normal  and  the  other  for  the  rovcrse  operation.  These  same  wires  are  used 
for  indicating  purposes,  the  normal  control  wire  being  used  for  the  reverse 
indicatiou  ana  the  reverse  control  wire  for  the  normal  indication.  The 
circuit  is  connected  to  the  main  common-return  wire  at  each  switch. 

The  control  circuit  for  each  switch  and  signal  is  broken  through  the  proper 
(.rack  and  line  relay  contacts,  also  through  the  proper  lever,  switch  and  sig- 
nal circuit  controller  contacts,  so  as  to  insure  that  conditions  are  safe  and 
proper  for  the  movement  of  the  respective  switch  or  signal.  In  small  plants 
the  breaking  or  selecting  of  the  control  circuits  is  done  at  each  unit;  in  large 
plants  it  is  usually  the  practice  to  do  all  selecting  of  circuits  at  the  control 
station,  by  means  of  repeater  relays,  which  affords  greater  simplicity  and  a 
minimum  amount  of  wire. 
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418.  Indication  locking  (Par.  417) . The  distinctive  feature  of  the  dee 
trie-dynamic  system  is  in  its  method  of  "indication  locking,"  which ia  efth 
so-called  dynamic  type,  in  that  the  source  of  energy  used  to  supply  cwtm 
for  the  operation  of  tne  switches  and  signals  is  not  used  to  supply  ennefl 
for  energising  the  indication  magnets  in  the  interlocking  machine  Ij 
this  system,  whenever  a switch  has  completed  its  movement  and  ha  w 
locked  through  the  operation  of  the  motor  which  drives  it,  the  com  pieties ) 
its  operation  disconnects  the  motor  from  its  load,  permitting  the  fonner  I 
operate  as  a generator  under  the  momentum  which  nas  been  acquired  by  u 
armature  in  operating  the  switch  and  lock.  The  current  generated  by  ts 
motor  acting  as  a generator,  is  transmitted  back  to  the  interlocking  mzdui 


Circuit  Ilrcktr 


where  it  actuates  the  indication  magnet  and  permits  the  completion  oi  d 
lever  stroke.  In  the  case  of  signals,  no  return  indication  is  necessary  vfea 
signal  is  operated  to  give  the  "proceed"  indication.  In  this  system tl! 
signals  are  so  connected  that  they  return  to  the  "stop"  position  by  gnr&j 
The  counterweight,  which  has  been  raised  during  the  operation  of  cleans*  d 
signal,  overhauls  the  motor  armature  in  being  restored  by  gravity  to  i! 
normal  position;  this  causes  the  armature  to  generate  the  indication  currca 
The  indication  current  in  this  system  being  generated  by  the  momentun] 
the  motor,  can  only  be  secured  after  the  operation  of  the  unit  driven  by  s 
motor.  As  the  energy  for  the  indication  is  developed  at  one  end  of  4 
circuit  and  the  indication  magnet  is  located  at  the  other,  a cross  beta* 
wires  tends  to  prevent  indication.  When  the  momentum  of  the  motor  h 
sufficiently  diminished,  the  indication  current  ceases.  The  genentioc 
indication  current  serves  also  to  retard  the  motor  which  renders  unneoensj 
the  use  of  buffers  or  other  special  means  for  stopping  the  movement  of  d 
apparatus  without  shock.  Protection  against  the  operation  of  the  motor?  1 
foreign  current  is  furnished  by  the  indication  circuit  which  forms  » & 
resistance  path  around  the  motor. 

419.  Protection  against  the  effect  of  crossed  wires  (Par.  411 
In  this  system,  protection  is  provided  for  the  prevention  of  the  unsutborin 
movement  of  any  switch  or  signal  resulting  from  the  improper  application 
energy  to  its  circuit  by  a cross  between  wires.  This  protection  is  secured  I 
cutting  off  current  from  the  unit  itself  in  the  event  of  a cross.  A small  pol&ns 
relay  is  connected  in  each  switch  or  signal  circuit  through  which  all  epersti 
and  indicating  currents  must  pass  in  such  a direction  as  to  maintain  tne  ret 
contact  closed.  Conversely,  currents  from  unauthorised  sources  such 
crosses  are  compelled  to  pass  in  the  opposite  direction,  thus  openinj:  »j 
polarized  relay.  All  these  relay  contacts  are  in  series  and  control  tbe  dm 
of  the  retaining  magnet  of  a circuit  breaker  on  the  operating  switchbosi 
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This  circuit  breaker  controls  the  supply  of  current  from  the  storage-battery  to 
the  interlocking  machine.  A check  on  the  integrity  of  the  croea-protection 
system  is  secured  by  having  all  necessary  contacts  and  connections  either  on 
closed  circuit  or  used  in  each  process  of  operation  and  indication  so  that 
failure  of  any  individual  member  would  prevent  operation  and  indication  and 
would  be  promptly  detected.  A necessary  feature  in  this  system  as  in  other 
electrio  interlockings,  is  the  prevention  of  indication  current  from  reaching 
any  lever,  while  the  unit  normally  under  the  control  of  that  lever  is  being 
operated  due  to  crossed  wires  from  other  units  which  may  be  indicating  at  the 
moment.  This  protection  is  secured  by  means  of  a safety  magnet  located 
below  the  indication  magnet  on  each  lever,  Fig.  123.  The  windings  of  this 
safety  magnet  are  included  in  the  operating  circuit  of  the  lever,  ana  its  mag- 
netic properties  are  so  proportioned  to  those  of  the  indication  magnet,  that 
if  both  were  energised  at  the  same  instant,  the  safety  magnet  would  over- 
power the  indication  magnet  and  prevent  the  latter  from  lifting  its  armature 
to  trip  the  indication  latch  in  the  lever.  Normally,  the  armature  of  the  indi- 
cation magnet  rests  upon  the  poles  of  the  safety  magnet.  As  a further  safe- 
guard, an  indication  selector  is  provided  with  its  magnet  coils  in  series  with 
the  safety  magnet  and  in  the  control  circuit.  The  function  of  this  selector 
is  to  prevent  possible  receipt  of  an  improper  indication  during  the  interval 
between  the  time  that  a lever  is  moved  to  the  opposite  position  from  that 
which  it  previously  occupied,  and  the  time  the  movement  of  the  switch 
mechanism  itself  is  complete. 

4S0.  Operation  in  reverse  direction  ( Par.  41T).  The  last  portion  of  the 
stroke  of  the  looking  plunger  at  the  switch  mechanism  operates  the  pole- 
changer  which  cuts  off  the  operating  current  and  puts  the  circuits  into  action 
for  an  operation  in  the  opposite  direction.  The  breaking  of  this  circuit  de- 
energises the  safety  magnet,  permitting  the  indication  magnet  to  be  energised 
by  the  current  generated  in  the  revolving  motor  armature.  The  operating 
circuits  are  so  designed  that  the  magnetic  control  of  the  pole-changer  insures  a 
correspondence  in  position  between  the  lever  in  the  machine  and  the  operated 
unit  outside.  * 


THE  BLOCK  SYSTEM 

4S1*  Classification  of  block  signaling  systems.  The  block  system 
provides  for  the  division  of  the  railroad  into  lengths  of  track  of  defined 
limits,  over  which  railway  traffic  is  controlled  by  block  signals.  Block 
signals  and  block-signaling  systems  may  be  classified  as  follows:  a (Par.  411), 
manual,  in  which  the  signals  are  operated  by  hand  on  orders  or  information 
received  by  telegraph  or  telephone;  b (Par.  411),  controlled  manual,  in  which 
some  means  (generally  electrical)  are  employed  to  necessitate  the  cooperation 
of  the  signalmen  at  both  ends  of  a block  in  order  to  clear  the  signal  admitting 
a train  on  the  block;  c (Par.  414),  automatic,  in  which  the  signals  are  power- 
operated  and  are  controlled  by  the  trains  themselves  through  the  action  of 
their  wheels  upon  electric  circuits  constituted  by  the  rails  of  the  track. 
Such  signals  indicate  the  presence  of  a train  or  single  car  or  engine  in  the  block 
and  also  such  conditions  as  the  presence  of  a broken  rail,  an  open  switch 
or  a car  standing  upon  a siding  within  fouling  distance  of  the  main  track. 

411.  In  the  manual  block  system,  when  a train  has  passed  into  any 
block,  the  signalman  sets  his  signal  to  the  “stop”  position  behind  it,  and  noti- 
fies the  signalman  at  the  entrance  to  the  next  block  of  the  approach  of  the 
train.  This  second  signalman  in  turn  consults  his  record  to  see  if  the  signal- 
man controlling  the  entrance  of  the  third  block  has  reported  the  passing  of  all 
trains  out  of  the  second  into  the  third  block  which  previously  have  been 
admitted  to  the  second  block.  If  such  is  the  case,  the  signalman  at  the 
entrance  of  the  second  block  will  set  his  signal  to  indicate  ‘‘proceed”  and 
permit  the  approaching  train  to  enter  the  second  block.  Such  a system 
necessitates  tne  use  of  very  carefully  prepared  rules  and  is  dependent  for 
its  safe  and  successful  performance  entirely  upon  the  watchfulness  of  the 
signalmen  and  the  precision  with  which  they  perform  the  duties  prescribed 
for  them  by  the  rules.  On  single-track  railroads,  this  system  necessarily 
involves  the  protection  of  trains  against  opposing  movements,  and  is  in 
general  supplemented  by  the  issuance  of  train  orders  from  the  despatcher, 
which  provide  for  the  meeting  of  trains  at  other  times  or  stations  than  those 
specified  in  the  time-table. 
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428.  In  the  controlled-manuel  block  system,  the  lever*  by  vtiefe 
the  signals  are  operated  are  provided  with  electric  locks.  The  solenoid!  cf 
these  locks  must  be  energised  to  release  the  levers  before  the  signals  nay  be 
cleared  for  the  passage  of  trains.  Circuit  controllers,  called  “block  intro- 
ments,”  are  placed  in  each  block  station  and  are  so  interconnected  elec- 
trically as  to  require  that  a definite  sequence  of  operations  be  performed  by 
the  signalmen  at  both  ends  of  each  block  before  the  signal  at  the  entrawed 
a block  may  be  cleared.  Signal  bells  and  keys  are  provided  for  the  tnxtr 1 
mission  of  code  signals  between  adjacent  signal  stations.  Adjuncts  sub  si 
indicators  and  electric  track  circuits  may  also  be  installed,  whereby  th 
presence  of  a train  in  the  block  may  effect  the  electric  locks  in  such  muiw 
as  to  insure  its  own  protection.  The  variety  of  apparatus  and  cirruia 
necessary  to  afford  varying  degrees  of  protection  are  too  diverse  to  k 
herein  enumerated. 

424.  The  automatic  block  system,  which  is  continually  coming  bs 
more  extended  use,  has  its  foundation  in  the  electric  track  circuit.  Its 
of  construction  and  maintenance  is  relatively  high.  Its  operating  » 
low  as  compared  with  any  system  requiring  the  constant  presence  of  9*2*1- 
men  on  duty,  as  would  be  necessary  with  manual  or  controlled- mat 
systems.  The  principles  of  the  electnc  track  circuit  are  considered  *t sos* 
length  in  Par.  892  to  408  inch 

Seldom  can  automatic  block  signals  be  controlled  by  track  circuit*  akst 
8pch  conditions  as  the  existenoe  of  a number  of  track  circuits  in  one  bloo 
and  where  the  position  of  one  signal  arm  must  be  made  to  determine  the w* 
tion  of  another,  require  the  use  of  line- wire  circuits,  each  of  which  is  prora 
with  its  own  source  of  energy  and  one  or  more  relays  for  direct  control  i 
the  local  signal  circuits  themselves.  These  line  circuits  include  cooud 
carried  on  the  armatures  of  the  traok-circuit  relays;  the  latter  thus  indirect 
control  the  signals  through  the  medium  of  the  line  circuits. 

The  line  circuits  frequently  pass  through  circuit  controllers  actuated  fl 
the  switches  in  the  tracks,  so  that  the  opening  of  any  switch  in  the  biw 
will  directly  open  the  signal  line  circuit.  Line  circuits  for  the  control^ 
signals  are  always  so  designed  that  the  source  of  energy  is  located  at  ow»j 
treme  end  of  the  circuit  and  the  relay  at  the  other  extreme  end  of  the  circ^ 
any  controlling  devices  are  being  located  between  these  extremes. 
important  in  order  to  prevent  the  possibility  of  false  “dear”  indicsead 
from  the  supply  of  energy  to  the  line  relay  in  case  crosses  or  grounds 
on  the  circuit. 


428.  Typical  application  of  automatic  block  signalling.  Fig-  ll 
shows  diagramm&tically  in  simplified  form,  an  application  of  line-cirri 
control  to  an  automatic  block  signal.  The  track  is  paralleled  by  a pcv 
line  feeding  transformers  which  step  the  voltage  down  for  the  track  arra 
and  the  line  circuits.  The  line  circuit  begins  at  one  aide  of  tfie  transfer^ 
secondary;  is  carried  thence  through  a contact  operated  by  a circuit  control 
on  the  side  track  switch;  thence  through  a contact  of  a track  relay;  d 
through  the  contact  of  the  track  relay  of  the  other  section  of  the  bH 
from  this  point  to  the  coils  of  the  line  relay  located  in  the  mechanism  d 
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of  the  signal;  and  thence  back  over  a common  wire  to  the  other  side  of  the 
transformer  secondary. 

Fig.  125  also  indicates  how  a portion  of  one  of  the  track  rails  on  the  siding 
is  insulated  from  adjacent  rails  and  bonded  to  the  opposite  main  track  rail! 
If  a train  or  car  on  the  siding  moves  to  within  fouling  distance  of  the  main 
track,  it  will  thus  shunt  the  relay  of  the  track  section  in  whioh  the  switch  is 
located. 

426.  Automatic  block  signalling  applied  to  electric  railways. 

Fig.  126  shows  a simplified  form  of  automatic  block  signal  circuit  for  one 
track  of  a double-track  railway  using  direct-current  propulsion  and  two-rail 
alternating-current  track  circuits,  the  signals  themselves  being  operated  by 
direct  current  from  batteries.  Alternating-current  track  relays  are  gener- 
ally of  the  vane,  galvanometer  or  induction-motor  type.  In  the  first  named, 
an  aluminum  sector  revolves  between  the  poles  of  a C-shaped  laminated  core, 
in  which  the  winding  is  placed.  This  winding  is  connected  across  the  rails 
of  the  track  circuit  and  receives  current  through  the  rails  from  the  transformer 


Fia.  126. — Typical  circuits.  Power  supply  for  a.0.  track  circuits. 


at  the  other  end  of  the  track  circuit.  The  galvanometer  type  of  relay  has  a 
■et  of  fixed  coils  energised  from  a local  source,  and  a movable  coil  energised 
from  the  track  circuit.  In  the  induction-motor  type  of  relay  both  the  track 
and  the  local  windings  are  fixed,  and  the  rotor  is  made  to  revolve  by  phase 
displacement  in  the  current  of  the  two  windings.  In  all  types  the  moving 
member  carries  or  actuates  contacts  through  which  are  controlled  the  circuits 
controlling  the  operation  of  the  signals  themselves. 

The  transformers  which  supply  energy  to  the  track  circuit  also  supply 
energy  to  the  local  windings  of  motor-type  track  relays  together  with  any 
line  or  secondary  relays  necessary  in  the  circuits;  in  addition  they  supply 
energy  for  the  operation  of  the  signal  mechanisms  proper.  The  transformer 
secondary  windings  supplying  current  to  the  track  rails  are  generally  pro- 
vided with  a number  of  taps,  so  that  the  voltage  impressed  on  the  track  may 
be  regulated  to  suit  the  length  or  characteristics  of  the  track  circuit.  The 
secondaries  are  naturally  provided  with  series  resistances  which  limit  the 
current  output  when  the  secondary  is  short-circuited  by  the  presence  of  a 
car  in  the  block. 

BIBLIOGRAPHY — RAILWAY  SIGNALING 

4ST.  Association  reports.  Comparatively  few  books  have  been  written 
on  the  subject  of  railway  signaling,  most  of  the  available  data  being  found 
in  periodical  technical  literature,  in  publications  of  engineering  societies, 
and  in  the  bulletins  and  catalogues  issued  by  the  manufacturers  of  signal 
apparatus.  The  last  mentioned  source  is  voluminous,  as  such  publications 
are  frequently  issued  and  contain  much  valuable  technical  information. 
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The  following  associations  regularly  publish  committee  reports  on  aignsfioc- 
Publications  are  listed  below  their  names  as  follows: 

American  Electric  Railway  Association,  29  West  39th  St.,  New  York,  N T. 
Proceedings,  Standard  Rules. 

American  Railway  Engineering  Association,  900  So.  Michigan  Ate, 
Chicago,  111.  Bulletins,  Manual  of  Approved  Practice.  (This  applies  mostly 
to  steam  railroad  signaling.) 

American  Railroad  Association,  Signal  Division,  75  Church  St,  New 
York,  N.  Y.  Journal  (Quarterly),  Manual  (Standard  plans  and  spedfia* 
tions).  Index  to  Signal  literature. 

The  rule  book  of  the  American  Railroad  Association,  containing  the  stand- 
ard code  of  train  rules,  block-signal  rules  and  interlocking  rules,  is  the  bass 
from  which  almost  all  other  rule  books  have  been  developed.  The  School  of 
Railway  Signaling,  Utica,  N.  Y.,  publishes  text  books  and  correspondence 
courses  of  study  in  railway  signaling. 

418.  Periodicals.  The  following  are  the  principal  periodicals  which  deal 
with  signaling:  Electric  Railway  Journal , 239  West  39th  St.  (weekly).  R&- 
way  Age,  Woolworth  Bldg.,  New  Y'ork,  N.  Y.  (weekly).  Railway  Siffsal 
Engineer , Transportation  Bldg.,  Chicago,  111.  (monthly). 

419.  Dictionaries  and  published  bibliographies.  The  most  impor- 
tant compilation  of  information  on  signaling  is  the  signal  dictionary, 
second  edition,  1911,  Railway  Age  Oazctte  (now  Railway  Age),  Woolworth 
Building,  New  York,  N.  Y.  By  far  the  most  complete  bibliographies  of  sig- 
naling are  the  following: 

Index  to  Signal  Literature.  Vol.  I,  October.  1910,  Railway  Signal  Assocu* 
tion,  Bethlehem,  Pa.  (now  American  Railway  Association,  Signal  Secuco, 
75  Church  St.,  New  York,  N.  Y.). 

Bibliography  on  Block  Signals  for  Electric  Railways,  pages  227  to  298 
Proceedings  of  the  American  Electric  Railway  Association,  1913. 
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NATURE  AND  CAUSES 

480.  Oeneral  cause  of  electrolysis.  Electrolysis  is  defined  as  chcmK&l 
decomposition  by  an  electric  current.  If  the  anode  by  which  an  electric 
current  enters  an  electrolyte  consists  of  a metal  which  can  combine  cbemicalfy 
with  the  anions  set  free  by  the  electrolytic  action,  then  this  anode  will  be 
decomposed  or  corroded.  This  electrolytic  corrosion  of  an  anode  is  what 
will  be  referred  to  as  electrolysis  in  this  discussion. 

481.  Stray  or  vagabond  currents.  Stray  or  vagabond  currents 
electric  currents  which  have  leaked  from  grounded  electrical  distributvj 
systems  and  flow  through  earth.  These  stray  currents  in  their  path  through 
earth  may  reach  underground  metallic  structures,  such  as  piping  system* 
and'lhe  lead  sheathing  of  cable  systems. 

489.  Stray  currents  from  direct-current  electric  railways. 
the  simplest  arrangement  of  electric  railways  using  the  tracks  as  return  con- 
ductors, the  rails  are  connected  to  the  negative  terminal  of  the  generator  w 
the  power  station  or  substation,  and  the  current  returns  to  the  atatio-j 
through  the  rails.  "Where  these  rails  are  in  contact  with  ground,  part  d 
this  current  will  shunt  through  the  earth  and  through  underground  mew 
lie  structures,  as  is  illustrated  in  Fig.  127.  Current  will  leave  the  rails  sw 
enter  the  earth  at  distant  points,  and  will  return  to  the  rails  in  the  neifb 
borhood  of  the  power  station  or  negative  feeder  taps. 
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4S8.  Electrical  properties  of  soil.  Soil  when  dry  has  such  a hinh  re- 
sistivity that,  practically,  it  does  not  conduct  electric  current.  Lnder 
ordinary  conditions,  however,  soils  contain  considerable  water  with  various 
salts  in  solution,  making  them  electrolytic  conductors.  An  electric  current 
therefore  passes  through  soil  by  electrolytic  conduction.  The  resistivity  of 
soils  varies  within  very  wide  limits,  depending  upon  the  amount  of  moisture 
and  salts  present.  Most  values  lie  between  300  and  30,000  ohms  per  centi- 
meter cube,  with  the  average  soil  within  the  more  narrow  limits  of  1,000  to 
5,000  ohms  per  centimeter  cube. 

4S4.  Distribution  of  potentials  in  rails  and  earth.  For  the  simple 
arrangement  illustrated  in  Fig.  127,  the  distribution  of  potentials  is  shown 
in  Fig.  128.  The  following  assumptions  are  made  in  the  development 
of  these  curves:  (a)  the  negative  bus  bar  is  connected  to  the  rails  at  the 
power  station  by  an  insulated  cable,  with  no  other  ground  connections; 
(b)  the  line  extends  in  one  direction  only;  (c)  the  load  is  uniformly  distributed 
over  the  line;  (d)  a pipe  of  uniform  resistance  lies  in  the  earth  parallel  to 
these  rails  (e)  the  resistance  between  the  rails  and  pipe  is  everywhere  the 
same.  With  these  assumptions,  the  current  in  the  rails  will  increase  uniformly 
from  sero  at  the  end  of  the  line  to  its  greatest  or  total  load  value  at  the  power 
station  O.  Taking  the  negative  bus  bar  and  this  point  O as  the  datum  or  sero 
of  potential,  the  potential  of  the  rails  is  represented  by  the  parabola  OI. 
The  voltage  OD  is  the  total  rail  drop.  There  will  be  a neutral  point  N in 
the  rails  at  a distance  0.42  of  the  total  length  of  the  line  from  the  power 
station  where  these  rsil9  are  at  the  ground  potential.  Between  the  power 
station-  and  N .•  the  rails  are  negative  with  respect  to  ground,  and  current 
tends  to  flow  from  ground  to  the  rails;  while  from  N to  the  end  of  the  line  E$ 
the  rails  are  oositive  with  respect  to  ground,  and  current  tends  to  flow  from 
the  rails  to  the  ground. 


Fio.  127. — Conditions  contributing  to  electrolysis. 


Fia.  128. — Distribution  of  potentials. 


The  pipe  of  Fig.  127  will  have  a potential  shown  by  the  curve  A~H  in 
Fig.  128.  Between  O and  N the  pipe  is  positive,  and  this,  therefore,  con- 
stitutes a positive  region.  Conversely,  between  N and  E the  pipe  is  negative 
and  this  is  a negative  region.  The  current  flow  between  pipe  and  rails  is 
proportional  to  their  potential  difference.  The  total  current  flowing  from 
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rails  to  pipe,  shown  by  the  shaded  area  N-I-H,  is  equal  to  the  total  rarest 
flowing  from  pipe  to  rails,  shown  by  the  shaded  area  0-A-A\  The  rarest 
on  the  pipe  will  be  a maximum  at  the  neutral  point  N,  and  will  be  sero  at  tie 
power  station  and  at  the  end  of  the  line.  The  greatest  negative  potential C-0 
of  the  pipe,  with  reference  to  the  rails,  will  be  at  the  end  of  the  line:  and  tfc 
greatest  positive  potential  O-A  of  the  pipe  will  be  at  the  power  statu*. 
For  the  case  assumed,  the  greatest  positive  potential  will  be  twice  the  tie start 
negative  potential.  The  total  rail  drop  O-D  is  equal  to  the  sum  of  the  tfcne 
voltages,  the  greatest  positive  pipe  potential  O-A , the  greatest  negative  pipe 
potential  C-D,  and  the  voltage  drop  on  the  pipe  A-C.  Thia.  voltage  drop  on 
the  pipe  is  a measure  of  the  current  flowing  on  it,  and  is  therefore  a meanre 
of  the  danger  from  electrolysis  to  which  the  pipe  is  subjected.  If  no  cur- 
rent flows  on  the  pipe  there  will  be  no  voltage  drop  on  it.  and  the  pit* 
potential  curve  A-N-H  will  coincide  with  the  horiaontal  line  B-G.  Tbe 
positive  and  negative  potentials  of  the  pipe  referred  to  the  rails  will  however 
be  increased,  which  snows  quite  clearly  that  the  magnitude  of  the  volts# 
between  pipe  and  rails  is  not  a measure  of  the  danger  from  electrolysis. 

Where  there  are  rail  networks  and  underground  piping  networks,  tbs 
potential  distribution  curves  are  correspondingly  altered,  but  follow  the 
general  trend  of  those  given  in  Fig.  128. 

438.  Where  electrolysis  occurs.  Wherever  electric  current  leave*  i 
metal  to  flow  to  soil,  corrosion  from  electrolysis  is  produced.  In  poatm 
regions  stray  currents  generally  flow  from  underground  structures  and  cor 
rode  these  structures  by  electrolysis.  The  greatest  density  of  current  leav- 
ing will  generally  occur  where  the  positive  potential  is  highest,  namely,  is 
the  neighborhood  of  the  power  station;  here  the  destruction  by  electrolyai 
is  usually  most  severe.  Underground  structures  may  also  be  damaged  by 
electrolysis  in  regions  where  they  are  negative  to  the  rails,  and  far  away  froa 
any  return  feeder  connections,  because  of  currents  shunting  from  one  set  d 
underground  conductors  to  an  adjacent  set.  A case  frequently  met  in  pn" 
tice  is  where  underground  gas  or  water  service  pipes  cross  near  lead  eabk 
sheaths  to  which  they  are  positive,  and  where  current  flows  from  the  sern» 
pipes  through  soil  to  the  cable  sheaths,  damaging  the  pipes  by  electrolysa 
even  though  they  are  negative  to  adjacent  trolley  rails.  If  there  are  high- 
resistance  joints  in  a pipe  line  carrying  stray  electric  current,  current  mar 
shunt  around  these  joints  and  produce  corrosion  on  the  positive  aide  of  tu 
joint. 

438.  Nature  of  corrosion  of  oast  iron  by  electrolysis.  When  esfi 
iron  is  corroded  by  electrolysis,  the  oxides  of  iron  mixed  with  graphite  usua£r 
remain  in  place,  leaving  the  outward  appearance  of  the  pipe  unchanged.  Tk* 
material  resulting  from  electrolysis  of  cast  iron  usually  has  the  conastencya 
hard  graphite  and  possesses  little  mechanical  strength.  The  oxide  of  in* 
together  with  the  surrounding  soil  frequently  prevent  noticeable  leakage  of  P> 
or  water,  even  when  corrosion  has  extended  entirely  through  the  metal  a 
the  pipe.  In  such  cases  a physical  examination  with  a test  hammer  a 

n hi  red  to  establish  definitely  whether  the  pipe  has  been  damaged  by  eke- 
ysis.  Current  generally  leaves  iron  pipes  for  soil  from  localised  arm 
resulting  in  localized  corrosion  of  the  metal.  In  the  case  of  cast  iron  corroded 
by  electrolysis,  the  graphitic  residue  usually  can  be  dug  out  with  a knife, 
exposing  pits  in  the  pipe. 

437.  Nature  of  corrosion  of  wrought  iron  and  steel  by  electrolysis 

Where  electric  current  leaves  a wroughb-iron  or  steel  pipe  for  soil,  tb* 
oxide  of  iron  resulting  from  electrolysis  is  diffused  through  the  soil  Tb* 
action  is  also  generally  localised,  resulting  in  pits  which  eventually  may  p 
entirely  through  the  wall  of  the  pipe. 

438.  Relative  danger  from  electrolysis  to  cast-iron  and  wrought 
iron  or  steel  pipes.  For  a given  current  leaving  an  iron  pipe  for  soil,  tw« 
is  practically  no  difference  in  the  rate  of  corrosion  by  electroljnna  anwoc 
cast  iron,  wrought  iron  and  steel.  The  electrical  resistivity  of  cast  iron  a 
however,  about  ten  times  as  great  as  that  of  wrought  iron  or  steel,  and  tlx 
usual  lead  joints  in  cast-iron  pipes  have  a resistance  which  is  many  tiro* 
greater  than  the  screw-coupling  joints  usual  with  wronght-iron  and  su* 
pipes.  For  these  reasons  a given  voltage  drop  through  earth  will,  in  gen- 
eral, cause  a much  smaller  current  to  flow  on  a cast-iron  pipe  than  oa  i 
wrought-iron  or  steel  pipe,  thus  practically  making  cast-iron  japes  much  ha 
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subject  to  electrolysis  then  WTought-iron  or  steel  rapes  with  screw-coupling 
joints.  With  ordinary  conditions  of  soil,  and  with  ourrent  densities  of  less 
than  5 amp.  per  sq.  ft.  (about  5 milliamperee  per  sq.  cm.),  as  ordinarily 
found  with  stray  railway  currents  leaving  underground  piping  for  surround- 
ing soil,  iron  is  oxidised  by  electrolysis  at  the  rate  of  approximately  20  lb. 
(9  kg.)  per  year  for  every  ampere  leaving  the  pipe.  Under  some  conditions, 
particularly  with  very  small  current  densities,  the  corrosion  may  be  as  much 
as  40  per  cent,  greater,  although  usually  not  to  exceed  10  per  cent,  greater 
than  the  theoretical  rate,  while  with  larger  current  densities  than  the  above 
the  corrosion  may  be  as  low  as  20  per  cent,  of  the  theoretical  rate.  The 
amount  of  oorrosion  produced  by  eleotrolysis  is  independent  of  the  applied 
voltage,  except  in  so  far  as  this  voltage  determines  the  amount  of  current 
flowing. 

4S9.  Corrosion  of  lead  and  tin.  Where  electrio  current  leaves  lead  or 
lead  alloyed  with  a small  percentage  of  tin  to  flow  to  surrounding  soil,  the 
metal  is  oxidised  by  the  electrolytic  action,  forming  white  or  yellow  salts. 
The  theoretical  rate  of  oxidation  of  lead  by  electrolysis  is  approximately 
74  lb.  (34  kg.)  for  every  ampere  leaving  the  lead  in  one  year.  The  actual 
may  vary  from  the  theoretical  rate,  as  in  the  case  of  iron.  Where  lead- 
sheathed  cables  are  drawn  in  clay  conduits,  stray  current  may  flow  from  the 
cable  sheaths  to  water  in  the  conduit  or  to  the  damp  conduit  itself.  In 
such  cases  pittings  are  usually  produced  at  the  lower  surfaces  of  the  cable 
sheaths*  « Owing  to  the  thin  walls  usual  with  lead  cable  sheaths,  together 
with  the  high  electrochemical  equivalent  of  lead,  such  cable  sheaths  are 
damaged  by  electrolysis  far  more  easily  than  are  iron  pipes. 


ELECTROLYSIS  SURVEYS 


440.  Nature  of  survey.  The  principal  measurements  generally  made  in 
an  electrolysis  survey  of  an  underground  pipe  or  cable  system  are  as  follows: 
a,  voltage  measurements  between  the  pipes  or  cable  sheaths  and  the  rails  (Par. 
441) ; b,  voltage  measurements  between  the  pipes  or  oable  sheaths  and  other 
underground  metallic  structures  (Par.  441);  c,  measurements  of  current 
flowing  on  the  rapes  or  cable  sheaths  (Par.  448).  In  order  to  be  able  to  com- 
pletely judge  the  electrolytic  condition  of  an  underground  metallic  system 
and  to  be  able  to  decide  upon  remedial  measures,  it  is  necessary  in  addition 
to  make  measurements  of  rail  drop  and  of  the  resistivity  of  the  soil  in  various 
parts  of  the  system. 

441.  Potential  surrey.  To  make  a potential  survey,  potential  differ- 
ences between  the  underground  structures  and  rails  are  measured  at  a num- 
ber of  points  along  every  street  where  these  structures  and  electric  railway 
tracks  are  located.  With  lead  cable  sheaths  contact  is  made  directly  on 
these  sheaths  in  manholes.  With  underground  pipes  contact  may  be  made 
by  means  of  service  pipes,  hydrants  or  drip  connections.  The  connections 
used  for  the  potential  measurements  may  be  tested  for  continuity  by  means  of 
an  ammeter  momentarily  connected  between  the  contacts  with  a dry  cell  in 
series  if  necessary.  Where  there  are  a number  of  underground  metallic 
structures  which  may  be  affected  by  electrolysis,  it  is  desirable  to  make 
simultaneous  measurements  of  potential  difference  between  the  rails  and  each 
of  these  structures,  and  from  these  results  to  compute  the  potential  differ- 
ences between  each  pair  of  structures. 

44S.  Current  survey.  To  determine  the  current  on  a pipe  or  cable 
sheath,  the  drop  between  two  points  on  a continuous  length  of  pipe  or  sheath 
is  measured  by  means  of  a millivoltmeter.  From  tables  of  pipe  and  cable 
sheath  resistances,  the  strength  of  current  may  be  computed  by  Ohm’s  law. 
Where  reasonable  accuracy  is  required,  the  resistance  of  a pipe  or  cable 
sheath  should  be  measured  instead  of  computed  from  its  dimensions.  In 
the  case  of  lead  cable  sheaths,  the  drop  measurements  usually  can  be  made 
in  manholes  where  the  cables  are  exposed.  In  the  case  of  iron  pipes,  the 
millivoltmeter  leads  must  be  connected  directly  to  the  metal  of  the  pipe  on 
which  current  is  to  be  measured;  and  no  joint  must  be  included  between  the 
two  contacts.  Service  pipe  connections  cannot  be  used  for  such  current 
determinations.  Temporary  contacts  are  conveniently  made  by  means  of 
a sharpened  piece  of  steel  rod,  fastened  in  a wooden  handle,  with  connecting 
leads  soldered  to  the  rod  inside  of  the  handle.  For  permanent  connections 
which  can  be  used  at  anytime  for  measuring  drop  on  the  pipe  without  ag*: 
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exposing  the  pipe,  rubber-insulated  wires  may  be  soldered  to  brut  php 
and  these  screwed  into  the  pipe;  the  wires  are  then  brought  to  the  stmt 
surface,  preferably  inside  of  tne  curb,  and  the  free  ends  left  in  drip  or  term 
boxes.  It  should  be  noted  that  small  potential  differences,  such  ss  0.1  nuifc* 
volt  or  less,  may  be  caused  by  local  galvanic  or  thermal  action,  and  an 
should  therefore  be  taken  that  such  observations  do  not  lead  to  erroneous 
conclusions. 

Current  measurements  on  pipes  or  cable  sheaths  frequently  are  made  u 
two  or  more  stations  simultaneously  in  order  to  determine  whether  there  u 
a gain  or  a loss  of  current  between  the  stations.  This  is  the  most  rdisbU 
method  of  determining  localities  where  current  is  leaving  the  structure  tzc 
where  corrosion  may  be  taking  place. 

US.  Instruments.  Millivoltmeters  for  measuring  drop  on  pipes  a 
cable  sheaths  should  have  as  low  a millivolt  range  and  as  high  a resistance  a 
practicable.  Moving-coil  permanent-magnet  instruments  of  the  West c: 
type  having  sero  in  the  centre  of  the  scale  are  the  most  suitable  for  this  work 
The  millivoltmeter  can  be  conveniently  combined  in  one  instrument  with  i 
voltmeter  for  the  potential  measurements.  These  instruments  may  b 
obtained  with  resistances  of  600  ohms  per  volt  and  even  higher  where  new*- 
sary.  Convenient  ranges  for  such  a combination  instrument  sre  5,  SO  ud 
600  millivolts,  and  5 and  50  volts.  Ordinary  shunts  adjusted  for  50  nfr 
volts  drop  can  also  be  used  with  this  instrument.  Convenient  ranges  fa 
such  shunts  are  6,  50  and  500  amperes.  Recording  instruments  haring  tb 
same  ranges  as  above  noted  can  also  be  used  for  obtaining  24-hr.  records,  b 
means  of  which  the  characteristic  variations  of  a potential  difference  or  cf  i 
current  may  be  obtained.  Such  recording  instruments  with  1-hr.  clocks  w 
useful  also  for  recording  potential  differences  and  current  in  cases 
due  to  infrequent  service,  it  is  neoessary  to  take  readings  for  periods  of  free 
* hr.  to  1 hr. 

444.  Measurement  of  earth  potential.  It  is  possible  to  trace  t k 

Kth  of  stray  current  through  earth  by  measuring  potential  different* 
tween  points  in  the  earth.  When  iron  rods  are  used  as  electrodes  to 
making  contact  with  earth  an  error  may  be  introduced,  where  the  volts* 
measured  is  small,  due  to  a possible  difference  in  the  polarisation  value! 
at  the  two  electrodes.  This  polarisation  voltage  may  be  eliminated  b 
using  a non-polarisable  electrode,  developed  by  Dr.  Haber.  With  this  elec 
trode  electrolytic  contact  is  made  with  soil  by  means  of  a sine  sulpla* 
solution  contained  in  a porous  cup;  the  potential  lead  is  connected  to  sav 
rod  dipping  in  the  solution.  With  this  electrode  the  contact  resistance  is  vffj 
high,  so  that  a sero  method  and  not  an  indicating  voltmeter  should  be 
for  the  potential  measurement.  This  makes  the  method  very  troubleson** 
ordinary  electrolysis  testing,  where  the  voltages  to  be  measured  gewnS 
fluctuate  constantly.  For  this  reason  this  electrode  is  useful  only  in  wf| 
special  cases.  For  description  of  the  non-polarisable  electrode  see  the  psp* 
by  Haber  and  Goldschmidt  listed  in  the  bibliography. 

448.  Measurement  of  earth  current.  It  is  often  desirable  shot 
measure  directly  the  flow  Of  stray  current  through  earth.  This  esn  t 
done  by  means  of  the  Haber  earth  ammeter,  which  consists  of  a wooden  frea 
supporting  two  copper  sheets  insulated  from  each  other  by  a plate  of  mire< 
glass.  Insulated  copper  wires  connect  the  two  copper  sheets  with  * 
ammeter.  To  use  the  frame,  the  two  copper  plates  are  coated  with  a p«J 
made  of  copper  sulphate  and  a 20  per  cent,  sulphuric-acid  solution  for  a 
purpose  of  equalising  polarisation  voltages.  A wotted  piece  of  parchn#* 
paper  is  then  laid  over  the  paste,  and  the  remainder  of  the  frame  is  filled" 
sou.  If  the  frame  be  buried  in  the  earth  with  its  plane  normal  to  the  w* 
tion  of  the  current  flow,  the  ammeter  will  indicate  the  current  which  is  us* 
cep  ted  by  the  buried  frame.  This  earth  ammeter  is  well  suited  for  mesren* 
current  flow  between  a pipe  and  earth.  For  this  purpose  the  fraiwj 
buried  in  the  earth  near  and  parallel  to  the  pipe.  By  usi pg  a recons* 
instrument  in  connection  with  the  earth  ammeter,  the  characteristic  tu* 
turns  of  the  current  leaving  a pipe  can  also  be  determined,  and  in  this  w*y« 
identity  of  the  current  can  often  be  established.  For  description  of  the  eg 
ammeter  see  the  paper  by  Haber  and  Goldschmidt  listed  in  the  bibbogreps 
444.  Physical  examination.  From  a study  of  the  results  of  s ges# 
electrolysis  survey,  it  is  possible  to  determine  in  what  regions  cunsstl 
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leaving  an  underground  system.  Excavations  then  may  be  xrifcde  where 
current  is  leaving,  and  the  exposed  structures  may  be  tested  with  a hammer 
for  effects  of  electrolytic  corrosion. 

PBKVSHTION  OF  KLSCTROLYSI8 

447.  General  description  of  different  methods.  The  methods  which 
have  been  used  to  minimise  'electrolysis  from  stray  railway  currents  may  be 
divided  into  three  classes:  a,  the  insulation  method  (Par.  400  to  451), 
which  is  intended  to  increase  the  resistance  of  the  path  of  the  current  through 
earth;  b,  the  drainage  method  (Par.  460  to  400),  which  removes  the  cur- 
rent from  structures  by  metallic  connections  or  bonds  between  these  struc- 
tures and  the  railway  return  circuit;  and  c,  the  return-feeder  method 
(Par.  404  to  408)  which  reduces  the  voltage  drop  in  the  grounded  rails. 

448.  Brief  description  of  double-trolley  systems  and  where  used. 
Double-trolley  railways  may  be  provided  with  positive  and  negative  over- 
head trolley  wires  as  used  for  example  in  Cincinnati  and  Havana;  with  posi- 
tive and  negative  conductors  in  underground  conduits,  as  used  on  the  sur- 
face lines  on  Manhattan  Island  and  in  Washington,  D.  C.;  or  with  separate 
insulated  third  and  fourth  rails  for  the  positive  and  negative  conductors, 
is  used  on  the  Metropolitan  District  Railway  in  London.  Where  both  aides 
if  such  circuits  are  insulated  from  ground,  there  can  be  no  stray  earth  cur- 
rents and  no  electrolysis. 

449.  Objections  to  double- trolley  systems.  The  principal  objection 
to  the  underground  double-trolley  system  is  the  very  high  cost  of  installa- 
tion, which  makes  this  method  practicable  only  in  densely  populated  dis- 
tricts. The  principal  objections  to  the  double-overhead-trolley  system  are 
the  high  cost  of  installation  and  the  complication  resulting  from  two  over- 
head trolley  wires,  especially  at  crossings  and  where  several  lines  meet  and 
are  on  common  tracks. 

400.  Insulation  of  rails.  Where  a road  operates  on  a private  right-of- 
way,  the  rails  can  be  practically  insulated  from  ground,  and  the  escape 
of  current  from  the  rails  substantially  prevented.  For  surfaoe  or  subway 
lines  this  can  be  accomplished  by  placing  the  rails  on  wooden  ties  above 
ground  and  using  broken  stone  for  ballast.  For  lines  operating  on  elevated 
structures  substantial  insulation  may  be  secured  by  fastening  the  rails  on 
wooden  ties  and  keeping  them  out  of  metallic  contact  with  the  structure. 

The  leakage  resistance  of  street  railway  road  beds  varies  greatly  with  the 
construction.  Tests  by  the  Bureau  of  Standards  indicate  resistances  per 
1,000  ft.  of  track,  as  follows: 

Solid  concrete  ballast  and  n on-porous  pavement,  0.2  to  0.5  ohm  for  single 
track,  or  0.15  to  0.35  ohm  for  double  track;  clean  crushed  stone  foundation 
under  a concrete  paving  base,  0.6  to  1.5  ohms  for  single  track,  or  0.4  to  1.0 
ohm  for  double  track;  full  crushed  stone  ballast,  with  tar  via  finish;  2 to  5 
ohms;  ties  embedded  in  earth  road  bed,  1 to  1.5  ohms;  open  construction, 
10  to  15  ohms  in  very  dry  weather,  dropping  to  3 to  5 ohms  when  wet; 
except  where  specified,  the  above  figures  are  for  single  track,  and  unless 
otherwise  stated,  the  reeistance  of  double  track  is  practically  one-half  that 
of  single  track. 

Zinc  chloride  and  other  chemical  salts,  used  as  preservatives,  render  ties 
highly  conductive,  and  greatly  increase  leakage  currents.  Creosote  has 
very  little  effect  on  the  resistance  of  wood  ties,  but  a treating  material  con- 
sisting of  75  per  cent,  gas  oil  and  25  per  cent,  creosote  appears  to  increase 
their  resistance  materially. 

461.  Insulation  of  pipes.  Attempts  have  been  made  to  insulate  pipes 
from  earth  by  paints,  dips  and  insulating  coverings.  It  is  doubtful  whether 
there  is  any  instance  on  record  where  damage  by  electrolysis  has  been  effec- 
tually prevented  in  this  way  if  the  voltage  conditions  were  at  all  severe.  On 
the  contrary,  there  have  been  cases  where  efforts  to  prevent  electrolysis  of 
pipes  by  this  means  have  undoubtedly  done  actual  harm.  In  general,  this 
may  be  said  to  be  due  to  peculiarities  of  the  coatings  used,  which  cause  them 
to  fail  in  Bpots  and  thus  allow  greatly  aggravated  cases  of  local  damage  to 
occur,  in  place  of  the  more  distributed  trouble  which  would  take  place  if 
the  pipes  were  not  coated,  assuming  the  voltage  conditions  to  be  tne  same 
in  both  cases.  Coatings  of  the  thickness  commonly  used  for  covering  service 
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pipes  and  similar  structures  oan  hardly  be  expected  to  last  more  than  a fev 
years,  their  useful  life  probably  not  exceeding  a vear  in  the  majority  «f 
cases.  A careful  study  of  the  conditions  under  whicn  the  failure  of  insntoar 
coatings  under  electric  stress  takes  place  shows  that  it  is  due  to  the  combined 
notion  of  the  moisture  and  electric  stress.  The  manner  in  which  these  coat' 
ings  usually  fail  under  electric  stress  shows  that  they  may  under  oertais 
circumstances  increase  the  trouble  from  electrolysis.  Breaking  down  is 
they  do  at  isolated  points,  the  discharge  of  current  from  the  pipes  is  concen- 
trated at  those  points  and  the  pitting  is  likely  to  be  more  senous  than  if  the 
coating  were  not  used  at  all. 


401.  Insulating  joints  in  pipes  or  cable  sheaths.  Current  flow  os 
pipes  or  cable  sheaths  can  be  practically  prevented  by  using  a sufficient  n am- 
ber of  insulating  joints.  A pipe  line  laid  entirely  with  insulating  joints,  or 
uniformly  high-resistance  joints,  has  such  a high  resistance  that  it  is  prac- 
tically free  from  electrolytic  danger.  It  is  sometimes  possible  to  use  com- 
paratively few  insulating  joints  to  break  up  the  electrical  continuity  of  s 
pipe  line,  and  so  to  protect  the  line  from  electrolysis.  Such  joints,  however, 
must  be  installed  only  after  careful  tests  have  shown  that  the  current  is  not 
likely  to  shunt  through  earth  around  them  and  thus  produce  a conditke 
worse  than  the  previous  one.  This  effect  depends  largely  upon  the  potential 

gradient  through  earth,  and  also  upon  the  electrical  resistivity  of  the  sail 
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connection  between  the  adjoining  pipes  and  may  practically  be  classed  with 
insulating  joints.  Metallic  contact  may  be  positively  prevented  by  inserting 
a ring  of  any  cheap  insulating  material  between  the  end  of  the  spigot  and  the 
interior  of  the  bell. 

40.  Drainage  method.  Since  stray  currents  cause  damage  only  where 
they  leave  metallic  structures  and  flow  to  surrounding  seal,  the  current  may 
be  removed  by  connecting  or  bonding  these  structures,  by  metallic  conduct- 
ors, to  the  rails  or  to  the  negative  return  circuit  or  directly  to  the  negative 
bus  bar.  This  is  known  as  the  drainage,  method.  The  lead  sheaths  of 
underground  cables  form  continuous  and  uniform  metallic  conductors,  and 
it  is  possible  to  protect  such  cable  sheaths  against  electrolysis  by  bonding 
them  to  the  railway  return  circuit.  Through  such  bond  connections  how- 
ever only  enough  current  should  be  drained  from  the  cable  sheaths  to  render 
them  at  the  same  potential  or  slightly  negative  with  respect  to  neighboring 
structures.  The  effectiveness  of  drainage  as  a protective  measure  depends 
upon  the  uniformity  of  the  conductor  to  be  protected.  The  method  is 
therefore  not  generally  applicable  to  underground  piping  systems,  because 
these  do  not  form  continuous  electrical  conductors,  but  are  more  or  less  dis- 
continuous networks.  While  lead-calked  joints  usually  have  a relatively 
low  resistance,  they  may  develop  such  high  resistances  as  to  make  trouble 
as  noted  below. 

454.  Possible  dangers  from  drainage  connections.  Drainage  con- 
nections considerably  reduce  the  resistance  of  the  path  of  stray  currents, 
thereby  increasing  the  total  amount  of  stray  current  through  earth  and  on 
underground  structures.  The  danger  of  local  electrolysis  damage  due  to 
the  shunting  of  current  around  high  resistance  joints  is  thereby  increased. 
Farther,  unices  all  underground  metallic  structures  are  bonded  together  in 
such  a way  that  where  different  structures  come  into  proximity,  all  are  main- 
tained at  the  same  potential,  damage  may  result  from  a now  of  current 
through  the  earth  from  one  such  structure  to  another.  Also,  where,  for 
instance,  drainage  is  applied  to  water  mains  and  not  to  parallel  gas  mains, 
relatively  large  stray  currents  may  flow  through  buildings  by  way  of  the 
service  pipes  where  such  pipes  are  in  metallic  contact,  such  as  through 
water  heaters;  accidental  contact  between  such  service  pipes  within  build- 
ings may  also  cause  arcing,  with  possible  danger  from  gas  leakage  or  fire. 

Drainage  connections  to  Underground  structures,  therefore,  should  be 
used  with  caution,  and  in  general  designed  so  that  only  small  amounts  of 
stray  currents  will  flow  over  such  connections.  Drainage  connections  to 
underground  cable  sheaths  are  generally  necessary  to  protect  the  lead  cover- 
ing against  electrolysis.  In  the  case  of  pipe  systems,  however,  such  drain- 
age connections  should  not  be  used  except  in  special  cases,  such  as  a final 
measure  to  remove  relatively  small  currents. 

455.  Beverse-current  switches  for  drainage  connections.  Cases 
arise  where  the  polarity  of  underground  structures  reverses  at  times  with 
reference  to  the  railway  return  circuit.  Consequently,  where  these  structures 
are  provided  with  metallic  connection  to  the  railway  return  circuit,  current 
would  be  made  to  flow  to  these  structures  when  these  are  negative  in  poten- 
tial. To  prevent  this,  automatic  reverse-current  switches  may  be  used  in 
series  with  such  drainage  connections.  The  action  of  these  switches  is  to 
keep  this  circuit  open  while  the  structures  are  of  negative  potential,  and 
closed  while  they  are  of  positive  potential.  Such  reverse-current  switches 
are  frequently  used  in  connection  with  drainage  connections  from  telephone 
cables. 

454.  Insulated  return  feeder  system.  Since  the  drop  in  potential  In 
grounded  rails  is  the  cause  of  the  flow  of  stray  current  through  the  earth, 
stray  currents  will  be  reduced  in  the  proportion  that  the  drop  in  the  rails  is 
reduced.  It  is  therefore  desirable  to  use  heavy  rails  of  high  electrical  con- 
ductivity, and  to  maintain  these  rails  well  bonded,  so  that  they  form  con- 
tinuous low-resistance  conductors.  The  next  important  consideration  is  to 
limit  the  distance  from  the  supply  station  to  which  it  delivers  direct-current 
power,  so  that  current  is  not  returned  through  an  excessive  length  of  track; 
this  may  be  accomplished  by  the  use  of  a number  of  distributed  substations. 
Finally,  the  current  may  be  removed  from  the  rails  by  means  of  insulated 
return  feeders  connected  to  the  rails.  These  feeders  draw  current  from  the 
rail  at  such  points  as  are  necessary  to  avoid  an  excessive  potential  gradient 
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in  the  tracks  and  an  exoeesive  total  voltage  drop  in  the  tracks.  Whet  it 
is  neoeesary  to  bring  current  back  from  a distant  point  in  the  tracks,  jt  ■ 
sometimes  more  economical  to  employ  a negative  booster  in  senes  with  s 
return  feeder  of  small  cross-section  than  to  make  this  feeder  of  cross  tenon 
large  enough  to  drain  the  required  current  from  the  tracks  at  the  dirtut 
point.  It  also  may  be  necessary  to  install  resistances  in  short  feeders.  With 
such  insulated  track  return  feeders,  part  of  the  voltage  drop  is  removed  hoc; 
the  rails  and  is  transferred  to  the  insulated  return  feeders,  from  which  ear* 
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Fio.  130. — Insulated  track-return  feeder  system. 


rent  cannot  leak  to  ground.  With  this  arrangement  of  insulated  reton 
feeders,  the  rails  may  be  utilised  as  return  conductors  to  the  extent  that  tb 
potential  gradients  and  total  track  drops  do  not  exceed  safe  limiting  value 
A diagrammatic  sketch  of  an  insulated  track  return  feeder  system  proper 
tioned  for  equal  drop  is  shown  in  Fig.  130.  In  this  illustration  it  is  aamm* 
that  the  negative  bus  bar  is  at  sero  potential,  and  that  the  return-fee* 
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Number  of  Negative  Feeders 
Fio.  131. 

connection  points  on  the  rails  are  maintained  at  a potential  of  B volts } 
reference  to  the  negative  bus  bar.  Where  a number  of  lines  extend  in  dil 
ent  directions,  the  same  arrangement  of  insulated  return  feeders  mo*J 
applied  to  each  of  the  lines.  It  should  be  observed  that  in  this  system  r 
negative  bus  bar  must  not  be  connected  to  any  ground  contacts  nor  to  I 
tracks  in  the  neighborhood  of  the  power  station,  except  through  suitd 
resistances;  under  these  conditions  the  negative  bus  bar  ip  said  to  br| 
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rotated.  The  possibilities  of  reducing  stray  currents  by  means  of  properly 
proportioned  insulated  return  feeders  as  illustrated  in  Fig.  134  was  clearly 
shown  in  a paper  by  Mr.  George  1.  Rhodes  (see  bibliography).  The  diagram 
in  Fig.  131  is  reproduced  from  that  paper.  This  shows  the  relative  leakage 
currents  with  negative  bus  bar  insulated  and  with  various  numbers  of  insu- 
lated return  feeders  proportioned  for  equal  drop  and  connected  to  symmet- 
rical points  in  the  track.  The  points  halfway  between  integral  abscissas  in 
Fig.  131,  correspond  to  a connection  between  the  negative  busbar  and  the 
rails  at  the  power  station,  with  a resistance  in  the  connection  proportioned 
to  maintain  this  point  in  the  rails  at  the  same  potential  as  the  other  return- 
feeder  connection  points.  The  unit  of  leakage  current  is  assumed  as  the 
amount  which  Aowb  when  the  negative  bus  bar  is  grounded  through  a negli- 
gible resistance,  the  rails  being  connected  to  the  negative  bus  bar  only  at  the 
power  station.  In  practice  each  return  feeder  would  actually  be  connected  to 
a number  of  points  in  the  rails  in  the  immediate  neighborhood  of  the  connec- 
tion points  shown.  See  also  Bureau  of  Standards  Technologic  Paper  No.  52, 

457.  Examples  of  installations  of  insulated  return  feeder  systems. 
Such  systems  are  in  common  use  in  Germany  and  in  Great  Britain,  and 
have  raven  most  satisfactory  results.  In  America  a considerable  number 
of  such  systems  have  also  been  installed,  the  most  prominent  reported 
example  being  on  the  subway  system  of  the  Interborough  Rapid  Transit 
Company  in  New  York  City.  Description  of  insulated  return  feeder  systems 
installed  in  Springfield,  Ohio,  and  in  St.  Louis,  Mo.,  are  given  in  Bureau 
of  Standards  Technologic  Papers  No.  27,  No.  32  and  No.  54. 

458.  Advantages  of  the  insulated  return  feeder  system.  This 
system  is  intended  to  relieve  the  tracks  of  current  by  insulated  conductors, 
and  thus  tends  to  prevent  the  escape  of  current  into  earth.  With  a prop- 
erly laid  out  return  feeder  system  and  properly  bonded  tracks,  it  is  possible 
ana  practicable  to  reduce  stray  currents  through  earth  and  therefore  stray 
currents  on  underground  piping  and  cable  systems  to  any  desired  minimum 
values  and  such  currents  may  be  made  so  small  as  to  be  negligible. 

ELECTROLYSIS  FROM  GROUNDED  ELECTRICAL  DISTRIBUTION 
SYSTEMS 

459.  Grounded  neutrals  in  three-wire  direct-current  systems. 

Direct-current  electrio-lighting  systems  in  which  the  distribution  is  on  the 
Edison  three-wire  plan,  having  the  neutral  conductor  grounded,  are,  in  Ameri- 
can practice,  provided  with  such  large  neutral  conductors  of  copper  that  only 
negligible  stray  currents  are  produced  from  such  systems.  This  grounding 
of  the  neutral  is  intended  to  serve  only  as  a safety  measure,  and  is  not  for  the 
purpose  of  using  the  earth  to  carry  current. 

450.  Electrolysis  from  alternating  currents.  A large  number  of 
laboratory  tests  have  been  made  to  determine  whether  electrolysis  is  pro- 
duced when  an  alternating  ourrent  flows  between  a metal  and  an  electrolyte, 
as  for  example  between  a pipe  and  surrounding  soil.  These  indicate  that 
slight  electrolytic  corrosion  may  be  produced;  this  effect  is  generally  less 
than  l per  cent,  of  that  which  would  be  produced  by  a corresponding  direct 
current.  With  alternating  current,  however,  electrolytic  corrosion  is  pro- 
duced at  both  electrodes,  while  with  direct  current,  electrolytic  corrosion 
occurs  only  at  the  positive  electrode. 

461.  Grounded  transformer  secondaries.  The  secondaries  of  trans- 
formers are  frequently  grounded,  for  the  purpose  of  preventing  a high  and 
dangerous  voltage  from  existing  between  the  secondary  circuit  and  ground. 
Such  ground  connections  however  do  not  produce  flow  of  current  to  ground, 
and  such  grounding  of  transformer  secondaries  therefore  does  not  cause 
danger  from  electrolysis. 

. ELECTROLYSIS  IN  CONCRETE 

461.  General  effects.  Concrete  when  damp  is  an  electrolytic  conductor 
having  a resistivity  of  the  same  order  as  damp  soil.  When  iron  is  embedded 
in  damp  ooncrete  and  an  electric  current  flows  from  the  iron  to  the  concrete, 
the  iron  may  be  oxidised  by  the  electrolytic  action.  The  oxides  of  iron  formed 
occupy  more  space  than  the  original  iron,  with  the  result  that  an  outward 
pressure  is  produced  which  in  time  may  crack  the  ooncrete.  An  exhaustive 
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investigation  of  the  effect  of  electrolysis  on  iron  embedded  in  oo&eieCe  hi 
been  made  at  the  Bureau  of  Standards  in  Washington,  and  the  result*  olds 
investigation  are  published  in  Technologic  Paper  No.  18  of  the  Bureau af 
Standards.  This  investigation  appears  to  show  that  when  no  chlorida  vt 
present,  the  iron  is  practically  oassive  at  ^temperatures  below  45  dc^.  eat 
but  becomes  active  at  higher  temperatures.  With  large  current  den*itKt,d* 
heating  effect  of  the  current  will  destroy  the  passivity  of  the  iron.  Vkn 
chlorides,  even  in  very  small  amounts,  are  present,  however,  the  iron  is  artTe 
at  all  current  densities.  These  investigations  also  show  that  when  remit: 
flows  from  the  concrete  to  iron  a softening  of  the  concrete  is  produced  do*  to 
the  iron,  which  eventually  destroys  the  bond  between  Jthe  two.  Aside  froc. 
slight  and  usually  negligible  heating,  the  only  effect  which  an  electric  on- 
rent  has  on  unreinforced  concrete  is  to  cause  a migration  of  the  water  aolabfe 
elements.  Non-reinforced  concrete  structures  are  therefore  immune  from 
electrolysis  trouble. 

463.  Reinforoed-concrete  structures.  In  order  that  a retaforced-coo> 
crete  structure  may  be  damaged  by  electrolysis,  it  is  neoessary  that  an  d*- 
trie  current  flow  between  the  reinforcing  steel  and  the  surrounding  concrete. 
Such  current  may  be  leakage  current  from  a direct-current  lighting  system,  of 
stray  railway  current  brought  into  the  building  by  means  of  service  pipe* 
The  conditions  required  for  producing  electrolysis  of  steel  embedded  s 
concrete  are  such,  however,  that  this  can  result  only  in  extreme  cases;  to 
example,  where  a direct  contact  is  established  between  the  reinforcing  str- 
and one  side  of  a direct-current  lighting  system,  or  where  stray  railway  «?- 
rent  of  sufficient  magnitude  is  brought  by  way  of  service  pipes  into  coeur. 
with  the  reinforcing  steel.  It  is  therefore  a safe  precaution  to  install  ia?1'- 
lating  joints  in  all  pipes  and  lead-covered  cables  which  lead  to  ranforte: 
concrete  structures  from  earth.  It  has  been  proposed  to  protect  reinforcec- 
concrete  by  making  the  reinforcing  steel  continuous  throughout,  and  con- 
necting it  to  the  negative  terminal  of  a low-voltage  generator.  While  < 
would  prevent  corrosion  of  the  steel,  it  might  result,  however,  in  greate 
danger,  on  account  of  the  possible  destruction  of  the  bond  between  the  rem 
forcing  steel  and  the  concrete. 

464.  Structural  foundations.  Where  steel  foundations  are  embeddK 
in  concrete,  it  is  important  to  guard  against  stray  electric  current  reachur 
the  steel  from  external  sources  and  then  flowing  from  the  steel  to  the  coocrcti 
because  corrosion  of  the  foundation  steel  and  cracking  of  the  concrete  ® ts 
result. 


MUNICIPAL  AND  STATE  REGULATIONS 

465.  General.  Municipal  and  state  regulations,  designed  to  minks* 
the  escape  of  electric  currents  from  electric  railways  using  a grounded  ret*** 
circuit,  generally  attempt  to  limit  the  total  allowable  voltage  drop  and  a* 
allowable  potential  gradient  in  the  grounded  return  circuit  or  grounded  r*» 
Additional  requirements  limiting  the  total  allowable  current  escaping  ft** 
the  system  are  included  in  some  regulations.  A few  brief  references  to  it|S 
lations  which  are  at  present  in  force,  are  given  in  Par.  466  to  469.  • 

466.  British  Board  of  Trade  regulations.  The  two  most  important! 
these  regulations  are  Regulations  No.  7 and  No.  8.  The  former  limit*  ts 
allowable  difference  of  potential  between  any  two  points  in  the  uninsulsts 
return  circuit  to  7 volts,  and  requires  that  continuous  records  be  kept  by  t* 
railway  company,  of  the  difference  of  potential  between  certain  points  oats 
uninsulated  return  circuit.  Regulation  No.  8 limits  the  allowable  curs* 
density  in  the  rails  to  9 amp.  per  sq.  in.  of  cross-section  (1.4  amperes  p* 
sq.  cm.),  which  with  ordinary  steel  is  equivalent  to  an  allow&bje  potent* 
gradient  of  approximately  0.8  volt  per  1,000  ft.  (0.305  km.)  of  rail- 

467.  German  electrolysis  regulations.  In  Germany  a joint  eomastf 
tee,  representing  the  German  Society  of  Gas  and  Water  Engineers,  the 

of  German  Electrical  Engineers,  and  the  Society  of  German  8treet  RnjtoJ 
and  Little  Railway  Managers,  adopted  in  1910  regulations  for  the  proyej 
of  underground  structures  against  electrolysis.  The  track  network  is 
into  an  inner  district  and  an  outer  or  suburban  district.  In  interurbanjg 
the  parts  near  villages  are  designated  as  suburban  districts.  The  poteiSI 
difference  between  any  two  points  on  the  track  must  not  exceed  2l5 
under  average  load  conditions  in  the  inner  district,  and  on  a bordering  M 
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2 km.  (6,562  ft.)  wide;  outside  this  atone  in  the  suburban  districts,  the 
voltage  drop  must  not  exceed  1 volt  per  kilometer  (3,281  ft.). 

468.  American  municipal  ordinances.  Some  American  cities  have 
enacted  ordinances  designed  to  prevent  damage  by  electrolysis.  In  1012 
the  City  of  Chicago  enacted  an  electrolysis  ordinance,  the  most  important 
feature  of  which  is  the  voltage  requirement,  limiting  the  permissible  dif- 
ference of  potential  between  any  two  points  on  the  un.nsulatea  return  circuit 
to  12  volts,  and  limiting  the  potential  gradient  in  the  rails  within  1-mile  radius 
of  the  City  Hall  to  1 volt  per  1,000  ft.  (0.305  km.),  and  outside  of  this  1-mile 
radius  to  1 volt  in  700  ft.  (0.213  km.).  In  1013  the  City  of  Chicago  enacted 
what  is  known  a»  the  Unification  Ordinanoet  which  also  contains  clauses 
relating  to  electrolysis.  These  divide  the  city  into  three  sones,  and  prescribe 
different  voltage  limitations  for  each  tone.  The  Board  of  Supervising  Engi- 
neers is,  however,  authorised  to  modify  these  voltage  requirements  in  the 
third  or  outer  sone.  The  above  ordinances  although  not  entirely  in  accord 
are  both  in  effect  in  Chicago. 

In  a number  of  cities  in  Ohio  electrolysis  ordinances  have  been  enacted 
in  which  the  most  important  features  are  track  voltage  requirements.  In 
these  ordinances  the  average  potential  difference  during  any  10  consecutive 
minutes  between  any  two  points  1,000  ft.  (0.305  km.)  apart  on  the  uninsu- 
lated return  circuit  must  not  exceed  1 volt,  and  the  average  potential 
difference  during  any  10  consecutive  minutes  between  any  two  points  more 
than  1,000  ft.  (0.305  km.)  apart  on  the  uninsulated  return  circuit  within  the 
limits  of  the  municipality  must  not  exoeed  7 volts. 

466.  Legal  status  of  liability  for  electrolytic  damage.  There  has 
been  considerable  litigation  at  various  times  with  reference  to  damage  from 
electrolysis.  It  has  been  held  by  various  courts  that  no  one  utility  can  claim 
the  exclusive  right  to  use  the  earth  as  a return  circuit,  and  that  priority 
of  such  use  is  of  no  importance  to  either  side  of  the  controversy. 

470.  Pooria  decision.  In  the  celebrated  Peoria  case  which  was  finally 
decided  after  having  been  in  the  courts  for  over  10  years,  the  railway  com- 
pany was  enjoined  and  restrained  from  injuring  the  property  of  the  water 
company  by  electric  current  escaping  from  the  rails  or  structures  of  the  rail- 
way company.  No  particular  method  for  preventing  escape  of  current  is 
prescribed  in  the  decree,  because  the  court  in  its  decision  states  that  a court 
does  not  have  the  power  to  prescribe  by  injunction  any  specific  system,  and 
that  this  power  resides  only  with  legislative  bodies.  The  decree  afro  requires 
the  water  company  to  co-operate  with  the  railway  company  to  the  extent  of 
giving  the  railway  company  access  to  its  piping  system  for  the  purpose  of 
measuring  flow  of  current  upon  its  system  ana  of  determining  whether  injury 
from  electrolysis  is  being  continued,  in  order  that  the  railway  company  may 
determine  whether  it  is  complying  with  the  terms  of  the  decree. 
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QKNXNAL  CLASSIFICATION 

1.  The  electrle  vehicle  art  prior  to  1910  exhibited  relatively  fcit> 
progress,  due  partly  to  the  poor  design  of  the  earlier  types  of  vehicles  w! 
partly  to  the  comparatively  heavy  unsuited  batteries.  The  art  began  tij 
show  considerable  activity  in  1910  and  for  the  following  four  years  thedev?H 
opment  of  the  passenger  car  progressed  more  rapidly  than  that  of  the  wc.- < 
mercial  truck.  However,  the  progress  in  the  design  and  development  of  tfc 
gasoline  passenger  car,  with  its  electrical  starting  and  lighting  sysfec. 
higher  speeds  and  practically  unlimited  radius  of  action,  resulted  in  the  diver 
sion  of  popular  attention  from  the  electric  passenger  car  to  the  (sh&k 
passenger  car.  For  this  reason  the  number  of  manufacturers  dec****! 
steadily,'  until  in  the  beginning  of  1921  there  were  only  two  promine: 
makers  of  electric  passenger  cars. 


t.  Progress  in  commercial  and  industrial  vehicles.  The  ekee* 
commercial  and  industrial  trucks  and  tractors  have  progressed  steaSr 
since  1910  and  have  proved  their  economic  worth  in  their  particular  fiei 
in  the  transportation  of  merchandise. 

8.  Classification.  Electric  vehicles  may  be  subdivided  into  three 
eral  classes  according  to  character  of  service: 

(1)  Passenger  cars. 

(2)  Commercial  trucks  and  tractors. 

(3)  Industrial  trucks  and  tractors. 

The  source  of  energy  supply  permits  another  classification,  namely  slonr 
battery  vehicles  and  the  so-called  trackless  trolley  which  is  a motar-propei^ 
vehicle  receiving  its  energy  from  an  overhead  trolley  system.  The  aXonr 
battery  vehicle  is  by  far  the  more  important  at  the  present  time,  as  the  hip- 
wav  trolley  vehicle  has  not  yet  come  into  extended  use  in  this  couaay 
although  it  is  employed  to  a limited  extent  abroad. 


4.  Scope  of  presentation.  Due  to  the  broad  scope  of  design,  tbe^ 
ject  of  electric  vehiole  engineering  can  be  presented  in  the  brief  space  a vi- 
able in  an  engineering  handbook  only  with  difficulty.  An  attempt  hashes 
made  in  this  section  to  embody  merely  the  fundamentals  of  the  sub^ 
based  on  modern  practice  and  so  far  as  possible  describe  the  most 
sentative  vehicle  practices  obtaining  at  present.  Because  of  the  vxnfiT 
of  designs  now  being  produced,  it  is  impracticable  to  describe  them  w 
NumeroiA  types  of  vehicles  have  been  designed  for  special  purpose*  && 
as  passenger  and  baggage  transfer,  cable  pulling,  crane  tractors,  pole  h*tr 
ing,  dumping,  baggage  trucks,  fire  apparatus,  etc.,  but  practically  »H  :f 
these  applications  are  specific  and  no  attempt  has  been  made  to  inch* 
them. 


5.  Features  emphasised.  It  is  particularly  desired  to  pant  out  tbH 
•where  descriptions  of  machines  and  accessories  of  various  makes  have  betai 
omitted,  such  omissions  are  due  to  the  fact  that  limitations  of  space  b« 
confined  the  subject  matter  to  those  types  which  have  gained  promise®* 
in  industry  or  whose  designs  embody  characteristics  of  particular  intcro* 
to  the  engineer. 

x PASSENGER  CARS 

6.  General  features.  The  passenger  vehicle  involves  no  engined 
features  which  do  not  conform  to  the  fundamentals  of  vehicle  engine*^ 
and  their  applications  to  commercial  trucks  as  discussed  under  that  cap&£ 

7.  Chassis  and  body.  All  cars  are  comprised  of  two  principal  eleraM- 
the  chassis  and  the  body.  In  general,  the  chassis  comprises  the  h*1* 
front  and  rear  axles,  complete  with  wheels,  springs,  steering  geart  mo** 

fiovver- transmission  members,  controller  and  battery.  The  plan  view  of* 
ypical  electric  passenger-car  chassis  is  shown  in  Fig.  1. 
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8.  The  frame  is  usually  of  pressed  steel  channel  sections  of 

liberal  depth,  with  cross  members  for  supporting  the  motor,  battery  com- 
partment and  other  equipment  forming  a part  of  the  vehicle. 

9.  The  front  axle  is  of  drop^forged  I-beam  construction,  providing 
maximum  carrying  capacity  with  minimum  weight.  The  ■tearing  knuckles 
are,  in  general,  drop-forged  from  alloy  steel  and  heat  treated. 


10.  Power-transmission  systems  have  in  the  past  embodied  various 
combinations  of  chain,  spur  and  bevel  gear,  and  worm  drive.  In  the  present- 
day  designs,  the  rear  axle  is  generally  of  the  three-quarter  floating  type 
having  either  spiral  bevel  gears,  with  an  approximate  reduction  of  5 to  1,  or 
worm  gearing  with  an  approximate  reduction  of  to  1.  Power  is  usually 
delivered  from  the  motor  to  the  rear  axle  through  a propeller  shaft  having 
two  dust-proof  universal  joints.  The  rear-axle  torque  is  usually  carried 
through  a pressed  steel  member,  pivotedly  supported,  to  the  chassis  frame. 

11.  Two  separate  sets  of  brakes  are  usually  provided,  operating  inde- 
pendently. The  two  sets  are  usually  of  one  of  the  following  combinations: 
(a)  External  contracting  and  internal  expanding  type  mounted  on  the  rear 
wneels  and  operated  by  foot  pedals;  (6)  internal  expanding  type  mounted 
on  the  rear  wneels,  operated  by  a foot  pedal,  and  external  contracting  type 
mounted  on  the  front  end  of  the  motor,  fitted  onto  the  armature  or  propeller 
shaft  and  operated  by  a backward  movement  of  the  controller  lever  or  by  a 
foot  pedal.  In  some  designs  the  application  of  the  service  brakes  simul- 
taneously interrupts  the  power  circuit  regardless  of  the  position  of  the  con- 
troller lever,  making  it  impossible  to  start  the  car  again  until  the  controller 
lever  has  been  returned  to  its  neutral  position. 

Dynamic  and  regenerative  braking  have  been  tried  in  the  past,  but 
neither  is  in  general  use  at  present  due  to  the  complications  that  are  intro- 
duced into  the  control  system. 

11.  The  springs  are  generally  of  chrome-vanadium  heat-treated  steel, 
the  front  being  of  the  semi-elliptic  type  and  the  rear  either  the  three-quarter 
elliptic  or  cantilever  type. 

18.  The  wheel  base  on  oars  of  present-day  design  is  usually  100  to  106 
inches. 
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14.  The  wheels  ere  usually  quick-detachable  wood  or  wire  type,  deeped 
for  approximately  32  X 4^  in.  cord  pneumatic  tires. 

IB.  Batteries.  Two  prominent  manufacturers  specify  their  standard 
battery  equipment  to  provide  for  40  to  42  cells  of  13  to  15  plate  lendead 
battery.  Vehicle  batteries  are  discussed  more  fully  in  Par.  188. 

a 16.  The  motor  is  usually  a 4-pole  series-wound  machine,  liberally  de- 
signed to  insure  efficiency  and  ability  to  withstand  overloads  encountered 
under  all  operating  conditions.  The  armature  bearings  of  the  motor  are 
of  the  ball  type.  The  motor  is  usually  supported  from  cross  members  o < 
the  chassis  frame.  See  Par.  87. 

' 17.  The  controller  is  usually  of  the  drum,  continuous-torque  type  pro- 
viding approximately  five  or  six  speeds  forward  and  three  or  more  reter*. 
The  controller  is  generally  supported  from  the  chassis  frame  and  actuates 
by  a lever  mounted  beside  the  steering  lever.  The  controller  is  discusser 
more  fully  in  Par.  106. 

18.  The  operating  lovers  for  steering  and  control  are  usually  mounted 
at  the  side  of  the  seat,  in  parallel  position  one  above  the  other.  The  steering 
lever,  usually  the  longer,  is  operated  by  the  right  hand  and  the  controBer 
lever,  usually  the  shorter,  by  the  left  hand. 

18.  The  radius  of  operation  is  usually  from  60  to  90  miles  per  ehair 
of  battery,  depending  on  topography,  road  conditions  and  the  speed  s*. 
which  the  car  is  operated. 

COMMERCIAL  TRUCKS  AND  TRACTORS 

SO.  Classification.  Commercial  trucks  may  be  divided  broadly  irto 
four  classes: 

(1)  Thoee  having  electric  propulsion,  the  energy  being  furnished  by  i 
battery. 

(2)  Thoee  propelled  by  internal  combustion  engines. 

(3)  Those  propelled  by  steam. 

(4)  Those  having  gas-electric  or  steam-electric  propulsion  in  wnieh  tb 
energy  of  the  prime  mover  is  electrically  transmitted  to  the  axle  or  whed 

tl.  Economic  field  of  application.  Each  type  of  commercial  trad 
haa  its  distinct  field  of  economic  application,  that  of  the  electric  reteck 
being  found  in  city  delivery  embracing  the  interchange  of  merekawia 
between  railway  terminals  and  docks,  stores  and  factories,  and  retail  dele 
cries.  The  electric  vehicle  possesses  superior  advantages  over  other  me0 
of  merchandise  transportation  due  to  its  inherent  characteristics  of  rsp* 
acceleration  and  retardation  permitting  it  to  maintain  a high  average 
and  due  further  to  its  freedom  from  intricate  mechanism  for  transmittal 
the  motor  energy  to  the  wheels  and  the  absence  of  numerous  reciprocal* 
parts. 

88.  Economic  field  of  gasoline  vehicle.  The  gasoline  motor  vehk* 
finds  its  best  field  of  application  in  uninterrupted  long-haul  deliveries  whs* 
the  mileage  exceeds  that  safely  and  conveniently  obtained  from  the  electee 
truck,  its  economic  value  being  governed  entirely  by  the  individual  ehirw 
teristics  of  the  particular  business  to  which  it  is  applied. 

88.  Economic  field  of  electric  vehicle.  Electric  trucks  are  more 
nomical  and  satisfactory  than  gasoline  trucks  for  approximately  85  per  ceai 
of  all  city  haulage.  The  salient  characteristics  which  contribute  to  the  tap 
efficiency  and  low  operating  coats  of  electric  trucks  are: 

to)  The  low  cost  of  electrical  energy. 

16)  Operation  at  a safe  economicalspeed. 

Lc)  Ease  of  maintenance  of  battery  service. 

(d)  Reliability  and  uniform  driving  power  of  the  electric*  motor,  vbx> 
delivers  maximum  power  to  the  rear  wheels. 

(e)  Substantial  construction  and  elimination  of  reciprocating  member 
which  almost  wholly  eliminate  road  troubles,  reduce  maintenance  expease 
to  a minimum  and  obviate  the  necessity  for  high-salaried  mechanics. 

(/)  Minimum  vibration  and  prevention  of  careless  speeding  prolong  tb» 
life  of  the  electric  truck,  and  make  it  more  than  double  that  of  a gasoo# 
truck. 

(ff)  The  motor  draws  no  energy  from  the  battery  when  the  brakes  ** 
applied  or  when  the  truck  ia  coasting. 

(A)  Low  cost  of  insurance. 
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14.  The  chfril  of  the  various  makes  differ  only  in  some  special  features 
of  design.  The  mam  frame  members  are  oompnsed  of  rolled  or  pressed 
steel  channels,  with  cross  members  secured  to  the  side  sills  with  either  proper 
angle  iron  and  gusset  plates  or  integral  gusset  plates. 

SB.  Representative  types  of  chassis  are  illustrated  in  Fig.  2 and  3, 
showing  respectively  the  side  elevation  and  plan  of  a Ward  one-ton  chassis 
and  a Walker  3J4-ton  chassis.  Both  of  these  types  employ  a angle  motor, 
the  former  with  a worm-drive  axle  and  the  latter  with  a special  b&lanoed 
drive  as  described  more  fully  in  Par.  SS. 


Fig.  2. — Elevation  and  plan  view  of  1-ton  Ward  electric  chassis. 

26.  The  battery  compartment  is  usually  carried  amidship  by  structural 
steel  members  hung  from  the  main  chassis  frame  and  having  truss  rods  from 
the  lower  corners  of  the  compartment  to  the  side  sills  of  the  frame.  In 
some  cases  the  battery  is  mounted  on  top  of  the  side  frames  and  partly  under 
the  driver’s  seat.  The  underslung  type  of  battery  compartment  has  the 
following  advantages:  (a)  Low  center  of  gravity,  resulting  in  less  tendency 
when  turning  corners  for  the  weight  to  be  thrown  from  the  inside  to  the  out- 
side wheels  and  therefore  less  tendency  to  skid;  (6)  the  overall  length  of  the 
truck  is  reduced,  which  enables  the  truck  to  be  more  easily  operated  in  con- 
gested traffic  sones  and  narrow  places  and  requires  less  garage  space;  (c) 
permits  the  use  of  removable  battery  cradles  and  facilitates  the  interchange 
of  batteries. 

27.  Springs.  The  front  and  rear  springs  are  usually  of  the  semi-elliptic 
type,  of  high-grade  alloy  steel,  heat  treated. 

28.  Axles.  The  front  axles  are  usually  of  I-beam  section,  drop  forged 
from  high-grade  steel,  with  drop-forged  steering  knuckles  and  steering 
knuckle  arms.  The  rear  axles  embodying  the  transmission  of  the  motor 
energy  to  the  wheels  differ  in  design  on  all  the  different  makes  of  trucks- 


Digitized  by  oogle 


Sec.  17-29 


ELECTRIC  VEHICLES 


S9.  Transmission  systems  embody  various  combinations  of  chain, 
gear,  bevel  gear  and  worm  drives.  Considerable  difference  of  opinion  earfi 
as  to  what  constitutes  the  most  desirable  method  of  motor  application  aad 
the  best  transmission  design.  The  essential  elements  of  a tranrassGs 
comprise  means  of  reducing  the  high  speed  of  the  motor  to  the  comparative]? 


Fio.  3. — Elevation  and  plan  view  of  3$-ton  Walker  electric  chassis 


Fia,  4. — Rear  axle  assembly.  Motor  cover  removed.  (Walker  Vefeki 
Company.) 

low  speed  of  the  driving  wheels  and  a differential  pear  which  permits  « 
wheel  to  turn  faster  than  the  other  when  the  vehicle  is  propelled  in  ts 
curved  path. 

30.  The  single-motor  double-reduction  chain  drive  is  not  extessj 
used  by  present-day  manufacturers  of  electric  trucks.  It  may  still  be  loss 
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in  operation  on  old  vehicles  in  service  in  this  country  and  on  several  makes 
of  electric  trucks  manufactured  in  this  country  and  in  England. 

81.  The  worm  drive  is  usually  of  the  semi-floating  or  full-floating  type 
having  the  worm,  worm  wheel  and  differential  and  their  bearings  assembled 
as  a unit  with  the  cover.  The  housing  is  usually  of  cast  steel  reinforced 
by  tubes.  The  road  wheel  is  driven  through  a squared  shaft  and  driving 
flange  bolted  to  the  hub*,  or  through  a splinted  shaft  in  the  hubs  of  the  differ- 
ential gear  and  driving  flange  bolted  to  the  wheel  hub. 

88.  Balanced  drive.  In  the  Walker  balanced  drive,  the  motor,  differ- 
ential and  transmission  members  are  all  embodied  as  parts  of  the  rear  axle 
and  wheel  assembly  [Fig.  4).  The  power  is  transmitted  through  drive 
shafts  to  floating  pinions  within  each  wheel,  then  through  intermediate 
spur  gears  housed  within  the  disc  wheels,  to  the  internal  gear  which  is 
pressed  into  and  keyed  to  the  wheel  bands  or  rims.  The  drive  pinions 
and  shafts  have  no  bearing,  the  pinions  floating  in  a balanced  manner 
between  the  idler  gears  with  which  they  are*  constantly  in  mesh.  The 
rear  wheels  are  dirt-  and  water-proof  and  are  partly  filled  with  lubricant 
which  is  distributed  continuously  over  all  working  parts.  The  rear  wheels 
are  mounted  on  roller  or  ball  bearings  supported  by  drop-forged  steel  stub 
axles  secured  in  the  ends  of  the  hollow  rear  axle.  The  mechanical  efficiency 
of  this  drive  is  very  high,  and  stand  tests  indicate  that  efficiencies  as  high 
as  98  per  oent.  are  obtainable. 

88.  The  wheel-drive  systems  embodying  constructions  in  which  a 
motor  drives  each  wheel  separately  and  forms  a more  or  less  self-contained 
unit  therewith  are  described  in  Par.  84  and  86. 

84.  The  couple  gear  drive,  shown  in  Fig.  5,  employs  a motor  mounted 
in  a fixed  horisontal  position  within  the  wheel  itself,  the  axle  stubs  on  which 


Fio.  5. — Wheel  assembly,  couple  gear. 

the  wheel  turns  being  integral  with  the  motor  castings.  The  armature 
shaft  makes  a slight  angle  with  the  plane  of  the  wheel,  permitting  the  bevel 
pinions  mounted  on  each  end  of  the  armature  shaft  to  mesh  with  their 
respective  halves  of  a double  cog  rack  near  the  periphery  of  the  disc  wheel. 
Thrust  stresses  arising  from  one  bevel  set  are  balanced  by  the  other.  This 
arrangement  lends  itself  to  four-wheel  drive  and  steering. 

86.  Other  wheel-drive  systems  which  obviate  the  use  of  bevel  gears 
and  embody  the  double  spur-gear  reduction  are  shown  in  Figs.  6 and  7. 
These  drives  are  used  by  the  Commercial  Truck  Company.  In  the  concen- 
tric gear  drive  illustrated  in  Fig.  6,  the  gear  cases  are  mounted  between  two 
axle  members,  the  extension  of  the  case  forming  the  axle  spindle.  The 
motor  is  bolted  to  the  inner  side  of  the  gear  case  in  a fixed  position  and  in 
line  with  the  axle.  The  armature  pinion  engages  three  spur  gears,  which 
are  carried  by  studs  mounted  integral  with  the  driving  shaft.  The  pinions 
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which  are  integral  with  the  intermediate  gears,  as  shown  in  Fig.  6,  taps 
a single  gear  which  is  pressed  into  and  keyed  to  the  fear  case.  The  anTaj 
shaft  passes  through  the  axle  spindle  and  connects  with  the  outer  end  of  tw 
wheel  hub  through  the  hub  cap.  The  driving  shaft  has  no  bearing  in  tbj 
axle  spindle,  the  driving  gears  and  driving  shaft  being  supported  and  Wi 
in  proper  position  in  the  following  manner:  The  double  intermediate  teal 
has  a cylindrical  extension  formed  on  its  inner  end  having  a diameter  equi 
to  the  pitch  diameter  of  the  small  gear.  A cylindrical  track  is  formed c 


Fia.  7.— Double  spur-gear  reduction  drive.  (Commercial  Truck  Comply 

the  motor  head,  the  diameter  of  which  is  equal  to  the  pitch  diameter  d & 
internal  gear.  It  will  thus  be  seen  that  the  three  bearings  form  a 
support  for  the  inner  end  of  the  driving  system,  the  outer  end  of  thednd 
shaft  being  supported  and  held  centrally  by  the  hub  shaft.  The  par 
is  oil  and  dust  tight,  the  gears  running  continuously  in  a bath  of  oiL  Ta 
drive  is  used  on  trucks  of  ^-ton,  1-ton  and  2-ton  capacity. 

In  the  double-reduction  spur  gear  drive  illustrated  in  Fig.  7 the 
which  is  a standard  truck  type,  series  wound,  with  a cylindrical  steel  (n** 
is  carried  in  a steel  casting  accurately  bored  to  a siae  that  will  allow  t» 
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motor  to  be  dipped  freely  in  place  up  to  a definite  shoulder.  The  case  is 
split  partly  around  and  horisontally,  so  that  by  tightening  bolts  through 
the  lugs  cast  on  this  part  of  the  case,  the  case  can  be  securely  damped 
around  the  outside  of  the  motor.  The  gearing  between  the  motor  and  the 
wheel  consists  of  straight  spur  gears.  The  first  pinion  is  mounted  directly 
on  the  tapered  armature  shaft  with  a key.  The  double  intermediate  gear 
is  carried  by  a roller  bearing  on  an  intermediate  stud,  which  is  supported 
in  the  same  casting  that  carries  the  motor.  The  intermediate  pinion  engages 
an  internal  gear  mounted  directly  on  the  wheel  hub,  the  outside  surface  of 
the  internal  gear  forming  the  brake  drum.  The  axle  spindle  is  constructed 
so  as  to  form  an  extension  of  the  gear  and  motor  case,  the  spindle  being 
approximately  in  line  with  the  center  of  the  motor.  A concentric  flange, 
which  is  bored  to  a diameter  slightly  larger  than  the  outside  of  the  internal 
gear  and  provided  with  grooves,  forms  a dust  and  grease  type  joint.  Trun- 
nions integral  with  the  gear  and  motor  case  located  at  the  top  and  bottom, 
as  shown  in  Fig.  7,  are  arranged  to  engage  the  axle  ends  and  form  a knuckle 
construction  for  steering  the  motor  wheel  as  a unit.  The  gearing  is  entirely 
enclosed  and  the  gear  oase  is  partly  filled  with  a heavy  grease.  The  axles 
are  steel  forgings  and  are  made  in  two  parts  separated  by  a spacer  forming 
the  equivalent  of  a deep  I-bearm  section.  The  axle  forgings  are  enlarged 
at  the  ends  and  bored  out  and  bushed  to  receive  the  trunnions  before  de- 
scribed, which  are  part  of  the  motor  casing.  The  axle  with  the  motor  casing 
thus  forms  a knuckle  construction  for  steering,  a thrust  ball-bearing  being 
mounted  in  the  front  top  axle  at  the  trunnions.  The  assembly  of  the  front 
and  rear  constructions  is  the  same,  with  the  exception  of  the  ball  bearings. 
The  motor  wheels  of  the  front  construction  are  connected  by  the  usual  cross 
rod  with  the  steering  rod  or  drive  link  connecting  one  of  tne  motor  wheels 
to  the  steering  gear.  The  motor  wheels  of  the  rear  construction  are  secured 
in  a fixed  relation  to  the  axle,  the  wheels  being  rigidly  mounted.  This  drive 
is  used  on  trucks  of  3H-  and  5-ton  capacity. 

36.  The  methods  of  providing  for  torsion  and  propulsion  stresses 
in  electric  trucks  follow  the  same  general  practice  which  prevails  in  the 
design  of  gasoline  trucks.  The  discussion  of  these  methods  9annot  be 
undertaken  within  the  space  available,  and  therefore  the  reader  is  referred 
to  any  standard  treatise  on  the  design  of  gasoline  motor  trucks. 

87.  The  brakes  in  general  conform  in  design  to  the  accepted  practices 
of  gasoline  motor  truck  brakes.  Two  independent  brake  systems  are  usually 
furnished,  one  being  an  external  contracting-type  brake  on  the  rear  wheel 
functioning  as  a service  brake  and  the  other  being  an  internal  expanding 
brake  on  the  rear  wheel  functioning  as  an  emergency  brake.  In  some  oases 
both  brakes  are  of  the  internal  expanding  type  on  the  rear  wheel  and  in  other 
cases  an  external  contracting-type  brake  on  the  propeller  shaft  is  furnished 
in  addition  to  an  internal  expanding-type  brake  on  the  rear  wheels.  The 
brakes  are  generally  operated  by  foot  pedals. 

83.  Battery  requirements.  A storage  battery  to  fulfill  the  require- 
ments of  truck  propulsion  should  have  the  following  characteristics: 
(a)  The  ability  to  propel  a loaded  truck  up  the  gradients  encountered  in 
service;  (6)  it  should  be  efficient;  (c)  it  should  be  rugged  and  substantial  in 
construction  and  capable  of  withstanding  the  severe  snooks  of  service;  (<f)  it 
should  have  tne  ability  to  give  a long  period  of  useful  service;  (e)  it  should 
have  ample  capacity  for  the  application  involved. 

The  recommendation  of  the  Society  of  Automotive  Engineers  regarding 
number  of  battery  cells  is  as  follows:  The  number  of  cells  in  lead-acid  bat- 
teries shall  be  42,  and  the  number  of  cells  in  the  nickel-iron  alkaline  type  fiO. 
In  many  cases  44-oell  batteries  cannot  be  properly  charged  on  acoount  of  the 
low  voltage  of  the  current  supply.  The  42-cell  battery  can  be  divided  to 
make  a more  convenient  arrangement  of  trays.  See  Par.  188  et  mq. 

89.  Motors.  One  motor  of  the  four-pole  series-wound  type  is  usually 
employed  to  propel  a truck,  although  in  some  applications  two  or  four 
motors  are  used.  Motors  are  discussed  more  fully  under  Par.  87  to  107. 

40.  Controllers  are  discussed  more  fully  under  the  caption  “Controllers,” 
Par.  188  to  188. 

41.  Tires.  The  function  of  the  tires  is  to  provide  traction,  prevent  slip- 
page, protect  the  mechanism  of  the  vehicle  from  shock  and  vibration  and 
euanion  the  load.  In  general  all  electric  trucks  are  equipped  with  solid 
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4ft.  Tki  semi-trailer  tfp#  af  trader  comprises  thorn  equipped  with 
fifth  wheel*  trailer  attachments,  or  swivel  connections,  designed  to  haul  a 
semi-trailer. . The  battery  is  generally  undcrtlung  amidsfcip,  with  seme* 
times  a portion  of  it  mounted  directly  behind  the  cab  on  ton  of  the  frame 
side  sills.  This  type  is  usually  designed  to  haul  a semi-trailer  of  ten  tons 
gross  weight,  one-third  of  the  total  trailer  weight  being  carried  by  the  rear 
end  of  the  tractor. 

40.  The  crane  type  of  tractor  is  equipped  with  an  electrically  operated 
hoist,  with  either  fixed  or  swinging  boom,  designed  to  carry  one  ton  on  the 
hoist  hook,  or  to  hoist  two  tons  with  tractor  stationary  ana  sprags  set.  In 
addition,  this  type  is  usually  equipped  with  spring  drawbar  or  pintle  hook 
for  hauling  trailers. 

40.  Commercial  apoottoatloas  of  trucks  and  tractors.  The  principal 
characteristics  of  various  types  of  commercial  trucks  and  traoton  are  given 
in  detail  in  Par.  47. 

CTPOTTB1AL  TKtTUKS  AK4  T&AOtOftS 

41.  Systems  of  trucking.  Three  standard  systems  of  storage-battery 
industrial  trucking  are  in  use.  The  choice  of  industrial  trucks  or  tractors 
to  meet  the  particular  requirements  of  any  industry  should  be  based  on  a 
careful  analysis  tar  the  purpose  of  determining  which  system  will  best  meet 
the  existing  or  contemplated  arrangement  of  buildings  and  departments  and 
general  transportation  facilities.  The  three  systems  are: 

1.  Platform  hauling,  in  which  the  truck  is  required  to  wait  while  being 

loaded  and  unloaded  by  hand,  gravity  W crane. 

2.  Electric  self-loading  and  self-unloading,  or  semi-self-loading  and  un- 

loading. 

(a)  Electric  lifting  platform  and  tiering  trucks,  which  eliminate  load- 

ing and  unloading  by  means  of  false  platforms  or  skids. 

(b)  Semi-self-loading  or  unloading  trucks  such  as  crane  and  hopper 

trucks. 

3.  Tractor-trailer  systems  in  which  the  power  unit  is  coupled  to  and  draws 

one  or  more  unit  loads  on  wheels,  either  singly  or  in  trains. 

SSL  Platform  trucks  are  in  more  general  use  because  of  the  fact  that  far 
most  installations  the  commodities  are  mixed  in  character.  These  trucks 
are  manufactured  in  numerous  models  or  designs,  from  which  the  most 
suitable  type  may  be  selected  for  a particular  application.  Aaoag  tbe 
important  factors  in  making  a selection  are  the  height,  width  and  length 
•of  the  truck  desired.  The  proper  height,  of  the  platform  is  dependent,  in 
general,  upon  the  character  of  the  material  to  be  loaded.  Standard  heights 
of  truck-loading  platforms  are  12,  17,  18,  20,  24  and  33  in.  The  character 
of  the  runways  or  roads  over  which  the  truck  will  travel  may  affect  the  sise 
Of  the  wheels  and  consequently  tne  height.  The  higher  platforms  are  to 
facilitate  the  loading  of  baggage,  mail,  express,  or  the  like,  from  car  floors 
and  the  loading  of  castings  and  other  heavy  materials  by  means  of  cranes. 

48.  The  battery  mounting  in  low-platform  types  is  over  the  driving 
axle  at  one  end,  enabling  the  use  of  wheels  of  small  diameter  at  the  other  end 
beneath  the  low  loading  platform. 

44.  The  battery  mounting  In  high-platform  type  is  beneath  the  load- 
ing platform.  The  wheels  are  of  the  same  sice,  thus  providing  ample  clear- 
ance under  the  truck.  This  design  provides  maximum  loading  space. 

44.  Width.  The  question  of  width  is  determined  by  the  aisle,  doorway 
and  equipment  clearances.  With  trucks  which  employ  four-wheel  steering, 
the  question  of  clearance  is  of  lesser  importance  because  of  the  greeter  flexi- 
bility in  handling.  The  standard  widths  of  trucks  are  30,  37,  40  and  4®  in. 
The  wheel  treads  should  be  such  as  to  provide  ample  stability  under  all 
conditions  of  operation. 

54.  Length.  The  length  of  the  standard  trucks  is  dependent  upon  the 
character  of  merchandise  to  be  transported,  but  the  wheel  base  should  not 
be  so  loag  as  to  impair  adaptability^  la  some  casta  the  ability*  Wrcoatrol 
the  truck  from  either  end  will  provide  the  greatest  flexibility  in  operation. 

47.  Voiding  platforms  for  the  operators  to  stand  upon  and  adjustable 
and  gtos^rilltate  the  operation  of  trucks  in  congested  senes,  on  elevators 
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•8.  Steering  end  wheel  drive.  Trucks  are  designed  for  tee-ska 

drive,  with  two-wheel  steering;  four-wheel  drive,  with  four-wheel  stecnf 
or  two-wheel  drive  with  four-wheel  steering. 

St.  The  self-loading  and  self-unloading  types  of  industrial  trod 
equipment  comprise  the  elevating  platform,  tienng,  crane  and  hopper  track] 
the  most  popular  type  being  perhaps  the  electric  lifting  or  elevating  phij 
form  type. 

•0.  The  elevating-platform  type  of  truck  is  fitted  with  a lifting  p isi 
form  having  a carrying  capacity  of  4,000  lb.  The  platform  proper  is  raise 
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truck  may  be  used  to  haul  trailers  singly  br  in  trains,  the  battery  capacity 
is  usually  insufficient  for  the  continuity  of  service  required. 

67.  The  tractor  power  unit  may  be  kept  in  operation  almost  continu- 
ously and  does  not  nave  to.  remain  idle  during  the  loading  and  unloading 
operations,  as  is  the  case  with  load-carrying  trucks. 

66.  Use  of  the  truck  as  a tractor.  Any  type  of  truck  may  be  used  to 
draw  trailers,  but  in  general  the  battery  oapacity  is  insufficient  for  continu- 
ous service  and  trucks  as  a class  are  not  designed  with  the  necessary  drawbar 
pull  for  this  work.  The  drawbar  pull  depends  directly  upon  the  weight  on 
the  driving  wheels  and  the  torque  capacity  of  the  motor. 

66.  Drawbar  pull.  The  normal  drawbar  pull  is  the  maximum  rating 
under  which  the  tractors  are  designed  to  operate  continuously,  assuming 
average  conditions.  The  maximum  drawbar  pull  is  attained  just  before 
the  driving  wheels  begin  to  slip.  The  total  load  m tons  which  can  be  moved, 
including  weight  of  trailers,  may  be  calculated  on  the  basis  of  50  lb.  drawbar 

Eull  per  ton,  assuming  trailers  with  good  bearings  traveling  on  level  dry 
rick,  concrete  or  wood  floors. 

70.  Steering  and  Wheel  drive.  Tractors  are  equipped  with  two-wheel 
drive,  with  single-wheel,  two-wheel  or  three-wheel  steering,  depending  upon 
the  type. 

71.  The  frame  design  follows  generally-accepted  automotive  practice 
very  closely.  The  frames  are  made  of  I-beams,  neavy  channels,  or  angle- 
iron  sections,  depending  on  the  type  of  truck  or  tractor.  The  frame  is  sup- 
ported on  the  axles  either  by  heavy  coil  springs  or  by  semi-elliptic  springs. 

TS.  Wheel  construction.  Wheels  in  general  are  of  the  solid  or  cast 
type,  revolving*  on  roller  or  ball  bearings  and  equipped  with  either  solid 
pressed-on  rubber  or  fabric  tires.  The  carrying  capacity  of  solid  tires 
recommended  in  the  Standards  of  the  Society  of  Automotive  Engineers  is 
given  in  Par.  TS. 

78.  Industrial  Truck  Tires 

(8.  A.  E.  Standard) 


Nominal  tire  sixes 

Wheel  dimensions  | 

Nominal 

Width 

Diameter 

Felloe  width 

diameter  (in-) 

(in.) 

(in.) 

(in.) 

10 

3* 

6 

21 

10 

5 

6 

4* 

16 

3* 

12 

2# 

16 

5 

12 

4} 

20 

3* 

16 

21 

20 

5 

16 

4t 

24 

34 

20 

2} 

28 

3| 

24 

2$ 

Wheel  diameters  shall  be  4 in.  less  than  the  nominal  tire  diameters. 
The  height  of  the  finished  tire  shall  be  2 in.  for  all  sixes. 


74.  Axles  and  housings.  The  axles  and  housings  are  made  of  steel  and 
conform  to  standard  automotive  design  practice. 

76.  Transmission.  The  types  of  transmission  in  general  use  include 
the  worm,  chain  and  spur-gear  drives. 

76.  The  chain  drive  consists  of  a driving  pinion  on  the  motor  shaft 
which  engages  a sprocket  wheel  through  a silent  chain.  This  sprocket, 
embodying  a oompact  differential,  transmits  the  mechanical  energy  through 
a steel  countershaft  to  sprockets  at  either  end,  which  in  turn  engage  sprocket 
wheels  on  the  respective  driving  wheels  by  means  of  roller  chains. 

77.  The  worm  drive  consists  of  a high-grade  steel  worm,  phosphor  bronse 
worm  wheel  and  differential,  with  all  bearings  assembled  as  a umt  id  a cast- 
steel  housing,  each  road  wheel  being  driven  through  a shaft.  All  power- 
transmitting  parts  are  in  oil-tight  housings  and  operate  in  a bath  of  oil. 

78.  The  spur-gear  drive  in  general  comprises  a double-reduction  spur 
gear,  entirely  enclosed  and  operating  in  oil. 
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•The  battery,  in  general,  is  comprised  of  21  cells  Edison  A6,  or  12  cells  lead  battery,  of  196  to  220  amp.-hr.  capacity. 
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SI.  Meters  are  usually  of  the  24-volt  or  48»voh  classification*  In  worm- 
drive  types  the  motor  is  in  general  mounted  so  that  it  can  be  connected  direct- 
ly to  the  shaft  of  the  worm*  In  chain-drive  types,  and  in  some  worm-drive 
types,  the  motor  is  supported  from  the  ohaesis  frame.  See  Par.  $7  to  107 
for  details. 

02.  The  controller  is  usually  mounted  either  on  the  front  of  the  truok, 
where  it  is  accessible  and  readuy  coupled  to  the  operating  mechanism,  or 
underneath  the  platform  and  operated  by  a seriee  of  levers  and  bell  cranks. 
When  installed  an  the  front  of  the  truck  it  can  be  mounted  with  the  shaft 
either  hocisontel  or  vertical,  as  desired.  The  motion  of  tne  controller 
handle  is  an  and  down,  with  horisontal  abaft  mounting,  and  right  and  left 
with  vertical  mounting. 

02.  The  safety  switch  usually  serves  two  purposes  as  follows:  (1)  It  is 
operated  by  the  brake  pedal,  which  is  spring  set,  so  that  when  the  operator 
leaves  the  truck  the  circuit  of  the  motor  is  opened  and  the  brake  applied; 
(2)  the  safety  switch  is  usually  so  interlocked  with  the  controller  drum  that 
the  latter  must  be  returned  to  the  “off"  position  before  the  safety  switch 
can  be  closed  or  the  brake  released. 

04.  Interlocking  features.  Downward  pressure  of  the  operator’s  foot 
doses  the  safety  switch  (Par.  02)  and  releases  the  brake,  after  which  the 
controller  drum  can  be  rotated  to  any  desired  position.  If  the  brake  be 
applied,  the  safety  switch  opens  and  the  truck  stops.  The  power  cannot 
again  be  applied  until  the  controller  handle  is  moved  to  the  ‘'off”  position. 
This  is  known  as  the  “off-poeition  interlock.”  In  some  applications  it 
is  possible  to  dose  the  safety  switch  and  release  the  brake  with  the  controller 
handle  in  the  first  position,  that  is,  power  can  be  applied  as  soon  as  the  brake 
is  released,  to  prevent  losing  contra  of  the  truck  if  it  is  standing  on  a grade. 
This  is  what  is  known  as  the  “first-position  Interlock.”  One  objection 
to  the  latter  type  of  interlock  Is  that  the  truck  Can  be  left  standing  with  the 
controller  handle  in  the  first  position  and  the  .brake  applied,  so  that  an  opera- 
tor returning  to  the  truck  and  closing  the  safety  switch  and  releasing  the  brake 
without  first  returning  the  controller  handle  to  the  “off”  position  would  unin- 
tentionally start  the  truck.  With  the  “off-position  interlock,”  the  operator 
must  return  the  control  handle  to  the  “off  position,”  before  he  can  release 
the  brake  and  close  the  safety  switch,  this  preventing  unintentional  starting. 
The  “off-position  interlock”  permits  the  truck  to  start  without  power  on  a' 
made,  whereas  the  “first-position  interlock”  gives  complete  control  on  a grade. 
However,  with  the  former  scheme  an  additional  emergency  brake  can  be  pro- 
vided, which,  when  released,  doses  the  safety  switch  and  allows  the  controller 
handle  to  be  moved  to  the  first  position. 

8f . The  brake  is  mounted  on  the  worm  shaft  or  wheels.  Braking  is 
effected  by  a contacting  type  of  brake  shoe  lined  with  woven  asbestos, 
actuated  by  a spring  ana  released  by  a foot  pedal  or  the  operator’s  platform. 
In  the  case  of  tractors,  the  brake  is  sometimes  actuated  by  a spring  controlled 
by  the  driver's  seat,  so  that  the  brake  is  automatically  set  whenever  the 
driver  leaves  his  seat. 

88.  The  principal  characteristics  of  various  commerrial  types  of  trucks 
and  tractors  are  given  in  the  tables  in  Par.  72  and  80. 


VBBIOLS  MOTORS 

•7.  Speed-torque ( characteristic.  The  inherent  characteristic  of  the 
motive  power  for  vehicle  propulsion  should  be  an  increase  in  effort  with  de- 
crease in  speed.  The  seriee  motor  has  this  operating  characteristic,  since  its 
speed  varies  as  an  inverse  function  of  the  torque,  or  turning  effort.  It  like- 
wise has  a high  value  of  torque  per  ampere  drawn  from  the  battery,  through- 
out its  range  of  operation. 

M.  Field  colls.  At  present  practically  all  series  motors  for  vehicle 
service  have  four  field  coils,  arranged  in  two  pairs,  each  pair  being  connected 
permanently  in  series.  These  pairs  are  arranged  normally  for  connection 
in  series  and  in  parallel.  In  some  special  oases,  the  motors  have  six  field 
coils  instead  of  four. 

89.  Type  of  speed  characteristic . The  typical  speed  characteristics 
of  vehicle  motors  are  as  follows:  (a)  Plat  speed  characteristic,  in  which  the 
speed  does  not  drop  rapidly  on  overloads;  (6)  steep  speed  characteristic,  in 
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which  the  speed  drops  rapidly  on  overloads.  A motor  hsvftic  s flat  gsi 
characteristic  is  known  as  a saturated  motor,  while  a motor  having  » atm 
speed  characteristic  is  known  as  an  nnsaturated  motor.  In  gmenlfta 
saturated  motor  is  chosen  for  application  to  passenger  can  sad  tbs  sistr 
ated  motor  for  application  to  trucks  or  tractors. 

to.  General  electrical  requirements.  Vehicle  moton  sre  suA- 
factored  in  various  rises,  each  of  which  can  be  supplied  in  several  eketried 
ratings.  The  features  of  design  conform  closely  to  railway  motor  prettiat. 
since  the  conditions  of  vehicle  service  are  very  severe  and  qmtssuuhrft 
traction  service.  The  motors  are  designed  with  liberal  commutator  enpadt? 
and  the  best  possible  commutating  characteristic*.  in  order  to  withstand  td  , 
extreme  overloads  encountered.  In  addition,  they  should  pmsas  j 
efficiency,  ruggedness,  durability,  and  general  reliability.  They  most 
capable  of  operating  over  a considerable  range  of  voltage. 

91.  Mechanical  features.  The  magnet  frame  and  the  commutator  <*< 
housing  sre  in  general  oast  integral,  the  outer  surface  of  the  cylindrical  fn* 
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two  groups,  BO  that  they  may  be  0 >nnect«d  either  is  series  or  in  series  parallel. 
Six  lead*  are  brought  out  from  the  frame,  comprising  two  armature  and  four 
field  leads,  to  facilitate  connections  for  the  field-control.  Two  brush  arms 
are  in  general  employed,  in  order  to  provide  greater  accessibility  to  the 
brushes,  in  some  designs  a shorter  overall  frame  is  required,  in  which  case 
four  brush  arms  are  provided,  resulting  in  a more  compact  design. 

•t.  General  motor  characteristics.  The  characteristic  curves  of 
torque,  speed  and  current  for  several  types  of  motors  are  shown  in  Figs.  8,  9, 
10,  11,  and  12,  being  representative  data  of  two  leading  makes. 


•8.  The  performance  specification  covering  vehicle  motors  may  be 
outlined  as  follows: 

Rating.  The  normal  full-load  rating  of  each  motor  is  based  on  the  speci- 
fied voltage  and  amperes.  Where  series  field-coils  are  arranged  for  series  and 
parallel  connection,  the  rating  is  given  with  field  coils  connected  in  parallel. 

Speed.  The  rated  speed  is  based  upon  the  speed  of  the  motor  at  the 
end  of  the  specified  full-load  temperature  run.  Speeds  of  individual  motors 
may  vary  6 per  cent,  above  or  below  the  rated  speed  at  full  load.  Approxi- 
mate speed  for  loads  other  than  full  or  rated  load  are  shown  on  the  specified 
curve. 

Mefteney.  The  efficiencies  shown  on  the  specified  curve  are  to  be  calcu- 
lated from  J*ft  looses  in  the  brush  contacts  ana  the  armature  and  field  wind- 
ings, based  cm  the  measured  resistance  of  these  windings  at  a temperature 
of  75  deg.  oent.,  and  the  measured  core  loss  and  friction  losses,  including 
brush  ana  bearing  friction  and  windage.  These  losses  are  to  be  determined 
separately  for  each  load  at  which  efficiency  is  desired.  The  efficiencies 
shown  on  the  specified  curve  are  approximate  and  represent  the  average  of 
the  manufactured  product. 

Commutation.  Each  motor  shall  operate  at  rated  full  load  with  no 
sparking  or  burning  of  the  brushes  and  without  blackening  of  the  commu- 
tator. Each  motor  shall  operate  at  any  load  encountered  in  normal  opera- 
tion without  injurious  sparking. 

Temperature.  After  a continuous  run  (for  4 hours)  at  the  specified 
voltage  and  current,  no  part  of  the  windings  shall  exceed  a temperature  of 
05  deg.  oent.  above  the  surrounding  air.  Test  shall  be  made  on  the  stand 
with  motor  covers  on.  Temperature  shall  be  measured  by  thermometer. 
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94.  8.  A.  K.  motor  standards.  The  practice  recommended  by  t te 
Society  of  Automotive  Engineers  in  regard  to  electric  vehicle  motor*  ia  m 
follows: 

Motor  voltafe.  Two  classes  of  motors  shall  be  used  for  electric  rebate 
(not  including  industrial  trucks  and  tractors),  the  first  das*  deuced  hr 
80-volt  to  85-volt  operation,  characteristic  curves  to  be  furnished  by  tte 
manufacturers  for  each  voltage.  The  second  class  of  motors  shall  be  de- 
signed for  00-volt  to  66-volt  operation,  the  characteristic  curves  for  cad  ©' 
these  voltages  to  be  furnished  by  the  manufacturers. 

Motor  nameplates.  Each  motor  shall  carry  a nameplate  setting  forth: 
Manufacturer's  name  and  address;  whether  series,  shunt,  or  compocac 
wound;  frame  aise;  volts,  amperes,  and  revolutions  per  minute,  for  both  ti* 
high  and  the  low  limits  of  voltage,  given  in  separate  figures. 


•I.  Motor  windings.  As  the  result  of  the  standardisation  of  40  to  M 
cells  of  lead  battery  and  60  cells  of  Edison  battery,  the  motor  manufacture 
have  designed  tbeir  respective  lines  of  motors  so  that  either  of  two  «indi*0 
can  be  provided  for  each  frame.  The  one,  an  80-volt  to  85-volt  rstiag , » 
designed  for  use  with  a 40-oell  to  44-cell  lead  battery,  and  the  other,  a w 
volt  rating,  is  designed  for  use  with  a 60-oell  Edison  battery.  Tbe  tw 
windings  are  so  designed  tnat  the  motor  will  have  the  same  speed  and  ton* 
at  normal  rated  load  for  both  voltage  ratings.  This  can  be  seen  by  eomjs0’ 
son  of  the  curves  in  figs.  0 and  10  and  Figs.  11  and  12. 

96.  Standard  motor  sises.  The  standard  motors  of  two  wdHa»«* 
manufacturers  are  listed  in  the  table  in  Par.  90,  showing  the  rating*  sad  th 
weights. 

97.  Choice  of  number  of  motors.  The  choice  of  one,  two,  or 
motors  is  dependent  upon  the  type  of  transmission  employed.  The  sim£ 
motor  drive  is  generally  favored  because  of  its  high  efficiency,  light  wap*, 
and  simplicity  of  control.  The  two-motor  drive  gives  alighuybettor  p* 
formance  when  the  stops  per  mile  are  very  frequent,  due  to  the  eliminato* 
of  running  resistance  in  the  first  notches  of  the  controller,  but  it  is  doobtf* 
whether  this  advantage  offsets  the  additional  weight  mainten*** 
necessitated  by  the  additional  motor. 
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M.  Standard  Vehicle  Motor  Rating! 

(General  Electric  Co.) 


Type 

Volts  | 

Amp. 

R.p.m. 

Wt.  (lb.) 

Type 

S 

*3 

> 

Amp. 

I 

1 i 

* i 

i 

* 

GE  1086 

24 

32 

1,900 

45 

GE  1048 

60 

40 

1.600 

m 

36 

21 

1,800 

45 

85 

30 

1.600 

265 

GE  1083 

24 

40 

1,500 

75 

GE  1064 

48 

50 

1,500 

315 

GE  1065 

60 

17 

1,600 

130 

GE  1039 

60 

40 

1,200 

310 

85 

12 

1,600 

130 

85 

30 

1,200 

310 

GE  1090 

24 

45 

1 ,200 

170 

GE  1022 

60 

60 

1.200 

425 

24 

50 

1,500 

170 

85 

40 

1,200 

425 

32 

35 

1.500 

170 

GE  1030 

60 

70 

850 

536 

40 

35 

2,000 

170 

85 

50 

850 

m 

GE  1091 

24 

65 

1,700 

200 

GE  1027 

60 

85 

000 

m 

32 

60 

1,500 

200 

85 

60 

900 

m 

48 

45 

1,700 

200 

GE  1087 

80 

120 

900 

m 

(Westinghouse  Elec.  & Mfg.  Co.) 


Typr 

Volts 

Ainp. 

R.p.m. 

jd 

Type 

Volts 

Amp. 

i\z\ 

V-62-X-4 

00 

36 

1,160 

145 

1 V-50-X-4 

60 

57 

1,190  1 1 

V-62-X 

80 

28 

1 , 1 00 

145 

V-50-X 

80  1 

43 

1,190  | 3CC  | 

V-51-X-4 

00 

44 

1,100 

190 

| V-49-X-4 

00 

77 

970  430  ] 

V-54-X 

80 

33 

1,090 

190 

1 V-49-X 

80 

60 

920  | 430 

V-77-A 

SO 

40 

950 

250 

V-43-X-4 

00 

120 

800  600 

V-79-A 

00 

62 

910 

280 

V-43-X 

80 

90 

840  6001 
J 

99.  Choice  of  proper  size  of  motor.  In  applying  a motor  to  a pa«r 

ger  car  or  truck,  it  has  been  found  by  experience  that  a motor  having  a nora* 
current  rating  equal  to  the  current  required  to  propel  the  car  on  hardlrm. 
smooth  pavement  at  its  rated  speed  and  load  capacity  will,  in  general, l** 
sufficient  capacity  to  propel  the  car  under  general  operating  condioar 
without  exceeding  the  safe  temperature  limits.  The  following  ge«s** 
expressions  can  be  used  to  determine  the  capacity  of  motor  required.  * 
other  variable  involved: 


TE  - 
El  - 

I - 


W X R (lb.) 

TB  X AfPH  , _ x 

0.802  xVXfc  (”tt8) 

TB  X MPH  

0.502  X E X eg  X tm  (Mnp  ) 


l*i 

ffj 


Substituting  the  value  of  TE  from  equation  (1), 
W X R X MPH 
1 " 0.502  XEXegXem 


(amp.) 


J 

(f 


also 


W X w.h.  X MPH 


(amp.) 


MPH 

T 


N X D 
336  X Q.r. 

TEX  D 
Q.r  X 24  X V 
W X R X D 
Q.r.  X 24  X ** 


if 


<? 
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Where  TE  — tractive  effort  required  at  rime  of  driving  wheels,  in  lb, 

W — gross  weight  of  vehicle  in  tons. 

R «■  total  frictional  resistance,  in  lb.  per  ton. 

E «■  voltage  at  motor  terminals. 

I — current  in  amperes. 

MPH  — speed  of  vehicle  in  miles  per  hour. 

T — motor  torque  in  lb.  at  1 ft.  radius. 

— efficiency  of  gearing,  assumed  uswally  as  96  per  cent,  fpr 
single  reduction  and  90  per  cent,  for  double  reduction. 

•m  - efficiency  of  motor,  usually  86  to  88  per  cent.,  average  86 
per  cent. 

w.h.  — watt  hours  per  ton  mile 
N — speed  of  motor  armature  in  revolutions  per  minute. 

D — cuameter  of  driving  wheels  in  inches. 
g.r.  — total  speed  reduction  ratio  between  motor  shaft  and  driv- 
ing wheels. 

100.  The  rolling  resistance  o t a Wheel  is  due  theoretically  to  the 
yMding  or  indentation  of  the  road,  which  causes  the  wheel  continually  to 
mount  a slight  incline.  It  is  also  affected  by  the  yieldingor  deformation 
of  the  wheel  tread  at  the  point  of  contact  with  the  road.  The  resistance  is 
measured  by  the  horisontal  force  necessary  at  the  axle  to  lift  it  over  the 
obstacle  or  roll  it  up  the  incline  surface.  The  rolling  resistance  varies  with 
the  diameter  of  the  wheel,  the  width  and  composition  of  the  tire,  the  con- 
struction of  the  tire,  the  method  of  attaching  the  tire  to  the  wheel  rim,  the 
speed,  the  nature  of  the  road  surface,  the  grade  ana  the  spring  suspension. 

101.  The  air  resistance  varies  approximately  as  the  square  of  the 
speed,  but  is  usually  not  considered  in  electric  vehicle  practice  because  the 
speeds  are  relatively  so  low  that  it  is  negligible. 

10S.  Vehicle  resistance  is  given  by  the  best  authorities  as  having  the 
following  values: 

Steel-tired  wheels  on  steel  rails 6 to  20  lb.  per  ton 

Pneumatic  tired  wheels  on  level  hard 


asphalt  pavement 15  to  35  lb.  per  ton 

Solid-tired  wheels  on  level  hard  asphalt 

pavement 20  to  40  lb.  per  ton 

Steel-tired  wheels  on  average  roads, 

approximately 50  lb.  per  ton 

108.  The  relative  values  of  vehicle  resistance  on  various  level  road 
surfaces,  as  compared  to  the  value  on  hard  level  asphalt,  are  given  in  the 
following  table. 


Road  surface 

Relative 
value  of 
vehicle 
resistance 

Road  surface 

Relative 
value  of 
vehicle 
resistance 

Asphalt,  hard 

1.00 

Snow  packed 

1.3 

Macadam 

1.16 

Snow  fairly  hard,  without 
grips 

Tar  via. 

1.14 

1.7 

Glased  brick 

1.35 

Snow  fairly  hard,  with 
grips 

Woodblock 

1.1 

1.8 

Granite  block 

2.0 

Snow,  soft T . t 

2.1 

20  to  30  lb.  per  ton  for  operation  on  level  hard  smooth  asphalt. 

106.  The  vehicle  resistance  for  electric  trucks  on  level  hard  smooth 
asphalt  has  been  found  by  experience  to  be  approximately  as  follows: 


Capacity  of 
truck,  lb. 


Pounds  per  ton 


1,000 

40 

90 

2,000 

40 

85 

4,000 

35 

80 

7,000 

30 

76 

10,000 

30 

75 

Watthours  pear 
ton  mile 
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lOf.  Effect  of  grades.  The  effect  of  grades  is  to  ineww  or  docwsn  fie 
value  of  the  vehicle  resistance  by  20  lb.  per  ton  for  each  per  cent  grade. 

107.  The  energy  consumption  and  power  demand  of  electric  vt&de 
are  governed  by  the  grow  weight,  speed,  character  of  roads,  grades  «d 
frequency  of  stops. 

VEHICLE  CONTROL 

100.  Two  general  methods.  There  are  two  general  methods  of  control. 
In  the  first  the  battery  cells  are  connected  permanently  in  series  and  in  tk 
other  the  battery  is  commutated,  that  is,  the  battery  cells  are  divided  nto 
two  equal  groups,  which  can  be  connected  in  parallel  or  series  combination. 

109.  In  the  first  method  (Par.  108)  two  resistance  notches  are  gene* 
ally  used  before  the  "field-series”  notch  is  reached.  Between  this  postal 
ana  the  "fields-parallel”  position  an  intermediate  position  is  provided  b 
which  a resistance  is  in  parallel  circuit  or  shunt  with  the  held  coils.  Tt* 
is  not  absolutely  necessary  but  it  is  done  so  that  the  increase  of  corns 
or  torque  from  notch  to  notch  is  uniform.  In  some  cases  another  pasha 
is  provided  beyond  the  normal  running  or  "field-parallel”  position  in  wfckfci 
resistance  is  in  parallel  with  the  field  coils  to  secure  a ami  higher  uuuitiif 
speed.  This  is  what  is  commonly  known  as  an  emergency  speed  mi  » 
usually  found  only  on  controllers  designed  principally  far  apphestWhh 
passenger  cars.  The  controller  is  often  arranged  so  that  it  is  necestfW  w 
the  operator  to  maintain  the  handle  in  this  position  against  the  fores d* 
spring  tending  to  turn  the  handle  back  to  the  series-parallel  pceiifcNL  I 
controller  of  this  first  general  type  provides  two  economical  running  gpsah 
one  with  "fields  series*  and  the  other  with  "fields  parallel.” 

110.  The  second  method  affords  a slightly  better  efficiency  of  opentia 
in  that  energy  is  not  dissipated  through  ohmic  resistance  during  accelerstioe 
Formerly  this  method  was  highly  objectionable  because  the  controllers  sw* 
not  of  the  continuous-torque  type,  that  is,  the  circuit  was  interrupted  *b® 
the  drum  was  rotated  from  notch  to  notch.  Furthermore  some  trouble 
encountered  because  of  unequal  discharge  of  the  two  sections  of  the  batw 
Continuous-torque  controllers  have  been  developed,  which  in  additioe  * 
the  foregoing  feature  have  an  improved  system  of  battery  bridging  tin 
obviates  the  trouble  arising  from  the  unbalancing  of  the  two  sections  of  s* 
battery.  The  bridging  is  accomplished  in  the  momentary  transition  fit* 
"batteries  parallel,  field-series,”  to  the  position  "battery  series,  field  serin 
by  consecutive  momentary  transition  combinations  as  follows: 

(а)  A resistance  is  in  parallel  circuit  with  a battery  section  in  psrsM 
one  group  of  field  circuits  open  circuited. 

(б)  Battery  sections  in  series,  resistance  connected  between  the  two  sw* 
tions,  fields  in  series,  one  group  short  circuited. 

(c)  Battery  sections  in  series,  resistance  connected  between  the  two 
tions,  field  coils  in  series. 

It  will  be  seen  that  in  the  transition  both  sections  of  the  battery  are  & 
charged  at  equal  rates,  never  becoming  unbalanced.  With  this  ****** 
method,  four  economic  running  speeds  are  provided  as  compared  withtws 
(or  the  first,  these  being  "fields  series"  and  "fields  parallel”  conncetiosfc 
With  the  battery  sections  connected  in  parallel  and  in  series  respective!} 
In  the  operation  of  a vehicle  where  there  are  numerous  acceleration  psrwxb 
this  method  results  in  more  economical  operation.  It  also  permits  of  ««* 
nomical  operation  at  low  speeds  in  congested  traffic  sones. 

111.  Oeneral  features.  In  general  controllers  should  be  so  derijM 
and  built  that  compactness,  ruggedness,  ease  of  operation  and  acceaaflmtfl 
are  secured. 

112.  Drum  type.  Controllers  are  usually  of  the  drum  type,  empkqri&i 
one  drum  for  manipulating  the  connections  for  both  forward  and  »*■( 
speeds,  or  two  drums,  comprising  a main  drum  for  controlling  the  speed 
combinations  and  a reverse  drum  for  reversing  the  armature  circuit.  1* 
the  latter  type  the  main  drum  and  the  reverse  drum  are  interlocked,  so  thk 
the  reverse  drum  is  inoperative  while  the  main  drum  is  in  any  "on"  pontine 
it  being  necessary  to  return  the  main  drum  to  the  "off**  position  before  iht 
reverse  drum  can  be  operated. 

119.  Controllers  for  passenger  cars  usually  have  a greater  number  4 
speeds  forward  than  thoee  for  application  to  electric  trucks,  sinoe  the  open**: 
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inf  speeds  of  the  passenger  ear  are  higher  and  uniform  acceleration  is 
necessary.  In  some  controllers  for  passenger  oar  servioe  an  emergenoy 
speed  is  obtained  by  shunting  a resistance  around  the  parallel  fields  of  the 
motor  (Par  109). 

114.  The  various  speed  notches  on  the  controller  should  be  indicated 
positively  by  action  of  the  star  wheel  and  pawl  In  the  case  of  a •ingle- 
drum  type  of  controller,  there  should  be  a considerable  break  between  the 
first  forward  and  the  first  reverse  positions.  In  this  type  the  reversing 
operation  is  usually  effected  at  the  “off”  position  by  a sidewise  motion  of 
tne  handle  against  the  positive  pressure  of  a spring,  permitting  the  handle 
to  be  operated  in  a backward  direction  from  the  “off,T  position  in  an  off-set 
slot.  This  arrangement  prevents  the  sudden  reversal  of  the  motor  by  the 
careless  operation  of  the  controller  handle  by  the  driver. 


Fig.  13.— Connections  and  development  of  continuous  torque  control  for 
single  motor  equipment. 

115.  Angular  travel.  The  angular  throw  of  the  handle  should  be  as 
small  as  possible,  but  the  peripheral  travel  of  the  contaot  surfaces  of  the 
oontrol  drum  must  be  great  enough  to  rupture  the  arcs  when  the  drum  is 
rotated  from  notch  to  notch. 

116.  Drum  construction.  The  drum  bases  or  cylinders  are  made  of 
wood  or  of  molded  material,  attached  by  spiders  to  the  operating  shaft. 
The  main  drums  are  operated  either  by  a handle  attached  directly  to  the 
shaft,  or  through  a pinion  and  sector  gear,  the  latter  being  fastened  to  a 
stub  shaft,  to  which  the  operating  handle  is  attached.  With  the  latter  form 
of  operating  mechanism  the  gear  reduction  is  approximately  3 to  1 so  that 
the  distance  through  which  the  handle  moves  is  grealty  reduced  in  compari- 
son with  that  through  which  the  controller  drum  rotates  in  moving  from 
notch  to  notch. 

117.  Continuous  torque  operation  is  a desirable  feature  of  control 
because  it  permits  the  ourrent  to  flow  uninterruptedly  while  the  controller 
drum  is  being  rotated  from  notch  to  notch,  forward  or  reverse,  thereby  sect? 
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Fxo . 14 . — Connections  and  development  of  control  f or  single  motor  patfezd 
car  equipment* 

contact  finger  F*  has  now  passed  across  the  ^ap,  leaving  the  field  t«r»in 
F*  connects!  to  F1.  In  the  next  position,  which  is  the  fouith,  the  terajj 
FF1  is  connected  to  FF*.  placing  the  fields  in  parallel.  During  the  trsasJJ 
only  one  set  of  fields  is  used.  However,  with  a 4-pole  motor  havusj^ 
metrically  opposite  coils  connected  in  series  in  each  group,  it  has  besn  ^ 
that  there  is  very  little  momentary  increase  in  operating  current. 

119.  Single-motor  control.  The  controller  connections  shove  u ft 
13  are  representative  of  those  for  single-motor  trucks,  while  those  is  f 9- r 
are  representative  of  single-motor  passenger  cars. 

120.  Controllers  for  Industrial  trucks  and  tractors  are  of  the 
type  and  are  usually  arranged  for  three  speeds  forward  and  reverse. 
first  speed  is  obtained  by  connecting  the  two  sections  of  the  motor 
series  with  s resistance,  the  second  speed  by  short-circuiting  the  resistor  w 
the  third  speed  by  paralleling  the  two  sections  of  the  motor  field.  11 

Dinitizsd  hv 


ELECTRIC  VEHICLES 


S#C.  17-121 


principal  («Mtioo  ol  the  three  speed  points  it  to  start  the  track  gently,  as 
easy  little  actual  speed  control  is  required.  In  tractor  equipments  the 
resistor  point  is  useful,  however,  because  slow  speed  is  desired  when  coupling 
trailers. 

111.  Double-motor  control.  With  double-motor  equipments  the  gen- 
eral scheme  of  control  is  the  same  as  for  single-motor  equipments,  a series- 
parallel  commutation  of  the  motors  being  usually  employed,  with  series 
resistance  for  starting  and  intermediate  steps.  At  starting,  the  motors  are 
connected  in  series  with  all  resistance  in  circuit. 

ItS.  The  control  resistors  are  usually  either  of  cast  iron  or  oast  alloy. 
In  some  cases,  to  prevent  rusting,  the  grids  are  copper  plated  and  treated 
with  aluminum  paint.  The  grids  are  usually  assembled  on  tie  rods,  mica 
insulated  and  held  between  two  pressed  or  punched  steel  end-frames. 

ItS.  A main  switch  is  usually  provided,  so  .that  the  controller  can  be 
isolated  horn  the  battery  circuit  when  the  battery  is  on  charge. 

8TOBAGB  BATTBRIB8 


1S4.  General.  The  subject  of  storage  batteries  as  a whole  is  treated  in 
Section  20.  The  following  discussion  relates  exclusively  to  storage  batteries 
in  vehicle  service  and  is  intended  to  supplement  the  subject  matter  of  Sec- 
tion 20. 


Fiq.  15. 


155.  Three  types  of  batteries  in  general  use  on  electric  vehicles  are 
the  Edison,  the  Iron  Clad  Exide  and  the  Philadelphia  Diamond  Grid  types 
WMT  and  WTXI.  The  Philadelphia  type  WTXI  is  ef  the  thin-plate  type 
and  recommended  only  for  passenger  car  service. 

156.  Principal  characteristics  of  the  Edison  battery  are  embodied  in 
the  table  in  Par.  ltt,  the  Iron  Clad  Exide  in  Par.  ISO,  the  Philadelphia  type 
WMT  in  Par.  Ill  and  the  Philadelphia  type  WTXI  in  Par.  ltt. 

ItT.  The  battery  discharge  in  vehicle  service,  in  all  applications,  occurs 
at  varying  rates  and  is  accompanied  by  intermittent  periods  of  rest.  The 
total  elapsed  time  of  discharge  is  ordinarily  eight  hours  or  more.  The  reduc- 
tion in  capacity  due  to  high  discharge  rates  largely  disappears  when  the  rater 
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are  intermittent.  Therefore,  the  normal  discharge-rate  capacity  apeafid 
by  the  manufacturers  will  be  available,  provided  the  total  elapsed  tunsdmai 
which  the  discharge  takes  plaoe  is  not  less  than  6 hr. 


:: 1 — 

1*°0  12#4i«7tttl 

Discharge  Bate  in  Moltiplfls  o££  hr.  Rats 


Fio.  17. 

1S8.  The  discharge  voltage  characteristics  at  various  multiples  of 
normal  discharge  rate  are  given  in  Fig.  15  for  the  Edison  battery, 
awMFrj?/  Eidde  Battery  and  Fig.  17  for  the  Philadelphia  types  w* 
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BATTEEY  CHAEOUfd 

139.  General  Principle.  To  chaise  a battery  fully  after  discharge  it 
necessary  to  pass  through  the  cells  in  a direction  opposite  to  that  of  dis- 
tar ge  an  amount  of  current  equivalent  in  ampere-hours  to  that  taken  out 
i discharge,  plus  an  excess  to  compensate  for  losses. 

134.  Permissible  charging  rats  of  Kdison  batteries.  In  the  case  of 
te  Edison  battery  the  cells  may  be  charged  at  any  rate  which  does  not  cause 
te  temperature  of  the  solution  in  the  cells  near  the  center  of  the  battery 
> rise  above  115  deg.  fahr. 

135.  Permissible  charging  rate  of  lead  batteries.  In  the  case  of  the 

>ad  battery,  if  the  charging  rate  is  not  excessive,  practically  all  the  current 
i utilised  for  charging  the  plates.  If  the  charging  rate  is  increased,  a point 
i reached  where  gassing  begins,  caused  by  bubbles  of  oxygen  and  hydrogen 
ormed  at  the  surface  of  the  plates  by  decomposition  of  water  in  the  electro- 
vte.  This  gassing  increases  with  further  increase  in  the  charging  rate. 
The  excessive  portion  of  the  current  which  causes  gassing  produces  no  useful 
iftect  in  charging  the  plates  and  is  wasted.  These  high  charging  rates, 
irhich  produce  violent  gassing,  are  not  only  wasteful  of  elect rio  energy  but 
tend  to  dislodge  the  aotive  material  from  the  plates,  producing  an  excessive 
temperature  nse,  and  materially  shortening  of  the  life  of  the  plates.  In 
general,  any  charging  rate  is  permissible  which  does  not  produce  excessive 
ff°im"g  or  a cell  temperature  exceeding  110  deg.  fahr. 

134.  Factors  which  affect  gassing.  The  value  of  the  charging  current 
at  which  appreciable  gassing  begins  in  lead  cells  depend  upon  several  factors 
such  as  the  state  of  charge,  temperature,  specific  gravity  of  electrolyte, 
type  of  plate,  etc.,  but  the  principal  factor  is  the  state  of  charge  of  the  bat- 
tery. When  the  battery  is  fully  charged  any  rate  of  charge  however  small 
will  produce  gassing,  but  the  rate  may  be  reduced  to  such  a low  value  that, 
unless  abnormally  prolonged,  the  small  amount  of  gassing  which  results  is 
practically  harmless.  This  safe  rate  is  called  the  '’finishing  rate."  During 
the  early  stage  of  the  charge,  the  charging  rate  may  be  several  times  the 
finishing  rate  without  producing  violent  gassing  and  the  more  completely 
the  battery  is  discharged  the  higher  may  be  the  charging  rate  without  caus- 
ing excessive  gassing. 

1ST.  Method  of  charging  to  prevent  gassing.  It  has  been  found  that 
if  the  charging  rate  throughout  the  charge  of  a lead  battery  is  constantly 
adjusted  to  a value  equal  in  amperes  to  the  number  of  ampere  hours  out  of 
the  battery  at  any  instant,  violent  gassing  and  excessive  rise  of  temperature 
will  be  avoided. 

134.  Three  common  methods  of  charging.  There  are  three  common 
methods  of  charging  batteries,  as  follows: 

(1)  The  constant-current  method. 

t2i  The  constant-potential  method. 

(3)  The  modified  constant-potential  method. 

lit.  The  constant-current  method.  In  the  case  of  Edison  cells  this 
method  involves  the  passing  of  a uni-directional  current  through  the  bat- 
tery at  the  normal  rate  throughout  the  charge,  without  change.  With  lead 
cells  the  starting  rate  is  maintained  until  the  charge  has  progressed  suffi- 
ciently to  cause  slight  gassing  or  until  the  voltage  has  risen  to  a value  of 
approximately  2.5  volts  per  cell:  at  this  point  the  current  is  reduced  to  the 
finishing  rate  by  manipulating  the  field  rheostat  of  the  generator  or  increas- 
ing the  resistance  in  the  charging  rheostat.  In  order  to  maintain  the  proper 
rate  it  is  necessary,  at  periodic  intervals  during  the  charge,  to  adjust  either 
the  generator  field  rheostat  or  the  charging  rheostat.  The  constant-current 
method  is  inherently  a non-automatic  method,  since  an  adjustment  of  rheo- 
stat is  necessary  to  maintain  the  constant  rate. 

140.  Constant-current  method  for  Edison  batteries.  The  constant- 
current  method  has  been  recommended  as  best  suited  for  charging  Edison 
batteries,  because  it  is  more  flexible  and  more  easily  handled  by  the  operator. 

141.  The  constant-potential  method  of  charging  is  the  method  wherein 
the  battery  is  connected,  without  a series  rheostat,  to  a constant  supply 
voltage,  the  particular  value  of  which  depends  upon  the  battery  to  be 
charged.  For  a lead  battery,  the  supply  voltage  should  be  approximately 

to  2.4  volte  per  oell  and  for  an  Edison  battery  approximately  1.7  volte 
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per  cell.  This  method  of  charging,  however,  involves  a considerable  increase 
m the  initial  charging  rate,  which  in  many  oases  would  necessitate  exeesrive 
carrying  capacity  in  charging  apparatus  and  conductors.  It  requires  con- 
siderable care  in  adjusting  the  bus  voltage  to  meet  the  changes  in  temperature 
at  different  seasons  and  the  charging  rate  may  be  subject  to  undesirable 
variations  with  slight  fluctuations  in  bus  voltage. 

141.  Constant-potential  method  for  Kdlson  batteries.  This  method 
may  be  used  for  charging  Edison  batteries  under  certain  specific  conditions, 
which  should  be  determined  by  competent  engineers.  Only  batteries  in 
approximately  the  same  state  of  discharge  can  be  charged  from  a bus-layout 
which  has  been  designed  for  this  specific  condition. 

141.  Advantages  of  constant-potential  method.  This  method  of 
charging  has  some  advantages  over  the  other  methods  and  also  some  inherent 
disadvantages.  It  is  the  most  efficient  method,  there  being  no  resistor  in  the 
charging  circuit  and  consequently  no  rheostatic  losses.  The  control  equip- 
ment is  the  simplest  and  the  battery  is  charged  automatically,  the  attention 
of  an  attendent  being  unnecessary. 

144.  Automatic  charging.  Any  number  of  batteries  up  to  the  capacity 
of  the  supply  circuit  may  be  charged  from  the  supply  source.  Automata 
termination  of  the  charge  can  be  secured  by  the  application  of  aa  ampsee 
hour  meter  and  a magnetic  contactor  for  each  individual  eirouit.  It  is 
also  possible,  by  the  proper  design  of  control  equipment,  to  charge  any 
number  of  batteries  from  a motor-generator  set  of  proper  capacity  ana 
secure  full  automatic  operation  of  the  entire  system.  A.  failure  of  the 
motor  supply  voltage  at  any  time  during  the  charging  period  ml  cause  the 
batteries  to  be  disconnected  individually  and  upon  the  reestablishment  of  | 
the  supply  voltage  the  motor-generator  set  will  be  automatically  started 
and  the  charging  of  the  various  batteries  automatically  resumed.  As  the 
batteries  become  charged,  each  will  be  automatically  disconnected  from  the 
circuit  and  the  disconnection  of  the  last  battery  will  cause  the  motor  gen- 
erator aet  to  be  shut  down. 

141.  Disadvantages  of  oonst&nt-potential  method.  The  high  initial 
charging  current  necessitates  larger  capacity  of  generating  and  control  equip- 
ment. A small  fluctuation  in  the  supply  voltage  will  affect  the  charging 
rate  very  materially,  which  makes  it  necessary  to  maintain  the  generator  or 
line  voltage  at  the  specific  required  intensity  throughout  the  charging  period. 

If  the  supply  voltage  is  only  slightly  in  excess  of  that  requiredt  in  charging 
a lead  battery,  counter-e.  m.f . cells  may  be  connected  in  senes  with  the 
battery  to  reduce  the  voltage  to  the  proper  value.  Counter-c.m.f.  «S® 
produce  an  opposing  voltage  of  approximately  3 volts  per  cell.  A resistor 
in  series  with  the  battery  will  not  secure  the  same  results  as  counter-e. m.f. 
cells. 

144.  The  modified  constant-potential  method  is  the  simplest  of 

automatic  charging  systems,  to  which,  fortunately,  the  charactensties  of 
the  lead  storage  battery  are  ideally  adapted.  Any  method  that  involves 
manual  adjustment  introduces  additional  expense  as  well  as  a human  ele- 
ment. which  is  often  difficult  to  control;  therefore  the  automata  charging 
of  vehicle  batteries  has  great  advantages.  This  system  consists  of  either  a 
constant-voltage  direct-current  bus  with  a suitable  fixed  resistance  in  each 
charging  circuit,  or  an  individual  charging  machine  for  each  circuit  with  a 
drooping  characteristic  equivalent  to  that  obtainable  with  the  fixed  resist- 
ance. In  either  case  an  ampere-hour  meter  is  arranged  to  disconnect  the 
battery  from  the  charging  circuit  upon  completion  of  the  charge. 

147.  Characteristics  of  modified  constant-potential  method.  This 
method  produces  a comparatively  high  rate  of  charge  at  the  beginning,  which 
is  gradually  and  automatically  tapered  as  the  charge  progresses  so  as  never 
to  exceed  a safe  value.  Therefore  it  is  necessary  to  determine  only  the  proper 
values  for  the  constant  bus-voltage  and  the  fixed  resistance  to  produce  the 
results  desired,  namely:  (1)  To  complete  the  charge  within  the  time  avail- 
able; (2)  in  the  case  of  lead  batteries,  to  end  the  charge  at  the  finishing  rate 
or  less;  (3)  to  avoid  a charging  current  in  exoess  of  the  capacity  of  the  Ami 
im  source  or  the  charging  circuits. 

148.  Length  of  charging  period.  In  fixing  the  time  for  completing 
the  charge  (Par.  147),  advantage  should  be  taken  of  aH  the  time  available, 
ae  this  will  result  in  lower  charging  rates,  smaller  capacities  for  charging 
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apparatus  and  circuits  and  lower  cell  temperatures.  The  shorter  the  time 
available,  the  higher  will  be  the  initial  charging  rate. 

149.  Application  of  modified  constant-potential  method  to  lead 
batteries.  In  the  case  of  a lead  battery,  any  combination  of  constant  bus- 
voltage  of  not  less  than  2.4  volts  per  cell  and  a fixed  resistance  which  will 
complete  the  charge  at  or  below  the  finishing  rate  will  produce  safe  charging 
rates  throughout  the  entire  charge. 

190.  Application  of  modified  constant-potential  method  to  Edison 
batteries.  With  Edison  batteries  the  time  required  for  a full  charge  by 
this  method  is  the  same  as  that  required  by  the  constant  current  method. 

The  bus  voltage  should  not  be  less  than  1.8  volts  per  cell. 

191.  Voltage  of  charging  bus.  If  the  bus  voltage  is  subject  to  sus- 

tained variations,  it  s necessary  with  lead  cells  that  the  conditions  be  snob 
that  the  finishing  rate  of  charge  will  not  be  exceeded  when  the  bus  voltage 
is  at  its  maximum  value,  and  yet  that  the  charge  be  completed  in  the  avail- 
able time,  which  will  depend  on  the  average  bus  voltage.  For  any  given 
number  of  cells,  the  higher  the  bus  voltage  the  greater  will  be  the  loes  in  ^ 

the  resistance  and  therefore  the  lower  will  be  the\efficiency;  also,  the  longer 

will  be  the  time  required  to  complete  the  charge  of  lead  cells  without  exceed- 
ing the  fin'ahing  rate  at  the  end.  On  the  other  hand,  if  the  bus  voltage  is 
but  little  in  excess  of  that  of  the  battery,  the  charging  current  will  beoome  w J 

more  or  less  unstable  and  subject  to  considerable  variation  with  variations 
of  battery  temperature  or  slight  changes  in  the  bus  voltage. 

lit.  Best  value  of  bus  voltage  per  cell.  For  lead  ©ells,  when  the  time 
available  for  charging  is  limited  or  efficiency  is  of  considerable  Importance, 
a bus  vo  tage  equal  to  approximately  2.6  volts  per  cell  will  be  found  generally 
satisfactory  and  is  recommended.  The  initial  charging  current  will  have 
several  times  the  value  of  the  finishing  rate  and  will  taper  off  as  the  charge 
progresses  until  it  drops  to,  or  below,  the  finishing  rate  at  the  end  of  the 
charge. 

199.  Effect  of  high-bus  voltage  and  resistance.  As  the  bus  voltage 
and  resistance  are  increased,  the  number  of  cells  remaining  the  same,  tne 
charging  current  becomes  more  nearly  constant  throughout  the  charge, 
thus  approaching  the  constant-current  method. 

194.  Bus  voltages  lower  than  1.6  volts  per  cell,  modified  constant- 
potential  method  may  be  used  with  corresponding  reduction  in  the  fixed 
resistance  until  the  bus  voltage  is  reduced  to  2.3  to  2.4  volts  per  cell,  with  no 
resistance  in  circuit  except  that  of  the  charging  leads. 

199.  Best  length  of  charring  period.  A charging  period  of  approxi- 
mately 12  hr.  is  required  to  charge  a lead  battery  when  the  line  voltage  is 
2.9  volts  per  cell.  When  the  voltage  exceeds  this  value  the  charging  period 
will  be  increased  and  therefore  the  time  available  wil'  probably  be  the  limit- 
ing factor,  if  efficiency  is  not  oonridered.  The  disadvantage  of  a very  long 
charring  period  under  high  voltage  conditions  can  be  practically  obviated 
by 'the  use  of  control  equipment  for  the  purpose  of  inserting  additional 
resistance  in  the  charging  circuit  to  reduce  the  current  to  the  finishing  rate. 

In  the  ease  of  Edison  oells  the  flatter  the  current-time  curve  produced  by  the 
higher  supply  voltage  per  cell  the  more  desirable  the  charging  characteristics 
will  become,  but  the  accompanying  decrease  in  efficiency  will  probably  be 
the  limiting  factor. 

199.  Modified  constant-potential  charging  is  the  more  desirable 

of  the  two  non- variable  voltage  methods  for  either  lead  or  Edison  batteries. 

It  embodies  all  the  features  of  automatic  charging  in  the  constant-potential 
system  and  reduces  the  required  capacity  of  the  charging  apparatus  and  the 
conductors.  The  charging  resistors  may  be  mounted  either  on  the  charring 
sections  and  wired  to  the  face  plates,  in  order  to  secure  close  current  adjust- 
ment at  the  start  of  the  charge,  or  they  may  be  mounted  apart  from  the 
switchboard.  Taps  should  be  provided  on  the  resistors  for  dose  adjustment 
when  mounted  separately. 

197.  Equalising  charge.  It  is  desirable  occasionally  to  give  a lead 
battery  an  equalising  charge  by  prolonging  the  ordinary  charge  until  it  is 
gffite  certain  that  all  the  cells  and  all  the  plates  in  each  cell  are  fully  charged. 

It  has  been  eustomary  to  do  this  at  various  rates  below  the  finishing  rate, 
down  to  one-half,  as  a precaution  against  excessive  temperatures.  However, 
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if  it  is  not  practical  to  provide  means  for  reduciim  the  rate,  the  finsflim 
rate  may  be  used  for  the  equalising  charge,  provided  the  charge  is  is!** 
rupted  when  necessary  to  prevent  the  temperature  from  exceeding  mk 
limits. 

198.  Boosting  charge.  Any  battery  may  be  boosted  at  high  charging 
rates  during  brief  periods  of  idleness,  thereby  materially  adding  to  the  eh&rgt, 
provided  the  temperature  of  the  solution  in  cells  near  the  center  of  die  bat' 
tery  does  not  exceed  110  to  115  dec.  fahr.  The  following  figures  mar  be 
used  under  average  conditions  for  Edison  batteries,  but  values  that  wifi  not 
cause  excessive  heating  must  be  determined  in  each  case  by  experience 
Five  minutes  at  five  times  normal  rate;  15  minutes  at  four  times  normal  ntr 
30  minutes  at  three  times  normal  rate;  60  minutes  at  two  times  normal  rate 

Frothing  at  the  filler  opening  is  an  indication  that  the  boosting  has  bes 
carried  too  far  (if  the  solution  is  at  the  proper  height)  and  the  high  rite  shod! 
be  discontinued  at  once. 

Lead-battery  boosting  rates  may  be  determined  by  the  following  eqmtist 
— ampere-hours  discharged  from  battery 
1 + (^me  in  hours  available  for  boosting) 

The  charging  rate  in  amperes  multiplisd  by  the  time  in  hours  and  by  ftp* 
cent,  will  give  the  total  ampere-hour  capacity  which  can  be  added  is  m 
manner  to  the  normal  or  rated  ampere-hour  capacity,  their  sum  being  At 
total  available  ampere-hour  capacity  during  operation. 

189.  Automatic  termination  of  charge  can  be  most  satirfsetaft 
obtained  by  the  use  of  an  ampere-hour  meter  in  the  battery  circuit  in  ex- 
junction with  a shunt-trip  circuit  breaker  or  magnetic  contactor  in  tk 
charging  circuit,  connected  in  such  relationship  that  when  the  ampere-ber 
meter  needle  is  returned  to  the  sero  position  at  the  completion  of  the  dum 
the  circuit  is  completed  through  the  operating  coils  of  the  circuit  beak® 
or  contactor  in  a manner  such  as  to  cause  the  device  to  trip,  discocisertar 
the  battery  from  the  supply  circuit.  A shunt-trip  circuit  breaker  or  m 
netic  contactor  has  auxiliary  contacts  which  open  the  tripping  circuit  uhs 
the  breaker  or  contactor  functions,  thereby  avoiding  arcing  at  the  amfsr 
hour  meter  contacts.  The  circuit  breaker  may  be  located  either  os* 
vehicle  or  on  the  charging  panel  and  the  magnetic  contactor  is  usually  loaj 
on  the  charging  panel;  in  the  last  two  cases  a third  conductor  between* 
battery  and  the  charging  panel  will  be  required  to  complete  the  tripg 
circuit.  A three-point  charging  plug  and  receptacle  are  available  in  whs 
the  third  point  is  designed  for  completing  the  connections  of  the  trip 
of  the  ampere-hour  meter. 


BATTERY  CHARGING  EQUIPMENT 

160.  The  choice  of  charging  equipment  is  determined  by  the  sec- 
tions as  to  the  souroe  of  energy,  which  may  be  classified  as  follows: 

I.  Direct-current  constant- voltage  source: 

1.  Use  existing  supply  circuit  if  the  voltage  is  suitable. 

2.  Reduce  to  suitable  voltage  by: 

(a)  Counter-©. m.f.  cells  for  charging  lead  cells 
(bj  Balancer  set 

(c)  Motor  generator 

II.  Alternating-current  constant-voltage  source: 

1.  Convert  to  direct  current  st  suitable  voltage  by: 

(a)  Motor-generator  set. 

(b)  Synchronous  converter. 

(e)  Mercury-arc  rectifier. 

(d)  Rectifier  of  Tungar  type. 

IH.  Special  cases: 

(a)  Charging  for  limited  time  from  high-voltage  directrOSRV 
source  with  ampere-hour  meter  control. 

(5)  Single  battery  charged  from  motor-generator  or  other 
verting  apparatus  with  drooping  characteristics. 

(c)  Several  batteries  charged  in  series  from  high-voltage  bus 
181.  Preference  for  direct-current  source.  When  s direct-csrn* 

source  of  energy  is  available  it  should  be  used  if  practicable.  Twi 
obviate  the  investment  required  for  transforming  apparatus  snd  will  c«* 
dispense  with  attendants  who  would  be  required  if  rotating  mseow 
were  installed. 
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ICS.  Bodoctlon  of  direct-current  supply  TOltH«>  If  it  is  necessary 
to  reduce  the  voltage  of  the  existing  direct-current  supply  circuit,  this  may 
be  accomplished  in  a number  of  ways,  depending  on  conditions,  as  briefly 
described  in  Par.  168  to  168. 

168.  Counter-electro- motive-force  cells  may  be  used  for  charging 
lead  cells  if  the  required  voltage  reduction  is  not  more  than  12  per  cent,  of 
the  bus  voltage.  These  cells  are  similar  to  storage-battery  cells  (in  glass 
jars  or  lead-lined  tanks),  exoept  that  the  plates  have  no  capacity  for  dis- 
charge. The  function  of  the  oounter-e.mJ.  cell  is  to  absorb  a portion  of  the 
line  voltage  and  thereby  adjust  the  voltage  impressed  on  the  battery  termi- 
nals. In  counter-e.m.f.  cells  the  voltage  drop  is  nearly  constant,  whereas 
in  a resistor  the  voltage  drop  is  directly  proportional  to  the  current.  By  the 
use  of  the  oounter-e.m.f.  cells,  the  charactenatios  of  the  modified  constant- 
potential  method  may  be  secured  with  a bus  voltage  somewhat  higher  than 
normal  and  without  manual  adjustment  during  charge,  whereas  if  an  ordi- 
nary rheostat  is  used,  adjustments  must  be  made  from  time  to  time  to  secure 
equivalent  results. 

164.  Tho  voltage  absorbed  by  a oounter-e.m.f.  cell  varies  from  2.3 
volts  at  low  current  to  3 volts  at  high  current.  For  continuous  service,  the 
current  flowing  through  a counter-e.m.f.  oell  should  be  limited  to  the  3-hr. 
rate  of  the  corresponding  storage  cell,  but  higher  rates  than  this,  up  to  the 
1-hr.  rate,  may  be  used  for  short  periods  or  for  the  initial  stage  of  a tapering 
charge  lasting  8 hr.  or  less. 

168.  Auxiliary  bus  derived  from  counter-e.m.f.  cells.  These  cells 
may  also  be  used  to  provide  a second  constant- voltage  bus,  at  lower  voltage 
than  the  main  bus,  for  charging  batteries  of  fewer  oeUs. 

166.  Use  of  balancer  sets.  A balancer  set  may  be  used  if  the  bus  voltage 
is  approximately  twice  the  value  required  for  charging.  This  equipment  is 
comprised  of  two  identical  direct-current  machines  mounted  on  a common 
shaft  and  electrically  connected  in  series  across  the  main  bus.  thus  providing 
a three-wire  system,  each  side  of  which  comprises  a suitable  source  of  supply 
for  the  modified  constant-potential  system.  If  the  line  voltage  is  slightly 
more  than  twice  the  value  suitable  for  lead  cells,  the  balancer  set  can  be 
used  in  conjunction  with  counter-e.m.f.  cells. 

16T.  Capacity  of  balancer  sots.  Where  a charging  source  of  double 
the  desired  voltage  is  already  available  and  of  ample  capacity  for  all  future 
requirements,  a balancer  set  of  sufficient  capacity  for  the  maximum  demand 
of  the  largest  single  battery  will  be  satisfactory  for  any  number  of  additional 
batteries  comprised  of  the  same  number  of  cells.  The  balancer  set  is  re- 
quired to  handle  only  the  unbalanced  load,  which  is  the  difference  in  load 
on  the  two  sides  of  the  three- wire  circuit;  this  difference  need  never  be  greater 
than  the  maximum  demand  of  the  largest  battery. 

166.  A direct-current  motor-generator  set  should  be  installed  if  the 
direct-current  bus  voltage  is  either  too  low  or  too  high  and  not  suitable  for 
a balancer  set.  This  equipment  consists  merely  of  a direct-current  genera- 
tor direct-connected  to  a direct-current  motor,  with  a common  bed-plate; 
belted  sets,  while  practicable,  require  more  room  and  are  more  expensive  to 
maintain. 

* 166.  Alternating-current  motor-generator  sot  for  charging  Edison 
batteries.  This  type  of  installation  for  charging  an  Edison  battery  from 
an  alternating-current  source  requires  a motor-generator  set  and  a single- 
circuit automatic  control  panel.  A differential-wound  generator  has  char- 
acteristics which  make  it  suitable  for  charging  an  Edison  battery  automatic- 
ally, inasmuch  as  it  is  practically  a constant-current  machine  and  maintains 
a constant  charging  rate  throughout  the  charge.  An  individual  generator 
is  required  for  each  battery.  If  automatic  termination  of  the  charge  is 
desired,  a magnetic  contactor  and  ampere-hour  meter  must  be  provided  in 
the  control  circuit  of  each  battery.  This  equipment  will  require  no  atten- 
hon  after  the  charge  is  started.  The  control  equipment  can  d«  so  designed 
that  it  wiD  disconnect  the  battery  from  the  generator  upon  completion  of 
the  charge  and  also  disconnect  the  motor  from  the  main  supply  circuit. 

1T0.  Alternating-current  motor-generator  set  for  charging  lead 
batteries.  Similar  equipment  (Par.  166)  can  be  used  for  charging  lead 
oells  automatically,  by  providing  the  proper  control  equipment  and  an 
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ampere-hour  meter  having  an  additional  or  intermediate  contest.  The 
intermediate  contact  ia  arranged  to  connect  an  additional  renaUnotato 
the  shunt-field  circuit  for  the  purpose  of  reducing  the  charging  cumai  it 
the  finishing  rate  when  the  charge  nas  reached  a point  within  appronnamy 
20  per  cent,  of  completion.  In  the  case  of  lead  batteries  the  expense  of 
supplying  an  individual  generator  and  control  panel  for  each  battery  is  Mt 
warranted,  because  they  are  so  well  adapted  to  the  modified  conks*- 
potential  charging  method. 

1T1.  Charging  equipment  for  commercial  trucks.  An  inataBatw 
serving  two  or  more  commercial  tracks  will  require  a motcr-geaentor  at,  . 
with  a generator  control  section  and  one  charging  section  per  truo.  to 
installation  serving  two  industrial  trucks  may  be  equipped  with  two  lie  . 
vidual  motor-generator  sets  with  automatic  control  panels,  with  eapaol  : 
for  one  battery  each,  or  with  one  motor-generator  set  for  both  batten 
with  generator  oontrol  panel  embodying  two  charging  circuits.  * An  iakr 
lation  serving  three  trucks  or  more  will  require  a motor-generator  set,  «■ 
automatic  control  panel  providing  one  charging  section  per  truck. 

17*.  Charging  equipment  for  passenger  cars.  For  private  psmwt 
cars  where  there  is  one  car  in  a private  garage  a mercury  rectifier,  a TngJ 
type  of  rectifier,  or  a motor-generator  set  and  automatic  oontrol  pasa  w° 
be  satisfactory.  Where  there  are  two  or  more  passenger  can  ia  a pee* 
garage  a motor-generator  set  and  generator  oontrol  panel  with  one  ehmH 
section  for  each  battery  to  be  charged  (at  the  same  time),  and  also  cats; 
two  mercury-arc  rectifiers  for  light  load  conditions,  should  be  satisfsctor 

178.  Quick  charge  from  high-voltage  bus.  It  will  be  noted  thus  i 
the  bus  voltage  increases  the  minimum  time  for  completing  the  charged* 
lead  battery  through  a fixed  resistance,  without  exceeding  the  finishing!* 
becomes  longer.  If  it  is  desired  to  hasten  this  charge,  it  can  be  accompows 
without  abandoning  the  automatic  feature  by  using  an  ampere-hour  M* 
with  an  extra  auxiliary  contact  and  two  fixed  resistances  in  parallel  iots 
charging  circuit.  The  charge  is  started  at  a high  rate  through  the  two  ns* 
ances  and  w hen  the  charge  is  partly  completed  the  extra  auxiliary  corfzj  ■ 
on  the  ampere-hour  meter  open  an  automatic  switch  and  cut  out  one 
resistances,  after  which  the  charge  is  continued  at  a reduced  rate  this* 
the  remaining  resistance  until  completion,  when  the  charge  is  finally 
minated  by  the  other  auxiliary  contacts  on  the  meter. 

174.  The  extra  auxiliary  contact  on  the  ampere-hour  meters 
located  at  a distance  from  the  zero  point  equal  to  20  per  cent,  of  the  tott! 
dial  range  of  the  meter  and  is  designed  so  that  when  the  hand  of  the  ns* 
passes  it  on  discharge  it  closes  the  contact,  and  it  remains  closed  until  at 
meter  hand  opens  it  when  passing  in  the  opposite  direction  during' dam 
When  connections  are  made  for  the  charge,  this  contact  being  closed.  ■ 
automatic  reclosing  breaker  which  controls  the  second  resistance  also  do* 
and  the  charge  continues  at  the  high  rate  until  at  the  proper  time  the  met* 
opens  the  contact  and  thereupon  the  breaker  opens,  thus  reducing  the  nfe 
This  device,  while  somewhat  more  complicated  than  the  shunt-trip  break*, 
offers  more  complete  protection  for  the  reason  that  if  any  trouble  derflof 
in  the  extra  contact  or  in  its  circuit  the  automatic  breaker  immediate? 
opens,  or  fails  to  close,  and  thereby  prevents  excessive  charging  rate*  dung 
latter  part  of  the  charge. 

ITS.  Adaptability  of  meter  to  different  shies  of  battery.  It  ia  vn» 

sary  to  use  one  size  of  ampere-hour  meters  for  as  many  as  four  different  sis 
of  battery,  so  that  it  is  commercially  impracticable  to  have  the  extra  tunBv! 
contact  on  the  meter  adjustable  for  each  of  these  battery  sizes.  The  loca- 
tion chosen,  at  20  per  eent.  of  the  dial  range,  gives  full  production  uci* 
the  most  severe  conditions,  namely,  when  the  largest  battery  is  being  chirfw 
in  the  shortest  available  time.  When  a smaller  battery  is  used  with  th 
same  sise  of  meter  or  when  a longer  time  is  available  few  charging,  the 
rent  will  be  reduced  earlier  and  therefore  a longer  time  will  be  required* 
complete  the  charge  than  would  be  necessary  if  the  location  of  the  corf* 
eould  be  adjusted  to  suit  those  lower  charging  rates. 

17$.  Auxiliary  resistance  equal  to  normal  resistance.  Designabs 
the  fixed  resistance  to  reduce  the  final  rate  of  charge  to  the  finishing  rate* 
the  “normal”  fixed  resistance  and  the  time  required  to  complete  the  dm* 
through  this  resistance  alone  as  the  '‘normal”  charging  time,  then  if  t* 
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second  or  auxiliary  resistance  » equl  to  toe  normal  toe  charging  Tate  dur- 
inf  toe  tot  stage  of  toe  charge  will  be  approximately  doubled.  The  aeooad 
resistance  should  have  the  same  carrying  capacity  as  the  first.  The  eharge 
will  then  be  completed  at  the  finishing  rate  through  the  normal  resistance 
and  the  total  time  required  will  be  from  64  to  73  per  oent.  of  normal. 

1TV.  ▲ urinary  resistance  equal  to  ene-half  of  the  annual  regtet- 
anoe.  If  toe  second  resistance  is  one-half  normal,  the  charging  rate  during 
the  first  stage  will  be  three  times  normal,  and  the  second  resistance  should 
bare  a carrying  capacity  double  that  of  the  first.  The  total  time  required 
will  he  freaa  60  to  68  per  cent,  of  normal. 


ITS.  Further  reduction  in  the  second  char  ring  resistance,  to  lees 
than  half  of  the  normal  resistance,  cannot  be  made  without  encountering 
excessive  charging  rates  during  the  initial  period  of  the  charge. 

179.  M|in  and  control  conductors.  This  arrangement  requires  two 
control  conductors  from  the  ampere-hour  meter  contacts  to  the  charging 
panel,  in  addition  to  the  main  conductors,  and  the  charging  plug  and  recep- 
tacle most  have  two  auxiliary  contacts  in  addition  to  the  two  main  ooniaots. 
If  the  circuit  breakers  and  a part  of  the  oharging  reeietanea  can  be  mounted 
on  the  vehicle,  only  the  two  main  conductors  and  a two-point  charging  plug 
and  reeeptacle  will  be  required. 

ISO.  Single  battery  charged  from  motor-generator  or  other  con- 
verting apparatus  With  drooping  characteristic.  If  a single  battery 
is  to  be  charged  from  a motor-generator  set  or  other  transforming  apparatus, 
results  the  same  as  those  obtained  from  the  modified  constant-potential 
method  may  be  secured,  without  the  use  of  the  fixed  reeiatesee.  by  designing 
the  generator  or  converter  apparatus  with  the  proper  drooping  oharaotenetis. 
To  aeoomottsh  this  the  value  of  the  fixed  resistance  and  the  bus  voltage  for 
the  modified  constant-potential  method  must  first  be  determined  and  then 
the  charging  apparatus  must  be  designed  for  a no-load  voltage  equivalent 
to  the  constant  dus  voltage,  and  the  drop  in  voltage  at  full  load  should  be 
the  same  aa  the  drop  in  the  fixed  resistance  with  the  same  current  flowing. 
Characteristic  curves  of  such  a type  of  generator  are  given  in  Rg.  18. 

191.  Charging  batteries  in 
series.  In  cases  where  there  are 
several  batteries  to  be  charged  from 
a high-voltage  direct-current  bus.it 
issometimesthepractice  to  connect 
the  batteries  in  series  across  the  bus 
through  a suitable  fixed  resistance. 
This  method  will  prove  satisfactory 
if  all  the  patteries  are  discharged  to 
approximately  the  same  state. 
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189.  Precautions  in  charging 
bat  tones  in  series.  In  the  case  of 
lead  batteries,  if  they  are  likely  to 
be  unequally  discharged,  the  charg- 
ing rate  should  be  limited  to  the  fin- 
ishing rate  throughout  the  charge 
and  means  should  be  provided  for 
cutting  out  any  battery  that  be- 
comes fully  charged  in  advance  of 
the  others,  connecting  in  its  place  a 
fixed  resistance  which  will  produce 
a voltage  drop  equivalent  to  the 
voltage  consumed  by  the  battery 
cut  out. 


1SS.  Special  types  ef  fltotor-f operator  seta  for  converting  alternating- 
current  energy  to  direct  current  of  suitable  voltage  are  available  in  various 
forms  and  combinations. 

194.  Individual  taper-charging  motor-generator  sets  are  in  general 
divided  into  two  classes,  low-voltage  sets  for  charging  the  batteries  of  in- 
dustrial trucks  and  tractors  and  high-voltage  sets,  for  charging  the  batteries 
of  trucks  aad  passenger  cars.  Each  set  is  designed  for  charging  one  battery 
only.  - 
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1*9,  Taper-charging  generators  are  specially  wound  to  preside  i 
tapering  onarge  automatically.  For  a lead  battery,  and  also  in  the  case  ei 
an  Edison  battery,  the  tapered  charging  rate  is  adjusted  so  that  the  arcrap 
current  value  is  equivalent  to  the  normal  constant-current  rate  for  the  po 
tioular  battery. 

ltf.  Constant-current  charging  motor-generator  sets.  Mot® 
generator  sets  are  also  available  having  their  generators  differentially  wmd 
in  order  to  maintain  automatically  an  approximate  current  rate  suitable  to 
charging  Edison  batteries.  These  sets  are  capable  of  automatically  chargm 
either  one  or  two  Edison  batteries  having  the  same  electrical  characteristic 
without  the  services  of  an  attendant  to  adjust  the  field  rheostat  or  the  bai 
tery-oharging  rheostat  to  obtain  the  proper  charging  rate.  As  the  dag 
progresses  and  the  battery-e.imf.  rises,  the  generator-®. nuf.  also  rises  di 
to  the  differential  action  of  the  fields,  automatically  maintaining  a curra 
rate  which  is  approximately  constant. 

1ST.  Multiple-battery  charging  motor-generator  sets  are  derigas 
few  charging  two  or  more  vehicle  batteries  in  multiple.  They  are  furmsM 
In  various  voltages  and  capacities  for  any  of  the  standard  risee  of  ***** 
batteries.  A complete  range  of  rises  for  charging  batteries  of  the  Wri 
and  the  lead  types  is  available,  having  either  shunt-wound  or  oompoaM 
wound  generators.  From  2.5  to  30  kw.  capacity  the  generators  are  obtta 
able  in  three  different  ranges  of  voltage  rating,  namely  55  to  35  vents,  WJ 
51  volts  and  100  to  76  volts.  The  generators  can  also  be  obtained  in  tn 
standard  125-volt  classification. 

1SS.  Control  panels  for  individual  taper-charging  motor-genersti 

sets  are  obtainable  for  either  manual  or  automatic  control,  arranged  H 
wall  mounting.  The  panel,  which  is  of  slate,  is  equipped  in  the  noo-aidj 
matic  type  with  a triple-pole  fused  knife-switch  with  special  starting  cj 
fusee  in  generator  ana  motor  circuits,  starting  resistance,  generator  w* 
rheostat  and  neoessary  ammeter  and  voltmeter. 

lit.  The  automatic  typo  of  panel  is  used  in  connection  with  s coot** 
making  ampere-hour  meter.  This  panel  is  equipped  with  a triple^ 
circuit-breaker  with  shunt-trip  attachment,  which  will  automatically  opj 
both  motor  and  generator  circuits  when  the  battery  has  been  charged  toi 
amount  predetermined  by  the  setting  of  the  ampere-hour  meter  (see  rj 
lit) . This  panel  is  also  equipped  with  ammeter,  voltmeter,  fuses,  geoena 
field-rheostat  and  special  spring-opening  switch  for  starting  the  set  from  a 
battery.  , 

190.  Control  panels  for  multiple^charging  motor-generator  m 
are  available  in  various  forms  and  combinations,  but  the  different  types  0 
too  numerous  to  permit  of  detailed  description.  The  general  feature#  9 
covered  in  the  following  paragraphs. 

191.  flectionml  type  of  panel;  The  panels  of  sectional  type  cant 
assembled  in  a large  variety  of  _posrible  combinations,  thus  making  it  po»“ 
to  design  a very  flexible  installation.  The  number  of  charging  circuit*  ml 
be  increased  at  any  time  after  the  switchboard  has  been  installed  by  u 
addition  of  suitable  sections  and  rheostats.  However,  the  combined  esp* 
ity  of  the  charging  circuits  in  use  at  one  time  must  not  exceed  the  capw*^ 
of  the  main  section.  Each  panel  is  comprised  of  a generator  section. « 
instrument  section,  and  one  or  more  charging  sections,  together  wit*  u 
necessary  charging  rheostats.  The  equipment  provides  for  protect 
against  reverse  current  and  reverse  polarity;  when  an  ampere-hour 
used  it  also  provides  for  disconnecting  the  battery  from  the  generator  uj* 
completion  of  the  charge.  A switchboard  of  this  type  centralises  the  coot*1 
of  a large  number  of  batteries  and  is  convenient  to  operate. 

199.  Mounting  of  battery-charging  rheostats.  In  general  the  b* 
tery-charging  rheostat  is  comprised  of  a resistor  of  cast-iron  grids  arupporw 
on  the  rear  of  each  panel  section  between  steel  end-frame*,  with  com* 
buttons  and  moving  arms  on  the  front  of  the  panel  section.  Bolts  tarri 
the  panel  hold  the  end  frames  of  each  charring  rheostat  to  the  panel,  l 
that  the  rheostat  forms  an  integral  part  of  the  section  equipment. 

199.  Panel  framework  and  assembly.  The  sections  of  each  panel  * 
assembled  one  above  another  and  securely  bolted  to  a vertical  angle  ttt® 
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■ other  typo  of  frame,  of  suitable  height.  It  is  not  advisable  to  use  panels 
teeeding  84  in.  in  height  because  some  of  the  switching  apparatus  would 
» inconveniently  high  for  the  operator.  When  more  sections  are  required 
lan  can  be  mounted  on  a frame  84  in.  high,  they  may  be  arranged  in  two 
' more  panels  of  uniform  height.  Where  the  necessary  number  of  sections 
not  sufficient  to  make  all  panels  of  the  same  height,  blank  sections  may 
j added  to  secure  uniformity. 

194.  Typical  panel  connections.  A typical  diagram  of  connections  of 
sectional  panel  for  the  control  of  a motor-generator  set  is  shown  in  Fig.  19. 


IQ.  19. — Diagram  of  connections  of  a sectional  type  charging  panel  for 
control  of  a motor  generator  set. 

199.  Panel  oonneetions  for  automatic  charging.  A sectional  type 
f panel  is  also  available,  with  suitable  relay  equipment,  for  automatically 
srminating  the  charge  and  shutting  down  the  motor  which  drives  the  bat- 
ffy-chargmg  set.  The  sero  contacts  of  the  ampere-hour  meters,  of  which 
tore  is  one  in  each  charging  circuit,  short-circuit  the  holding-in  coils  of  the 
attery  line  contactors.  This  action  causes  the  battery  line  contactor  to 
rop  out  and  opens  the  corresponding  circuit.  Each  battery  is  disconnected 
icoessfully,  in  similar  manner,  as  its  charge  is  completed.  The  tripping  of 
te  last  charging  contactor  opens  a relay  circuit  connected  to  the  low-voltage 
iil  of  the  auto  starter,  which  causes  the  starter  to  disconnect  the  motor- 
inerator  set  from  the  line.  A typical  diagram  of  connections  of  this  type 
f panel  is  given  in  Fig.  20. 
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1M.  Finil  eomiMlieiii  for  aatoautloally  charging  » ringb  bi*- 

tcry.  For  the  control  of  a generator  where  only  one  battery  is  to  be  chami 
at  a time,  and  where  automatio  termination  of  the  charge  is  desired,  tapftur 


Flo.  20. — Diagram  of  connections  of  a sectional  type  clanging  pafrr.il 
control  of  a motor  generating  set  for  full  automatic  charging. 

with  low-voltage  and  reverse-current  protection  and  automatic  shut-dd 
of  motor-generator  set  on  completion  of  charge,  the  typical  panel  conneetifl 
are  shown  in  Figs.  21  and  22. 
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7.  Panels  for  direct-current  supply,  of  suitable  voltage,  are 
« sectional  types  previously  described  for  the  oontroi  of  multiple-charge 
notor-generator  sets,  the  principal  difference  being  the  substitution  of 
e and  meter  section  for  the  generator  section.  A typical  diagram  of 
ections  is  shown  in  Fig.  23. 

3.  Panels  for  automatic  charging  from  direct-current  supply. 

re  only  one  battery  is  to  be  charged  at  a time  and  where  full  automatic 


Sfc  rid.  8h.  Fid. 

o.  21. — Charging  an  Edison  Fio.  22. — Charging  a lead  bat- 

cry  from  a constant  current  or  tery  from  a constant  potential 
tant  potential  generator.  generator. 

Table  of  Data  on  Battery-charging  Rheostats  for  Circuits  up  to 
lift  volts  Maximum 

(General  Electric  Company) 


m 


Start 

15  5 Lead  12-18  15 

20  6 Lead  12-18  15 

20  5 Lead  20-28  15 

25  8 Lead  20-28  15 

30  10  Lead  30-36  15 

40  10  Lead  30-36  15 

30  10  Lead  37-40  15 

40  10  Lead  37-40  15 

30  10  Lead  41-44  15 

40  10  Lead  41-44  15 

50  12  Lead  41-44  16 

60  15  Lead  41-44  14 

30  30  Edison  A-4  20-40  15 

30  30  Edison  A-4  44-60  15 

45  45  Edison  A -6  20-40  15 

45  45  Edison  A-6  44-60  15 

60  60  Edison  A-8  20-32  14 

60  60  Edison  A-8  36-44  14 

60  60  Edison  A-8  48-60  14 

75  75  Edison  A-10  20-32  10 

75  75  Edison  A-10  36-44  10 

75  75  Edison  A-10  48-60  10 

90  90  Edison  A-12  20-32  10 

90  90  Edison  A-12  30-44  10 

90  90  Edison  A-12  48-60  10 


Total 

ohms 


17 

17 

13 

9 

4 

4 

2.6 

2.6 

1.5 

1.5 

1.28 

1.0 

2.8 

1.7 

2.0 

1.2 

1.4 

1.0 

0.72 

1.17 

0.81 

0.60 

0.96 

0.68 

0.48 
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charging  is  desired,  the  oontrol  panel  will  be  similar  to  that  MM  fa 
the  oontrol  of  the  generator  in  Par.  160.  Typical  connection  <fi«gra«as  u 
shown  in  Figs.  24  and  25. 

160.  Capacity  of  battery-charging  rheostat.  Rheostats  for  batter 
charging  are  specially  designed  to  meet  the  various  conditions  fixed  byte 
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Fig.  24. — Charging  a loud  Fio.  25. — Charging  an  Edison 

battery.  battery. 


1.  Table  of  Data  on  Special  B attery-charging  Rheostats  for  Edison 
Celia,  at  Normal  or  Double  Normal  Rate 


Charging  amperes 

Number 
of  cells 

Number 
of  steps 

Total 

ohms 

Double 

rate 

Normal 

rate 

Type  of  cell 

Private 

60 

30 

Edison  A -4 

14 

0.56 

garage 

90 

45 

Edison  A~6 

14 

0.34 

120 

60 

Edison  A-8 

60 

0.26 

150 

75 

Edison  A-10 

14 

0.235 

180 

90 

Edison  A- 12  | 

14 

0.23 

Public 

180 

30 

Ed.  A— 4-6- 

60 

garage 

120 

30 

8-10-12 
Ed.  A— 4—  6— 8 

60 

90 

Ed.  A-10-12 

60  ~ 

KOI.  The  mercury-arc  rectifier  and  the  Tttngar  rectifier  are  limited 
capacity  and  ean  therefore  be  used  only  where  the  charging  current  is 
thin  this  limit.  Mercury-aro  rectifiers  can  be  obtained  in  capacities  up 
50  amp.,  for  any  desirea  voltage.  This  type  of  rectifier  has  the  disaq- 
ntage  that  the  charging  current  must  be  maintained  above  a certain  midi- 
lm  value  and  it  is  not  ordinarily  sell  starting.  The  mercury-arc  rectifier 
a a more  or  less  drooping  characteristic,  that  is,  the  terminal  voltage  drops 
th  increased  output. 

SOS.  Mercury-arc  rectifier  Installation.  The  general  appearanoe  Of 
s rectifier  equipment  including  the  reactance,  rectifier  tube,  panel,  switches, 
d instruments  is  shown  in  Fig.  26. 

104.  Eon-automatic  type  of  rectifier.  One  type  of  rectifier  is  not 
tomatio  in  operation,  that  is,  it  will  not  start  or  stop  itself  and  if  the  line 
Itage  fails  temporarily,  it  will  not  restart.  To  start  this  type  the  bulb 
net  be  tilted  by  hand  by  means  of  a tilting  handle. 

SOS.  Automatic  rectifier.  Another  type  has  the  same  features  as  the 
m-automatic  and  in  addition  a tilting  magnet  for  automatic  starting  and 
relay  circuit-breaker.  In  case  of  line-voltage  failure,  which  will  stop  the 
stifier,  the  cutout  closes  the  tilting  transformer  circuit  so  that  the  rectifier 
ready  to  restart  itself  when  the  power  supply  is  restored.  In  case  of 
oessive  direct  current,  the  cutout  coil  opens  the  circuit-breaker  contacts. 
■Of.  Rectifier  applications.  For  charging  a single  battery  the  charao- 
ristics  of  a rectifier  are  not  objectionable.  The  rectifier  is  applicable  where 
e current  value  does  not  exceed  the  rated  capacity.  Tne  commercial 
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ratings  of  mercury-arc  rectifiers  for  vehicle-battery  charging  are  shown  in 
table  in  Par.  108. 


Normal  Frequency — 60  cycles 


Capacity, 

amp. 

(d.c.) 

Make 

Volts, 

range 

(d.c.) 

Supply  1 
voltage 
(a.c.) 

No.  of  cells 

Appro. 

shippj 

[ (*)_, 

Lead 

Edison 

30 

G.E. 

10-  75 

110 

5-30 

7-40 

59C 

G.E. 

20-  75  ! 

220 

10-30 

L4-40 

590 

West. 

28-  85 

110 

14-32 

i 485 

28-  85 

220 

14-32 

485  ! 

G.E. 

30-  83 

110 

12-32 

16-44 

540 

G.E. 

30-118 

220 

14-46 

16-62 

540  i 

G.E. 

10-100 

110 

5-38 

7-54 

590 

G.E. 

20-120 

220 

10-46 

14-65 

590  , 

West. 

40-120 

no 

20-44 

i 575  1 

West. 

40-120 

220 

20-44 

575  j 

G.E. 

75-175 

220 

32-68 

54-95 

590 

-! — -H 

50 

1 G.E. 

10-  75 

no 

5-30 

7-40 

660  ! 

G.E. 

20-  75 

220 

10-30 

14-40 

660 

1 G.E. 

10-100 

no 

5-38 

7-54 

i 6M 

G.E. 

20-120 

220 

10-46 

14-65 

1 

G.E. 

75-175 

220 

32-68 

54-95 

| 660  i 
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SHIP  RESISTANCE 


1.  General  law  of  ship  resistance.  The  frictional  resistance  of  a? 
well-designed  ship  is  roughly  proportional  to  the  square  of  the  speed.  C& 
sequently  at  hall  speed  the  frictional  resistance  will  be  only  one-qosm 
of  the  frictional  resistance  at  full  speed.  Since  the  power  required  to  prope 
a ship  is  proportional  to  the  product  of  the  frictional  resistance  and  the  spek. 
it  follows  that  the  power  delivered  from  the  propeller  is  proportional  to  tie 
cube  of  the  speed.  Thus  at  half  speed  the  output  from  the  propeller  s 
only  one-eighth  of  the  output  at  full  speed.  This  relation  is  not  exact  bets 
nevertheless  widely  employed  for  approximate  calculations.  For  hrp. 
high-speed  vessels,  such,  Mw  iunance.  as  the  “Mauretania,"  the  po«tr 
required  for  driving  the  ship  increases,  at  high  speeds,  even  more  rapidly 
as  the  cube  of  the  speed,  as  the  result  of  decreasing  propeller  efficiency.  Far 
ships  operated  at  widqly  varying  speeds,  it  has  thus  been  a consideration  i 
much  importance  that  the  economy  of  the  engine  should  be  fairly  high  o*e 
a wide  range  not  only  of  loads  but  of  speeds. 

t.  Fundamental  data  on  ship  resistance.  By  analysis  of  the 
lished  data  of  a large  number  of  modern  ships  of  a wide  variety  of  spkx 
displacements  and  types,  the  results  in  the  following  table  have  been  At- 
tained for  the  frictional  resistance  reduced  to  the  common  reference  baa 
of  a speed  of  20  knots  (1  knot  is  a speed  of  1 nautical  mile  per  hour.  Os 
nautical  mile  -6,080  ft. -1,850  me  ten). 


8.  Table  of  Approximate  Values  for  the  Frictional  Resistance  i 

Ships 


Displacement  in  (2,240-lb.)  tons 

Frictional  resistance  in  lb.  per  ton,  at  i 
reference  speed  of  20  knots 

500 

1,000 

2,000 

4,000 

8,000 

16,000 

> ■£  S 

32,000 

It  will  be  seen  from  the  values  in  the  above  table  that,  for  a given  sped 
the  frictional  resistance  per  ton  gradually  decreases  with  increasing  sired 
ship  and  attains  a very  low  value  in  large  ships. 


4.  Estimation  of  the  thrust  horse-power  required.  The  poser 
delivered  from  the  propeller,  ia  termed  the  thrust  horse-power.  Cooed* 
the  case  of  a 4,000-ton  ship  when  proceeding  at  a speed  of  22  knots.  Free 
the  table  in  Par.  8,  the  frictional  resistance  at  a speed  of  20  knots  is  pw 
as  18  lb.  per  ton.  For  a speed  of  22  knots,  the  frictional  resistance  of  tto 
ship  will  be: 

4,000 X (^)*X  18  - 87,400  lb. 

n ^ w n 87,400X22X6,080  _ 

Output  from  propeller  60X33  000 " 5,900  thrust  h.p. 

Again,  for  a 24,000-ton  ship  proceeding  at  a speed  of  14  knots: 
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Frictional  resistance  — 24,000  X X 8 — 94,000  lb. 

„ 94,000X14X6,080  L _ 

Output  from  propeller-  — - - — -4,040  thrust  h.p. 

OUXoo.UUU 


Of  course  in  actual  service,  these  values  will  vary  tremendously  with  wind, 
ave,  tide,  condition  of  ship's  bottom,  disposition  of  cargo,  arrangement 
superstructure  and  other  varying  conditions.  Furthermore  the  values 
ven  correspond  with  normal  designs  of  average  vessels.  It  is  to  be  ob- 
rved,  however,  that  reasonable  extremes  in  type  of  vessel  do  not  occasion 
eat  departures  from  representative  values  of  the  frictional  resistance. 


5.  Ship  momentum.  When  increasing  the  speed  of  a ship,  power  must 
s expended  in  order  to  provide  the  greater  momentum  associated  with  the 
gher  speed.  This  power  is  in  addition  to  that  required  to  overcome  fric- 
on.  Consider  the  acceleration  of  a 24,000-ton*  ship  from  rest  up  to  a speed 
14  knots.  The  formula  for  B,  the  energy  of  momentum,  is: 


(1) 


here: 


W — weight  in  pounds, 

g — acceleration  of  gravity  in  feet  per  second  per  second 
(-32.2). 

and  V — speed  in  feet  per  second. 

In  our  example  we  have: 

W - 24,000 X 2,240  - 53,800,000  lb. 

„ 14  X 6080 

V - — 3600  ~”23-6  ft*  I**  8econd- 
63800000  X 23.6* 

2X32.2  * . 

— 467,000,000  f+lb. 

11  h.p. — 33,000  ft-lb.  per  minute. 

.M  h.p-hr.  - 33,000 X 60  - 1,980,000  ft-Ib.l 

••*“ri-236h*>-hr- 


t.  Acceleration.  If  the  acceleration  is  accomplished  in  3 min.  and  at 
e uniform  rate  of  ) 0.131  ft.  per  second  per  second,  then  the 

itput  from  the  propeller  for  providing  this  acceleration  is: 

(60/3)  X 236  - 4,720  thrust  h.p. 

We  have  already  seen  (Par.  4)  that,  at  a speed  of  14  knots,  an  output  of 
D40  thrust  h.p.  is  required  for  overcoming  the  frictional  resistance.  Conse- 
leatly  when  accelerating  the  ship  from  rest  up  to  a speed  of  14  knots,  in 
min.  the  output  from  the  propeller  gradually  increases  from  4,720  thrust 
p.,  at  the  moment  the  ship  starts,  up  to  4,720+4,040  — 8,760  thrust  h.p,, 
the  completion  of  the  acceleration,  and  then  decreases  to  4.Q40  thrust  h.p., 
Hen  constant  speed  is  attained. 

In  practice.  toe  acceleration  is  pot  at  a uniform  rate  but  gradually 
creases  as  tne  ship  gathers  speed.  ' 

7.  Retardation.  It  is  interesting  to  oonsider  the  conditions  attending 
1 emergency  reversal  when  the  ship  (Par.  < ) is  proceeding  at  a speed  of 
knots.  In  order  to  bring  the  ship  to  rest  ia  8 mm.  (neglecting  the  losses 
the  machinery  and  the  resistance  of  the  ship),  the  propellers  must, 
ter  reversal,  impart  to  the  water  236  h.p-hr.  of  energy.  It  may  be  , ea- 
rned that  30  sec.  is  occupied  in  bringing  the  propc!T6rs  up  to  speed  ih  the 
reree  direction  and  that,  during  this  time,  the  ship  travels:  (30/3,000) 
|4X6,080  — 710  ft. 

For  the  remaining  2.5  min.  (150  see.)  the  propellers  must  impart  to  the 
Her  pearly  236  h.p-hr.  (say  200  h.p-hr.)  of  energy.  The  average  output 
m the  propellers  is:  (60/2.5)  X 200-4.800  thrust  h.p.  If  the  retardation 
Uniform,  the  average  speed  during  these  150  sec.  is:  23.6/2  — 11.8  ft. 
t second  and  the  distance  traversed  is:  1 50 X 11.8  — 1.770  ft.,  the  total  di*- 


* Throughout  this  section  the  2.240-lb.  ton  will  be  employed. 

1645b*G°°gle 


limited  space  it  would  be  inexpedient  to  deni  categorically  with  aU  of  til 
coefficients  and  ratios. 

It*  Block  coefficient.  In  the  design  of  cargo  boats  a lending  conriijj 
tion  relates  to  having  a high  "block  coefficient,"  a high  ratio  of  W 
ment  (0),  to  the  weight  of  a block-shaped  volume  of  water  whose  ta 
.breadth  and  depth  are  equal  to  the  ship  s length  (L),  beam  (B),  and  dm 
(«),  respectively.  The  "block  coefficient"  of  fast  ocean  liners  and  of 
ships,  with  the  lines  essential  to  speed,  is  only  of  the  order  of  0.6  to  0.7 
for  cargo  boats  the  carrying  capacity  is  of  such  importance  that  derigw 
block  coefficients  of  0.8  and  higher  are  employed,  and  with  only  modj 
increase  in  frictional  resistance  per  ton  of  displacement.  Even  is  i 
speed  cargo  boats  the  length  must  be  maintained  in  fairly  high  propd 
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to  the  tonnage  oapocity,  partly  in  order  to  maintain  the  frictional  resistance 
at  a reasonably  low  value,  ana  largely  in  order  that  the  ship  may  be  passed 
through  looks,  and  in  general  conform  to  the  requirements  of  such  service. 
The  “beam  draught”  ratio  (B/H),  and  the  "displacement  length"  ratio 
D •*•(£/ 100) »,  are  also  amongst  the  criteria  employed  in  this  connection. 

11.  The  admiralty  formula.  Naval  designers  and  marine  engineer^ 
(especially  in  Great  Britain),  have  made  considerable  use  of  the  "admiralty 
formula,''  and  although  it  dates  from  the  period  before  the  advent  of  the 
marine  steam  turbine,  it  is  still  widely  used.  The  "admiralty  formula" 
expresses  the  indicated  hone-power  (i.h.p),  in  terms  of  the  two-thirds  powe* 
of  the  displacement,  the  cube  of  the  speed,  and  a factor,  C,  known  os  the 
"admiralty  displacement  ooefficient."  The  formula  is: 

c 

It  will  be  seen  that  the  length  (L)  of  the  ship  does  not  enter  directly  into 
this  formula  but  is  embodied  in  C,  the  " admiralty  displacement  coefficient.” 

Other  formulas  and  data  relating  to  ship  resistance,  and  to  the  power  re- 
juired  for  propulsion,  are  given  in  Taylor's  "Speed  and  Power  of  Shipe;” 
ohn  Wiley  A Sons,  New  York,  1910,  and  in  Chapters  II  and  IV  of  Hobart's 
'Electric  Propulsion  of  Ships;”  D.  Von  Nostrand  Co.,  New  York,  1911. 

PROPELLXR  CHARACTERISTICS 

IS.  General.  The  screw  propeller  was  first  employed  for  ship  propul- 
sion thousands  of  years  ago  by  tne  Chinese.  The  steam-driven  screw  pro- 
peller came  into  wide  use  during  the  last  half  of  the  nineteenth  century. 
The  first  quarter  of  the  twentieth  century  is  witnessing  the  extensive  adop- 
tion of  eleotrioal  transmission  from  the  steam  engine  or  oil  engine  to  the  pro- 
peller. This  introduces  various  advantages  which  will  be  set  forth  in  later 
paragraphs.  At  present  it  is  desired  to  dwell  on  the  very  important  advan- 
tage that  the  method  permits  greater  freedom  in  the  choice  of  propeller  speed, 

14.  Propeller  thrust*  diameter  and  speed.  It  will  be  impossible  to 
touch  upon  more  than  the  mere  elements  of  the  characteristics  of  propellers. 
In  Par.  4,  we  briefly  discussed  a 24,000-ton  ship  for  operation  at  a speed  of 
14  knots.  At  this  speed  the  output  required  from  tne  propeller  for  over- 
coming frictional  resistance  was  estimated  to  be  4,040  thrust  h.p. ; now  assume 
that  £,000  thrust  h.p.  will  be  provided.  At  a speed  of  14  knote  the  corres- 
ponding thrust  will  be: 

5,000X33,000X00 

14X6,080  110,000  lb. 

It  is  usual  in  large  ships  to  design  the  propellers  for  a pressure  of  not  over 
It  lb.  par  square  Inch  of  projected  surface.  The  projected  surface  of 
a propeller  is  the  component  of  the.  area  of  the  blades  corresponding  to  a 
surface  normal  to  the  axis  of  the  shaft.  Therefore  the  projected  surface, 
should  be  1 16,000/12  - 9,700  sq.  in. 

The  surface  ratio  is  the  ratio  of  the  projected  surface  to  the  area  of  a 
circle  whose  diameter  is  equal  to  that  of  the  tips  of  the  propellers 
blades.  We  may  assume  that  we  shall  employ  a design  having  a surface 
ratio  of  0.35.  Consequently  in  the  present  instance  we  must  provide  a 
gross  area  of  9,700/(0.35 X 144)  — 192  sq.  ft._  If  we  employ  a tingle  pro-' 
Ptlltr,  its  diameter  should  be:  V (4X192)/r  - 15.6  ft.  For  a peripheral 
speed  of  6,000  ft.  per  minute  we  arrive  at  a rotational  speed  of 
6,000/(1 5.6 X»)  122  r.p.m. 

For  the  alternative  of  employing  two  propellers,  and  again  assuming 
a surface  ratio  of  0.35.  a pressure  of  12  lb.per  square  inch  of  projected  area. 
$nd  a peripheral  speea  of  6,000  ft.  per  minute,  we  arrive  at  a diameter  of 
<0.707  X15.6-)ll.  Oft.  and  a speed  of  (1.414X122  = ) 173  r.p.m. 

. Many  other  considerations  enter  into  the  determination  of  the  pref- 
erable design.  The  number  of  blades,  and  their  shape,  size  and  pitch,  nave 
a far-reaching  influence  on  the  result,  as  have  also  the  peripheral  speed  and 
the  pressure  per  square  inch  of  projected  area.  The  determination  of  the 
ntoetfavorable  disposition  of  the  propellers  with  reference  to  the  hull  and  to 
one  another,  is  another  matter  of  much  importance.  The  range  of  practica- 
ble'diameters  is  also  affected  by  the  sise  of  the  ship  and  by  its  lines.  If  the 
nmpgUfersjtrsjto  be  wsll  immersed  in  all  weathers  the  permissible  diameter  is 
quite  limited  in  ships  with  shallow  draught. 
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li.  Propeller  slip.  No  reference. has  yet  been  made  to  (be  iapetaS 
consideration  of  the  slip.  The  slip  of  the  propeller  is  expressed  as  to#  p«- 
oentage  by  which  the  speed  of  the  ship  is  less  than  the  speed  eonesponffisgto 
the  pitch  of  the  propeller.  Let  us  illustrate  this  by  the  example  of  the  ISA-ft 
propeller,  which,  when  driven  at  a speed  of  122  r.p.m.  (Par.  14)  staid 
propel  the  ship  at  a speed  of  14  knots,  or  ( 14  X 6,080) /60  — 1,420  ft.  per  orn- 
ate. At  each  revolution,  the  ship  must  travel*  distance  of  1,420/122= 114>  ft 

Were  there  no  slip,  the  propeller  would  be  designed  with  a pitch  of  li  t 
ft. ; in  other  words,  the  “pitch-ratio”  (the  ratio  of  the  pitch  to  the  diameter^, 
would  be  11.6/15.6  — 0.75.  The  relations  between  the  slip  and  the  other 
characteristics  of  a propeller  are  highly  complex  and  a knowledge  of  then* 
one  of  the  assets  of  the  naval  designer.  Such  knowledge  at  present  a is 
process  of  evolution,  and  forecasts  of  the  performance  of  propellers,  ss  ml 
known,  are  likely  to  be  very  wide  of  the  mark.  Notwithstanding  the  elshe- 
rate  and  expensive  tests  on  models,  which  often  precede  the  construction  4 
an  important  ship,  great  modifications  in  the  propeller  equipment  sre  ofta 
made  during  her  first  few  years  of  service.  Assuming  (for  explanstaf 
purposes)  that  experience  has  indicated  that  the  slip  will  be  15  per  cent  n 
the  present  case,  it  is  seen  that  instead  of  a pitch  of  1 1.6  ft.  (correspeodai 
to  a pitch-ratio  of  0.75),  the  propeller  must  be  designed  with  a pitch  a 

— 18.6  ft.,  corresponding  to  a pitch-ratio  of  (13.6/15.6—)  0.87. 

U.80 

14.  Compromise  design.  It  is  hardly  necessary  to  dwell  further  sps 
the  large  number  of  factors  entering  into  the  design  of  propellers.  The  otpa 
in  view  is  to  arrive  at  an  economic  balance  between  good  efficiency,  win- 
factory  capacity  in  executing  all  manoeuvres  required  of  the  ship  tal  con- 
formity with  the  requirements  of  the  machinery  from  which  it  is  drins 
It  was  possible  to  arrive  at  a more  satisfactory  compromise  among  all  tbw 
requirements  when  reciprocating  engines  were  customarily  emploM 
than  has  been  the  case  since  the  advent  of  the  steam  turbine.  This  in  fw 
the  reason  that  the  efficiency  of  low-speed  propellers  is  decidedly  higher  the 
that  of  high-speed  propellers.  In  the  case  of  ships  of  any  considers!* 
sise,  it  would  be  utterly  out  of  the  question  to  design  good  propellent 
speeds  remotely  approaching  the  high  speeds  of  efficient  steam  turbine* 

17.  Beat  speed  of  propellers.  It  does  not  follow  that,  even  with  deceit 
drive,  it  is  desirable  to  adopt  exceedingly  low  propeller-speeds.  Oo  m 
contrary,  when  due  consideration  is  given  to  the  efficiencies  of  (1)  propdka 
(2)  electrical  machinery,  and  (3)  prime  movers,  and  to  their  weights  ana 
a compromise  speed  will  usually  be  arrived  at  which  involves  at  least  snail 
amount  of  sacrifice  in  propeller  efficiency.  A consideration  which  freawstij 
justifies  the  fitting  of  propellers  of  smaller  diameters  and  higher  speeds  this 
are  consistent  with  maximum  efficiency,  relates  to  ensuring  as  complete  im- 
mersion as  possible  under  all  conditions  of  wind  and  weather  ana  load,  is 
order  to  minimise  “racing.” 

Surprise  may  be  occasioned  by  the  statement  that  it  is  rare  to  wsK* 
propeller  efficiencies  of  over  60  per  cent.,  and  that  for  repranoUtaw 
modern  ships  of  large  sixe,  the  propeller  efficiency  is  usually  of  the  order  d 
only  50  per  oent.  for  turbine-driven  ships,  as  against  some  55  per  cent  to 
ships  equipped  with  reciprocating  engines.  Considering  the  greater  ton* 
bility  resulting  from  the  electric  drive,  and  the  gradually  increasing  knowl- 
edge of  propeller  design,  it  would  appear  that  60  per  cent,  should  oe  kqrt 
in  mind  as  a reasonable  propeller  efficiency  for  ships  equipped  with  etatnc 
gearing,  and  that  an  improvement  up  to  some  65  per  cent,  should  be  reafiKd 
in  favorable  cases  in  the  not-distant  future.  Allusions  to  propeller  ca- 
dencies of  the  order  of  70  per  cent,  to  75  per  cent.,  which  are  found  in  treats* 
dealing  with  the  design  of  propellers,  must  be  relegated  to  the  category  d 
theoretical  abstractions  which  can  be  approached  in  tests  of  models,  but  wild 
require  the  ruthless  application  ef  large  allowances  in  order  to  anin  8 
values  which  can  be  realised  in  actual  practice. 

In  a paper  entitled  “A  Case  for  Electric  Propulsion “ read  in  Jane,  1911 
before  the  Institution  of  Naval  Architects#  the  authors,  Mr.  Henry  h 
Mavor  and  Mr.  John  Reid,  stated: 

“ There  are  not  10  per  cent,  of  the  merchant  vessels  now  afloat  which  vodi 
not  be  most  efficiently  propelled  by  screws  designed  to  turn  at  itvolubost 
not  exceeding  80  per  mmute. 
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II.  Llmlti  of  propeller  size  and  power.  It  is  well  to  call  attention  to 
he  enormous  power  which  can  be  delivered  by  a single  propeller.  In  driving 
he  " Mauretania”  at  26  knots,  an  average  speed  at  which  she  has  made 
omplete  journeys  across  the  Atlantic,  the  total  thrust  horsepower  amounts 
o fully  36,000  h.p.,  or  if  equally  distributed  among  the  four  propellers, 
1,000  h.p.  per  propeller.  This  corresponds,  with  her  present  equipment  of 
our-blaaed  screws,  to  an  output  of  2,250  h.p.  per  blade.  The  propeller  di- 
ameter is  15  ft.,  corresponding  to  a gross  area  of  176  sq.  ft.  The  output  may 
hus  be  reduced  to:  9,000/176  — 51  thrust  h.p.  per  square  foot  of  gross  area. 
Taking  the  projected  area,  in  the  case  of  the  Mauretania's  latest  propellers, 
>s  probably  being  some  40  per  cent,  of  the  gross  area  at  the  pitch  circle,  we 
lave  also:  51/0.40  — 127  thrust  h.p.  per  square  foot  of  projected  area.  No 
igniflcance  is  to  be  attached  to  these  large  values,  as  they  result  from  tbs 
mployroent  of  propellers  of  a speed  distinctly  too  high  to  be  compatible 
rith  jiood  efficiency,  and  which  have,  furthermore,  too  small  an  area  for 
)ffective  manoeuvring. 

The  turbines  of  the  British  battle  cruiser  "Tiger"  were  designed  to  deliver 
LOOjOOO  shaft  h.p.  at  the  vessel’s  maximum  speed  of  31  knots.  Her  four 
tugh-speed  propellers  probably  did  not  have  an  efficiency  of  over  50  per  oent., 
living  a thrust  horse-power  of  some  50,000  h.p.  or  12,500  h.p.  per  propeller. 

19.  Multiple  propellers.  In  the  early  stages  of  the  development  of  the 
marine  steam  turbine,  engineers  failed  to  realize  that  its  natural  speed  was 
far  in  excess  of  speeds  consistent  with  good  propeller  characteristics.  Conse- 
quently vessels  were  equipped  with  propellers  of  such  small  diameters  as  to 
smbody  merely  the  necessary  mechanical  strength  at  high  speeds,  and  the 
necessary  area  was  obtained  by  resorting  to  the  use  of  several  (multiple) 
small  propellers.  In  certain  instances  this  was  carried  to  the  extreme  of 
installing  more  than  one  propeller  on  a single  shaft. 

In  1894  on  the  occasion  of  the  first  trial  of  the  historical  "Turbinia"  (of 
15  tons  displacement),  she  was  fitted  with  only  one  shaft  and  a single  two- 
bladed  propeller  of  30  in.  diameter  and  27  in.  pitch.  As  thus  fitted,  the 
“ Turbinia  ” was  quite  inoperative  owing  to  intense  cavitation.  The  slip 
was  49  per  oent.  She  was  then  re-fitted  with  three  propellers  on  the  same  or 
single  shaft;  these  propellers  were  spaced  from  each  other  by  three  diameters 
and  yielded  a vessel  speed  of  20  knots,  the  propeller  slip  being  88  per  cent. 
In  1896  the  "Tnrbinia"  was  again  re-fitted,  three  turbines  being  installed. 
Kaoh  of  the  three  shafts  carried  three  18-in.  diameter  screws  with  a pitch  of 
24  in.  She  attained  a speed  of  34  knots  with  a turbine  speed  of  2,200  r.p.m. 
and  slips  of  17  per  cent,  on  the  middle  shaft  and  25  per  cent,  on  the  side  shafts. 
In  1903,  the  "Turbinia,"  after  having  her  nine  18-in.  propellers  replaced  by 
three  propellers  of  28  in.  diameter  with  a 28-in.  pitch  (there  being  one  pro- 
peller on  each  shaft),  was  again  tested,  and  showed  about  the  same  economy 
up  to  a speed  of  17  Knots,  and  a quite  considerable  increase  in  speed  for  a 
given  steam  consumption,  for  all  speeds  between  18  knots  and  28  knots. 
Further  particulars  of  the  "Turbinia"  tests  may  be  found  in  a paper  by 
Parsons,  read  before  the  Institution  of  Naval  Architects  on  June  26,  1903.  * 

SYSTEMS  OF  PROPELLER  DRIVE 

19.  Reciprocating  steam  engines.  There  are  three  leading  advan- 
tages possessed  by  the  reciprocating  engine  for  marine  propulsion.  These 
are: 

(a)  The  natural  speed  of  the  marine  type  of  reciprocating  steam  engine  is 
of  the  same  order  as  the  natural  (most  efficient)  speed  of  the  screw  propeller. 

(b)  The  reciprocating  steam  engine  may  be  designed  for  good  economy  over 
a wide  range  of  speeds  and  loads,  and  for  best  economy  at  some  intermediate 
speed  and  load. 

(c)  The  reciprocating  steam  engine  may  readily  be  reversed  and  may  exert 
great  power  during  astern  running.  It  is  susceptible  of  ready  control  at  all 
speeds  including  "dead-slow"  speeds,  and  consequently  endows  the  ship 
with  excellent  manoeuvring  ability. 

The  case  for  the  reciprocating  engine  for  marine  propulsion,  with  special 
reference  to  the  requirements  of  the  United  States  Navy,  was  very  ably 
presented  by  Capt.  C.  W.  Dyson,  U.  S.  N.,  in  a paper  entitled  "Engineering 


•Stevens  and  Hobart.  "Steam  Turbine  Engineering,"  Chap.  XXIII, 
Whittaker  A Co.,  London,  1906. 
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Progress  in  the  U.  S.  Navy*’  read  before  the  Society  of  Navel  ArAiMl 
and  Marine  Engineers  in  November.  1912*  (Par.  tl).  JL 

The  disadvantage!  of  reciprocating  steam  engines  relate  chiefly  to  ttf 
great  weight  and  bulk  as  compared  with  modern  high-speed  steam  turbisifc 
This  disadvantage  is  serious  where  spaoe  and  weight  nave  as  great  agmtaifli 
as  in  a ship.  But  as  pointed  out  in  Par.  11,  Capt.  Dyson  did  not  find  sat 
disadvantage  in  this  respect  in  certain  typical  warships,  when  redprocilisf 
engines  were  compared  with  low-speed  marine  steam  turbines  far  direct  cm-  i 
nection  to  the  propeller  shafts.  The  initial  cost  of  the  reciprocate 
is  relatively  great  when  compared  with  the  modern  high-speed  steas 
It  is  more  impracticable  to  profit  to  so  great  an  extent,  as  with  the 
turbine,  from  the  decreased  steam  consumption  attending  the  high 
which  are  readily  and  economically  attainable  at  sea.  The  reriprc-c*---^ 
engine  consumes  far  more  lubricating  oil  than  does  the  steam  tui 
also  the  wages  item  associated  with  the  engine-room  personnel  is  greats 
11.  Capt.  Dyson  on  relative  advantages  of  steam  engtnes  and  lo« 
speed  turbines  in  the  U.  8.  Navy.  The  following  quotations  art 
from  Capt.  Dyson’s  paper: t “This  excessive  falling-off  in  efficient 
pulsion  under  adverse  conditions  of  wind,  sea,  and  of  ship's  be- 

characteristics  of  turbine-driven  vessels.” “Should  the  kts 

of  a vessel  be  such  that  she  be  required  to  steam  for  long  period! 
distances  at  speeds  much  lower  than  her  designed  maximum  speed,  a » 
fuel  expenditure  per  day  will  be  required,  and  consequently  a great  emu 
radius  will  be  ootained  and  less  freouent  re-coaling  necessitat . 
reciprocating  engines  be  fitted  rather  than  turbines  for  propelling  purp*- 
Should,  however,  the  vessel  operate  from  a fixed  base,  only  doini 
cruising  to  ensure  that  the  machinery  is  kept  in  efficient  condition  in  r v 
for  forced  runs  to  any  threatened  point,  the  value  of  fuel  economy  at  • 
speeds  becomes  minimised,  and,  where  the  maximum  speed  of  the 
does  not  exceed  21  to  22  knots,  either  turbines  or  reciprocating  engine 
be  used,  the  choice  being  dependent  upon  other  factors  than  econoi 

are  practically  equal  at  these  speeds.’ “ The  claim  is  frequea 

made  by  the  turbine  advocates  that  while  the  reciprocating  engine, 
is  undoubtedly  more  economical  than  the  turbine  at  small  fractions  d ) 
signed  power,  this  advantage  is  soon  lost  in  actual  service,  due  to 
wear  of  piston  and  valve  rings  causing  large  losses  through  heavy  leaks*? 
steam.  The  turbines,  not  being  subjeot  to  such  frictional  wear, 
the  other  hand,  retain  their  original  economy  indefinitely,  ft*** 
experience  with  both  types  of  engine  in  actual  service  comes  very  ****** 

justifying  this  conclusion.” "In  the  cases  of  the  main  eiga* 

of  the  three  scouts,  ’Birmingham,’  ’Salem’  and  ‘Chester,*  the  ‘Birmingh**. 
with  reciprocating  engines,  has  always  been  ready  for  service,  while  hwlr 
sisters  have  been  repeatedly  laid  up  at  the  yards  for  overhaul  of  tM  r 

turbines.” “ For  existing  conditions  nothing  can  be  saved  is 

boiler-room  weights  or  apace  by  adopting  turbines,  as  the  same  boiler  | 
is  required  in  the  two  cases.  In  the  engine  rooms,  for  these  powers,  boa 
the  reciprocating  engine  has  a decided  advantage  in  both  weight  and  1 
required.  Thus,  in  the  ‘Delaware,’  'North  Dakota*  and  'Utah,'  the  «fl| 
room  weights  and  space  required  are  as  follows: 


Delaware 
(reciprocat- 
ing engines) 

North  Dakota 
(Curtis 
turbines) 

Engine-room  weights,  dry  tonsj 
Engine-room  weights,  wet  tons. 
Engine-room,  length,  ft 

728.0 

773.0 
44.0 
60.5 

2,222.0 

731.0 

786.0 
44.0 
60.5 

2,222.0 

| 

Engine-room,  total  width,  ft. . . 
Engine-room,  sq.  ft.,  floor  space. 

, reo.  la,  ivie,  p.  is*;  reo.  zi,  ivio,  p-  « 
t Dyson.Capt.  C.  W.  “Engineering  Progress  in  the  U.  8.  Navy; 
of  Naval  Architects  and  Marine  Engineers,  Nov.,  1912.  # , . j 

t “ Wet-  and  dry  tons**  relate  to  the  engine-room  weights  with  and  vr»^ 
water  in  the  boilers. 
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eirfl®  the  reciprocating  engine  has  a decided  advantage  in  the  features  of 
veight  and  space  required,  under  present  conditions  these  advantages  would 
hsappear  should  the  necessary  power  to  be  developed  be  increased  consider- 
ably above  what  is  now  asked  for,  and  the  advantage  would  rest  with  the 

tor  bine." “Basing  the  ohoioe  between  reciprocating  engines 

and  turbines  for  battleship  propulsion  under  existing  conditions  of  speed  and 
power  upon  the  above  comparison  of  relative  advantages  of  the  two  types,  the 
advantage  appears  to  rest  most  decidedly  with  the  reciprocating  engines." 
It  must  be  emphasised  that  this  was  written  in  1012  when  steam  turbines 
were  direct  connected  to  the  propellers  and  that  with  geared  turbines  the 
conclusions  require  modification. 

Relative  economy  of  steam  engines.  In  the  ease  of  large,  com- 
pound, triple-expansion  and  quadruple-expansion  marine  engines  the  econ- 
omy falls  but  little  behind  that  obtained  in  modern,  high-speed  turbines  for 
the  same  power,  and  is  much  better  than  that  of  steam  turbines  designed  to 
operate  at  speeds  m low  aa  to  permit  direct  oonneotion  to  the  propellers. 

29.  Examples  of  steam-engine  economy.  In  a paper  by  C.  Waldie 
Cairns*  the  result  of  1.70  lb.  of  coal  per  inchoated  horse-power*hour  with 
triple-expansion  engines  was  given  for  a 36-hour  trial  of  the  10-knot  “ C aim- 
go  wan”  on  Feb.  6,  1013.  The  corresponding  water  consumption  was  15.2 
lb.  per  indicated. horse-power-hour;  steam  pressure,  175  lb.  per  square  inch; 
vacuum,  26.8  in.;  propeller  speed,  61.7  r.p.m.;  displacement,  0,950  tons, 
draft,  23  ft.  10  in.;  length,  371  ft.;  beam,  51  ft.  8ee  Par.  34  and 35. 

Elsewhere  it  has  been  stated  on  excellent  authority  that  there  are  many 
ships  which,  even  without  superheaters,  are  working  at  1.3  lb.  and  1.4  lb. 
per  indicated  horse-power-hour  (triple  expansion)  for  all  purposes,  t In 
an  editorial  on  p.  340  of  Shipbuilding  and  Shipping  Record  lor  March  19, 
1914,  allusion  is  made  to  the  estimate  that  with  the  combination  of  a recip- 
rocating unit  exhausting  into  a low-pressure  turbine  geared  to  a propeller 
shaft  the  water  rate  for  large  ships  oould  be  cut  down  to  8,5  lb.  per  hp.-hr. 

14.  Intamal-oombustion  anginas.  The  only  types  of  internal-com- 
bustion engine  as  yet  developed  which  can  come  in  for  reasonable  considera- 
tion for  marine  propulsion  are  those  employing  oil  as  fuel.  The  impractica- 
bility of  providing  space  on  board  ship  for  gas  producers  and  auxiliary 
plant  precludes  gas  engines  from  consideration,  sS  far  as  can  be  foreseen  at 
present.  Indeed  it  is  the  elimination  of  any  equivalent  to  the  steam-raising 
plant  which  is  chiefly  instrumental  in  giving  the  oil  engine  any  standing  as  a 
prime-mover  for  ship  propulsion. 

Space  and  weight  are  factors  of  supreme  importance  on  board  ship, 
and  it  is  the  consideration  that  four-tenths  of  a ton  of  crude  petroleum  (or 
probably  even  of  residue),  will  suffice  for  supplying  the  same  number  of 
shaft  horse-power-hours  to  the  propellers  as  would  be  supplied  by  burning 
1 ton  of  eoal$  under  boilers  in  a steam  plant,  that  is  proving  so  attractive 
to  marine  engineers  and  shipowners,  even  though  the  outlay  for  0.4  ton 
(120  gal. of  crude  petroleum  will  be  much  greater  than  for  1 ton  of  good 
coal.  The  advantcqge  of  the  space  and  weight  saved  is  of  no  Small  account, 
and  for  medium-si sed  and  sipall-sizea  ships  it  should  often  outweigh  the 
aocompaqying  handicap  of  the  increased  outlay  for  fuel  and  the  very  great 
initial  outlay  for  engines  requiring  the  finest  of  workmanship  in  their  manu- 
facture and  skilled  attendance  and  adjustments  during  service.  It  is  char- 
acteristic of  oil  engines  as  at  present  developed,  that  the  weight  of  an  engine 
of  twice  the  capacity  of  a reference  engine  is,  for  the  same  speed,  usually 


* Cairns,  C.  W.  **  A Comparative  Trial  between  the  Triple-expansion 
Engine  and  Geared  Turbine  in  Cargo  Steamers."  Also  see  Shipbuilding  and 
Shipping  Record,  Apr.  3,  1913;  p.  6. 

t Engineering,  London,  July  19,  1912;  p.  91. 

t Crude  petroleum  is  taken  as  having  19,000  B.t.u.  per  pound  and  coal  as 
having  15,000  B.t.u.  per  pound.  0.4  X 19,000/15.000  - 0.51.  Thus  the  state- 
ment in  the  text  is  based  on  obtaining  with  the  oil  engine  only  twice  the 
efficiency  from  fuel  to  shaft,  as  in  the  steam  plant.  While  better  results  are 
guaranteed  and  obtained,  it  is  desirable  at  so  early  a stage  in  the  develop- 
ment of  the  internal  combustion  engine  to  be  conservative  in  estimating  its 
performance. 

\ The  U.  8.  gallon,  equal  to  the  volume  of  8.35  lb.  of  water  or  about  7*5  lb. 
t>f  crude  petroleum,  is  taken  here. 
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more  than  twice  as  great  as  the  weight  of  the  engine  of  reference.  Furthera  :v 
the  economy  is  no  better  in  the  larger  engine. 

This  state  of  affairs  is  in  striking  contrast  with  the  characteristic  of  stca'i 
engines  and  steam  turbines,  that  the  greater  the  capacity  the  less  the  wes'i 
per  horse-power  and  the  less  the  steam  consumption  per  horse-pover* 
hour.  On  the  other  hand,  in  small  sizes  the  economy  of  the  steam  Uirr.n 
is  not  good,  and  it  requires  a large  outlay  for  boilers  and  condensers. 

25.  Limitations  of  the  oil  engine.  It  appears  that  for  installation  i 
the  order  of  2,000  h.p.  or  less,  there  should  be  a large  field  for  the  oil  ewr:^ 
notwithstanding  the  greater  outlay  for  fuel.  As  compared  with  the  Meta 
turbine,  the  oil  engine  is  handicapped  by  a considerable  further  oath? » i 
lubricating  oil.  But  taking  into  account  the  small  quantity  of  fuel  and  til 
absence  of  any  equivalent  to  the  boiler  plant,  the  advantage  will  usuiiTi 
for  less  than  some  2,000  h.p.,  remain  with  the  oil  engine  provided  the  iB3*j 
la t ion  consists  of  several  small  sets,  or  subdivided  units,  with  indiv^aj 
electric  drive  between  engine  and  propeller.  The  last  feature  is  DeceM." 

?vercoJne  V1®  relative  unreliability  of  the  oil  engine  and  to  enable 
to  be  made  without  stopping  the  propellers. 


JBwtiootal  National  Oac-XaghtM  ttncU-Gyflnfer.  Hag*  AoUag, 

Twtloal  National  Taadam,  Slnyte  Aotteg,  ftwOruk 4 

Hodaontal  OookorQl  SlagU  Collate,  at% 4 

Nambotc  Uorhontal  Vudra,  DrablovActlsg  ..4 

Fig.  1. — Weights  of  gasengisoB  of  different  dimensions. 


Except  for  very  small  outputs,  the  oil  engine  is  particularly  ill-suited  fr 
direct  connection  to  the  propeller,  for  the  reason  that  for  starting  sod  iffl 
reversing,  a considerable  supply  of  compressed  air  must  be  araibb^i 
Furthermore,  the  efficiency  of  the  oil  engine  decreases  rapidly  as  the  !a»f 
decreases,  and  also  it  is  satisfactory  only  at  normal  speed.  Sight  must 
be  lost  of  the  fact  that  oil  engines  of  the  sises  which  come  into  conodtst**®1 
for  the  purpose  are  expensive  machines  and  much  less  rugged  and  itfcb* 
than  steam  turbines  or  steam  engines.  The  handioap  in  firet  cost  and  is 
cost  must  be  equated  against  the  greater  earning  power  of  the  »hjp  eanseq** 
upon  the  space  and  weight  Baved  and  made  available  for  cargo. 


. JFslrht  of  internal  combtistlon  engines,  ft  is  important  tb< 
mgnt  should  not  be  lost  of  the  relatively  great  weight  of  iirternal-combasts 
,nps  Dr.  Diesel  stated*  (in  1912)  that  the  more  recent  engines  of  b 


I*rlv  “T*1®  Engine  and  Its  Industrial  Importance,  Partly 

ty  for  Great  Britain;  Proceedings  Institution  of  Meeh.  Engiaesn,  1& 
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type  (double-acting,  two-etroke-cycle)  washed  only  some  110  lb.  per  horse 
power.  Mr.  Dugald  Clerk  in  the  discussion  of  Dr.  Diesel's  paper  gave  the 
table  of  weights  in  Par.  18  and  also  the  carves  which  appear  in  Fig.  1 and 
Fig.  2. 

It  is  the  order  of  magnitude  of  these  weights,  relating  to  four-etroke-cyole 
engines,  which  has  occasioned  the  strong  tendency  to  develop  the  larger 
capacities  in  two-stroke-cycle  engines. 

A single  acting,  four-stroke-cycle,  low-speed.  800  b.h.p.  Diesel  engine  is 
considerably  heavier  than  any  of  the  engines  shown  in  Fig.  2,  as  it  has  a 
weight  of  some  000  lb.  per  brake  horse-power.  Retaining  the  same  low  speed. 


but  resorting  to  a double-acting  two-etroke-oycle,  the  weight  comes  down  to 
238  lb.  per  brake  horse-power;  and  in  1012  the  weight  of  high-speed  Diesel 
engines  of  the  double-acting  two-stroke-cycle  type  nad,  in  some  i iiatanoes, 
been  brought  down  to  116  lb.  per  brake  norse-power.  The  above  data  of 
weights  of  Diesel  engines  present  a striking  contrast  to  the  low  weights  per 
brake  horse-power  which  are  being  obtained  in  large  steam  turbines. 

ST.  Dleeel  marina  engines.  The  " Seiandia,”  “Fionia”  and  “Jut* 
l&ndia"  are  sister  ships;  each  is  370  ft.  long  and  53  ft.  beam.  Each  ship  is 
fitted  with  two  four-etroke-cyole  vertical,  single-acting  Diesel  engines  and 
each  of  the  two  engines  comprises  eight  cylinders aod  has  a rated  capacity  of 
1,250  i.h.p.,  or  a total  of  2,500  i.h.p.  per  ship.  The  speed  at  sea  is  130  r.p.m. 
In  a paper  by  Mr.  I.  Knudsen  entitled  ' Results  of  Trials  of  the  Diesel- 
engined  Sea-going  Vessel  'Seiandia,'  read  on  March  28, 1912,  before  the  Insti- 
tution of  Naval  Architects,  the  results  of  the  trial  trips  are  given.  It  is 
stated  that  reversal  of  the  engines  from  full  speed  ahead  to  full  speed  astern 
can  be  carried  out  in  20  sec.  The  fuel  oil  is  stored  in  the  double  bottom  of  the 
vessel,  and  Sufficient  storage  capacity  is  provided  for  a continuous  journey 
of  about  30,000  miles.  After  three  short  trial  trips  the  “Seiandia"  made  a 
Journey  across  the  North  Sea  from  Copenhagen  to  Aalborg  with  a cargo  con- 
sisting of  about  2,000  tons  of  cement.  The  fuel  consumption  (including  all 
oil  used  for  auxiliaries,  but  excluding  that  used  fur  heating*  the  vessel),  was 
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0.363  lb.  p«r  indicated  horse-power-hour  developed  by  the  man  engines. 
On  the  basis  of  a calorific  value  of  19.000  per  pound  of  fuel,  this  works 
out  at  (0.363  X 19,000  «)6,900  B.t.u.  per  indicated  norse-power-hour.  The 
thermal  equivalent  of  1 h.p-hr.  is  2,550  B.t.u.  and  therefore  the  therms! 
efficiency  was  2550/6900  ■»  37.0  per  cent. 

Knee  no  deduction  was  made  for  the  fuel  oonsumed  by  auxiliaries,  sad 
since  the  efficiency  figure  relates  to  the  efficiency  in  actual  service  at  sea.  the 
result  must  be  regarded  as  very  good  indeed.  In  the  course  of  the  discos' 
•ion  of  the  paper  Mr.  J.  T.  Milton  stated  that " the  brake  horse-power  would 
be  about  82  per  cent,  of  the  indicated  horse-power,  according  to  general  prac- 
tice. Assuming  this  to  be  correct  for  the  ‘Selandia,’  it  would  give  a consump- 
tion of  from  0.4  lb.  to  0.5  lb.  per  brake  horse-power-hour,  which  was  about 
the.  same  result  as  that  obtained  in  the  *VuIcanus.’ " (The  Vulcan  us  was  s 
Dutch  oil-tank  vessel  of  2,500  tons  displacement  and  equipped  with  a 500- 
h.p.  Diesel  engine.  It  was  put  in  commission  in  the  summer  of  1911.)* 

18.  Table  of  Weights  of  Large  Continental  Oas  Engines 

Tandem  Double-acting  Four-stroke-cycle  Type 
(Dugald  Clerk) 


Brake  h.p 

Net  weight  of  engine 
with  fittings,  but  with- 
out fly-wheel,  in  tons 

Same  per  b.h.p.  in  lb. 

630 

66.5 

237 

700 

81.7 

261 

j 750 

68.5 

205 

800 

85.0 

238 

950 

95.1 

224 

1,000 

120.0 

269 

1,060 

109.3 

231  , 

. 1,500 

162.3 

243  ! 

2,000 

266.5 

299 

19.  Comparative  fuel  costs.  Prices  of  fuel  should  be  compared  oed? 
basis  of  their  calorific  contents  in  British  thermal  units  (B.t.u.).  Tske  go* 
bituminous  coal  as  having  a calorific  value  of  14,300  B.t.u.  per  pound  (« 
32,000,000  B.t.u.  per  2,240-lb.  ton).  Take  oil  fuel  as  having  a calorific  rah 
of  19,000  B.t.u.  per  pound  (or  42.500,000  B.t.u.  per  ton).  Company 
bituminous  coal  at  33.00  per  ton  with  oil  fuel  at  312  per  ton,  the  lorn* 
costs  9.4  cents  per  million  B.t.u.,  compared  with  28.2  cents  per  mfliu 
B.t.u.  for  oil  fuel.  Since  28.2/9.4  ■*  3.00,  the  oil  engine  must  be  three  tusS 
as  efficient  as  the  steam  engine  in  order  to  bring  the  fuel  cost  down  to  tto 
same  value  per  brake  horse-power-hour.  A large  modern  steam  engined 
steam  turbine  should  nre  out,  in  brake  horse -power-hours,  about  14  pa 
cent,  of  the  energy  in  the  coal,  under  the  conditions  of  service  at  ssa.  Ita 
vet  to  be  demonstrated  that  an  oil  engine  can  be  built  which  will  give  ontfl 
brake  horse-poweivhours  (3X 14  — )42  per  cent,  of  the  beat  energy  in  them 
under  the  conditions  of  service  at  sea.  At  the  present  stage  of  developasi 
it  would  be  venturesome  to  eount  on  obtaining,  under  these  eondhionf, 
efficiency  of  more  than  (2  X 14  •>  ) 28  per  cent.  Consequently,  so  long  m I 
oil  fuel  costs  more  than  (iX312~)38  per  ton.  ms  against  eeal  at  ! 
per  ton,  the  fuel  coat  will  be  greater  in  the  case  of  toe  oil  angina.  Thu  cm 
paris on  is  based  on  pre-war  prices. 

If,  with  producer  plant,  there  can  be  developed  a producer  which  * 
work  satisfactorily  with  bituminous  coal,  the  price  for  fuel  would  be  1 
same  in  the  two  cases.  Assuming  an  efficiency,  say,  of  21  per  cent-,  fri 
the  coal  to  the  shaft,  as  against  14  per  cent,  for  a steam  plant,  then  the  f| 
oost  of  the  gas  plant  would  be  only  two-thirds  of  that  for  the  steam  plant 

Should  commercial  suoeeee  ultimately  attend  the  efforts  to  develop , 
internal-combustion  engine  consuming  coal  dust  in  the  cylinders,  we  aten 

* See  page  219  of  the  1912  Proceeding*  of  the  Institution  of  Mschaotfl 
Engineers,  where  also  will  be  found  interesting  particulars  of  many  sbft 
•quipped  with  Diesel  engines. 
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foully  have  the  result  of  high  efficiency  and  cheap  fuel.  When  supplied 
n the  form  of  coal  dust,  3 cents  per  million  B.t.u.  is  a fair  relative  figure  for 
he  fuel  ooet.  Assuming  as  the  sea  efficiency  from  fuel  to  shaft: 

J14  per  cent,  for  boiler  plant  and  steam  engine  or  turbine, 

28  per  cent,  for  oil  engine, 

21  per  cent,  for  producer  plant  and  gas  engine, 

28  per  cent,  for  coal-dust  engine, 
assuming  for  the  price  of  fuel  per  million  B.t.u.: 
fa)  0.4  cents  for  coal  for  the  steam-engine  equipment, 
fb)  28.2  cents  for  oil  for  the  oil-engine  equipment, 

(c)  0.4  cents  for  coal  for  the  gas-engine  equipment, 

(d)  3.0  cents  for  coal  for  the  coal-dust  engine  equipment, 
ihen  the  costs  per  million  B.t.u.  given  out  at  the  shaft  and  per  brake  horse* 
power-hour  given  out  at  the  shaft,  work  out  as  shown  in  Par.SO. 


80.  Summary  of  Comparative  Fuel  Costs  for  Marius  Prime  Movers 


Fuel  cost  per 
million  B.t.u. 
at  shaft,  cents 

B.t.u.  per 
h.p-hr. 

Fuel  cost  per 
brake  h.p-hr., 
cents 

I.  Steam  plant 

67 

2,545 

0.171 

II.  Oil-engine  plant 

101 

2,545 

0.257 

III.  Gas-engine  plant 

45 

2,545 

0.115 

IV.  Coal-dust  engine  plant. . . . 

11 

2,545 

0.028 

The  attractively  low  fuel  cost  in  the  case  of  the  coal-dust  engine  would 
be  futile  in  marine  propulsion  unless  attained  with  an  engine  of  small  weight 
and  of  low  ooet  and  upkeep.  Since  these  results  are  for  comparative  purposes, 
the  use  of  pre-war  prices  does  not  seriously  affect  the  conclusions. 

SI.  Low-speed,  direct-connected  turbines.  Ever  since  the  advent 
of  the  steam  turbine  into  engineering  work  on  land,  there  has  been  gradual 
but  uninterrupted  progress  toward  the  employment  of  ever  higher  speeds. 
This  progress  has  been  accompanied  by  a great  decrease  in  weight  per 
horse-power  and  a very  satisfactory  decrease  in  steam  consumption  per 
brake  horse-power-hour.  In  marine  applications  the  difficulties  encountered 
at  an  early  date  with  respect  to  propeller  efficiency,  and  the  attainment  of 
satisfactory  operating  characteristics  of  the  propeller,  imposed  restrictions 
on  the  speeds  employed.  Consequently  the  early  marine  steam  turbines 
were  much  heavier  and  less  economical  than  land  turbines  for  equivalent 
outputs.  * 

The  steam  turbines  of  the  "Mauretania”  run  at  a speed  of  188  r.p.m.  and 
{exclusive  of  condensing  plant)  represent  a weight  of  about  40  lb.  per  shaft 
horse- power.  The  steam  consumption  per  shaft  horse-power-hour  during 
the  full-speed  trials  was  just  over  12  lb.*  Each  of  the  four  main  turbines 
delivers  about  17,000  s.h.p.  Land  turbines  for  three  times  this  output  can 
now  be  built  with  speeds  of  1,800  r.p.m.  and  there  is  thus  obtained,  not  only 
an  enormous  reduction  in  the  weight  per  horse-power,  but  also  a very 
satisfactory  improvement  in  the  steam  consumption  per  shaft  horse-power- 
hour. 

22.  Improved  economy  of  high-speed  turbines.  By  using  250  deg. 
fahr.  of  superheat,  the  firm  of  Messrs.  Parsons  obtained  on  a 750-r.p.m., 
25-cycl«,  25,000-kw.  set  of  their  construction,  a steam  consumption  (guar- 
anteed) of  only  11  lb.  per  kilowatt-hour,  which  (allowing  for  an  efficiency 
of  97  per  cent,  for  the  electric  generator)  is  equivalent  to  8.0  lb.  per  brake 
horse-power-hour  from  the  steam  turbine.  High  superheats  can  be  used 
mush  more  successfully  in  high-speed  turbines,  since  with  their  relatively 
small  diameters  they  are  more  rigid  and  more  free  from  the  difficulties  conse- 
quent upon  expansion  than  is  the  case  with  large,  slow-speed,  steam  tur- 
bines. When  tested  with  220  deg.  fahr.  superheat,  a pressure  of  184  lb.  per 

3uare  inch  at  the  boiler  side  of  the  pressure  stop  valve,  a condenser  pressure 
0.72  in.,  and  a load  of  9,000  brake-horse-power,  a 40-cycle,  l,20O-r.p.m. 


* See  p.  463  of  Engineering  fbr  April  4,  1913. 
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steam  turbine  in  the  Dunston-upon-Tyne  power  house  of  the  Neon— lU 
upon- Tyne  Electric  Supply  Co.,  was  ascertained  by  Memrs.  Men  sai 
McLellan  to  have  a steam  consumption  of  8.2  lb.  per  brake  hone  power-how. 
The  turbine  employed  in  this  set  was  of  the  Curtis  type  and  was  built  by 
the  A.  E.  G.  of  Benin. 

Tests  made  on  a 10.000-kw.,  25-cycle,  1,500-r.p.m.  generating  set,  eoe- 
structed  by  the  Gen.  Elec.  Co.  and  employring  turbines  of  the. Curtis  type, 
showed  a steam  consumption  of  12.7  lb.  per  Kilowatt-hoar  when  openttRC 
at  185  lb.  gauge  pressure,  100  deg.  fahr.  of  superheat  and  28  in.  of  vacuum. 
When  reduced  to  terms  of  the  pressure,  superheat  and  vacuum  of  the 
Parsons  25,000  kw.  set  the  consumption  works  out  at  10.5  lb.  per  kw-kr. 
although  the  Curtis  set  is  of  only  10,000  kw.  capacity  as  sgnirst  25J908 
kw.  for  the  Parsons  machine. 

In  the  case  of  a 1,500-r.p.m.,  30,000-kw.  set  constructed  by  the  Gen.  Bsc. 
Co.  for  the  Chicago  Edison  Co.,  the  steam  consumption  at  a load  of  25,000  k*. 
was  guaranteed  not  to  exceed  1 1 lb.  per  kilowatt-hour  when  operating  st  21 
lb.  gauge  pressure,  200  deg.  fahr.  superheat  and  1 in.  absolute  back  yicMun 

18.  High-speed,  geared  steam  turbines.  When  it  was  first  contend'd 
by  Mr.  Geo.  Westinghouse  and  Sir  Chas.  Parsons  that  thousands  of  bow 
power  could  be  transmitted  through  toothed  speed-reduction  gearing  of 
the  double-helical  type,  with  a loss  of  only  1.5  per  cent,  to  2.0  per  cot, 
engineers  were  very  sceptical.  At  present,  however,  many  ships  fitted  vid 
geared  turbines  are  in  service.  In  an  editorial  on  page  610  of  EnginmiM 
for  Nov.  1, 1012,  appears  this  statement  regarding  the  efficiency  of  the  toothd 
gear. transmission:  "The  loss  in  transmission  is  only  2 per  cent,  as  sgaisd 
8 per  cent,  for  electrical  gear  and  from  10  per  cent,  to  14  per  cent,  forhydrssfe 
gear." 

The  U.S.  collier  **  Neptune"  is  equipped  with  Westinghouse  geared  tertian 
the  performance  of  which  has  been  discussed  by  Lieutenant  W.  W.  8mUh  a 
the  1912  Journal  of  the  American  Society  of  Naval  Architects.  For  s vwri 
speed  of  14  knots,  the  "Neptune’s”  propellers  run  at  a speed  of  135  r.p-a 
and  are  driven  through  gearing  with  a ratio  of  9.3  : 1.  Each  of  the  "N'T 
tune’s"  two  steam  turbines  is  of  some  3,000-h.p.  capacity  and  ruse  st  • 
speed  of  only  1,250  r.p.m.  The  "Neptune’s”  displacement  is  20,000  torn 

84.  Results  of  Trials  of  Sister  Ships  fitted  with  Geared  Turbines  asd 
Triple-expansion  Engines 


Type  of  engine 

Revs,  per  min.  (mean  of  36  hours) 

Coal  per  day 

Indicated  horse-power 

Shaft  horse-power 

Ratio  of  shaft  horse-power  (Cairn ross)  to 
indicated  horse-power  (Caimgowan). 
Pounds  of  coal  per  indicated  horse-power- 
hour,  all  purposes 

Pounds  of  coal  per  shaft  horse-power-hour, 
all  purposes 

Pressure  at  steam  pipe  in  engine  room 

Vacuum 


The  machinery  of  the  "Caimross"  is  some  20  tons  lighter  than  that  of  tk* 
"Caimgowan."  See  Par.  23* 

88.  Comparison  of  geared  turbines  and  triple-expansion  eDghMi 

The  “Cairn ross,”  a tramp  steamer  designed  for  a sea  speed  of  10  knots,  » 
equipped  with  two  steam  turbines  running  at  a speed  of  1,700  r.p.ra.  satf 
both  geared  with  a ratio  of  26.2  : 1 to  a single  propeller  with  a speed  of  61 
r.p.m.  The  length  between  perpendiculars  is  370  ft.,  and  the  bresdtk* 
n °n  the  tria*  run’  the  displacement  was  9,950  tons;  block  coefficiwt, 
0.779.  The  steamer  fitted  with  tripie-expansion  engines,  the  "Cairngowao,” 
is  a sister  ship  to  the  "Caimross, ’ has  practically  the  same  dinrainw,  U>* 
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ibm  propeller  speed,  end  was  loaded  to  the  same  displacement  as  the 
Cairnroas”  d urine  the  36-hr.  trial.  Theresults  of  the  trials  appearin  Par.  ti 

39.  Alquirt  mechanical  rearing.  An  interesting  development  in 
>eed-reduction  gearing  is  the  Alquist  mechanical  gear  for  large  powers,  in- 
>rporating  the  feature  of  flexibility  to  the  extent  necessary  to  overcome  the 
rave  difficulties  associated  with  rigid  mechanical  gears  operating  at  high 
>oth  speeds. 

ST.  Electrical  transmission  for  marine  propulsion.  Although 
leohanieal  speed-reduction  gearing  is  quite  appropriate  for  ships  of  low 
ower,  making  long  journeys  at  a fairly  constant  speed,  it  is  inferior  in  a 
umber  of  respects  to  the  plan  of  interposing  electric  transmission  between  the 
rime-mover  and  the  propeller.  The  electrical  plan  provides  effectively  for: 
1)  obtaining  the  desired  speed  reduction;  (2)  dispensing  with  any  additional 
or  bines  for  astern  running.  As  to  the  first  feature,  the  electrical  method 
reatly  excels  the  mechanical  method  in  the  respect  that  the  ratio  of  reduo* 
ion  can  be  varied  to  any  extent  desired,  thus  permitting  the  operation  of  the 
lap  economically  at  various  speeds,  while  the  prime-mover  is  preferably 
•perated  at  substantially  constant  speed.  Moreover,  a greater  ratio  of 
peed-reduction  is  practicable  with  the  electrioal  system  than  with  mechan- 
cal  gearing,  and  mors  favorable  speeds  can  be  adopted  both  for  the  steam 
urbine  ana  for  the  propeller. 

The  second  feature,  thd  ability  to  reverse  the  chip  by  reversing  the  electric 
uotors  which  drive  the  propellers,  has  not  only  the  advantage  of  eliminating 
he  additional  turbines  for  astern  running  and  thus  lightening  and  cheapening 
he  equipment  and  eliminating  the  considerable  friction  loss  in  the  astern 
lection  of  the  turbine,  but  there  is  the  further  advantage  that  in  all  man- 
euvring  operations  the  full  power  of  the  main  turbines  is  available,  instead 
>f  the  limited  power  of  the  astern  turbines.  Thus  electrically-driven  ships 
ire  characterised  by  their  prompt  and  decisive  manoeuvring  abilities. 

S3.  Rotative  weight  and  efficiency  of  electrioal  gearing.  For  a 

riven  speed-ratio,  the  interposed  electrical  machinery  would  usually  be 
Heavier  and  more  expensive  than  mechanical  reduction  gearing,  but  electrioal 
rearing  permits  employing  a greater  speed  reduction  than  is  practicable 
with  mechanical  gearing.  Consequently,  with  the  electric  drive,  the  prime* 
mover  is  lighter  and  more  efficient  than  when  the  mechanical  gearing  is 
employed,  and  this  saving  is  increased  by  the  elimination  of  the  astern  tur- 
bines. It  must  be  admitted,  however,  that  the  overall  efficiency  of  the  eleo- 
trical  machinery  is  rarely  above  90  per  sent,  to  92  per  cent,  as  compared 
with  98  per  cent,  efficiency  of  the  mechanical  gearing,  but  this  difference  is 
fully  made  up  by  the  increased  economy  in  the  steam  consumption  of  the 
prime- mover,  because  of  its  higher  speed,  and  the  improved  efficiency  of  the 
propeller,  because  of  its  lower  speed. 

It.  General  conditions  under  which  electric  propulsion  Is  best 
adapted.  The  general  tendency  was  at  first  in  favor  of  mechanical  gearing 
for  small  ships,  of  low  power,  making  long  journeys  at  full  speed,  and  elec- 
trical gear  for  large  ships,  and  for  snips  requiring  different  speeds  on  different 
occasions,  including  those  ships  which  frequently  navigate  inland  waterways 
and  crowded  harbors  and  consequently  require  excellent  manoeuvring  ability. 
But  at  present  (1921)  there  is  a strong  tendency  toward  the  extensive  use 
of  electrio  propulsion  for  a wide  range  of  classes  of  ships.  This  is  based 
partly  upon  experience  to  the  effect  that  mechanical  gearing  has  not  come 
up  to  expectations  in  some  respects  gnd  that  experience  with  the  eleetrie 
drive  has  been  very  successful. 

40.  Special  advantages  of  electrical  gearing  for  ships  operating  at 

▼arlable  speeds.  The  most  important  reasons  for  operating  snipe  electric- 
ally, relate  to  the  introduction  of  certain  principles  which,  in  land  central 
stations  for  the  generation  of  electrical  energy,  are  recognized  as  having 
fundamental  commercial  importance.  These  principles  can  be  well  illus- 
trated by  considering  the  case  of  a battleship.  Such  a ship  must  be  equipped 
with  enough  propulsive  machinery  to  provide  some  stipulated  maximum 
spssd.  This  may  require  an  aggregate  capacity,  say,  of  32,000  h.p.  If  the 
Tt  e<IurpPAw  with  steam  turbines  direct-connected  to  the  propellers, 
propably  there  would  be  four  turbines,  each  of  8,000  h.p.,  connected  to  each 
individual  propeller.  But  the  ship  will  be  driven  at  its  full  speed  only  a 
small  portion  of  the  time.  Its  cruising  speed  Is  only  some  six-tenths  of  the 
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full  speed,  aud  it  is  at  this  lower  speed  that  the  ship  it  practically  aim 
driven.  The  power  required  to  drive  the  ship  at  its  cr  taring  ipeed  wMm 
only  of  the  order  of  8,000  h.p.  or  leas,  at  against  the  32,000  h.p.  sggrtgste 
capacity  of  the  four  turbines.  Steam  turbines  become  lew  efficient  the  loss 
the  speed,  and  the  lower  the  load.  In  this  instance  there  would  be  low 
turbines,  running  at  only  six-tenths  of  their  full  speed  and  only  one-fowth 
of  their  full  loaaT  Under  these  conditions  the  steam  consumption  per  homt- 
power-hour  will  be  very  much  greater  than  at  full  speed  and  full  load. 

If  the  ship  is  arranged  to  be  driven  electrically,  however,  the  general  phs 
will  be  to  employ  a number  of  turbo-driven  electric  generators,  of  very  up 
speed,  situated  in  an  engine  room  (or  preferably  in  two  independent  eapw 
rooms)  located  at  a protected  part  of  the  ship.  These  generatingiai 
will  supply  energy  to  electric  motors  which  in  turn  drive  die  propose  . 
Under  this  plan,  while  all  the  generators  and  all  the  motors  will  he  reran  j 
when  the  ship  is  operating  at  full  speed,  three-quarters  of  the  generating  jn* 
can  be  shut  down  when  the  ship  is  proceeding  at  cruising  speed;  and  if  trin 
are  two  or  three  motors  for  each  propeller,  it  will  also  be  possible,  at  ctwwi 
speed,  to  switch  out  all  but  one  of  the  motors  for  each  propeller.  By  us 
means  those  generating  sets  which  are  in  service  will  be  running  at 
economical  speed,  and  sufficiently  near  their  full  load  to  be  highly  dfcw- 
The  plan  provides  complete  independence  between  the  number  of 
movers  and  the  number  of  propellers;  consequently  the  number  and  sue* 
prime-movers  can  be  determined  with  due  regard  to  the  best  economy. 

41.  Advantages  of  electric  drive  with  Internal-combustion 
While  internal-combustion  engines  are  usually  of  moderate  speed,  and  to* 
consequently,  the  speed-reduction  feature  is  of  leas  importance,  the  feat®* 
of  operating  the  prime-movers  at  constant  speed  and  of  varying  the  nuaw 
of  prime-movers  in  service  so  that  those  in  use  shall  be  carrying  that  «*• 
nomical  load,  are  equally  valuable  with  internal-combustion  engines,  low 
operation  at  constant  speed  is  a factor  of  the  very  greatest  importance  in  tw 
tributinp  to  the  success  of  large  internal-combustion  engines.  Thereat* 
further  important  advantage  that  any  occurrence  rendering  it  necemtf?» 
repair  a prime-mover  during  a voyage  is  usually  of  quite  minor  conseq**» 
and  will  not  affect  the  progress  of  the  voyage,  since  any  particular  enga*» 
quite  independent  of  any  particular  propeller. 

In  land  central  stations,  an  ensured  continuity  of  service  is  obtained  lufP 
by  virtue  of  having  a number  of  independent  generating  sets.  By  theiris- 
duction  on  board  ship  of  this  feature  of  land  practice,  it  becomes  fwah*** 
any  time  during  the  voyage  to  make  such  adjustments  or  repairs  as  are  ussw 
made  in  port  on  a ship  having  only  one  power  unit  for  each  propeller. 
an  important  advantage  of  the  electrical  method  of  propelling  *ldp*_|“®' ’ 
provides  a great  Increase  in  flexibility  in  these  directions  over  that  whiw* 
otherwise  practicable. 

TTPB8  OB  VB88BLS  FOE  DIFFULWT  8BRVICK 

41.  Freight  and  tramp  steamers.  Representative  vessels  of  thischs 
range  from  250  ft.  length  by  42  ft.  beam  and  14  ft.  draught  for  canal  root* 
up  to  some  420  ft.  length  by  52  ft.  beam  and  23  ft.  draught  for  laks  *■ 
ocean  routes.  The  displacement  ranges  from  some  5,000  tons  for  the  fora* 
class,  up  to  some  12,000  tons  for  the  latter.  The  speed  is  of  the  order  * 
some  8 to  12  knots;  the  power  required  is  about  400  shaft  h.p.  for  the  so®* 
boats,  ranging  up  to  some  2,200  shaft  h.p.  for  the  larger. 

As  examples  may  be  mentioned  th*e  “Cairngowan  (Par.  IS,  84, 
fitted  with  triple-expansion  engines;  the  ‘‘Cairnross*’  (Par.  84  and  SI),  fit’ ltc, 
with  geared  turbines;  the  electrically  propelled  “Tynemount”  (Par. 

Tl),  with  Diesel  engines;  the  "Vespasian  (Par.  if),  with  geared  tun*®* 
and  the  “Selandia”  (Par.  IT),  with  Diesel  engines.  , 

Such  boats  are  usually  provided  with  a Angle  propeller,  which  hi^: 
preferably  have  a speed  well  below  100  r.p.m.  In  the  largest  vssaeb  Jr 
ft.  length;  equipped  with  Diesel  engines,  two  sets  of  engines  and  prope* 
will  be  customary. 

43.  Crosa-channsl  boats.  For  modern  cross-channel  vessels  for  p* 
senger  transportation,  speeds  of  the  order  of  20  to  23  knots  are  record 
.Their  displacement  is  usually  a matter  of  1,500  to  2,500  tons  and  *■“ 
engines  should  develop  some  6,000  to  10,000  shaft  h.p. 
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44.  OeMn  linin.  Although  each  year  Witnesses  increases  in  the  sise 
F ocean  liners,  the  most  recent  vessels  are  equipped  for  slightly  lower  speeds 
inn  the  26-knot  “Mauretania”  of  the  Cunard  Line.  This  ship  has  an 
verall  length  of  790  ft.,  a breadth  of  88  ft.,  a draught  of  33  ft.  6 in.,  and  a 
tsplacement  of  38,000  tons.  At  full  speed  her  turbines,  of  which  there  are 
)ur.  develop  some  68,000  shaft  h.p. 

The  Cunard  liner  “Berengaria  (formerly  “Imperator”),  has  an  overall 
>ngth  of  920  ft.  and  an  extreme  breadth  of  98  ft. ; height,  100  ft.  from  keel 
> boat-deck  and  246  ft.  from  keel  to  masthead;  displacement,  about  57,000 
3ns;  propelled  by  four  Parsons  turbines,  driving  four  screws  of  16.5  ft. 
i&meter,  and  four  blades  each.  The  total  shaft  output  is  about  62,000 h.p., 
orresponding  to  a draught  of  35  ft.  6 in.  and  to  a sea  speed  of  some  22.5 
nots;  the  corresponding  propeller  speed  is  175  r.p.m.  The  coal  bunkers 
ave  a capacity  for  over  8,500  tons.  Is  now  being  altered  to  use  oil  fueL 
’ull  complement  of  passengers,  4,000:  total  ship’s  company,  1,180. 

The  “Leviathan"  (formerly  “Vaterland"),  has  an  overall  length  of  905  ft. 
nd  a breadth  of  100  ft.;  the  turbines  develop  61,000  h.p.  at  about  180  r.p.m., 
orresponding  to  a sea  speed  of  about  22  knots;  accommodates  5,700  persons 
Deluding  the  crew. 

The  Cunard  liner  “Aquitania"  has  an  overall  length  of  901  ft.;  breadth. 
17  ft.;  and  draught,  34  ft.;  depth  from  keel  to  boat-deck  is  92  ft.;  propelled 
>y  steam  turbines  driving  four  screws;  speed,  23.5  knots — corresponding 
o 60,000  h.p.;  displacement,  50,000  tons. 

44.  011  boats.  Large  oil-carrying  vessels  have  capacity  for  15,000  tons 
A oil.  The  "San  Fraterno,”*  when  fully  loaded  with  15,706  tons  of  oil, 
las  a draught  of  28  ft.;  length,  542  ft.;  breadth,  66  ft.  6 in.;  contract  speed, 
Hi  knots  (exceeded  in  trials);  propelled  by  a quadruple-expansion  engine; 
■quipped  for  oil  burning. 

44.  Ora  and  Oraln  Boats.  Similar  in  general  shape  and  capacity  (Par. 
16)  are  the  ore  carriers  which  transport  cargoes  of  ore  or  grain  between  the 
Qreat  Lake  ports.  The  limitations  of  the  depth  of  waterways  through 
which  they  pass  sometimes  require  a draught  of  less  than  20  ft.  On  routes 
where  such  limitations  do  not  hold,  these  vessels  are  often  loaded  to  a draught 
rf  24  ft.  Their  length  is  of  the  order  of  600  ft. ; beam.  58  ft;  and  moulded 
lepth,  32  ft.  They  can  accommodate  a cargo  of  some  20,000  tons  of  ore  or 
Joal,  or  nearly  half-a-million  bushels  of  wheat,  and  oan  be  loaded  at  the 
rate  of  8,000  tons  per  hour.  They  are  propelled  at  a speed  of  some  10.5 
knots  by  a single  screw,  usually  driven  at  about  120  r.p.m.  by  a triple- 
expansion  engine  of  some  2,200  h.p. 

47.  Tag-boats  are  of  course  designed  for  towing  service,  mainly  in 
iheltered  waters.  The  three  essential  requirements  are:  (a)  high  speed 
when  running  free;  (b)  fair  speed  when  towing;  (c)  high  thrust  or  pulling 
effort  at  practically  aero  speed.  If  attention  is  paid  first  to  the  second 
requirement,  the  others  will  usually  take  care  of  themselves. 

44.  Battleships.  The  modern  battleship  has  a length  of  from  550  to 
600  ft.,  a breadth  of  some  90  ft.  and  a displacement  of  the  order  of  25,000 
tons.  A battleship  is  usually  equipped  for  a maximum  speed  of  about  21 
knots;  the  cruising  speed  is  about  12  to  14  knots.  At  maximum  speed  tho 
engines  are  required  to  develop  some  30,000  shaft  h.p.  There  has  recently 
been  a tendency  toward  still  larger  battleships  and  the  IT.  S.  Navy  now  has 
on  order  some  23-knot,  60,000-h.p.  electrically  propelled  battleships.  Effec- 
tiveness in  a battleship  outweighs  all  questions  of  cost.  A general  move* 
went  is  taking  place  toward  the  practice  of  burning  oil  fuel.  By  this  plan, 
not  only  can  a greater  weight  of  fuel  be  stored  in  a given  volume  than  with 
ooal,  but  a ton  of  oil  has  a calorific  value  some  33  per  cent,  (greater  than  a 
ton  of  coal.  Consequently,  with  oil  fuel,  the  radius  of  action  is  greatly 
increased.  Furthermore,  the  use  of  oil  fuel  ameliorates  the  almost  intoler- 
able conditions  in  the  stokehold. 

44.  Battle-cruisers.  Ships  of  this  class  constitute  a modern  develop- 
ment. They  differ  from  battleships  in  the  respect  of  being  equipped  for 
much  higher  speeds.  This  entails  a certain  sacrifice  in  armament  and  in 
Armouring.  The  United  States  Navy  has  on  order  several  180,000-h.p., 
33.5-knot  electrically  propelled  battle  cruisers.  As  examples  of  battle- 
cruiaers  may  be  mentioned  the  following: 

• Shipbuilding  and  Shipping  Record , April  24,  1913,  p.  149. 
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capable,  their  hone-power  per  ton  of  displacement  is  usually  much  higher 
an  tor  vessels  of  any  other  class.  Take  for  instance  the  British  torpedo* 
at  destroyer  "Velox’’;  the  displacement  was  only  440  tons,  but  at  maxi- 
xm  speed  of  36.0  knots  (see  page  70  of  Hobart’s  “Electric  Propulsion  of 
ipe"),  the  vessel  required  some  12,000  shaft  h.p.  This  small  boat  had 
it  propellers,  and  an  engine  capacity  of  about  (12,000/440  — ) 27  h.p.  per 
x of  displacement,  whereas  scout  cruisers  have  only  some  4 h.p.  per  ton 
displacement.  Battleships  were  until  recently  provided  with  only  1.0  h.p. 

l. 3  h.p.  of  engine  capacity  per  ton  of  displacement.  The  crvumg  speed 
the  “Velox”  was  only  11.3  knots,  which  required  merely  some  300  h.p. 

Thus  a noteworthy  characteristic  of  this  class  of  ship  is  the  great  ratio  of 
s power  required  at  maximum  speed  to  that  required  at  cruising  speed, 
the  case  of  the  " Vdox”  this  ratio  was  12,000 : 800-40  : 1. 

ELECTRIC  PROPULSION 

M.  Consequenoes  of  the  self-contained  feature  in  a ship-propnl- 
m installation.  There  is  one  very  important  aspect  of  the  proposition  of 
ring  a ship  electrically,  which  should  simplify  its  introduction  in  marine 
Ktice.  Each  ship  represents  an  independent,  self-contained  proposition, 
wre  is  no  particular  need  for,  or  advantage  in,  a rigid  adherence  to  some  one 
rtleular  system.  There  are  usually  several  alternative  methods  of  dealing 
th  any  engineering  problem  and  it  is  often  difficult  to  determine  which 
the  best.  Generally,  one  can  definitely  discard  several  methods  as  less 
itabte  for  some  particular  case,  but  there  will  usually  remain  two  or  three 
rthods  between  which  it  is  difficult  to  choose. 

In  undertaking  the  electrification  of  a railway,  this  may  well  constitute  a 
sat  embarrassment,  since  it  is  important  to  have  standardisation  and  inter- 
wgeability  of  rolling  stock  over  extensive  systems.  But  in  the  case  of  ship 
Dpulrion,  comparisons  of  various  types  of  engine  equipment,  of  propeller 
ngns  and  speeds,  of  locations  of  propellers,  of  number  of  propellers,  of 
ids  of  fuel,  etc.,  are  continually  being  made  on  ships  of  otherwise  identical 
iraeteristics.  The  rapid  progress  which  is  continually  in  evidence  in 
nine  engineering  is  largely  a consequence  of  this  established  policy.  It 
>*sy  to  foresee  that  the  application  of  electrical  methods  to  ship  propulsion 
1 be  more  readily  accomplished  (so  far  as  it  is  demonstrated  to  realize  the 
momic  advantages  that  are  claimed  for  it),  than  has  been  the  case  with 
lway  electrification. 

The  engineer’s  task  will  include  determining  upon  a thoroughly  appro- 
ate  installation  in  each  case.  It  will  be  entirely  unnecessary  for  him  to 
opt  any  other  than  the  economically  appropriate  solution  in  any  case,  out 
consideration  for  uniformity  with  the  machinery  employed  in  some  other 

m. 

Various  combinations  of  machinery  for  the  electric  propulsion  of  ships  have 
»n  worked  out,  and  some  of  them  have  crystallized  into  “systems.  But 
we  are  many  sound  plans  and  principles  of  proved  appropriateness  which 
re  been  employed  in  electric-power  applications  on  land  which  are  equally 
titled  to  be  designated  as  “systems”  appropriate  for  ship  propulsion.  It 
therefore  not  considered  desirable  to  devote  any  space  to  detailed  descrip- 
ns  of  ‘'systems.’*  The  reader  may  care  to  refer  to  Chapters  XIII  to  XVI. 
lusive,  of  Hobart’s  “Electric  Propulsion  of  Ships”  for  descriptions  of 
rious  systems  which  have  been  proposed  by  Mavor,  Emmet,  Durtaall, 
i y,  Hobart,  and  others. 

M.  Turbines  versus  internal-combustion  engines  in  electric 
opnidnn  For  anything  over  4.000  h.p.  it  would  appear  that  for  elec- 
jally-d  riven  ships  the  economic  advantage  will  be  greater  when  the  steam 
bine  is  employed  as  prime-mover  than  when  the  oil  engine  is  employed, 
the  first  place,  the  cost  of  steam  turbines  is  only  a matter  of  some  20 
its  per  pound,  as  compared  with  some  50  cents  per  pound  for  oil  engines, 
bese  are  pre-war  figures.)  Furthermore,  the  weight  per  horse-power  for 
engines  of  large  output  is  several  times  the  corresponding  figure  for  steam 
bines  of  the  same  output.  This  handicap  in  oost  is  far  from  being  off- 
by  the  cost  of  the  steam-raising  plant  in  the  ease  of  the  steam  turbine, 
weover,  the  fuel  cost  per  brake  horse-power-hour  is  at  present  greater  for 
than  for  coal.  In  electric  propulsion,  the  very  highest  turbine  speeds  may 
adopted,  since  in  a self-contained  plant  such  as  that  on  board  ship,  the 
-ticular  periodicity  employed  is  of  no  consequence. 
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It  had  heretofore  been  usual  for  engineers  to  commit  themsehma ito 
advocating  either  a geared-turbine  drive  or  an  electnc  dnve.  But  tin 
Menu  ill-advised.  If  the  ratio  of  turbme  speed  to  propeller  speed  h 
too  great  to  be  bridged  economically  and  satisfactorily  by  doubte-brind 
•earing,  on  the  one  hand,  or  by  an  electnc  transmission  on  the  other  kid. 

both  should  be  used.  For  instance,  for  a 6,000-b.p.  plant,  mtherteo 
3,000-h.p.  turbines  could  be  employed  or  three  2,000-h.p.  turbines,  aceorcfcf 
to  the  requirements  of  the  case.  These  turbines  could  be  dnven 
r n m..  or  even  faster,  and  could  supply  a 60-r.p.m.  propeller  by  first  dmat 
000-r.p.m.  generators  through  8 : 1 gearing  and  then  transmitting  toe  po«r 
from  these  generators  to  60-r.p.m.  electric  motors.  This  extreme  esse  o t s 
total  speed-reduction  of  80  : 1 has  mmply  been  taken  *>  impress  toe™* 
point,  and  no  special  significance  should  be  attached  to  the  rafacs  srfecM 
for  each  of  the  two  component  speed  reductions;  these  would  be  detennna 

with  due  regard  to  the  conditions  in  each  particular  case.  . 

It  should  be  realised  that  sacrifices  are  often  made  by  keeping  dov*» 
au(*  a low  turbine  speed  as  1.500  rev.  per  minute  and  that  in  each  esses* 
particular  turbine  speed  should  be  adopted  which  leads  to  the  best  coabw 
Son  of  low  steam  consumption  and  low  weight  and  cost.  But  toe 


oimuany,  wo  oibvw»v  uww.,  »«v  ; — — --  , 

with  good  electrical  and  mechanical  characteristics  and  low  weight  asd  «a 
If  these  are  secured  at  a speed  near  that  of  the  beet  propeller  speed ^w** 
compromise  permitting  the  elimination  of  intermediate  mechanical  g«CT 
mayP be  appropriate;  otherwue  double-helical  gearing,  of  98.5  per  cent  * 
ciency,  should  be  interposed.  As  long  as  electric  transmission  cowto«J 
one  link  in  the  chain,  it  is  obviously  a simple  matter  to  provide  a Ttntf* 
speed  ratio  and  also  to  eliminate  the  astern  turbines,  thus  securing  ext*** 
manoeuvring  characteristics.  ...  ^ 

Just  as  the  steam  turbine  is  at  its  best  from  4,000  h.p.  upwaid, 
oil  engine  often  appropriate  from  3,000  h.p.  downward.  notwithsU»« 
the  high  cost  of  oil  fuel.  In  ships  of  such  relatively  small  capacity*** 
to  require  more  than  2,000  or  3,000  h.p.,  the  elimination  of  ste*BH** 
plant  is  of  much  importance.  Furthermore,  with  the  inclusion  of  the 
of  electric  transmission,  the  provision  of  a small  oilengine  lnstallto^ 
two  or  three  component  units  ensures  ample  reliability  The  m** 
weight  saved,  partly  in  oonsequeaoe  of  the  elimination  of  the  boita  rag 
and  partly  in  consequence  of  the  fact  that  0.4  of  a ton  ofoil  M «JN 
equivalent  (as  regards  the  shaft  output  of  the  engine),  of  1.0  ton  ofcodij 
a steam  plant,  wul  provide,  in  cargo  vessels,  sufficient  increase  m the  itm 
capacity  to  more  than  offset  the  considerably  greater  outlay  for  fuel  *tjsj 
ent  prices.  The  range  of  capacities  lying  between  2,000  h.p.  on  toe  one  to* 
and  4,000  n.p.  on  the  other  hand,  constitutes  a neutral  aone  where 
of  the  circumstances  of  each  case  will  disclose  some  carcumstanoe  efforts 
guidance  to  a correct  decision. 

57  study  of  eloctric  drive  for  the  "Mauretania.”  In 

estimates  involving  comparisons  of  alternatives,  certain  among  wtucb  fl 
untried,  it  is  often  necessary  to  discount  liberally  for  the  optimum  d* 
ploiters  of  systems.  Making  all  due  allowances  of  this  land,  the  foflo«s 
comparison  m of  interest  and  value.  It  is  abstracted  from  a letter  by  iwj 
Liungstrdm  written  under  date  of  April  12,  1912,  and  published  at  p-* 
of  Engineering  for  April  19,  1912.  . j 

Liungstrdm  has  developed  a turbme,  both  members  of  which rerom.® 
in  opposite  directions.  This  turbine  is  described  in  Engineering  for  Apnn 
and  19,  1912.  In  a 4,500-kw.  turbo-generator  set,  the  relative  spew 
two  parts  of  the  turbine  is  6,000  r.p.m.  while  the  speed  of  the  generwri 
only  3,000  r.p.m.  8uch  a 4,500-kw.,  6,000-r.p.m.  turbo-generator  wfl 
only  34  tons,  or  11.5  lb.  per  horse-power.  The  total  weight  for  the 
plant,  with  pumps,  and  with  water  m the  condenser,  is  65  tons,  or  22/7 
horse-power.  The  main  dimensions  are:  Length,  23  ft.  7 in.;  width.  6 ft 
height,  including  condenser,  14  ft.  0 in.  The 86-r.p.m.  asynehronowi b*" 
with  which  Ljungstr6m  proposes  to  drive  the  propellers,  would  weigh 
per  horse-power.  ..  , . ea 

1 1 is  estimated  that  by  installing  on  the  "Mauretania  eight  of  these 
kw.  seta,  and  supplying  energy  from  them  to  four  motors  (two  raoWO* 
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ye h of  two  propeller  shafts),  the  same  vessel  speed  could  be  obtained  by 
ippiying  only  45,500  shaft  h.p.  to  the  two  86-r.p.m.  propellers  as  is  now 
itained  by  supplying  69,000  h.p.  to  the  four  188-r.p.m.  propellers  which 
e actually  fitted  to  the  ship. 

The  calculations  in  Ljungstrdm’s  comparison  are  given  in  tabular  form  in 
b letter  and  include  cost  estimates. 

18.  Study  of  electric  drive  for  the  destroyer  “Hugin."  Ljungstrdm 
ts  also  worked  out  estimates  for  an  electric  drive  for  the  348-ton  Swedish 
a trover  " Hugin,’’  which  is  now  equipped  with  Curtis  turbines  of  10,400 
aft  h.p.,  850  r.p.m.,  and  direct-connected  to  the  propeller  shafts.  The 
■(responding  vessel-speed  is  31.2  knots.  By  substituting  a Ljungstrdm 
it  bo-elec  trie  transmission,  it  is  estimated  that  the  propelling  power  would 
> reduced  to  6,500  shaft  h.p.  and  the  coal  consumption  to  42  per  cent,  of 
i present  value;  the  weight  would  be  decreased  by  75  tons  and  the  floor 
wee  by  33  per  cent.  This  turbo-electric  alternative  comprises  three  turbo- 
nerators  driving  electric  motors  at  500  r.p.m.  normal  speed. 

H.  Study  of  electric  drive  for  the  cargo  boat  "Vespasian."  Ljung- 
r*m  has  also  described  an  electric  transmission  which  he  proposed  for 
ie  cargo  boat  **  Vespasian. " He  states  that  " the  electric  motors,  intended 

* 100  periods,  are  two  in  number  and  geared  to  the  shaft."  On  p.  106  of 
lobart's  "The  Electric  Propulsion  of  Ships,"  this  same  plan  was  earlier 
Ivoeated  in  the  following  words:  "The  disabilities  of  low-speed  induc- 
on  motors  may  be  escaped  and  advantage  may  be  taken  of  their  good 
tialities  by  arranging  that  high-speed  motors  shall  drive  the  propeller-shafts 
. low  speeds  through  double-helical  speed-reduction  gearing.  The  pinions 

two  (or  even  more)  motors  could  be  arranged  to  gear  with  a single  low- 
teed  gear-wheel  on  the  propeller  shaft,  quite  analogously  to  the  way  in  which 
vo  steam  turbines  drove  the 4 Vespasian’s’  shaft  in  the  tests  made  by  Parsons, 
sually  the  2 per  cent,  loss  in  tne  gearing  would  be  largely  offset  by  the 
gher  efficiency  of  the  high-speed  induction  motor,  ana  tne  weight  and 
»st  of  the  gearing  would  be  partly  offset  by  the  lesser  weight  ana  cost  of 
gh-speed  as  compared  with  low-speed  induction  motors.  The  difficulties 
isociated  with  finding  space  in  ships  for  large  diameters  are  also  eliminated 
f this  plan." 

•0.  W.  L.  &.  Kmmet  on.  electric  propulsion.  Mr.  W.  L.  R.  Emmet 
ts  read  papers  on  electric  ship  propulsion  before  various  engineering  socia- 
ls. References  to  these  papers  are  given  in  the  bibliography  (Par.  78). 
i 1009  Mr.  Emmet  designed  an  electrical  equipment  for  the  battleship 
Wyoming"  and  a proposal  embodying  these  designs  was  made  to  the  Govern- 
ed. In  the  spring  of  1913  Mr.  Emmet  submitted  a design  which  applied 

• a case  li)ce  that  of  the  " Pennsylvania."  The  estimates  as  to  the  results 
' this  equipment  as  compared  with  those  accomplished  by  the  equipment 
■ the  "Pennsylvania"  are  shown  by  the  following  table: 


R.P.M.  at  21 
knots 

H.P.  required 
at  21  knots 

Pounds  of 
steam  per  hour, 
turbines  alone, 
21  knots 

Pounds  of 
steam  per  hour, 
turbines  alone, 
15  knots 

Weight  of  driv- 
ing machinery 
in  tons 

Turbine  drive  with  geared  222 

31,700 

374,000 

106,000 

749 

cruising  turbines  as  adopted. 

Turbo-electric  drive 160 

29,200 

205,000 

91,000 

598 

tr.  Emmet  stated  in  1913*  that  if  in  1909  his  first  design  for  a warship  had 
een  accepted  by  the  Navy  Department,  the  vessel  produced  would  have 
sen  very  greatly  superior  in  respect  to  economy  reliability,  weight,  simplic- 
y,  and  cruising  radius,  to  any  ship  afloat  in  1913. 


•In  a paper  read  on  Dec.  11,  1913,  before  the  Society  of  Naval  Architects 
od  Manns  Engineers. 
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•I.  lUttr  intern  of  electric  propulsion;  “•pinner’1  motor.  Ia  a 
paper  entitled  “Electric  Propulsion  of  Ships,  with  Note  on  Screw  PropeBwa,  ' 
read  before  the  Institute  of  Engineers  and  Shipbuilders  in  Scotland,  on  Phb. 
18,  1908,  Mr.  Henry  A.  Mavor  describes  an  electric  drirefor  a 17,000- 
brake  h.p.  ship  with  three  propellers  and  a maximum  vend  speed  of  SI  knots. 
Power  would  be  providea  by  two  turbo-generators  from  which  three  iadwe- 
tion  motors  are  driven.  The  motors  are  of  a type  which  he  designates  aa 
“ spinner  “ motors  and  from  which  he  obtains  three  efficient  speed*. 

On  Dec.  7,  1909,  Mr.  Mavor  read  another  paper  in  London  (see  p.  13t 
of  Vol.  179  of  Proe . Inst.  Civil  Engineers),  in  which  he  developed  fortbe 
plans  employing  the  “spinner”  type  of  motor.  These  studiw  conrtftuted 
important  steps  in  the  history  of  ships  propulsion,  and  the  papers  show 
be  consulted. 

<8.  Study  of  eleetrie  drive  for  the  cargo  boat  ‘Tried*.”  Aa»*y 

other  interesting  projects  for  turbo-electric  drives  which  have  been  work* 
out  by  Mr.  Mavor  (Par.  61)  may  be  mentioned  one  described  in  spsps 
which  he  read  at  the  Portsmouth  meeting  of  the  British  Aseociatjoa  r 
September,  1911,  and  published  in  the  Electrician  for  Sept  8,  WU 
This  case  related  to  the  “Frieda,”  a 300-ft.,  single-screw  vessel  for  tea 
transport  of  bulk  freights  between  the  Gulf  of  Mexico  and  New  York  Og, 
The  vessel  was  for  carrying  a dead  weight  of  5,000  tons  at  a mean  tomW 
speed  of  12  knots  at  sea.  The  turbo-electric  generator  was  to  run  at  3JCW 
r.p.m.  The  generator  provided  three-phase,  50-cyele,  alternsting  vmwra 
to  a 1,900-brake,  h.p.  induction  motor  whioh  drove  the  propeller  at  about 
r.p.m.  It  was  estimated  that  such  an  installation  would  cost  km  m 
weigh  less  than  the  normal  equipment,  and  that  the  saving  in  eo»l 
amount  to  10  tons  per  day.  Owing  to  various  reasons,  one  of  which 
to  the  skepticism  of  the  owners,  this  vessel  was  finally  equipped  mth  i* 
oiprocating  engines  instead  of  with  the  proposed  turbo-electric  drive. 

S3.  Reference  to  descriptions  of  other  proposals  for  electric  P 

fmlsion.  Various  other  turbo-electric  drives  which  have  been  P1^*, 
or  ship  propulsion  are  described  in  Hobart’s  "Electric  Propulsion o( Sms*- 
D.  Van  Nostrand  Co.,  New  York,  1912. 

84.  Oil-electric  projects  for  ship  propulaion.  Mr.  Mavor* 
described  several  plans  employing  Diesel  engines  driving  electric  genersM'-* 
which,  in  turn,  drive  a motor  or  motors  direct-eonneoted  to  the  prop*^ 
He  has  also  described  the  planet  proposed  for  driving  a 245-ft.  Canada* 
canal-type  tank  barge  and  employing  three  Diesel  engines,  each  esp»n 
of  developing  200  shut  h.p.,  direct-connected  to  alternating-current  geia*® 
tors.  It  was  proposed  that  the  energy  from  one  or  all  of  these  wto 
supply  one  or  all  of  three  separate  windings  of  a squirrel-cage  inductw 
motor  keyed  to  the  main  propelling  shaft  andtoperating  a single  slowturW 
screw. 

EXAMPLES  OP  ELECTRICALLY  PROPELLED  SHIPS 


•8.  Russian  tank  vessel.  In  1903  the  Soci6t6  Nobel  Frere*.  of iW 
grad,  constructed  an  oil-tank  ship  of  1,100  tons  displacement  sad 
with  electric  transmission  gear.  The  vessel  was  employed  on  the  Volga 
in  the  Caspian  Sea.  She  was  equipped  with  three  Diesel  engine* 
an  aggregate  capacity  of  about  300  h.p.  direct-connected  to  continue* 
ourrent  generators  which  in  turn  supplied  energy  to  three  motor*,  oM 
three  propeller  shafts,  respectively.  The  vesselhad  a speed  of  torn*  * 1 
8 knots.  The  control  was  arranged  from  the  bridge. 

66.  The  Chicago  fire  boats  “Graeme  Stewart'*  and  “ Joseph  MndJj 
The  electric  equipments  for  these  boats  were  designed  in  1908  by 
W.  L.  R.  Emmet  and  built  by  the  General  Electric  Co.  of  Schewctiq 
Mr.  Emmet  describes  these  installations  as  follows: $ ^ 

“Each  of  these  boats  is  equipped  with  two  turbines  haring  a capacity  of 
660  h.p.  each,  and  operating  at  a speed  of  1,700  r.p.m.  One  end  of 
of  each  of  these  turbines  is  connected  to  a large  centrifugal  fire  pump wwn 
other  end  is  connected  to  a 200-kw.  direct-current  generator.  The  ootajj 
propelled  by  twin  screws  and  the  speed  and  direction  of  each  motor  i*  ** 
trolled  by  manipulation  of  the  field  of  the  generator  which  drives  it."  J 


• See  page  134,  Vol.  179,  of  Prec.  Inst.  Civil  Engrs. 
t See  Electrician  for  Sept.  8,  1911. 

4 In  a brochure  issued  in  1913  by  the  General  Electric  Co. 
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These  Chicago  ftre  boats  have  a length  of  120  ft.  and  are  of  96  ft.  beam 
ind  10  ft.  draught.  On  page  880  of  Engineering  for  Sept.  80,  1012,  will  be 
ound  scale  drawings  of  the  general  arrangement  of  the  machinery  in  these 

Mr.  Emmet  has  made  teats  directed  toward  studying  the  propeller  oharae- 
aristioe  of  these  boats  and  has  published  the  results  in  a paper  presented  in 
Sew  York  in  November,  1011,  before  the  Society  of  Naval  Architects  and 
Marine  Engineers. 

it.  The  "Electric  Arc."  In  1910  and  1911  Mr.  Henry  A.  Mavor 
equipped  with  electric  gearing  a 50-ft.  steel-built  vessel,  and  subjected  it  to 
% series  of  tests.  Thishoat,  the  " Electric  Arc,'*  was  launched  in  February, 
1911.  Bee  description  in  Par.  08. 

88.  The  "Multiple"  squirrel-cage  motor.  The  generator  supplied 
three-phase  current  to  a squirrel-cage  induction  motor,  also  of  a type  in- 
vented by  Mr.  Mavor  (British  Patent  No.  12,917  of  1909)  and  to  which 
he  applies  the  designation  of  "multiple"  motor.  This  motor  drives  the 
propeller  at  one  or  other  of  two  speeds,  in  accordance  with  the  following 
plan: 

The  stator  is  provided  with  two  independent  windings  for  two  different 
pole  numbers.  At  its  normal  speed,  the  generator  provides  periodicities 
which  bear  to  one  another  the  ratio  of  these  two  different  pole  numbers. 
By  connecting  the  winding  of  higher  pole  number  to  the  supply  of  lower 
periodicity  an  efficient  running  speed  of  low  value  is  obtained.  For  higher 
speed  ana  power,  the  winding  of  higher  pole  number  is  transferred  to  the 
supply  of  higher  periodicity  and  the  winding  of  lower  pole  number,  whiah 
was  idle  for  the  lower  speed  and  power,  is  connected  to  the  supply  of  lower 
periodicity.  Consequently,  at  full  speed  and  power,  both  sources  of  supply 
and  both  motor  windings  are  fully  utilized,  and  cooperate  in  driving  the 
propeller.  With  this  "multiple"  motor  it  is  thus  possible  to  integrate  in 
a single  motor  the  power  from  several  prime  movers  and  also  to  obtain  two 
or  more  efficient  speeds  without  resorting  to  a motor  with  moving  contacts* 


88.  The  United  States  Collier  “Jupiter.”  Certain  leading  data  of 
this  vessel  have  already  been  given  (Par.  88)  and  an  illustrated  description 
appeared  in  an  article  entitled  "Electrical  Equipment  for  the  Propulsion 
of  the  U.  8.  OoHier  Jupiter,"  by  Mr.  Eskil  Berg  at  page  490  of  the  General 
Electrical  Review  for  August,  1912.  The  "Jupiter,"  a vessel  of  20.000  tone 
displacement  and  designed  to  cany  about  12,000  tons  of  ooal  and  oil,  was 
built  at  the  Mare  Island  Navy  Yard.  The  contract  for  the  equipment 
was  awarded  to  the  General  Electric  Co.,  in  June,  1911.  The  machinery 
woe  designed  by,  and  constructed  under  the  direction  of,  Mr.  W.  L.  R. 
Emmet.  The  contract  price  of  the  electrical  propelling  machinery  waa 
stated  in  the  article  in  the  General  Electrical  Renew,  to  be  818.75  per  horse- 
power. The  turbo-electrical  propelling  machinery  comprises  a 9-etage, 
2,000-T.p.m.  Curtis  turbine  driving  a 2-pole,  three-phase,  2, 300-volt,  331- 
cyote,  5,500-kv-a.  generator.  The  two  35-pole,  110-r.p.m.  induction 
motors  each  have  a normal  rating  of  2,750  h.p.  The  rotors  are  provided 
with  three-phase  windings  leading  to  slip  rings.  By  means  of  these  slip 
rings,  the  rotor  current,  at  starting,  reversing  and  mancBuvring,  is  carried 
to  water-cooled  resistors  which  are  short-circuited  when  the  ship  is  pro- 
ceeding normally.  The  heat  is  removed  from  the  active  material  of  these 
rerietoys  by  the  ch-culatioa  of  sea  water  through  them. 

An  interesting  feature  of  the  arrangement  of  the  machinery  relates  to  the 
provision  of  sheet-metal  ducts  so  connected  to  the  air  outlets  from  the 
generator  and  motors  as  to  lead  the  heated  air  to  the  suction  of  the  fire-room 
blowers,  thus  avoiding  needless  heating  of  the  engine  room. 

79.  Performance  of  the  “Jupiter."  The  “Jupiter"  waa  put  in  com- 
mission  September  15,  1918.  After  a period  of  preliminary  trials  in  San 
Francisco  Bay  and  at  sea,  the  ship  was  docked.  After  cleaning  her  bottom, 
* mt  of  standardisation  runs  and  a 48-hour  unofficial  trial  were  made. 
Jn  the  48-hr.  trial  the  ship  averaged  14.78  knots.  The  average  power 
delivered  by  the  generator  was  5,000  kw.,  corresponding  to  about  6,800 
h-P..  delivered  from  the  electric  motors  to  the  propellers.  The  average 
revolutions  of  the  propellers  were  115.  The  "Cyclops"  (see  Par.  88)  in  her 
official  48-hour  run  made  14.61  knots  with  an  average  of  6,700  i.h.p. 
These  particulars  are  taken  from  Mr.  Emmet's  paper  read  on  Dec.  11,  1913, 
before  the  8odety  of  Naval  Architects  and  Marine  Engineers. 

im 
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Tl.  The  “Tynemount.'*  Meant.  8 wen,  Hunter  and  Wlgham  Bi afar* 
•on  built  to  the  order  of  the  Electric  Marine  Propulsion  Company  «GW 
tow,  a canal-type  tank  barge  for  service  on  the  Canadian  lakes  and  throop 
the  Welland  Canal.  The  vessel  was  built  for  operation  by  the  Montml 
Transportation  Company,  and  was  designed  ana  fitted  under  the  eap* 
vision  of  Messrs.  John  Reid  and  Henry  A.  Mavor.  The  “TywanosEt 
was  described,  with  drawings,  in  a paper  by  these  gentlemen  reed  in  Joe, 
1013,  before  the  Institution  of  Naval  Architects  and  entitled  “A  Case  for 
Electric  Propulsion/*  Owing  to  disappointments  with  the  Diesel  enpeo. 
these  and  the  electric  equipment  were  subsequently  replaced  by  recipro- 
cating steam  engines.  But  the  project  is  nevertheless  of  much  interest** 
being  one  of  the  first  instances  of  the  installation  of  the  electric  drive.  Tbt 


power  equipment  consisted  of  two  four-stroke-cycle,  400-r.p.m.,  6-cyhnda 
Diesel  engines,  each  direct-connected  to  a three-phase  235-kv.-a.,  500-toT 
generator.  These  two  generators  were  wound  respectively  with  6 and  1 
poles  and  thus  constituted  sources  of  different  periodicity,  the  one  suppfru* 
20  cycles  per  second  and  the  other  26.6  cycles  per  second.  An  exetar  w 
fitted  on  an  extension  of  the  shaft  of  each  generator.  Each  exciter  g*w 
normally  about  30  amp.  at  100  volts  and  was  capable  of  supplying  • m- 
siderable  overload.  The  propeller  was  driven  by  a “multiple  motor  of 
the  type  invented  by  Mr.  Mavor  and  already  described  (Par.  ••).  TO* 
motor  was  of  the  squirrel-cage  induction  type  and  was  provided  with  t« 
stator  windings  for  30  and  40  poles  respectively.  At  the  vessel'!  wnml 
speed  the  power  of  the  two  Diesel  engines  was  integrated  at  this  motor,  tk 
20-cycle  supply  being  absorbed  in  the  30-pole  winding  and  the  26.6  cyw 
supply  in  the  40-pole  winding.  Under  these  conditions  the  synchro*#* 
speed  was  80  r.p.m.  Allowing  for  slip  in  the  rotor  of  this  motor  the  propefif 
speed  was  about  78. r.p.m.  By  changing  the  40-pole  winding  to  the  20-cpt 
generator  and  leaving  the  30-pole  winding  of  the  motor  and  the  26.(kyt^ 
generator  out  of  circuit,  the  speed  was  lowered  to  75  per  cent,  of  full  tf**i 
t.e.,  to  some  58  r.p.m.  The  26.6-cycle  set  could  then  be  shut  down  tfca 
leaving  the  20-cycle  set  alone  to  propel  the  ship  and  consequently  provi&x 
as  good  economy  at  this  low  speed  and  load  as  at  the  higher  speed  and  m 
The  vessel  was  designed  to  carry  about  2,400  tons  dead  weight  of  cargo,  fvi 
fresh  water  and  stores  on  a 14-ft.  mean  draught  in  fresh  water.  On  p. 
of  Engineering  for  Sept.  27,  1012,  the  cost  of  the  Tynemount  is  gives  a 
£30,000  ($150,000). 

The  dimensions  of  the  ship  and  of  her  propeller  were  determined  by  tk 
dimensions  of  the  canal  locks  through  which  she  was  to  pass.  The  «yt*» 
adopted  permitted  of  increasing  the  carrying  capacity  to  250  tone  ssh* 
than  would  have  been  practicable  with  steam  equipment.  This  saving  *• 
a oonsequenoe  of: 

(a)  The  absenoe  of  boilers  and  the  consequent  reduction  in  space  *» 
weight  of  machinery. 

(B)  The  great  difference  in  the  heat  value  of  the  fuel  and  the  efficiency  will 
which  it  was  used,  so  that  the  bunker  capacity  could  be  materially  reduced 

The  “Tynemount”  is  fully  described  and  illustrated  in  an  article  publnfen 
at  p.  381  of  The  Engineer  for  Oct.  10,  1913. 

The  * 'Tynemount*  * was  250  ft.  long,  of  42  ft.  beam  and  had  a displacer**'* 
of  some  3,400  tons  at  14  ft.  draught  in  fresh  water.  She  was  designed  fori 
speed  of  some  8 knots. 


72.  Performance  of  the  “Tynemount. ’’  On  the  17th  of  September 
1913,  the  Tynemount  made  her  first  trip,  and  her  performance  was  tested  !> 
sea  over  a measured  mile.  She  was  also  reversed  many  times andit  wais «** 
tained  that  only  some  15  to  18  sec.  were  required  to  bring  the  propeller  fros 
full  speed  ahead  to  full  speed  astern  or  rice  verm.  This  is  an  interwtat 
demonstration  of  the  excellent  capabilities  of  properly  designed  squint)* 
oage  induction  motors  for  work  where  considerable  starring  ana  aceelsnlhl 
torque  is  required.  The  design  of  the  squirrel  cage  comprised  the  frotwj 
that  the  slots  were  exceedingly  deep  and  narrow  in  order  to  take  advantaged 
the  " Field’’  effect  which  acts. to  impart  high  resistance  characteristic* ® 
the  rotor  at  starring.  The  high  resist  an  oe  characteristics  automatical? 
merge  into  low  resistance  characteristics  as  the  motor  speed  inert*** 
Consequently,  the  slip  and  losses  are  low  at  full  speed,  whereas,  with  ta* 
ordinary  construction  employring  high  resistance  rotor  bars  of  the  a*** 
proportions,  the  slip  and  losses  and  heating  would  be  undesirably  high  dunci 
normal  running. 
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Tt.  The  "MSidner completed  in  1014  and  employed  in  Swedish  coast- 
dee  service,  is  Z25  ft.  in  length,  36  ft.  beam,  fulMoaa  draft  14.8  ft.,  displace- 
cent  2,270  metric  tons  and  gross  tonnage  076.  At  full  speed  of  11  knots, 
he  develops  000  shaft  h.p.  The  power  plant  comprises  two  400-kw.,  8.600- 
.p.m.  Ljungstrftm  turbo-generators  delivering  60-cyde,  600-volt,  three- 
base  current.  The  propeller  is  driven  at  00  r.p.m.  from  the  low-speed 
rheel  of  10  to  1 gearing,  from  two  000-r.p.m.  induction  motors.  Steam  is 
applied  to  the  turbines  at  218  lb.  pressure  and  with  286  deg.  fanr.  of  super- 
eat.  The  “Mimer,”  a sister  ship  fitted  with  ordinary  reciprocating  engines, 
nd  operated  without  superheat,  was  tested  in  service  in  comparison  with 
he  *'M joiner.”  The  latter  was  shown  to  have  a 42  per  cent,  lower  coal 
onsumption.  Several  electrically  driven  chips  of  the  "Mjfllner”  type  and 
ixe  are  at  present  in  service. 

74.  The  "Wulfty  Cattle,”  a cargo  boat  of  the  Chamber’s  Castle  Line 
onstructed  at  Sunderland,  England,  is  366  ft.  Jn  length,  48  ft.  beam,  and 
4 ft.  draft  when  loaded  with  6,000  tone  of  cargo.  Her  propelling  machinery, 
milt  by  the  Brush  Electrioal  Engineering  Co.  of  Loughborough,  comprises 
wo  Ljungstrom  60-cydfe,  3,600-r.p.m.  turbo-alternators,  each  having  a 
sting  of  625  kw.,  the  toted  output  of  a 1260  kw.  being  delivered  to  two  714- 
‘.p.m*  786-h.p.  induction  motors  of  the  wound-rotor  type.  The  single 
crew  runs  at  about  75  r.p.m.  for  the  ship's  full  speed  of  10  knots,  being  gear 
In  van  with  a ratio  of  9.4  to  1.  The  conditions  of  steam  pressure  and  super- 
»eat  are  the  same  as  for  the  “Mjdlner.”  The  turbine  speed  is  maintained 
constant,  and  varying  speeds  of  the  ship  are  obtained  by  liquid  resistors  in 
he  rotor  circuits.  It  is  stated  that  in  bad  weather  at  sea,  the  load  continu- 
ally fluctuates  from  26  per  cent,  to  160  per  cent,  of  normal  full-load  value. 

71.  The  “Hew  Mexico,”  a battleship  of  the  United  States  Navy  in 
tervioe  since  the  summer  of  1018,  has  a displacement  of  32,000  tons,  a length 
>f  620  ft.  and  beam  of  96  ft.  At  full  speed  of  21  knots,  the  output  from  her 
wo  Curtis  turbogenerators  is  30,000  kv.-a.,  the  corresponding  input  to 
he  four  propellers  Deing  about  31,200  h.p.  The  corresponding  screw  speed 
s 167  r.p.m.  The  generators  are  two-pole  and  at  2,100  r.p.m.,  maximum 
ipeed,  deliver  a periodicity  of  88  Cycles.  The  windings  are  two-phase,  for 
1,240  volts  or  3,000  volts  according  to  the  connections.  The  stators  of  the 
our  motors  are  fitted  with  windings  which  can  be  connected  for  either  24 
>r  36  poles,  giving  synchronous  speeds  of  either  176  or  117  r.p.m.;  inter- 
mediate speeds  arO  obtained  by  governing  the  turbine  speed.  The  rotors 
»rs  of  the  double-squirreV-oage  design.  The  weight  of  the  two  main  turbine- 
generator  units,  four  main  motors,  switchgear  and  controlling  machinery 
aggregated  630  totae  and  the  contract  price  Unchiding  engine-room  auxil- 
iaries), wae  8431,000.  The  estimated  weight  of  the  Parsons  turbine  equip- 
ment originally  contemplated  for  the  "New  Mexico”  was  653  tons.  It  was 
estimated  by  the  Navy  engineers  that  a saving  of  *200,000  was  made  by 
adopting  the  electric  drive.  The  steam  consumption  guarantees,  which 
coverthe  total  amount  of  steam  for  the  main  generating  seta  and  the  auxil- 
iaries before  mentioned,  at  a steam  pressure  of  250  lb.  at  the  throttle,  were 
as  follows:  at  10  knots,,  14.6  lb.  per  shaft  h.p.-hr.;  at  15  knots,  11.4  lb.;  at 
19  knots,  11.1  lb.;  at  21  lfnota,  if. 9 lb. 

The  following  table  by  Mi*.  Eskil  Berg  compares  the  water  rates  of  the 
battleships  "Florida”  and  "Utah,"  which  are  equipped  with  Parsons  tur- 
bines, the  battleship  "Delaware"  which  is  fitted  witn  reciprocating  engines, 
and  the  battleship  "New  Mexico”  which  is  fitted  with  the  Curtis  turbo- 
electric  drive. 


1 I 

Propeller 
speed  in 
r.p.m. 

Water  rate  in  pounds  per 
effective  n.p.-hr. 

12  knots 

19  knots 

21  knots 

Florida 

328 

31.8 

24.0 

23.0 

Utah 

323 

28.7 

20.3 

21.0 

Delaware 

122 

22.0 

18.7 

21.0 

New.  Mexico 

175 

17.3 

15.0 

16.4 

Each  of  the  new  battleships,  "California,”  "Maryland”  and  "West  Vir- 
ginia,” will  be  electrically  propelled,  haring  two  generating  units  with  a total 
of  28,000  h.p.  output  of  similar  type. 
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H.  The  “TenneMM,”  a battleship  of  the  U.  S.  Navy,  Is  eqoippfd  rid 
two  Weetinghouse  turbo-generators  and  four  propelling  motors.  At  tfc 
ship's  full  speed  of  21  knots,  the  generators  deliver  25,500  kw.  to  the  loo 
motors;  each  motor  will  then  deliver  8,375  h.p.  to  its  propeller.  The  stem 
conditions  are  250  lb.  pressure  per  sq.  in.,  50  deg.  of  superheat  and  *285-0. 
vacuum.  At  normal  turbine  speed  of  about  2.100  r.p.m.,  the  periodialy  s§ 
35  cycles,  as  in  the  case  of  the  ‘New  Mexico.’'  The  generators  are  woasd 
3-phase,  for  3,400  volte.  The  motors  each  have  two  separate  stator  wiad- 
mm  for  24  and  36  poles.  With  24-pole  operation  the  rotors  are  equivakat 
to  “wound"  rotors  and  are  started  with  liquid  resistors.  For  36-pof* ope* 
ation  the  rotors  have  the  equivalent  of  internally  short-circuited  windup. 
Based  on  250-lb.  steam  pressure,  no  superheat  ana  60-deg.  circulating  wsta. 
the  guarantees  are  as  follows:  at  10  knots,  15.45  in.  per  shaft  h.p.-hr.; 
15  knots,  12.1  lb,;  at  19  knots,  11.65  lb.;  at  21  knots*  11.9  lb.  Several  so- 
ilar  battleships  will  be  equipped  with  same  type  of  electric  drive. 

77.  The  "Powhatan,**  of  the  West  Coast  Steamship  Co.,  is  a meed** 
ship  of  the  type  to  which  electric  drive  is  being  applied  in  large  nunben. 
Thu  vessel  is  designed  for  a speed  of  16.5  knots.  Her  length  and  been  an 
respectively  310  ft.  and  40  ft.  The  generating  equipment  consists  d i 
3,000-r  D.m.,  SO-cycle,  1,150-volt,  2,850- kw.  turbogenerator.  The  sews  • 
driven  from  a 60-pole,  3,000-h.p.,  100-r.p.m.  motor. 

78.  The  ‘‘Mariner,’’  which  is  typical  of  thousands  of  fishing  trarim 
is  the  first  of  this  type  to  be  equipped  with  electric  drive.  Her  two  Die* 
engines  are  coupled  to  two  6-pole,  165-kw.,  350*r.p.m.,  125-volt,  dired-cr 
rent  generators.  At  the  full  speed  of  some  10  knots,  the  two  generston 
connected  in  series  and  supply  330  kw.  at  250  volts  to  an  8pw,  400-h-f 
250-volt  motor  which  drives  the  screw  at  some  200  r.p.m.  For  low  cp** 
it  is  only  necessary  to  operate  a single  generating  set,  delivering  current® 
125  volts  to  the  motor.  The  “Mariner11  has  been  in  successful  servKes** 
she  was  launched  in  December,  1919.  Her  length  is  150  ft.,  beam 
draft  about  12  ft.  and  displacement  500  tons. 
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SECTION  19 


ELECTROCHEMISTRY 

INTRODUCTION  j 

I.  Definition.  Electrochemistry  deals  with  the  production  of  •*— *«—*■ 
energy  from  chemical  energy  (primary  batteries,  storage  batteries)  and  win 
the  reverse  problem,  namely,  the  production  of  chemical  effects  by  nlr  rfiisJB 
means.  Only  the  latter  problem,  however,  will  be  covered  in  this  wytital 

S.  Chemieal  equations.  The  briefest  way  to  make  a quantitatin' 
statement  of  an  electrochemical  fact  is  by  means  of  a chemical  equation.  V 
the  chemical  equation  of  a certain  reaction  or  process  is  given,  it  is  poaabfcti 
derive  a great  many  conclusions  from  it  with  the  aid  of  certain  sets  c i » 
slants,  such  as  atomio  weights,  formation  energies,  the  constants  of  the  pi 
laws,  of  Faraday's  law,  etc.  We  will  first  give  a concise  summary  of  tfc 
different  ways  in  which  a chemical  equation  may  be  interpreted;  the  l 
involve  summing  up  the  fundamental  principles  of  physical  chemistry  iif. 
electrochemistry.  Interpreting  a chemical  equation  in  different  ways  mess' 
looking  at  the  reaction  from  different  standpoints.  This  is  of  grate* 
importance  for  any  electrochemical  proposition,  and  it  is  not  generally  appre- 
ciated, especially  by  electrical  engineers,  how  manifold  the  points  of  views* 
for  considering  a chemical  problem. 

S.  Electrochemical  processes.  This  will  be  followed  by  a concise  saw 
mary  of  those  electrocnemic&l  processes  which  have  attained  industarf 
importance.  For  the  purpose  of  convenience  a division  into  the  followhl 
three  classes  will  be  made:  Electric  furnace  processes;  electrolytic  procewt 
and  processes  involving  electric  discharges  through  gases,  although  a riasp 
separation  of  these  three  classes  cannot  be  made  m reality.  Each  oUas  «u 
be  introduced  by  a summary  of  the  principles  governing  the  processes  a 
that  class.  In  giving  references  to  available  literature,  the  aim  has  beeaM 
refer  to  those  articles  and  papers  which  contain  the  latest  and  fullest  technsd 
information  and  which  are  most  easily  accessible  to  American  readers1 

INTERPRETATION  OF  OHEBQOAL  EQUATIONS 

4.  A gram-atom  is  that  number  of  grams  of  an  element  which  is  equal  0 
the  atomio  weight.  A kilogram-atom  is  the  same  number  of  kilograms,  e* 
A gram-molecule  (or  “ mol”)  is  that  number  of  grams  of  a substance  wbid 
is  equal  to  the  molecular  weight.  It  is  very  important  to  always  deadf 
distinguish  between  atoms  and  molecules;  thus  a gram-atom  of  chktfut 
— Cl  — 35.45  g.,  while  a gram-molecule  or  a mol  of  chlorine  * Cl*  — 70.90  • 
A gram-atom  of  oxygen  — O — 16  g.;  but  a gram-molecule  of  oxygen  — O*  - A 
g.,  and  a gram-molecule  of  osone  — Oi— 48  g.  A kilogram-molecule  of  cat* 
cium  carbide  — CaC*  — 64.1  kg. 

I.  Interpretation  of  chemical  equations.  The  equation  of  the  re- 
action between  burnt  lime  and  ground  coke  in  the  production  of  ealdoa 
carbide  in  the  electric  furnace  is 

CaO+Ci-CaC*+CO.  {V 

56.1  36  64.1  28 


1 For  further  literature  reference  must  be  had  to  the  transactions  of  tk 
three  electrochemical  societies,  namely:  the  Transactions  of  the  America* 
Electrochemical  Society,  the  Transaction*  of  the  (British)  Faraday 
ciety,  and  the  Zeitschrxft  /Cr  EUktrochemie , which  is  the  organ  of 
(German)  Bunsen  Society.  The  principal  independent  publi cabas 
specialising  in  electrochemistry  are  Chemical  and  Metallurgical  Engineer** 
(New  York),  Elektrochemiscne  Zeitschrxft  (Berlin) , Journal  du  Four  Sfa’ 
trigue  et  dc  V Electrolyse  (Paris),  La  Houille  Blanche  (Lyons  and  Grenoble). 
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The  figures  placed  below  the  chemical  symbols  are  the  molecular  weights, 
he  equation  statee  that  when  56.1  kg.  of  burned  time  combine  with  36  kg. 
coke,  there  are  formed  64.1  kg.  of  calcium  carbide  and  28  kg.  of  carbon 
•onoxide.  Instead  of  kilogram,  we  could  use  just  as  well  any  other  unit  of 
eight  (pound,  ton,  etc.),  nnoe  the  ohemical  equation  gives  only  the  rela- 
9€  weights  of  combination.  The  table  of  atomio  weights  is  given  in  8eo.  4. 

ELATION  BETWEEN  VOLUME,  PRESSURE  AND  TEMPERATURE 
IN  OASES 

6.  Avofadro'f  law.  If  any  of  those  substances  taking  part  in  a reaction 
; a certain  temperature  is  in  the  gaseous  state  and  we  know  the  pressure, 
e can  find  its  volume  directly  from  the  equation  of  the  reaction;  or  if  we 
qow  its  volume  we  can  directly  find  the  pressure.  According  to  Avogadro's 
lie,  equal  numbers  of  molecules  of  different  gases  fill  equal  volumes  under 
le  same  conditions  of  temperature  and  pressure.  One  gram-molecule  of 
ay  gas  (for  instance,  2 g.  hydrogen,  Hi,  or  32  g.  oxygen,  Oi)  at  atmoe- 
herie  pressure  (760  mm.  mercury)  and  at  a temperature  of  0 deg.  cent. 
Us  22.42  liters.  One  kilogram-molecule  fills  22.42  cu.  m. 

Example:  The  28  kg.  of  carbon  monoxide  gas  set  free  in  the  formation  of 
4.1  kg.  of  oalcium  carbide  according  to  the  above  equation  (Eq.  1, 
ar.  i)  are  1 kilogram-molecule  and  will  therefore  fill  22.42  ou.  m.  when 
rought  to  a temperature  of  0 deg.  oent.  and  to  a pressure  of  1 atmosphere. 

7.  Boyle-Mariotte- Gay-Lussac  law.  To  calculate  the  volume  for 
ther  temperatures  and  pressures,  the  Boy le-M  ariotte-G  ay-Lusa&c  law  is  to 
e applied,  according  to  which 

pj-RT-RX (273 + deg.  oent.)  (2) 

In  this  equation  p is  the  pressure,  v the  volume;  hence  prthe  work  done 
i the  expansion  of  the  gas.  T is  the  absolute  temperature  — temperature 
i degrees  centigrade  plus  273.  R is  the  gas  constant.  If  we  measure  the 
ressure  in  atmospheres  and  the  volume  in  liters,  then  Avogadro's  rule 
Jates  that  for  p — 1 and  T — 273.  1 gram-molecule  of  gas  fills  the  volume 
-22.42,  hence  R — 22.42/273  - 0.0821.  Hence  for  1 gram-molecule, 
I we  give 

p * in  liter-atmospheres,  R — 0.0821 
p t in  kilogram-meters,  R — 0.848 
p v in  gram-calories,  R — 1.987. 

'or  tt  gram-moleoules  the  value  of  p«  is  n times  the  value  found  from  the 
hove  equation. 

Example:  If  we  electrolyse  a dilute  acid  or  alkaline  solution  for  the 
wrpose  of  producing  oxygen  and  hydrogen  gas  and  if  we  wish  to  use  the 
lydrogen,  for  instance,  for  filling  a balloon,  then  the  main  reaction  is  simply 
he  decomposition  of  water. 

HaO  — H*+0;  (3) 

1 kilogram-molecule  or  18  k^.  HaO  are  decomposed  into  1 kilo- 
ram-molecule  or  2 kg.  H,  occupying  22,420  liters  at  0 deg.  cent,  and 
tmospheric  pressure,  and  0.5  kilogram-molecule  or  16  kg.  O,  occupy- 
ing 11,210  liters  under  the  same  conditions  of  temperature  and  pressure.  If 
he  hydrogen  gas  is  contained  in  a balloon  which  is  to  rise  in  the  atmosphere, 
t will  be  under  atmospheric  pressure,  and  the  hydrogen  produced  from  18 
ilograms  of  water,  will  under  this  condition  fill  22,420  liters  at  0 deg.  cent, 
f the  temperature  is  higher,  for  instance  t deg.  cent.,  and  the  pressure  less, 
or  instanoe,  760-x  mm.  of  mercury  (when  the  balloon  rises),  then  the  volume 
n liter*  22,420  X 760  X (273 -H). 

(760-x)  X 273 

8.  Units  employed.  The  calculation  is  quite  as  simple  for  English 
mite  instead  of  metric  units.  As  J.  W.  Richards1  has  remarked,  the  same 
mraerical  factor  can  be  used  as  in  the  metric  system.  This  coincidence  is 
lue  to  the  fact  that  there  is  practically  the  same  relation  between  an  ounce 
ev.)  and  a kilogram,  as  between  a cubic  foot  and  a cubic  meter,  the  differ- 
>nce  being  negligible.  Hence  1 ounce-molecule  of  a gas  (for  instance  28 
>*•  carbon  monoxide)  at  0 deg.  cent,  and  1 atmosphere  fills  22.42  cu.  ft. 

t.  Gag  mixtures.  If  we  have  a mixture  of  different  gases  in  the  same 
pace,  two  different  views  are  o priori  possible.  Instead  of  p r — R T we 

1 Richards,  J.  W.  ** Metallurgical  Calculations,"  1912;  Vol.  I,  p.  8. 
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sly  to  the  outeide — just  as  * gas  inside  a reservoir  exerts  a pressure  on 
walls,  because  it  cannot  follow  its  tendenoy  to  pass  outward.  More- 
ir.  for  the  osmotic  pressure  and  the  gaseous  pressure  the  same  numerical 
holds  true  as  shown  above  (Par.  18).  In  the  case  of  the  sugar  solu- 
1 the  osmotic  pressure  exerted  by  the  ( dissolved  sugar  molecules  is 
oeri sally  equal  to  the  gas  pressure  ( which  the  same  molecules  would 
rt  if  the  same  weight  of  sugar  existed  in  gaseous  form  in  the  same  volume 
1 at  the  same  temperature.  This  is  the  foundation  of  Van't  Hoff's 
K>ry  of  solutions.  Instead  of  measuring  the  osmotic  pressure  directly, 
s possible  to  calculate  it  from  the  changes  of  the  vapor  pressure  or  of 
freexing  point,  due  to  the  addition  of  the  solute  to  the  solvent. 

L8.  Electrolytes  form  an  exception.  However,  the  above  law  does 
; hold  good  in  general  and  all  aqueous  solutions  which  are  electrolytes  form 
important  exception,  if  we  base  the  calculation  on  ordinary  molecular 
[ghts  in  the  same  way  as  in  the  above  case  of  sugar.  This  discrepancy 
removed  by  the  hypothesis  of  an  electrolytic  dissociation  in  solutions 
anck  and  Arrhenius).  According  to  Arrhenius  not  all  the  molecules 
the  dissolved  substance  are  electrolytically  active,  but  only  those  which 

> "dissociated”  into  electrically  charged  ions;  this  is  the  foundation  of 
b electrolytic  dissociation  theory.  In  applying  the  laws  of  the  osmotio 
MBure  to  electrolytes  a larger  number  of  molecules  must  therefore  be 
lumed  according  to  the  degree  of  dissociation. 

ELATION  BETWEEN  MASS  AND  ELECTRIC  QUANTITY  IN 
ELECTROLYTIC  REACTIONS 

18.  Faraday'S  first  law  gives  the  exact  relation  between  the  weight  of 
! products  of  electrolysis  and  the  quantity  of  electricity  passing  during 

> electrolysis.  There  are  always  two  reactions.  One  is  the  anodic  reac- 
n,  its  product  or  products  appearing  at  the  anode.  The  other  is  the 
hodio  reaction,  its  product  or  products  appearing  at  the  cathode, 
raday’s  first  law  states  that  if  nothing  but  the  one  desired  reaction  occurs 
the  anode  or  cathode  as  the  result  of  the  passage  of  the  electricity,  the 
entities  of  material  changed  at  the  anode  or  cathode  depend  only  on  the 
mtity  of  electricity  which  passes,  measured  in  coulombs  or  ampere- 
onds;  in  other  words,  these  quantities  depend  only  on  the  product  of  the 
Tent  in  amperes  and  the  time.  With  t amperes  the  same  quantities  of 
unioals  are  changed  in  t seconds,  as  with  i/n  amperes  in  nf  seconds,  where 
nay  be  anything;  the  quantities  depend  only  on  the  product  of  current 
1 time  and  not  on  anything  else,  for  instance,  not  on  the  voltage  or  on 
! si  so  of  the  electrodes  or  on  the  temperature,  etc.  This  should  not  be 
(understood;  all  these  statements  are  valid  under  the  supposition  placed 
the  beginning  of  our  statement  of  Faraday’s  first  law,  namely  that  noth- 
; but  the  one  desired  reaction  takes  place.  As  long  as  this  is  true,  the  quan- 
es  of  materials  changed  are  strictly  proportional  to  the  quantity  of  elec- 
nty  passing.  But  if,  for  instance,  by  raising  the  voltage,  a new  reaction 
itarted,  the  conditions  are  of  course  changed. 

IT.  Faraday's  second  law  gives  the  numerical  relation  between  the 
Entity  of  electricity  and  the  quantity  of  material  changed.  It  can  be 
et  easily  expressed  for  the  special  case  that  the  chemical  reactions  oc- 
Ting  at  the  anode  and  cathode  are  simply  a liberation  of  a gas  or  a deposi- 
ts of  a metal.  For  this  case  Faraday's  second  law  states  that  the  quantity 
gas  set  free  or  of  metal  deposited  is  proportional  to  the  equivalent 
ight  of  the  gas  or  metal,  and  that  96,540  coulombs  deposit  or  set  free 
(ram-equivalent  of  metal  or  gas.  The  equivalent  weight,  or  gram- 
ii valent  is  defined  as  the  atomic  weight  divided  by  the  valency.  For 
tanee,  63.6  is  the  atomic  weight  of  copper;  the  equivalent  weight  is  63.6/2 
16.8  for  a bivalent  salt,  like  copper  sulphate,  and  63.6  for  a monovalent 
t like  cuprous  chloride.  Hence  96,540  coulombs  deposit  26.8  g.  of 
>per  from  copper  sulphate,  but  63.6  g.  from  cuprous  chloride. 

18.  Faraday’s  law  stated  in  general  form.  Faraday’s  law  will  now 
stated  in  what  appears  to  the  writer  to  be  the  most  general  and  complete 
m.  It  is  valid  for  all  electrolytic  processes  and  all  such  processes  require 
entially  direct  current. 

:n  any  eleotrolytic  process  there  is  chemical  reduction  at  the  oathode  and 
unical  oxidation  or  adduction  at  the  anode.  Reduction  means  a loss  of 
ads,  adduction  a gain  of  bonds.  Exactly  as  many  bonds  are  lost  at  the 
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cathode  as  are  gained  At  the  anode.  If  the  number  of  bonds  loot  at  du  rnfirft 
and  gained  at  the  anode  in  an  electrolytic  process  ii  w,  then  tack  symbol  of dm 
elements  in  the  equation  of  the  reaction  represents  a gram-atom  of  the  demmt 
involved  in  the  reaction,  when  96,540Xn  coulombs  are  passing. 

19.  The  figure  96,940  eoulombs  per  monovalent  gram-ion  is  bared 
on  the  atomic  weight  of  silver  107.93  and  the  electrochemical  equhrafeat 
of  silver  adopted  by  the  International  Electrical  Congress  of  Chicago  in 
1893  in  the  definition  of  1 amp.,  namely  0.001118  g.  of  silver  per  eodotak. 
This  gives  107.93+0.001118-96,538.5  coulombs  for  the  monovalent  graa- 
ion  of  silver,  or  approximately  96,540,  which  figure  is  very  widely  used. 

10.  Definitions  of  valence  and  bonds.  For  the  understandnc  4 
Faraday’s  law  which  is  the  moet  fundamental  law  of  electrolysis,  a pens 
understanding  of  the  terms  valence  and  bonds  is  absolutely  esmnaj 
This  subject  must  be  approached  from  the  chemical  side  and  for  the  pmpf  t 
of  acquainting  electrical  engineers  with  these  fundamental  chemical  a*] 
oeptions,  the  notation  of  Prof.  Otis  C.  Johnson  seems  to  be  particuMt 
suitable.  While  for  a detailed  study  of  notation  the  reader  must  be  retard 
to  Prescott  and  Johnson’s  “ Qualitative  Chemical  Analysis,”'  the  foOovuc 
summary  will  be  sufficient  to  explain  the  chief  points*^ 

The  valence  represents  the  number  of  bonds  uniting  an  element  wti 
others  in  a chemical  compound.  A bond — that  is,  a unit  of  active  vakae* 
— is  either  a positive  one  or  a negative  one.  The  adduction  of  an  elemcal  i» 
shown  by  an  increase,  and  its  reduction  by  a decrease  of  the  numbs  4 
bonds.  Hydrogen  (in  combination)  has  always  one  positive  bond.  0 xrje 
(in  combination)  has  always  two  negative  bonds.  Free  elements  ban  » 
bonds.  The  sum  of  all  bonds  of  any  compound  is  sero.  In  salts  the  bat 
of  the  metal  is  always  positive.  In  acids  and  in  salts  the  add  radical  h* 
always  negative  bonds. 

11.  Determination  of  valenco.  These  rules  enable  one  easily  to  itw- 
mine  the  valence  in  any  oompound.  For  instance,  in  HC1,  H hi* 
positive  bond,  hence  Cl  must  have  one  negative  bond  in  order  to  hart  tfe 
sum  of  all  the  bonds  in  the  moleoule  equal  to  sero.  In  all  chlorides 
one  negative  bond.  In  HtSO*  we  see  that  Hs  has  two  positive  bonds  sadOt 
eight  negative  bonds,  henoe  S has  six  positive  bonds,  or  the  radical  30* 
has  two  negative  bonds.  In  CuCl,  Cl  has  one  negative  bond,  here*^ 
one  positive  bond.  In  CuSOt,  80 4 has  two  negative  bonds,  hence  Cat** 
positive  bonds.  In  other  words,  Cu  is  monovalent  in  the  chloride  and  far* 
lent  in  the  sulphate.  CO*  in  carbonates  has  two  negative  bonds.  00 
in  chlorates  has  one  negative  bond.  8ee  also  Par.  141  and  141. 

11.  Example.  The  final  step  of  the  Siemens  and  Halske  eopf« 
process  consists  in  depositing  copper  on  the  cathode  from  a CuSO*  soluw* 
and  simultaneously  oxidising  ferrous  sulphate  to  ferric  sulphate  at  a carks 
anode  in  a diaphragm  cell.  The  equation  in  its  simplest  form  is 

CuSO* + 2FeSO  4 - Cu  -f  Fe»(SO  4)  * * 

159.66  303.92  63.6  399.98 

The  figures  given  below  the  chemical  symbols  are  the  molecular  wegfej 

Cu  has  two  positive  bonds  in  CuSO*  and  when  deposited  as  meUl  i 
the  cathode  it  has  no  bonds:  hence  the  loss  of  bonds  of  Cu  in  its  reduetke* 
the  metallic  state  is  two.  Fe  in  2Fe80*  has  two  positive  bonds,  hence  n 
2Fe  have  four  positive  bonds;  but  Fe  has  three  positive  bonds  in  F«j(S(M 
and  Fes  six  positive  bonds;  hence  in  the  oxidation  from  ferrous  to  few 
sulphate  two  positive  bonds  are  gained.  Therefore,  if  the  symbols  in  d 
above  equation  represent  gram-atoms  or  gram-molecules,  the  reset* 
corresponds  to  the  passing  of  2 X 96,540  ooulombs  through  the  ceU.  Tfcs 
2X96,540  coulombs  deposit  in  this  process  63.6  g.  of  copper,  or  100,0 
coulombs  33  g.  of  copper.  The  above  equation  may  be  comply 
interpreted  as  follows:  If  2X96,540— 193,080  coulombs  pass  through  *■ 
cell,  159.66  g.  of  CuSO*  and  303  92  g.  of  FeSO*  are  changed  into  w 
g.  of  Cu  and  399.98  g.  of  Fet  (SO*)*.  This  example  makes  it  dear  ta 
the  statement  of  Faraday’s  second  law  in  Par.  17  for  the  special  ererj 
metal  deposition  follows  directly  from  the  more  general  statement  of  the  * 
in  Par.  18. 

The  Siemens  and  Halske  process  of  producing  copper  has  never  attest 
industrial  importance.  But  it  has  been  choeen  here  as  an  exampkji 
the  explanation  of  Faraday’s  law,  sinoe  the  importance  of  valeaee  is  de*n 
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lustrated  by  a comparison  of  this  process  with  that  of  Hoepfner  which 
as  devised  later  to  oompete  with  the  Siemens  and  Halske  process.  While 
Uphate  solutions  are  used  in  the  latter,  Hoepfner  proposed  to  use  a chloride 
riution.  The  ferrio  sulphate  and  cupric  chloride  are  used  for  leaching 
te  ore. 

St.  Ixample.  The  scheme  of  the  Hoepfner  copper  prooess  was 
aentially  to  deposit  copper  on  oopper  cathodes  from  a cuprous  chloride 
ylution  and  oxidise  simultaneously  the  cuprous  chloride  to  cupric  ohloride 
i carbon  anodes,  the  essential  reaction  being 

2CuCl-CuClr+Cu  . (7) 

108.1  134.5  63.6 

The  figures  placed  below  the  chemical  symbols  represent  again  the 
eights,  found  from  the  table  of  atomic  weights.  In  this  case  Cu  in  the 
iprous  chloride  CuCl,  has  one  positive  bond,  while  it  has  two  positive  bonds 
i cupric  chloride  CuCls.  At  the  cathode  the  reduction  of  one  CuCl  to 
letauio  Cu  (which  has  no  bonds)  involves  therefore  a loss  of  one  positive 
ond.  At  the  anode  the  adduction  of  one  CuCl  to  CuCU  involves  the  gain  of 
oe  bond.  Hence  in  this  case,  we  have  a monovalent  reaction,  the  change 
f bonds  being  1,  and  we  find  that  when  96,540  coulombs  pass  through  the 
ell,  198.10  grams  of  CuCl  are  changed  into  134.5  grams  CuCU  and  63.6 
rams  Cu.  The  metallic  oopper  is  the  principal  product  in  the  process, 
6,540  coulombs  deposit  63.6  grams  of  copper  or  100,000  coulombs  deposit 
5 grams  of  copper,  i.e..  Just  twice  the  amount  obtained  with  the  same 
arrant  and  in  the  same  time  by  the  Siemens  and  Halske  process. 

84.  Explanation  of  different  outputs  in  the  two  examples.  (Par. 
8 and  88.)  It  is  quite  clear  from  the  above  argument  what  causes  the  dif- 
srent  output  of  both  processes;  it  is  simply  the  fact  that  Cu  has  two  bonds  or 
i bivalent  in  CuSOi  and  has  one  bond  or  is  monovalent  in  CuCl.  It  is 
Iso  dear  that  to  find  the  amount  of  an  element  set  free  from  a compound 

is  not  necessary  to  write  down  the  whole  equation  of  the  reaction,  as  was 
one  above  for  the  sake  of  completeness.  We  can  state  that  if  1 gram- 
tom,  of  a metal  is  deposited  in  free  metallic  state  by  electrolysis,  96,540 
oulombs  are  necessary  for  deposition  from  a monovalent  compound  (like 
luCl),  twice  as  many  from  a bivalent  compound  (like  CuiSOO,  three  times 
■ many  from  a tri  valent  compound,  etc.  But  this  rule  is  only  a special  cass 
ad  does  not  give  any  information,  for  instance,  on  the  quantity  of  ferrous 
ilphate  oxidised  to  ferric  sulphate  in  the  Siemens  and  Halske  process. 

88.  Procedure  In  calculations.  The  method  of  writing  down  the 
rhole  equation,  determining  the  number  of  bonds  lost  and  gained  and  apply- 
ing the  above  rule  gives  complete  information  in  all  cases  on  the  relation  be- 
been  the  quantity  of  electricity,  which  passes  a cell  and  all  the  quantities 
banged  thereby  in  chemical  composition. 

88.  Method  of  calculation  under  the  electrolytio  dissociation 

heoxy.  The  above  method  of  calculation  becomes  easier  if  we  use  the  pic- 
ore  of  the  electrolytio  dissociation  theory.  The  equation  of  the  Siemens 
nd  Halske  process  is  then  written  in  the  form 

Cu*  ‘+S04"+2Fe*  -+2S04"-Cu  + 2Fe-  ■ *+3804",  (8) 

hat  is.  instead  of  CuS04  in  solution  we  write  Cu*  *+804",  the  copper  sul- 
phate being  dissociated  into  its  ions,  the  positive  copper  ion  Cu*  * and  the 
tegative  ion  SO 4".  Each  dot  at  the  top  of  Cu*  * represents  a positive  electric 
harge.  Each  stroke  at  the  top  of  SO4"  represents  a negative  electric  charge*, 
iach  such  charge,  positive  or  negative,  is  96,540  coulombs,  if  the  chemical 
yrabols  represent  gram-atoms  or  as  we  now  say,  gram-ions.  The  gram-ion 

V * is  bivalent  and  charged  with  2 X 96,540  coulombs.  Each  gram-ion 

V * (ferrous)  is  bivalent  and  charged  with  2 X 96,540  coulombs.  The 
Tam-atom  Cu  (metal  deposited  on  the  cathode)  is  not  charged.  Each 
pam-ion  Fe*  * * (ferric)  is  trivalent  and  charged  with  3X96,540  coulombs, 
foe  above  ionic  equation  may  be  somewhat  simplified  by  writing 

Cu*  * -f  2Fe*  *-Cu  + 2Fe*  • • (9) 

If  this  equation  shall  be  right,  not  only  the  chemical  symbols  but  the 
lots  must  balance  on  both  sides,  since  otherwise  free  electrostatic  charges 
rould  appear  somewhere.  In  this  case  we  see  Cu*  * has  2 charges  and  each  of 
he  two  Fe*  *has  also  2 charges,  hence  the  total  sum  is  6 charges  on  the  left 
Me  of  the  equation.  On  the  right  side  Cu  has  no  charge,  each  of  the  two 
?e*  * * has  3 charges,  hence  the  total  sum  is  again  6 charges. 
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What  happens  according  to  this  view  is  that  at  the  cathode  a 
Cu*  * ion  (from  copper  sulphate)  is  reduced  to  metallic  copper,  thus  grog 
off  2 charges  to  the  cathode,  while  simultaneously  two  Fe*  * ions  (ferrous)ae 
oxidised  to  two  Fe*  * * ions  (ferric)  at  the  anode,  each  taking  one  charge  km 
the  anode.  Hence  the  above  ionic  reaction  will  take  place  in  the  elector 
lyte  when  2X06,540  coulombs  pass  through  it,  entering  from  the  usds 
and  leaving  into  the  cathode. 

if.  Reconcilement  of  theories.  While  these  statements  differ  greatk  \ 
from  our  former  discussion  of  the  same  equation  in  the  notation  adopted  at 
in  the  expressions  employed  it  will  be  seen  that  there  is  no  essential  differaa 
The  two  dots  on  top  of  Cu*  *,  i.e.,  the  two  positive  charges,  represent  exacts 
the  same  thing  as  the  two  positive  bondB  which  Cu  has  in  Johnson's  notsti* 
According  to  the  electrolytic  dissociation  theory  the  reactions  in  electrohM 
are  reactions  between  ions.  The  characteristic  feature  of  an  ion  is,  thstflf 
electrically  charged.  Any  gram-ion — whatever  may  be  its  chemical  natws* 
carries  one  or  two  or  three,  etc.,  chaises,  each  of  96,540  positive  or  oegfttit 
coulombs,  according  to  whether  it  is  monovalent  or  bivalent  or  trivalnl 
*“d  whether  it  is  positive  or  negative.  There  are  everywhere  in  the  intent 
of  the  electroljrte  as  many  positive  as  there  are  negative  ions,  ».r.,  thsitb 
no  free  electricity  anywhere. 

S8.  Difference  between  electrolytic  and  chemical 

It  should  be  emphasised  that  electrolytic  dissociation  is  essentially  diffcnct . 
from  chemical  dissociation.  The  ion  Cu'  ' is  essentially  different  (intUcfex. 
charge,  energy  content,  properties)  from  the  atom  Cu  or  from  the  mow 
valent  ion  Cu*. 


Sk  KnmplM.  To  write  the  equation  of  the  Hoepfner  process  iath 
notation  of  the  electrolytic  dissociation  theory,  we  write  Cu'+Cl'  insfcd 
of  CuCl  (in  solution)  and  Cu*  * + 2C1'  instead  of  CuCli  (in  solution).  H« 
the  equation  becomes 


2Cu*  + 2ci'-cu*  +ci'+cu  m 

or  2Cu*  -Cu*  *+Cu.  69 

At  the  anode  one  monovalent  Cu*  ion  (cuprous)  is  oxidised  to  Cu  ' *(» 
pno),  taking  one  charge  from  the  anode,  simultaneously  one  mononW 
Cu'  ion  (cuprous)  is  reduced  to  metallic  copper  Cu  at  the  cathode-nvinid 
one  charge  to  the  cathode. 


50.  Application  of  electron  theory.  We  may  go  a step  further  ®d 
apply  the  modern  theory  of  electrons  to  our  problem.  This  has  bws  dose 
bv  Nernst.  We  will  assume  there  are  positive  and  negative  electro*, 
although  only  negative  electrons  have  so  far  been  isolated!  We  may  c*- 
sider  them  as  kinds  of  new  elements  (only  for  the  sake  of  illustration),  dh 
so  small  atomic  weights  that,  for  all  practical  calculations,  they  may  be  oa* 
sidered  xero;  while  their  characteristic  and  distingniahing  feature  is  that  edh 
positive  electron  has  an  electric  charge  of  96,540  positive  coulombs  and  es* 
negative  electron  has  an  electric  charge  of  96,540  negative  coulombs 
Nernst,  therefore,  considers  any  monovalent  positive  gram-ion  as  a compotal 
of  the  gram-atom  with  a positive  electron;  also  any  bivalent  gram-ion  nt 
compound  of  the  gram-atom  with  two  electrons,  and  so  on.  This  vse1 
emphasises  the  essential  difference  between  atoms  and  ions,  and  at  the  a* 
time  gives  a very  convenient  scheme  for  applying  Faradav’s  law,  whid 
appears  as  a consequence  of  the  laws  of  definite  and  multiple  proportion. 
Johnson  s bonds  are,  then,  a very  substantial  thing.  His  positive  bonds  an 
positive  electrons,  and  his  negative  bonds  are  negative  electrons.  This  vies, 
although  it  may  be  called  very  hypothetical,  offers  the  safest  method  of 
applying  Faraday  s law.  There  is  no  possibility  of  making  a mistake  if  w 
always  keep  the  mechanical  model  in  mind. 

51.  Definition  of  a "Faraday."— The  charge  of  a monovalent  posit*; 
ion,  which  is  96,540  coulombs  per  gram-equivalent  is  the  fundamental  od 
for  oil  electrolytic  processes  ana  is  called  one  Faraday  and  designated  by  F. . 
so  that  F represents  one  positive  electron  and  — F one  negative  electm 
A bivalent  ion  is  charged  with  2F,  etc. 

SS.  Use  of  the  Faraday  notation.  With  this  notation  it  is  easy  to  wnt* 
down  the  anodio  and  cathodie  reactions  separately.  For  instance,  is  a* 
of  the  Siemens  and  Halske  process  the  anodie  reaction  is  2F+2Fe*  * —2Ffc*  ‘ \ 
two  positive  electrons  being  absorbed  by  the  two  Fe  * ions  from  the  saofc 
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ile  the  cathodic  reaction  is  Cu*  * — Cu+2F,  one  Cu  ion  giving  off  its  two 
dtive  electrons  tathe  cathode. 

12.  Use  of  larger  units  in  practical  work.  In  the  above  we  have  based 
t calculation  on  96,540  coulombs  as  the  charge  of  1 gram-ion.  This  is 
t laboratory  unit,  but  although  universally  used  in  discussions  of  Faraday's 
r,  it  seems  too  small  for  practical  purposes.  If  one  monovalent  gram-ion 
ries  96.540  coulombs,  then  one  monovalent  kilogram-ion  carries  a charge 
96,540.000  coulombs  or  26,817  amp-hr.  Hence,  if  the  symbols  in  the 
lation  of  the  reaction  represent  kilogram-atoms,  then  the  reaction  re- 
ires  26,817  amp-hr.  if  monovalent,  2X26,817  amp-hr.,  if  bivalent,  etc. 

14.  Practical  use  of  the  gram-equivalent.  Finally  the  above  nu- 
trical  relations  may  be  very  briefly  stated  by  using  the  term  gram-equiva- 
it  which  means  gram-ion  divided  by  the  valency,  so  that  one  gram-equiva- 
it  equals  a gram-ion  if  it  is  monovalent,  but  one-half  gram-ion  if  it  is 
relent  as  already  explained  in  Par.  24..  In  the  same  way  the  term  kilo- 
un-equivalent  means  kilogram-ion  divided  by  valency.  Then  Faraday's 
ir  states  that  1 gram-equivalent  of  any  chemical  composition  whatever 
rries  an  electric  charge  of  96,540  coulombs.  One  kilogram-equivalent 
rries  an  electric  charge  of  26,817  amp-hr. 

SI.  Johnson's  rule  for  balancing  equations.  In  the  procedure  recom- 
ended  above  for  the  application  of  Faraday’s  law  a difficulty  may  be  found 
writing  down  the  equation  of  the  reaction.  Since  in  any  electrolytie 
oeess  we  have  to  do  with  reduction  and  adduction  the  following  rule  of 
•of.  O.  T.  Johnson  for  balancing  equations  of  this  kind  may  be  found 
eful.  This  rule  states  that  "the  number  of  bonds  changed  in  one  molecule 
each  shows  the  number  of  molecules  of  the  other  which  must  be  taken,” 
e words  "each”  and  "other”  referring  to  the  adducing  and  reducing 
ents.  One  example  may  illustrate  this  rule,  which  appears  to  be  purely 
rmal  from  a chemical  point  of  view,  while  its  electrical  meaning  will  be 
own  below.  In  the  Bunsen  oell  Zn  is  oxidised;  it  becomes  Zn804.  The 
Hal  Zn  has  no  bond.  Zn  in  ZnSO«  has  two  bonds,  hence  the  increase  in 
•nds  is  two.  There  are  several  actions  possible  at  the  other  electrode.  We 
»y  consider  that  NO  is  developed.  N in  HNO»  has  five  positive  bonds, 
ule  in  NO  it  has  two  positive  bonds,  hence  the  decrease  in  bonds  is  three, 
ow  Johnson’s  rule  states  that  we  have  to  take  three  molecules  of  Zn  and 
ro  molecules  of  HNOa  and  we  get  the  equation 

3Zn+3H*S04+2HN0i-3ZnS04+2N0+4Hi0.  (12) 

26.  Application  of  Johnson’s  rule.  This  rule  becomes  self-evident  if 
iplied  to  an  electrochemical  action.  It  simply  means  that  just  as  much 
wtricity  passes  from  the  anode  into  the  electrolyte  as  from  the  electrolyte 
to  the  cathode.  In  the  case  of  the  Bunsen  cell  if  the  chemical  symbols 
present  gram-atoms,  then,  as  Zn  gains  two  bonds  and  as  we  have  three 
i atoms,  3 X 2 X 96.540  coulombs  pass  into  the  electrolyte  from  the  anode, 
n the  other  hand,  N loses  three  bonds,  and,  as  two  N are  reduced,  2X3 X 
1.540  coulombs  are  given  off  to  the  cathode.  Of  course  we  may  also  coa- 
ler H NO*  to  be  ionised  into  H and  NO)  ions,  both  monovalent,  etc.  The 
suit  is  the  same.  Johnson’s  rule  for  balancing  equations  enables  one  to 
rite  down  the  equation  which  represents  the  electrochemical  action,  and  in 
ie  further  calculation  there  is  no  mistake  possible  if  one  keeps  in  mind  that 
ich  bond  corresponds  to  96,540  coulombs,  providing  the  chemical  symbols 
present  gram-atoms. 

27.  Faraday's  law  Is  always  exactly  fulfilled  in  the  sense  tha{  the  anodio 
iduction  and  cathodic  reduction  of  given  quantities  or  materials  require 
oertain  amount  of  coulombs,  not  more  nor  less.  For  instance,  the  deposi- 
tm  of  1 gram-atom  or  63.6  g.  of  copper  from  the  solution  of  a monova- 
at  cuprous  salt  requires  96,540  coulombs.  But  this  does  not  mean  that  if 
e send  96,540  coulombs  through  such  solution,  we  must  always  deposit 
1.6  g.  of  copper  on  the  cathode.  It  may  be  that  we  have  a second 
action  at  the  cathods  besides  copper  deposition,  for  instance,  evolution  of 
rdrogen  gas.  The  conditions  may  be  such  that,  say  75  per  cent,  of  the 
tulomba  only  deposit  copper;  then  we  get  0.75X63.6  — 47.7  g.  of  oop- 
*.  The  other  25  per  cent,  of  the  coulombs  deposit  hydrogen  and  therw- 
re  evolve  0.25  gram-atom  » 0.25  g.  hydrogen.  Thus  Faraday's  law 
fulfilled,  but  in  practice  we  are  interested  in  this  case  only  in  the  oopper 
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deposition;  we  consider  the  hydrogen  evolution  as  waste  and  toy  that  we  fane 
deposited  the  copper  with  an  “ampere-hour  efficiency”  of  75  per  cent.  Tfes 
ampere-hour  efficiency  therefore  indicates  to  which  degree  the  one  reaction 
which  we  desire  to  obtain  (in  the  above  example,  the  copper  depoatot) 
really  takes  place.  It  is  also  called  “ current  efficiency  ” although  somestet 
loosely. 

HEAT  AND  CHEMICAL  ENERGY 


S8.  Transformations  of  energy.  The  symbols  in  a chemical  equate*, 
besides  being  considered  as  masses  and  volumes,  and  as  manure  charged  wd 
electricity,  may  also  be  considered  as  masses  endowed  with  energy,  bmm 
simultaneously  with  the  transformation  of  matter  there  is  a transform*)* 
of  energy.  Since  the  energy  stored  in  the  starting  materials  differs  from  tfc 
energy  stored  in  the  final  product  of  a process,  the  balanced  equation  of  A 
chemical  transformation  of  matter  no  longer  balances  as  an  equation  Is  j 
energy  transformation.  For  instance,  if  carbon  burns  to  carbon  diosA  f 
the  ordinary  chemical  equation  is 

C+Os-COs.  (ffi 

But  we  know  that  this  reaction  evolves  heat;  i.e.r  if  at  the  end  of  the  reset)* 
the  CO?  is  brought  back  to  the  same  temperature  as  that  of  C and  0>  *»  tk 
start,  a certain  amount  of  heat  is  carried  off  to  the  surroundings,  and  fna 
experiments  this  heat  is  found  to  be  97,200  g-cal.,  if  the  symbols  in  0*  sbm 
equation  represent  gram-atoms.  To  balance  the  energy  equation  we 
therefore  write 

C 4*0* — CO? +97,200  ()« 

This  equation  states  that  the  combination  of  12  g.  C with  32  g.  0,  fern* 
44  g.  CO*,  evolves  97,200  g-cal. 


39.  A thermochemical  equation  is  therefore  the  total  sum  of  the  heatb^ 
ance  sheet  of  a prooees.  To  give  this  for  any  reaction,  we  need  theca* 
ohemical  data,  namely  the  formation  heats  of  all  compounds. 

40.  Thermochemical  data.  For  these,  as  they  have  been  determined,  4c 
reader  must  be  referred  to  the  large  thermochemical  treatises  of  Betthda 
Thomsen  and  others.  A very  convenient  and  handy  set  of  those  dats  risk 
are  most  important  for  the  engineer,  may  be  found  in  J.  W.  Richards*  “Jit* 
allurgical  Calculations,”  Vol.  I. 


41.  Use  of  different  units.  In  applying  these  data,  attention  mu*b* 
paid  to  the  fact  that  different  authors  write  the  same  equation  in  dVesj* 
ways.  Thus,  the  above  statement  of  the  formation  heat  of  carbon  die** 
is  written  by  Richards,  Hess  and  Naumann  in  the  form  (C,Oi) 
by  Berthelot  in  the  form  (C,Os)  —97.2;  by  Ostwald  in  the  form  (CW 
— 972 K:  if  the  chemical  symbols  of  the  reacting  substances  ropres* 

gram-atoms,  then  Richards,  Hess  and  Naumann  give  the  energy  in  grs»» 
calories,  Berthelot  in  kilogram-calories  and  Ostwald  in  terms  of  ft  unit  P 
times  as  large  as  a gram-calorie.  . . 

Sometimes  the  energy  is  given  in  British  thermal  units;  this  unit  is « 
heat  that  will  raise  the  temperature  of  1 lb.  of  water  1 deg.  fahr.  Tte 
since  1 deg.  oent.—  1.8  deg.  fahr.,  we  have  simply  to  multiply  the  fife* 
in  the  Richards-Hess-Naumann  notation  by  1.8  and  the  therm  ochftw* 
equation  will  be  correct  if  the  chemical  symbols  represent  pound-atosi 
Thus  (C.O*)- 97,200X1.8 -174,960  B.t.u.  states  that  the  comhinstri 
of  12  lb.  C with  32  lb.  Os,  forming  44  lb.  CO*  evolves  174,960  B.t.u. 


43.  Application  of  heat  balance  sheet.  In  many  electric  funs’ 
processes  the  object  is  to  heat  the  charge  up  to  a certain  high  tempentu* 
at  which  the  desired  chemical  reaction  will  then  go  on.  Whether  tn 
reaction  will  evolve  or  consume  energy  will  be  seen  from  the  thermochena* 
heat  balance  sheet.  If  it  evolves  energy,  then  this  amount  is  added  to  w 
heat  produced  by  the  electrio  current.  If  it  consumes  energy,  then  t* 
amount  must  be  furnished  by  the  electric  current.  To  find  the  electno* 
energy  equivalent  to  the  heat  given  in  calories,  it  is  to  be  noted  that ilf 
cal.  — 4.186  watt-sec.  Direct  currents  and  alternating  currents  ire  eq«» 
suitable  for  producing  the  heat  effect. 

48.  Change  of  reaction  heats  with  temperature.  In  makiB«*P 
heat  balance  sheet,  the  thermoehemical  data  relating  to  the  tempentt* 
at  whioh  the  reaction  is  carried  out,  must  be  choeen  mo©©  the  reaction  ew*l! 
depends  on  the  temperature.  The  data  may  not  be  available  for  the  des* 
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emperature.  In  such  cases  the  following  consideration  is  often  useful,  if 
he  specific  heats  of  all  substances  which  are  represented  in  the  equation  are 
mown.  Suppose  a certain  reaction  evolves  a calories  at  the  temperature, 
i,  and  we  want  to  find  the  reaction  heat  at  the  higher  temperature,  tt.  Then 
re  consider  the  materials  on  the  left  hand  of  the  equation, the  starting 
Materials,  and  raise  them  from  h to  tt;  the  heat,  nocessary  for  this  purpose, 
nay  be  b calories  and  is  directly  found  from  the  specific  heats  of  the  starting 
Materials  and  the  temperature  difference,  That  is  b more  calories 

ire  now  stored  in  the  system  than  were  in  it  at  the  temperature,  fi.  We 
tow  let  the  desired  chemical  reaction  go  on  at  the  temperature.  It.  This  may 
rrolve,  x,  calories,  which  is  the  figure  to  be  determined.  If  we  finally  cool 
he  system  back  to  the  temperature,  ft,  it  gives  out  a certain  amount  of  heat, 
•,  which  can  be  found  for  the  temperature  difference,  tt  — ft,  and  the  specific 
teats  of  the  end  products.  Then  we  know  that  the  system  has  stored  in  it 
b — x—c)  more  calories  than  at  the  start,  which  according  to  the  principle 
>f  the  conservation  of  energy  must  be  equal  to  — o,  or  x — a +6  — c. 


CHEMICAL  AND  MECHANICAL  ENERGY 

44.  Definition  of  liter-atmosphere.  If  as  a result  of  a reaction  between 
solid  or  liquid  bodies  a gas  is  evolved,  work  is  done  against  the  pressure  of 
the  atmosphere.  The  work  done  by  the  evolution  of  1 liter  of  gas  under 
fttmospheno  pressure  is  1 liter-atmosphere. 

I liter-atmosphere  — 10.333  kg-m. 

- 24.2  g-cal.  n5v 

- 101.3  watt-sec. 

- 0.130  horsepower-second. 

4f.  Work  performed  by  evolution  of  gas.  For  instanoe,  if  hydrogen 
uid  oxygen  3 as  are  produced  under  atmospheric  pressure  by  electrolysis 
9 ( a dilute  acid  or  alkaline  Solution,  18  kg.  water  yield  2 kg.  H,  occupying 
22,420  liters  at  0°  C,  and  the  work  done  in  expanding  the  hydrogen  gas  against 
thepressure  of  the  atmosphere  is  22,420  liter-atmospheres  — 543  kg-cal. « 
2,271  kw-sec.  Simultaneously  16  kg.  O,  occupying  11,210  liters,  are  evolved 
ind  the  work  done  in  expanding  the  oxygen  gas  against  the  pressure  of  the 
itmosphere  is  11,210  liter-atmospheres  » 271  kg-cal. » 1}  135  kw-sec.  Hence 
the  total  work  done  in  expanding  both  gases  to  33,630  liters  is  814  kg-cal.  — 
1,406  ktr-sec.  This  energy  consumed  is,  of  course,  not  to  be  confounded  with 
the  energy  required  for  the  electrolytic  decomposition  of  the  water.  It  is 
limply  the  mechanical  work  performed  in  expanding  the  gases  against  the 
pressure  of  the  atmosphere. 

A very  simple  way  to  calculate  this  work  approximately  is  to  remember 
the  formula  p*- RT,  in  which  R very  approximately  — 2,  if  p p is  given 
In  gram-calories  and  the  mass  of  1 gram-molecule  is  considered.  In  words, 
the  work  done  in  expanding  1 gram-molecule  of  any  gas  from  a solid  or 
iquid  to  gas  at  the  absolute  temperature  T is  2T  g-cal.;  for  instance,  at 
) deg.  cent,  or  273  deg.  absolute  temperature  it  is  546  g-cal.  (as  compared 
with  543  found  above).  In  the  reverse  change  from  gas  to  solid  the  same 
unount  of  work  is  performed  upon  the  system  or  the  same  amount  of  energy 
la  gained  by  the  system. 

44.  Expansion  of  gas  at  constant  pressure.  The  characteristic 
feature  of  processes  like  those  just  described  is  that  they  take  place  at  con- 
stant pressure.  In  general  if  a gas  expands  at  constant  pressure,  p,  from 
volume,  vi  to  p»,  the  work  done  is  p (pi  — pi).  In  the  special  case  that  a 
lias  expands  from  a solid  or  liquid,  the  volume  of  the  solid  or  liquid,  which 
oisappiears  is  negligible  compared  with  the  gas  formed  and  pi  —o,  from  which 
results  at  once  the  above  calculation. 

47.  Expansion  of  gas  at  constant  temperature.  An  entirely  different 
ease  is  the  calculation  of  the  work  done  when  a given  mass  of  gas  expands 
its  volume  at  constant  temperature,  the  pressure  decreasing  correspondingly. 
For  1 gram-molecule,  expanding  from  volume  m to  volume  vi  at  constant 
temperature,  T,  this  work  is 

R T log € -,  (16) 

91 

where  log*  means  the  natural  logarithm.  In  view  of  the  parallelism  between 
caseous  pressure  and  osmotic  pressure  in  solutions,  the  above  statements 
on  gases  may  be  made  in  an  analogous  way  for  solutions. 
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48.  Transformation  of  electrical  energy  to  chemical  ensrgy.  U 

eleotrio-furnace  reactions,  as  noticed  above  in  Par.  48,  electrical  encm 
is  changed  into  chemical  energy,  but  this  transformation  is  only  partly 
direct,  since  that  part  of  the  electrical  energy  which  serves  for  nrnnf  the 
oharge  of  the  furnaoe  to  the  desired  temperature  (physical  ehange)  is  4m 
changed  into  heat.  Another  amount  of  electrical  energy  may  be  necessary 
for  the  chemical  reaction  according  to  the  thermochemical  balance  sheet 
Such  an  electric-furnace  process  should  therefore  be  treated  exactly  like  & 
thermochemical  process  (88  to  48).  Direct  current  and  alternating  cur- 
rent are  equally  suitable. 

49.  A direct  change  of  electrical  energy  into  chemical  snarr 

occurs  in  electrolytic  processes  requiring  direct  current,  and  we  sill  fcst 
assume  that  no  other  forms  of  energy  besides  electrical  and  chemical  w 
involved  in  the  reaction.  This  assumption  is  never  strictly  fulfilled,  M 
approximately  in  many  cases.  Under  this  supposition  the  chemical  eqoafiia 
of  any  eleotrolytio  reaction  gives  directly  the  e.m.f.  required  to  peHara 
it  or  the  e.mi.  which  it  can  give  out  according  to  whether  we  have  tod* 
with  an  electrolytic  process  changing  electric  energy  into  chemical  coop 
or  with  a battery  ohanging  chemical  energy  into  electrical  energy. 

80.  Calculation  of  e.m.f.  of  reaction.  We  need  for  this  calculate*  tk 
thermochemical  data  to  write  down  the  energy-balance  sheet;  while  « 
thereby  get  the  energy  of  the  reaction  in  heat  units  or  calories,  we  can  cash 
ehange  it  into  electrical  units  or  watt-seconds  «*  volt-ampere-seconds.  Fits 
Faraday's  law  we  know  the  coulombs  or  ampere-seconds  which  correspond  to 
the  same  equation.  By  dividing  the  volt-ampere-seconds  by  the  ampae 
seconds,  we  get  the  volts  corresponding  to  the  reaction. 

81.  Example.  In  the  Daniell  cell  the  essential  reaction  is 

Zn+CuSO*  — Cu+ZnSO4.  (ir 

According  to  Richards,  "Metallurgical  Calculations,"  VoL  I,  p.  24,  & 
formation  heats  of  ZnSOe  and  CuSO*  from  the  elements,  if  the  cheats* 
symbols  represent  gram-atoms,  have  the  following  values  in  gram-ealoria 
Zn 4*8+ 0««»Zn80« +248,000  (in  solution), 
Cu+8+0«»Cu8O4+ 197,500  (in  solution).  , 

By  subtraction  we  get  the  energy  balance  of  the  Daniell  cell 
Zn+CuSOi-Cu+ZnS04+ 50,500. 

Since  the  change  of  bonds  or  change  of  valency  is  two,  we  know  that 
2 X 96,540  coulombs  are  involved  in  the  reaction  which  gives  out  50,-5® 

5 -cal.  or  50,500X4.186  — 211,400  watt-sec.  or  volt-ampere-seconds.  Tfe» 
ivided  by  2 X 965,400  amp-sec.  gives  1.1  volt  which  is  almost  exactly  eonek 


88.  As  a second  example  we  may  use  our  former  equation  of  the  Serna* 
and  Halske  copper  process.  From  Richards  (Vol.  I,  pp.  24  and  25)  wt  fi* 
Cu+  8+  40 -CuSO«+ 197,500, 

2Fe+28+  80-2FeS04+469,800, 

2FC+38+120- Fet(804)  i+650,500. 

By  subtracting  the  sum  of  the  first  two  equations  from  the  third  equatia 


we  get 

CuS04+2FeS04-  Cu+Fe»(S04)«- 16,800.  Of 

Henoe  in  order  to  let  this  reaction  go  on  from  the  left  to  the  right  hand  a 
the  equation,  if  each  symbol  of  an  element  means  a gram-atom,  energy  is  t» 
amount  of  16,800  g-cal.  must  be  furnished,  which  is  equal  to  about  70.0® 
volt-amp-sec.  Since  this  reaction  involves  the  passage  of  2X96,540  amp* 
sec.,  the  theoretical  voltage  which  must  be  applied  is  somewhat  less  tta* 
0.4  volt. 

88.  Thomson’s  rule.  Let  W be  the  total  energy  of  the  reaction  is 
gram-calories  when  all  symbols  of  the  elements  in  the  equation  of  the  react** 
represent  gram-atoms.  The  same  energy,  measured  in  watt  seconds  * 
4.186  W.  The  electrical  work  equals  electromotive  force  X coulomb*  • 
«XnX96,540,  if  e is  the  electromotive  foroe  in  volts  and  n the  change  of  re 
lence  (change  of  bonds)  in  the  reaction.  If  the  total  chemical  energy  eq»» 
the  electrical  energy,  we  get 

e - 4q*-8^^  - 0.0000434  — . 
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At  ordinary  temperatures  this  rule  is,  in  general,  approximately  fulfilled 
nd  is  therefore  exceedingly  useful  for  making  a first  approximate  calculation. 

•4.  Terminal  voltage.  The  voltage,  e,  is  the  e.m.f.  absorbed  or  pro- 
uced  in  the  electrochemical  process.  It  is  different  from  the  voltage  at  the 
arminals.  The  voltage  at  the  terminals  of  a battery  equals  the  e.m.f., 
, minus  the  voltage  drop  due  to  internal  resistance.  The  voltage  at  the 
arminals  of  an  electrolytic  cell  through  which  electricity  is  passed  from  an 
utside  source,  equals  the  e.m.f.,  e,  of  the  reaction  plus  the  voltage  drop  due  to 
ateraal  resistance. 

CHEMICAL  ENERGY,  ELECTRICAL  ENERGY  AND  HEAT 

It.  Error  In  Thomson’s  rule.  Thomson’s  rule  is  wrong  in  principle 
•ecause  in  an  electrochemical  action  we  never  have  an  interchange  of  chem- 
cal  energy  and  electrical  energy  alone,  since  heat  is  always  involved.  This 
loe«  not  mean  the  Joulean  heat  which,  of  course,  is  abo  present.  We  may 
issume  we  have  an  electrolytic  system  of  such  dimensions  and  design  that 
ts  internal  resistance  is  so  small  that  the  Joulean  heat  developed  in  it  is  negli- 
pble  compared  with  the  amount  of  energy  involved  in  the  reaction.  Under 
rach  conditions  we  know  from  experience  that  the  cell  while  electricity  passes 
through  it,  either  tends  to  cool  or  to  heat.  To  maintain  the  temperature 
onstant  it  is  therefore  necessary  to  supply  heat  from  the  surroundings  or  to 
any  it  off  to  the  surroundings.  In  the  case  of  a battery,  if  it  tends  to  oool, 
ind  we  supply  heat  to  maintain  the  temperature,  not  only  chemical  energy 
>ut  also  the  neat  supplied  during  discharge  are  ohanged  into  electrical  energy: 
tence  the  e.m.f.  at  that  temperature  has  a greater  value  than  that  found 
roxn  Thomson's  rule.  If  the  battery  tends  to  give  up  heat  during  the  passage 
>f  the  electricity,  heat  is  given  off  to  the  surroundings,  and  the  e.m.f. 
b smaller  than  found  by  Thomson’s  rule. 

56.  Distinction  between  energy  of  reaction  and  capacity  for  per- 
orating work.  This  question  is  intimately  connected  with  the  essential 
lifference  between  the  total  energy  of  a reaction  at  a certain  temperature,  as 
lefined  in  Par.  S8  to  43  and  its  capacity  of  performing  work.  Tne  reason  is 
hat  among  all  different  forms  of  energy,  heat  has  an  exceptional  place.  Ws 
an  always  change  all  other  kinds  of  energy  completely  into  heat,  but  we 
annot  do  the  reverse.  In  case  of  a chemical  reaction  we  can  change  the 
hemical  energy  completely  into  heat  and  this  is  exactly  what  we  are  doing  in 
hermochemistry  when  we  determine  the  heat  or  energy  of  a reaction. 

5T.  The  capacity  of  performing  work  (mechanical  work  in  the  expan- 
ion of  gases  or  electric  work  in  case  of  a battery)  is  something  different, 
is  an  example,  let  us  assume  a concentration  cell,  consisting  of  two  different 
oncentrations  of  the  same  salt  solution,  each  containing  an  electrode  made  of 
be  metal  of  the  salt.  If  then  the  reaction  is  that  at  the  anode  metal  is 
Unsolved  and  forms  more  salt,  while  simultaneously  salt  disappears  at  the 
athode,  metal  being  deposited,  then  the  energy  corresponding  to  the  solu- 
ion  of  metal  from  the  anode  and  deposition  of  exactly  the  same  amount  of 
octal  on  the  cathode  is  sero.  If  we  assume  further  that  we  have  to  do  with 
lolutions  so  diluted  that  the  energy  of  further  diluting  them  is  zero,  then  the 
Hiergy  corresponding  to  the  concentration . changes  in  the  cell  is  also  zero. 
3enee  the  total  chemical  energy  of  the  reaction  in  the  cell  is  sero.  Neverthe- 
ess  the  cell  will  give  out  electricity  and  will  perform  work,  the  electricity 
xroduced  being  in  such  a direction  as  to  equalise  the  concentrations  (t.e., 
he  electricity  passes  in  the  cell  from  the  dilute  to  the  concentrated  solution, 
xecause  under  this  condition  more  salt  is  formed  in  the  dilute  solution  from 
he  anode,  while  the  concentrated  cathode  solution  is  diluted  by  metal  being 
leposited  on  the  cathode!.  Of  course,  the  energy  must  come  from  some 
lource,  and  under  the  conditions  of  the  experiment  it  must  come  from  heat; 
.«.,  the  cell  while  giving  out  electricity  tends  to  cool  down,  and  heat  must  be 
tupphed  from  the  outside  to  keep  the  temperature  constant.  This  is  there- 
ore  a case  in  which  the  chemical  energy  of  reaction  is  sero,  but  its  capacity 
>f  performing  work  has  a positive  value;  correspondingly  the  e.m.f.  would 
>e  sero  accoraing  to  Thomson’s  rule,  but  has  in  reality  a positive  value. 

58.  Helmholtz  equation  of  energy.  If  W — energy  of  the  chemical 
eaction  at  a certain  absolute  temperature  T and  if  W»  is  the  maximum 
unount  of  work  which  it  is  capable  of  performing  at  that  temperature  under 

1683  Google 


Sec.  19-59 


RLRCTROCHEMISTR  Y 


ideal  conditions  (characterised  by  complete  " reversibility”),  then  Hehahdta 
has  shown  that 

W.  - W + T -jy'  (Sli 

Helraholts  calls  W the  total  energy  of  the  reaction  and  W«  the  fret  WMfO 
that  amount  which  is  free  to  perform  work.  The  second  term  at  tk 
right  hand  is  the  temperature  coefficient  of  the  free  energy  multiplied  by  tk 
absolute  temperature. 

66.  Gibbs-Helmholts  equation.  In  the  case  of  an  electrolytic  na- 
tion which  is  supposed  to  be  reversible.  Wo  is  the  total  energy  of  the  reaches 
in  gram-calories  when  all  chemical  symbols  of  the  elements  in  the  equatioa  m 
the  reaction  represent  gram-atoms.  Measured  in  watt-seconds,  this  enep 
is  41.86  W.  The  free  energy  Wo  is  in  this  case  the  electrical  work**«X»> 
96,540  watt-sec.  if  e is  the  electromotive  force  and  n the  change  of  valcw 
in  the  reaction.  The  above  energy  equation  may  therefor©  be  tranafoni* 
into 

c — 0.0000434  — +T^£  (-' 

n a 1 

where  e is  given  in  volts,  W in  gram-calories  and  T is  the  absolute  tempers** 
This  equation  differs  from  Thomson’s  rule  by  the  second  term  on  the  iq* 
hand  which  may  be  considered  as  a term  of  correction  or  refinement,  aw 
for  approximate  calculations  of  practice,  at  ordinary  temperature,  Thoms©  • 
rule  Is  good  enough.  The  above  equation  permits  the  calculation  of  «* 
temperature  coefficient  of  the  e.m.f.,  if  the  e.m  f.  and  the  energy  of  resets 
are  known. 

ELECTRIC  FURNACES 

•0.  Distinguishing  feature.  There  is  no  specific  feature  which 
tinguishes  an  electric-furnace  reaction  as  a reaction  from  those  taking  po" 
in  ordinary  chemical  or  metallurgical  processes.  The  dlitfnguuoBt 
feature  rests  in  the  apparatus,  the  heat  required  for  the  reaction  bring 
duced  electrically.  If  the  same  amount  of  heat  would  be  generated  intv 
same  material  in  some  other  way  than  by  electricity,  the  reactions  *©*> 
be  exactly  the  same. 

61.  Advantages.  Compared  with  the  production  of  heat  in  tbe  ordmi-7 
way  from  fuel,  electrical  heat  has  the  following  advantages.  First,  a «©• 
siderably  higher  temperature  may  be  obtained;  it  is  limited  in  arc  funueeu? 
tbe  temperature  of  the  arc  which  is  around  3700  deg.  aba.  (Waidner  ana  Br 
gess)  or  around  3,400  deg.  oent.  and  in  resistance  furnaces  chiefly  by  strut*® 
considerations,  such  as  the  availability  of  insulating  refractories,  etc. 
in  ordinary  chemical  and  metallurgical  furnaces  temperatures  up  to?-® 
deg.  cent,  are  obtainable,  temperatures  up  to  3,500  deg.  cent,  can  beprodw* 
without  special  difficulty  in  the  electric  furnace.  Secondly,  for  reacta* 
requiring  certain  refinements,  the  electric  furnace  has  the  advantage" 
permitting  easier  control  of  the  conditions  of  operation  (temperature, 
leal  nature  of  atmosphere,  etc.).  On  the  other  hand,  in  most  places1 
chemical  or  metallurgical  processes  are  now  carried  out,  heat  produced  fa* 
electrical  energy  is  much  more  expensive  than  heat  produced  from  fuel. 

•2.  Limitations.  Under  exceptional  local  conditions  fuel  maybe* 
expensive  and  electrical  energy  produced,  for  instance,  from  water-pov^ 
may  be  so  cheap,  that  electrical  neat,  because  cheaper  than  heat  from  is**- 
will  be  most  economical  for  any  purpose.  Such  exceptional  condition*  v* 
not  be  considered  here.  Under  ordinary  normal  conditions,  the  useof u* 
electric  furnace  is  economically  restricted  to  reactions  requiring  a high  tem- 
perature and  to  such  reactions  in  which  easy  and  strict  maintenance  of 
ditions  of  operation  is  of  importance  and  in  all  such  cases  it  is  of  the  big** 
importanoe  to  utilise  the  electrical  energy  to  the  utmost.  An  electric  bone 
power-year  contains  the  same  heat  as  a short  ton  of  coal  with  a beauit 
value  of  11,150  B.t.u.  per  pound. 

The  whole  problem  turns  on  two  items;  (a)  The  heat  generated  in  * 
furnace  from  electrical  energy  and  (b)  the  heat  lost  during  the  operati©1 
the  surroundings.  If  we  first  eliminate  the  siae  of  the  furnace  from  coosa^ 
tion,  the  rate  of  heat  production  in  the  furnace  charge  depends  on  the  wpfv 
of  electric  power  per  unit  of  mass  of  charge,  on  the  kilowatts  per  cw*  j 
meter.  The  rate  of  heat  Ion  depends  on  the  bent  carried  off  by  conduct* 
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ind  radiation  per  unit  of  the  surface  of  the  furnace,  on  the  kilowatts  lost 
>er  square  meter.  Hence  if  the  size  of  an  electric  furnace  is  increased,  then 
‘.etcria  paribus  the  generation  of  heat  from  electricity  increases  as  the  third 
>ower  of  the  dimension,  and  the  losses  as  the  square  of  the  dimension:  hence 
he  thermal  efficiency  of  an  electric  furnace  is  the  higher,  the  larger  the  sise. 
The  maximum  sise  of  a furnace  is  limited  by  the  consideration  that  the  more 
ire  increase  the  size,  the  greater  becomes  the  difficulty  of  maintaining  uniform 
K>nditions  of  operation. 

ENERGY  BALANCE,  REFRACTORIES 

S3.  Analysis  of  energy  required.  The  energy  per  unit  of  mass  is, 

n general,  consumed  in  five  different  items,  viz.: 

(a)  To  produce  the  heat  necessary  to  raise  the  starting  materials  to  the 
eniperature  of  the  reaction. 

(b)  To  provide  the  energy  required  for  any  ohange  from  solid  state  to 
iquid  or  from  liquid  to  gas  or  from  solid  to  gas. 

(cl  To  provide  the  energy  for  the  chemical  reaction. 

(a)  To  supply  the  heat  lost  by  conduction. 

(c)  To  supply  the  heat  lost  by  radiation. 

$4.  Heat  necessary  to  raise  starting  materials  to  operating  tem- 
perature. The  heat  necessary  to  raise  the  starting  materials,  if  cola,  to  the 
temperature  of  the  reaction  (Par,  63a)  equals  the  weight  of  charge  multi- 
plied by  temperature  difference  multiplied  by  mean  specific  heat.*  To 
reduce  this  item  of  energy  as  much  as  possible,  the  starting  materials  are  often 
preheated  by  waste  gases,  etc.  It  is  often  advantageous  to  divide  the  heating 
>f  the  charge  into  two  stages,  the  lower  ranges  of  temperatures  being  obtained 
>y  burning  fuel  and  only  the  higher  range  of  temperatures  from  electrical 
leat. 

66.  Heat  necessary  for  change  of  state.  The  heat  required  for  a 
rhange  of  the  charge  from  solid  to  liquid  or  from  liquid  to  gas  or  from  solid 
•o  gas  (Par.  68b)  is  equal  to  the  weight  of  the  charge  multiplied  by  the 
atent  heats  (see  J.  W.  Richards,  “Metallurgical  Calculations,”  Vol.  I).  This 
tera  of  energy  expense  should  also  be  eliminated  wherever  possible.  For 
nstance,  for  electric  steel  refining,  the  steel  is  preferably  supplied  to  the 
(lectric  furnace  in  molten  state  from  the  open-hearth  furnace  or  Bessemer 
•onverter.  If  a gas  is  evolved  from  solid  materials,  the  work  done  in  the 
expansion  of  the  gas  must  also  be  considered.  See  (44). 

66.  The  energy  required  for  the  chemical  reaction  (Par.  68c)  at  the 
eraperature  of  the  reaction  (Par.  48  to  64),  is  an  item  of  expense,  only  if 
•he  reaction  absorbs  energy.  If  the  reaction  evolves  energy,  this  energv  is 
tdaed  to  that  of  the  electric  current  and  changed  into  useful  heat,  so  that 
he  amount  of  electrical  energy  to  be  supplied  from  the  outside  is  reduced. 

67.  The  loss  of  heat  by  conduction  (Par.  63d)  depends  on  the  differ- 
ence of  temperature  inside  the  furnace  and  outside  and  on  the  thermal  con- 
luctivity  of  the  furnace  walls.  To  reduce  this  loss  as  much  as  possible, 
ihe  furnace  walls  are  built  up  of  highly  insulating  refractory  materials.  In 
ihe  choice  of  the  material  its  heat-insulating  property  must  be  taken  into 
(onsideration  as  well  as  the  maximum  temperature  which  it  is  intended  to 
itand  and  the  chemical  nature  of  the  reactions  for  which  the  furnace  is  to  be 
“®d;  further,  the  ability  to  withstand  expansion  and  extraction  must  be 
taken  into  consideration.  8ee  Par.  68  to  89. 

68.  The  loss  of  heat  by  radiation  (Par.  63e)  is  treated  in  Par.  90. 

69.  Lou  of  heat  through  terminals.  All  electrio  furnaces,  except 
(he  induction  furnace,  have  terminals  (often  called  electrodes)  for  intro- 
ducing the  electrical  energy  into  the  furnace,  and  these  represent  the  weakest 
!>oint  m the  heat  insulation.  But  the  conduction  of  heat  through  an  elec- 
trode (due  to  the  temperature  difference  between  its  two  ends)  is  a more  com- 
plicated phenomenon  than  the  single  heat  conduction  through  the  refractory 
fall,  because  in  the  former  case  eacn  particle  of  the  electrode  is  not  only  a oon- 
hwtor  of  heat,  but  a seat  of  generation  of  new  heat  (from  electrical  energy). 
There  is  a superposition,  therefore,  of  two  phenomena;  first,  simple  heat  con- 


. * For  tables  of  specific  heats  see  J.  W.  Richards,  “ Metallurgical  Calcula- 
tions,” Vol.  I,  also  Sec.  4. 
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duetion  from  the  hot  to  the  oold  end,  end  second,  generation  at  JodtulMi 
within  the  electrode,  this  heat  tending  to  flow  off  impartially  one-half  to  one 
end  and  the  other  half  to  the  other  end.  (Par.  ICC.) 

TO.  Refractories.  For  ordinary  metallurgical  furnaces  the  refractorm 
are  generally  subdivided  into  three  classes:  Add,  basic  and  neutral  For  a 
basic  charge  no  add  lining  of  the  furnace  will  of  course  be  admittaUe.  etc 
The  chief  constituent  of  add  refractories  is  silica  and  fire-clay.  lime, 
magnesia,  bauxite*  and  dolomite  are  basic  refractories.  Neutral  refraetonn 
are  fire-clays,  chromite,  carbon. 

Tl.  Kieselgllhr.  A useful  refractory  for  many  purposes  is  kieselfubr* 
(infusorial  earth).  Its  chemical  characteristics  are  its  siliceous  nature,  in 
easy  solubility  in  alkalies,  and  its  insolubility  in  add  or  neutral  solutions.  H 
is  available  in  the  following  four  forms:  (1)  natural  lrieselguhr  blocks  (inch- 
ing point  1610  deg.  cent.)  for  insulation  of  moderately  heated  bodies  s ad 
for  cold-storage  work;  (2)  pulverised  kieaelguhr,  used  as  a filter  for  in- 
sulating purposes;  (3)  light  weight  kieselguhr  insulating  brick,  used  ns  u 
insulating  backing  for  more  refractory  bnck;  (4)  kieeelguhr  fire-brick  for 
purposes  where  a light  weight  (sd.  gr.  1),  non-conducting,  refractory  trick 
is  required  (melting  point  1,650  cleg,  cent.,  crushing  strength  1.200  lh.  per 
sq.  in.). 

Tl.  Compounds  of  oar  bon  and  till  eon.  For  the  higher  temperature*, 
used  in  the  electric  furnace,  certain  compounds  of  carbon  and  silicon  as  wd 
as  pure  carbon  are  specially  suitable.  X The  various  sili co-carbides  (atoxic®- 
carborundum  fire-sand,  etc.),  or  amorphous  compounds  of  carbon  aw 
silicon,  or  of  oarbon,  silicon  and  oxygen,  are  useful  up  to  the  temperature  a 
formation  of  crystalline  carborundum.  FitsGerala  recommends  usinf  » 
comparatively  thin  lining  of  silico-carbide  to  protect  the  walls  made  of  fire 
brick;  to  substitute  bricks  made  of  a silico-carbide  for  fire-brick,  dispense 
with  the  latter  altogether,  is  not  advisable,  since  the  silico-carbidcs  are  msri 
better  heat-oonductors  than  ordinary  fire-bricks.  F.  J.  Tone 
August.  1904)  recommends  carborundum  fire-sand  as  a furnace  lining.  TV 
insulating  properties  of  the  silioo-oarbides  are  greatly  improved  by  n« 
them  in  the  porous  state. 


73.  Concerning  the  methods  of  moulding  silico-carbides  into  for* 
such  as  bricks  or  tiles,  FitzGerald  gives  the  following  instructions:  Wltf 
the  material  is  put  directly  into  place  in  the  furnace,  where  it  will  not  l 
to  undergo  any  serious  mechanical  strains,  a mixture  of  the  powdaw 
silico-carbide  and  a solution  of  glue  in  water  gives  satisfactory  results.  Jj 
order  to  obtain  the  best  results  with  this  method  the  mixture  should  be  vm 
hot.  In  those  oases  where  very  high  temperatures  are  reached  this  method" 
making  bricks  is  to  be  particularly  recommended,  for  the  silica  whins 
usually  present  in  commercial  silico-carbides  is  fused  at  high  tempers*®* 
and  thus  strengthens  the  article  considerably.  When  there  is  no  free  oh* 
present,  and  the  article  is  made  up  with  the  glue  solution,  it  becomes Jgl 
weak  and  crumbles  after  use.  It  is,  therefore,  advisable  to  analyse  the  iw 
carbide  before  using,  and  if  there  is  no  silioa  present  a small  quantity  may  » 
incorporated  with  the  mixture.  The  best  form  of  silica  for  this  purpose* 
infusorial  earth. 

In  cases  where  the  bricks  will  not  be  exposed  to  such  high  temperature 
the  silico-carbide  may  be  mixed  with  a dilute  solution  of  sodium  aft**** 
The  solution  used  for  this  purpose  should  not,  ss  a rule,  have  a greater  dens* 
than  1.03  to  1.05  according  to  FitsGerald.  Tone  recommends  a soluot* 
having  a density  of  33  deg.  Beaura6  (1.277),  but  this  is  for  ordinary  furo***j 
where  relatively  low  temperatures  are  used. 

74.  Binder  for  silico-carbides.  A very  satisfactory  bond  for  < 
carbides  is  found  in  gas  tar.  A good  mixture  contains  4 parts  of  the  a 
carbide  to  1 part  of  tar.  In  using  tar,  however,  it  must  be  remembered® 
a residue  of  carbon  is  left  in  the  article,  and  this  tends  to  diminish  the  rr 

* Concerning  the  use  of  alundum  (made  by  electrically  fusing  sod  P 
fying  bauxite)  and  alundum  bricks  as  a refractory,  see  Saunders,  • 

<t.  Chem.  Bnifing,  Vol.  IX,  p.  257,  and  FitsGerald,  Vol,  X,  p.  129. 

t Boeck.  J/ef.  <fc  Chem.  Bng'inq,  Vol.  XII,  p.  109.  „ , * 

, t See  for  details  F.  A.  FitsGerald,  BUctroehem  and  Mti.  Ini .,  Voll 
(1904),  p.  439. 


1586 

Digitized  by  VjOOQ  LC 


BLECTROCHBMISTR  Y 


Sec.  19-75 


iinc  properties  of  the  silioo-oarbide.  Further,  if  the  article  is  exposed  at 
gh  temperatures  to  an  oxidising  atmosphere  the  carbon  residue  which  acts 
the  binding  agent  is  burnt  out.  If  this  happens  the  article  will  disinte- 
ite,  unless  the  temperature  and  oxidising  conditions  are  such  as  to  cause 
idation  of  the  silico-carbide  and  consequent  binding  together  of  the  parti- 
a.  When,  therefore,  the  artiole  is  exposed  to  oxidising  actions  at  a com- 
ratively  low  temperature,  it  is  better  to  use  sodium  silicate  as  the  binding 
ent.  But  where  the  conditions  are  such  that  neither  oxidation  or  serious 
rrant  leakage  is  to  be  feared,  the  tar  bond  is  very  satisfactory,  giving 
tides  of  considerable  mechanical  strength. 

When  an  article  of  neat  mechanical  strength  is  required,  and  the  use  of  tar 
objectionable,  the  beet  method  of  making  the  article  is,  according  to  Fitz- 
srald,  to  cause  the  partioles  of  the  silico-carbide  to  frit  together  by  oxidation. 

> accomplish  this  result  the  silico-carbide  is  mixed  with  some  temporary 
nding  agent,  such  as  a solution  of  glue  in  water  and  then  heated  to  a high 
mperature  for  several  hours  in  a strongly  oxidising  atmosphere.  By  this 
eatment  the  grains  of  the  silioo-carbide  are  superficially  oxidised. 

78.  Siloxicon.  When  siloxicon  is  heated  to,  or  above,  2,674  deg.  fahr. 
Icheson)  or  1,468  deg.  cent,  in  an  oxidising  atmosphere,  decomposition  takes 
lace.  If  the  siloxicon  be  in  the  form  of  a brick  or  other  moulded  mass  the 
action  occurs  on  the  surface,  producing  a vitreous  glase.  In  the  absence  of 
ee  oxygen  or  in  a reducing  atmosphere,  no  such  decomposition  occurs,  and 
ie  temperature  may  be  raised  to  the  point  of  the  formation  of  carborundum, 
iproximately  5,000  deg.  fahr.  (Acheson)  or  2,760  deg.  cent.,  solid  crystalline 
urborundum  remaining  while  the  vapors  of  silicon  and  carbon  monoxide  are 
ven  off.  For  higher  temperatures  carborundum  is  a useful  refractory;  it  is 
li table  up  to  such  temperatures  where  it  decomposes. 

T6.  Refractories  for  very  high  temperatures.  When  the  temperature 
» which  the  refractory  material  is  submitted  may  be  up  to  or  above  that  of 
le  formation  of  carborundum,  it  may  be  advisable,  according  to  FitzGerald, 

> use  cyrstalline  silicon-carbide  in  the  first  place,  allowing  it  to  be  con- 
irted  into  carborundum  in  situ.  If  this  is  done  the  silico-carbide  should 
■st  be  analysed  to  determine  whether  oxygen  compounds  are  present  or 
>t.  If  oxygen  compounds  are  present  in  appreciable  quantities  the  silico- 
irbide  maybe  unsuitable  for  the  work,  since  at  the  temperature  of  the  forma- 
on  of  carborundum,  silica  will  be  reduced  and  the  refractory  lining  will  be 
npregnated  with  metallic  silicon,  or  the  furnace  will  be  filled  with  silicon 
apor.  When  the  presence  of  the  silicon  is  unobjectionable  this  reaction  may 
t disregarded;  otherwise  there  are  two  courses  open;  the  silica  may  be 
(moved  or  a material  free  from  silica  obtained;  or  from  the  analysis  of  the 
material  the  amount  of  carbon  necessary  to  eliminate  the  oxygen  and  to  form 
zrborundum  may  be  added  to  the  mixture. 

TT.  Carborundum  aa  a refractory  material.  When  it  is  desired  to  use 
arborundum  directly  as  a refractory  material  the  binding  agents  suggested  in 
’ar.  78  and  T4,  for  silico-carbides  may  be  used.  Carborundum  may  also  be 
iade  into  a strong  article  by  the  oxidation  or  fritting  method  described  in 
8.  Another  method  of  making  articles  of  carborundum  is  by  recrystalliza- 
ion.  The  carborundum  in  the  form  of  grains  or  powder  is  mixed  with  some 
dhesive  substance,  such  as  a solution  of  glue  in  water,  the  mixture  moulded 
i the  desired  form  and  the  article  then  placed  in  an  electric  furnace  and 
cated  to  the  temperature  of  formation  of  carborundum.  This  causes  a 
‘crystallization  of  the  carborundum  and  forms  a strong  article  which  pro- 
erves  perfectly  the  form  in  which  it  was  moulded.  Neither  the  sllfco- 
srbides  nor  carborundum  can  be  used  as  refractory  materials  where  they 
ome  in  contact  with  fused  alkalies,  since  these  produce  rapid  decomposi- 
te. They  are  also  attacked  by  chlorine  at  high  temperatures. 

78.  Binder  for  carborundum  refractories.  For  using  oarborun- 
lum  (silicon  carbide)  as  refractory,  E.  K.  Scott  ( Electrochemical  and 
ictdllurffical  Industry,  Vol.  Ill,  p.  140)  recommends  that  the  carborundum 
e ground  up  very  fine  and  mixed  m the  proportion  of  three  parts  by  weight 
f carborundum  to  one  part  by  weight  of  silicate  of  sodium  (water-glass), 
dter  thoroughly  brushing  the  newlv  set  fire-brick  to  get  rid  of  dust,  etc. 
the  mixture  will  not  stick  to  a surface  which  has  already  been  fired),  the 
srborundum  is  painted  on  to  the  depth  of  about  half  a millimeter.  It  is 
hen  left  for  24  nr.  to  dry,  and  afterward  the  firing  started  up  gradually. 
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Where  baric  elec*  or  b&rio  materials  have  to  be  taken  into  cosridn- 
tion,  fire  clay  is  employed  as  a binder,  instead  of  the  water-gba,  tb 
proportion  being  usually  six  parts  by  weight  of  carborundum  to  one  part  by 
weight  of  fire  clay.  Crystolon  (silicon  carbide)  brick  may  be  used  to  adua- 
tage  in  the  construction  of  eleotric  furnace  roofs  of  special  designs  (Mat 
Chem.  Eng’ing,  VoL  X,  p.  131).  Carborundum  refractories*  are  now  aval- 
able  in  two  different  types;  the  first  containing  a vitrified  or  ceramic  binder, 
the  second  consisting  entirely  of  carborundum.  The  latter  type  is  absohrtdy 
unattacked  by  acids  and  is  inert  to  the  influence  of  practically  aH  ode 
chemical  agents.  It  is,  however,  extremely  expensive  to  produce  and  it*  w 
is  limited  to  thoee  places  where  the  ordinary  brand  of  carboruata 
refractory  is  not  suitable.  Thus  for  certain  parts  of  electric  furnace*  a 
for  example,  for  heating  furnaces  of  the  carborundum-resistance  type,  rt  ■ 
the  only  material  suitable  for  placing  in  contact  with  the  carbon  res ism. 
It  also  nas  advantages  in  constructing  electric  furnaces  of  the  Hoskins  csAa 
plate  type,  where,  owing  to  the  resistance  to  oxidation  of  the  silicon  eartia 
coating,  the  life  of  the  carbon  plates  is  increased  five  to  ten  times.  It  As 
has  remarkable  value  for  the  construction  of  roofs  of  electric  steel  fume* 
and  furnaces  of  a similar  type. 

79.  The  vitrified  carborundum  refractory  has,  owing  to  its  lover  w* 
of  production,  a much  wider  application.  The  special  features  which 
tinguish  carborundum  among  refractories  are  high  softening  of  deeompew 
tion  point,  high  thermal  conductivity,  low  coefficient  of  expansion,  hardies 
and  mechanical  strength,  resistance  to  acids  and  other  chemieal  agent*  *s* 
comparatively  low  density. 

90.  Magnesia  lining.  For  certain  purposes  a pure  magnesia  Knap 
recommended  by  E.  K.  Scott  who  treated  crude  pure  magnesite  few 
Southern  India  by  shrinking  it  in  an  electric  furnace.  Crystallised  mapwx 
obtained  in  this  way,  can  be  used  without  further  preparation  than  beq 
crushed  to  suitable  dimensions,  as  a refractory  material  in  metallurgical 
tice,  and  an  important  point  in  connection  with  its  use  as  linings  for  ektet 
furnaces  is  that  magnesia,  unlike  lime,  does  not  form  a carbide  with  eszba. 
Concerning  the  use  of  electrically  calcined  magnesia  as  a refractory  see  * 
FitaGerald,  Met . A Chem.  Eng’ing , Vol.  X,  p.  129. 

81.  Temperature  limit  with  carborundum.  The  upper  tempent** 
limit  to  the  use  of  carborundum  is  reached  when  that  substance  decoopa® 
into  silioon  vapor  and  graphite.  At  such  high  temperatures  the  only  act- 
able refractory  is  carbon,  and  the  best  form  of  carbon  for  this  purpose 
charooal,  since  its  electric  resistivity  is  high.  Where  carbon  cannot/* 
employed,  the  only  remedy  is  to  dispense  with  a special  refractory  altogrt*® 
and  to  use  a solid  layer  of  the  furnace  charge  as  lining.  The  solid  by*® 
obtained  from  the  fused  charge  by  artificially  cooling  the  walls  of  the  furtaw 

81.  Beat  inaulatlon.  Besides  the  ability  to  stand  high  temperatures 
to  resist  the  chemical  effects  of  the  materials  in  the  furnace  charge,  the  be* 
insulating  property  is  of  greatest  importance.  It  is  in  general  necewary  ® 
make  the  walls  of  the  furnace  not  of  one  single  material,  but  to  choose  w 
inner  lining  with  regard  to  the  maximum  temperature  which  it  has  to  sU* 
and  the  chemical  effects  to  which  it  will  be  subjected  from  the  charge, 
to  build  the  outer  walls  of  a material  of  hi^h  beat-insulating  quality.  *■ 
total  thermal  resistance  of  a furnace  wall  is  the  sum  of  the  resistances  • 
the  different  layers  of  which  the  wall  consists;  these  layers — the  bs* 
lining  and  the  outer  brick  construction — are  in  senes,  and  the  thermal  rw* 
tances  are  added  in  the  same  way  as  electrical  resistances  in  series.  T* 
total  thermal  conductance  of  the  furnace  wall  is  the  reciprocal  of  the  tea- 
thermal  resistance. 

88.  Thermal  conductivities . The  following  tablet  of  thermal  oouh' 
tivities  gives  the  conductivities  of  materials  suitable  for  heatinwU*^ 
of  electric  furnaces,  as  far  as  determined,  in  the  order  of  their  heat-conduct'i 
qualities.  This  table  is  collected  from  J.  W.  Richards'  " Metallurgical  Cv 
dilations,"  Vol.  I,  p.  183  and  from  R.  S.  Hutton  and  J.  R.  Beard, 


• Tone.  Met.  d Chem.  Eng’ing,  Vol  II,  p.  484. 
t Other  tables  are  riven  by  Snyder,  Transact.  Am.  Electrochem 
Vol.  XVIII,  p.  235;  Randolph,  Transact.  Am.  Electrochem.  Sec..  VolXU 
P-  545. 
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Irochem.  and  Met.  Ind.,  Vol.  Ill,  1905,  p.  291,  and  S.  Wologdine  and  A.  L 
i^ueneau,  Eleclrochem.  and  Mel.  Ind.,  Vol.  VII,  p.  383.  The  figures  taken 
From  Hutton  are  marked  (H) ; most  of  the  granular  powders  tested  by  Hut- 
ton and  Beard  just  passed  through  a sieve  with  600  meshes  per  sq.  cm,  The 
Figures  taken  from  Wologdine  are  marked  (W).  All  the  conductivities  Xt 
ire  given  in  centimeter-gram-second  units,  i.e.,  each  figure  represents  the 
quantity  of  heat  in  gram-calories,  which  is  transmitted  per  sec.  through  a 
plate  1 cm.  thick  per  sq.  cm.  of  its  surface  when  the  difference  of 
temperature  between  the  two  faces  of  the  plate  is  1 deg.  cent.  The  thermal 
aonauctivity  of  various  other  substances  is  given  elsewhere  (see  index).  The 
figures  under  t represent  the  ranges  of  temperature  in  deg.  cent,  within 
which  the  conductivity  figures  are  valid.  The  figures  found  by  different 
investigators  are  considerably  at  variance.  Probably  those  marked  (W) 
are  the  best  available  at  present  for  the  grade  of  refractory  materials  on 
the  market  for  everyday  furnace  work.  Concerning  the  method  of  measur- 
ing the  thermal  conductivity  of  refractories  see  Clement,  Met.  and  Chtm. 
Eng'ing , Vol.  VIII,  p.  414. 


84.  Table  of  Thermal  Conductivities  of  Various  Substances 


Substance 

t | X, 

100°- 1000° 

0.025 

Carborundum  brick  (W)  

Gas-retort  carbon,  solid 

Magnesia  brick  (W) 

Magnesia  brick  

Chromite  brick  (W)  

Masonry 

Fire  brick  ( W)  

Checker  bnck  (W)  

Gas  retort  brick  (W)  

Building  brick  (W) 

Bauxite  brick  (W)  

Fire-brick  

Fire-brick  (Clement)  

100°- 1000° 
0°-100° 
100°- 1000° 
0°-1300° 
100°- 1000° 

100°-l(X)0o 
100°- 1000° 
100°- 1000° 
100°- 1000° 
100°-10(X)° 
0°-1300° 
400°-750° 

0.0231 
0.01477 
0.0071 
0.00620 
0.0057 
i 0 . 0058 
l 0.0036 
0.0042 
0.0039 
0.0038 
0.0035 

0 . 0033 
0.00310 
0.0021  to 
n n<v*a 

Glass  pot  (W)  

Terra  cotta  (W)  

Alumina  brick 

100°- 1000° 
100°- 1000° 
0°-700° 
100°- 1000° 

0.0027 

0.0023 

0.00204 

0 . 0020 

100°- 1000° 

0.0018 

Marble,  white  ...  ...  

0.0017 

W uncifnilR^,i 



/ 0.0016 
\0.0012 
0.00150 
0.00140 

Glass 

Fire-brick 

10°-15° 

0°-500° 

Plaster  of  Paris  

Water  ...  

— 

0.0013 

0.00120 

Clinker  in  small  grains  

0°-700° 

0.00110 

Hate. 

0.00081 

&k 



0.00072 

Pumice  



0.00060 

Oak  wood 



0.00060 

Quarts  sand  

18°-98° 

0.00060 

White  Calais  sand  (H)  

20°- 1 00° 

0.00060 

Coarse  carborundum  (H)  

20°- 1 00° 

0.00051 

Fine  carborundum  (H)  , 

Magnesia  “ Mabor”  brick,  powder  (H)  

Carborundum  sand  

Rubber  

20°- 1 00° 
20°-l(X)° 

18° -98° 

0 . 00050 
0.00050 
0.00050 
0.00047 

Pine  wood  



0.00047 

\fiurnp(iin  fnqn/1  arn.nnli\r  ( H ) 

20°-100° 

0.00047 

i untUi  auuuxi  \ *•  *•  / 

Magnesia  calcinedT,  Grecian,  granular  (H)  .... 

20°- 1 (X)° 
0°-100° 

0 . 00045 
0.00044 

97 
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84.  ( Continued ) 


Substance 

< 

Paper  

i 

0.00040  | 

Retort  graphite  powdered  (U)  

20°- 1 00° 

0.00040  1 

Silicate  enamel  

20°-98° 

0.00040 

Coarse  ordinary  brick  dust  i 

Fused  quartz  (H) 1 

0°-100° 

0 .00039 

20°- 1 00° 

0.00039  1 

Infusorial  earth 1 

0°-650° 

0 0003$ 

“ Enamel”  quartz  (H)  

20°-100° 

0 00036 

Magnesia  calcined,  "Veitsch"  granular  (H)  . . 

20°- 1 00° 

0 00034 

Lime  (H) 

2(>°-100° 

0 00029 

Fire-brick,  powdered  (H)  

20°— 100° 

0 00028  ' 

Chalk 

0°-100° 

0.00088  1 

Powdered  charcoal 

0°-100° 

0 00022 

Cement 

0°-700° 

0 00017 

Wood  ashes 

0°-100° 

0.00017 

Magnesia,  Pattinson’s  light  calcined,  granular  (H). 

20° -100° 

0.00016 

Infusorial  earth  (Kieselguhr)  (H) 

20°- 1 00° 

0.00013 

Felt 

— 

0 . 000087 

Lava 

— 

0 0000$ 

Cotton 

— 

0 000040  I 

Wool 

— 

0 . 000035 

85.  Calculations  of  heat  flow  can  be  made  analogous  to  calculations  of 
electric  flow.  Carl  Hering  defines  the  thermal  ohm  * as  that  thermal  resxft- 
ance  which  will  require  a drop  of  temperature  of  1 deg.  cent,  for  1 watt  of 
heat  flow.  Ohm's  simple  law  then  applies  numerically  to  calculations  ef 
thermal  flows.  If  R is  the  thermal  resistance  in  thermal  ohms,  W is  the  hart 
flow  in  watts  and  T the  drop  in  temperature  in  centigrade  decrees,  then  Ohsri 
law  in  thermal  form  is  W * T/R,  which  may  be  unhesitatingly  used  is 
calculations,  as  the  units  are  then  such  as  will  avoid  all  coefficients  and  re- 
duction factors. 

1 thermal  ohm  — 4.18617  gram-calorie  resistance  units. 

1 g-cal.  unit  of  thermal  resistance  — 0.238882  thermal  ohm.  Hering’’* anab- 
gous  definition  of  the  thermal  mho  is  that  conductance  which  will  allow  i 
watt  of  heat  flow  to  pass  when  the  difference  of  temperature  is  1 deg.  cent 
1 thermal  mho  "0.238882  gram-calorie  conductance  unit 
1 g-cal.  unit  of  thermal  conductance  — 4.18617  thermal  mhos. 

86.  Table  of  thermal  resistivities  and  conductivities.  Her- 
ing gives  the  following  table  of  heat  resistivities  and  conductivity*  of 
various  refractories  in  nis  new  units. 


r — — 

Substance 

Resistivities  in 
Thermal  Ohms 

Conductivities  j 
Thermal  Mhos  j 

in. -cube 

cm. -cube 

in.-cube 

cm. -cube 

Graphite  brick  

3.76 

9.56 

0.266 

0.105 

Carborundum  brick  

4.06 

10.3 

0.246 

0.097 

Magnesia  brick 

13.2 

33.7 

0 . 0755 

0.0298  1 

Chromite  brick 

16.5 

42.0 

0.0606 

0 0239  1 

Fire-brick 

22.4 

56.9 

0.0446 

0 0176 

Checker  brick 

24.1 

61.2 

0.0415 

0.0163 

Gas  retort  brick 

24.7 

62.8 

0.0404 

0.0159 

Building  brick | 

26.9 

68.2  ! 

0.0372 

0 0147  j 

Bauxite  brick 

28.5 

72.4 

0.0351 

0.0138  | 

Glass  pot  ....  

34.8 

88.6 

0.0287  1 

0 0113 

Terra  cotta 

40.9 

104.0 

0.0244 

0.0096 

Silica  brick.  

46.9 

119.5 

| 0.0213 

0.0084 

Kieselguhr  brick  

52.3 

133.0 

1 0.0191  | 

0.0075 

* M>-t.  and  Ch‘tn.  Emj’ing,  Vol.  IX,  1913.  I 
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•7.  Cxamplt  of  thermal  calculations.  As  an  illustration  of  the 
simplicity  of  the  calculations  when  these  units  are  used,  let  the  inside  of  a 
small  furnace  be  a 6-in.  cube;  let  the.  wall  consist  of  a 4-in.  layer  of  silica 
:>rick  on  the  inside  and  4 in.  of  brick  on  the  outside.  The  true  average  cross- 
lection  of  the  layer  of  silica  brick  perpendicular  to  the  heat  flow  (namely,  the 
geometric  mean,  that  is,  the  square  root  of  the  product  of  the  extreme 
lections)  for  the  whole  furnace  will  be  504  sq.  in.  If  its  resistivity  from  the 
ibove  table  is  47  thermal  ohms,  its  resistance  will  be 

R " — g-~  — ~ " °-37  thermal  ohm. 

o 504 

A similar  calculation  for  the  outside  layer  of  fire-brick  having  a resistivity 
>f  22  thermal  ohms  gives  its  resistance  as  0.048  thermal  ohm.  Hence,  the 
total  is  the  sum  of  these  two,  which  is  0.42  thermal  ohm.  Incidentally,  it 
shows  what  a very  muoh  smaller  insulating  effect  this  muoh  larger  outside 
ayer  has.  * 

Suppose  the  drop  of  temperature  through  the  wall  to  be  1,500  deg.  cent. 
Then,  according  to  the  thermal  ohm’s  law,  the  loss  of  heat  will  be 

IF**  — — — 3,580  watts,  or  about  3.6  kw. 

ti  U.4J 

The  analogy  between  heat  flow  and  electric  flow  has  been  analysed  very 
carefully  by  E.  F.  Northrupf  with  applications  of  the  results  to  an  analysis  of 
methods  for  measuring  thermal  resistances. 

88.  Formulas  for  flow  of  heat  through  plates.  The  ordinary  formula 
for  the  flow  of  heat  through  plates  or  rods  of  solid  materials,  may  be  written; 

W-(A/0*  ( T - To)  (23) 

Where  IT™ the  heat  flow,  expressed  in  watts,  A « area  of  plate  or  cross- 
section  of  the  rod,  / — thickness  of  the  plate  or  length  of  the  rod,  T—T o»» 
the  difference  of  temperature  between  tne  two  sides  of  the  plate  or  between 
the  ends  of  the  rod,  and  k — heat  conductivity  of  the  material  of  the  plate 
or  rod  in  watts  per  cm.  cube  per  deg.  In  most  practical  cases  of  heat  flow  the 

Eroblem  is  more  complicated  than  this.  Usually  the  heat  is  not  flowing 
etween  parallel  surfaces,  or  at  least  the  areas  of  the  two  bounding  surfaces 
are  different.  The  above  oquation  as  it  stands,  applies  only  between  parallel 
surfaces  through  a body  of  uniform  cross-section.  For  bodies  of  other 
shapes  Langmuir  treats  the  case  as  follows.  While  A will  vary  along  the 
path  of  heat  flow,  yet  if  the  area  of  inflow  and  outflow  is  fixed,  the  ratio 
Aft  will  have  a definite  value,  depending  only  on  the  shape  of  the  body. 
This  quantity  Langmuir  terms  the  shape  factor,  and  represents  it  by  8. 
The  formula  (Eq.  23)  thus  becomes: 

WSk(T-To)  (24) 

In  case  the  heat  conductivity  is  a function  of  the  temperature,  the  equation 
should  be  written: 

rr 

W-S  J kdT  (25) 

jTo 

8,  the  shape  factor,  is  a quantity  of  the  dimension  of  a length  which 
depends  only  on  the  shape  and  Bize  of  the  body  and  the  position  of  the  sur- 
faces by  which  the  heat  enters  and  leaves  the  body. 

Langmuir^  has  given  formulas  for  the  shape  factor  for  parallel  plates, 
concentric  cylinders,  concentric  spheres,  square  edges,  square  corners, 
plane  edges,  plane  corners,  small  square  rods,  small  cubes,  and  for  rec- 


A series  of  articles  on  heat  insulations  of  furnace  walls  and  the  flow  of 
heat  through  furnace  walls  has  been  published  by  Carl  Hering  in  Met.  ami 
CAem.  Eng'ina,  Vol.  IX,  p.  189,  590,  652  (where  there  is  a further  table  of 
thermal  resistivities  in  thermal  ohms) ; Vol.  A,  p.  97  and  159;  Vol.  XI,  p.  188. 
yu  heat  losses  of  electric  furnaces  see  also  F.  A.  J.  FitzGerald,  Trans.  Am. 
Electrochem.  Soc.,  Vol.  XX,  p.  281,  and  Met.  and  Chem.  Bno’ing,  Vol.  X, 
P.  286. 

t Transact.  Am.  Electrochem.  Soc.,  Vol.  XXIV,  p.  85. 

♦ Transact.  Am.  Electrochem.  Soe.,  Vol.  XXIV,  p.  53. 
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t angular  par allelopi pods  covered  with  a uniform  thicknemof  inwlxtoot 
For  a cube  the  formula  ia 


* 3- 


0a* 

t 


+0.5  a + 


1.21 

V 1+0.10- 

flX 


9k 


where  a ia  the  length  of  the  aide  of  the  cube  and  f ia  the  thickniw*  oi  tk 
inaulation  covering  it. 

39.  Abrupt  discontinuities  In  the  thermal  circuit  or  path.  It « 

to  be  considered  that  there  ia,  in  general,  no  thermal  equilibrium  bet  wee 
the  furnace  charge  and  the  furnace  lining,  nor  between  the  outer  wall  and  tb 
surrounding  air.  This  means  that  at  both  these  contact  surfaces  therri 
a sudden  drop  of  temperature.  Since  this  ia  analogous  to  the  voltage  drops 
an  electrode,  one  speaks  of  heat-transfer  resistances  at  these  places  mm 
are  added  to  the  heat  resistance  of  the  wall  itself.  These  transfer  reriattsts 
depend  on  the  materials  in  contact  as  well  as  on  the  degree  of  motion  j 
circulation  which  may  exist  in  one  of  the  materials.  For  instance,  ni 
furnace  wall  is  water-cooled,  the  transfer  resistance,  corresponding  to  w 
transfer  of  heat  from  the  furnace  wall  to  the  circulating  water  (wtaea  » 
proportional  to  the  difference  of  temperatures  between  wall  and  water, 
depends  on  the  flow  of  water.  * 

90.  The  loss  of  heat  by  radiation  from  the  furnace  walls  to  the  fur* 
roundings  is,  according  to  the  Stefan-Boltsmann  law,  proportional  » 
T«— T#«t  where  T is  the  absolute  temperature  (or  deg.  cent. +173)  oftb 
outer  surface  of  the  furnace  wall  and  T#  the  absolute  temper**** 
of  the  surrounding  atmosphere.  This  law  is  strictly  correct  only  for  now 
lutely  "black  bodies”  (which  is  not  the  case  for  the  surface  of  a fnm*» 
but  may  be  used  for  a first  approximate  estimate.  The  gram-calorie*  naam 
per  sec.  from  a surface  at  100  deg.  cent,  to  the  surroundings  at  0 deg  ***^ 
according  to  Peclet,  between  0.00054  g-cal.  for  polished  silver  and  O.OlflN 
for  lamp-black;  the  figure  for  wood,  plaster  and  building  stone  is  0.015,  w 

golished  sheet-iron  0.00189,  leaded  sheet-iron  0.00273,  ordinary  abeeHra 
.01104,  new  cast-iron,  0.01332,  oxidised  cast-iron  0.01410  (see  also  Rids** 
"Metallurgical  Calculations,"  Vol.  I,  Chapter  8). 

91.  Total  hsat  required.  The  five  items  given  in  Par.  ft  repwtf 
together  the  total  heat  produced,  which  is  partly  utilised  and  partly 
This  total  heat  ia  eoual  to  the  electrical  energy  consumed  within  the  farsvi 
aooording  to  the  following  relations: 

1 watt-hr.  —0.80  kg- cal.  — 860  g-cal., 

1 kg-cal.  — 1,000  g-cal.  — 1.103  watt-hr. 

99.  The  eleetrieal  energy  U changed  into  heat  by  either  of  tk 
following  ways:  first,  by  producing  an  electric  arc  and  thereby  gen«*^®» 
heat;  or,  second,  simply  by  the  Joulean  effect,  the  electric  energy 
changed  into  heat  on  aocount  of  the  electric  resistance  of  the  patt 
current,  the  rate  of  heat  produced  being  I*R  watts  or  0.24  I K 
per  sec.,  if  I is  amperes  (effective  amperes  in  case  of  alternating  cerrest 
and  R is  ohms  (resistance,  not  impedance).  Accordingly  riectnc 
are  divided  into  arc  furnaces  and  resistance  furnaces.  The  material^  _ 
resistance  furnace  in  which  the  electrical  energy  is  changed  into 
called  the  resistor  (FitsGerald).  In  many  cases  it  is  difficult  to  *. 
whether  a furnace  belongs  to  one  or  the  other  class,  since  both  effects  may 
superposed. 

CONSTRUCTION  AND  DK8ION  OF  RLICTRIC  FURNACS* 

99.  A typical  arc  furnaoe  is  shown  in  Fig.  1 which  represents  the  on****; 
furnace  of  H.  Moissan,  composed  of  two  blocks  of  lime  placed  one  o» 
other.  The  lower  piece  had  a longitudinal  groove  through  wmcapj^ 
two  carbon  rods,  between  which  the  arc  played.  In  the  centre  of  tne 
block  below  the  arc  a cavity  was  provided  which  served  as  a crucible  orw^ 

• Concerning  further  details  see  J.  W.  Richards,  " Metallurgical  £ak^ 
tions,  ” Vol.  I,  Chapter  8.  The  flow  of  heat  through  contact  tuiwJV 
discussed  by  Carl  Hering  in  M<t.  A Chem.  Bng’ing . Vol  X.  p. 
as  gives  a table  of  contact  resistances  in  thermal  ohms. 
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contained  a special  carbon  crucible  in  which  the  material  to  be  heated  was 
placed.  The  upper  block  was  slightly  rounded  out  directly  above  the  aro. 
By  the  strong  neat  of  the  aro  the  surface  of  the  lime  was  fused  and  highly 
polished  so  as  to  form  a perfect  reflector  sending  all  the  heat  down  upon  the 
crucible. 

•4.  Direct  and  indirect  arc  furnaces.  In  the  former  the  furnaoe  charge 
is. directly  exposed  to  the  arc,  in  the  latter  it  receives  the  heat  of  the  aro 
by  radiation  and  by  reflection  from  the  roof  and  walls.  It  is  clear  that  in 
many  cases  there  is  combined  direct  and  indirect  heating.  A typical  exam- 
ple of  indirect  arc  heating  is  the  Stassano  furnace.  For  operation  by  three- 
phase  currents,  there  are  three  electrodes  at  the  top.  The  arcs  play  between 
the  ends  of  the  three  electrodes  and  heat  the  metallio  bath  below  by  radia- 
tion (there  being  no  arcs  between  the  electrodes  and  the  bath  itself).  To  mix 
the  charge  thoroughly,  the  furnace  is  built  revolvable.  ( Eiectrochem . A 
MeLlnd.,  Vol.  VI,  p.  315.) 


•I.  A typical  resistance  furnace  is  the  carborundum  furnace  of  E.  G . 
Aoheeon,  shown  in  plan  and  vertical  section  in  Fig.  2,  the  dimensions  refer- 
ring to  a capacity  of  750  kw.  The  charge  wnich  consists  of  carbon, 
silica  sand  and  salt,  surrounds  a carbon  core  which  acts  as  resistor  and 
is  placed  in  the  centre  of  the  furnace.  It  runs  through  the  furnace  from 
end  to  end  and  is  connected  at  both  ends  with  the  carbon  terminals  or 
electrodes  in  the  end  walls  of  the  furnace.  (For  further  details  see  F.  A. 
J.  FitsGerald,  Eiectrochem.  and  Met.  Ind.t  Vol.  IV,  p.  54.)  The  current 
through  the  resistor  produces  heat  which  passes  outward  into  the  charge, 
resulting  in  the  production  of  carborundum. 

H.  Assistance  furnaces  may  again  be  subdivided  according  to  the 
nature  of  the  resistor,  whether  the  electric  heat  is  produced  in  the  charge 
itself  or  in  a special  resistor,  in  contact  with  the  charge.  The  former  Is 
possible  only  if  the  charge  itself  is  a conductor  of  electricity;  an  example 
is  the  induction  furnace  for  melting  steel,  etc.  In  case  the  furnace  charge 
is  not  itself  a conductor  of  electricity,  a special  resistor  must  be  provided  m 
contact  with  the  charge;  the  electrioity  takes  a predetermined  path  in  passing 
through  the  resistor  in  which  the  heat  is  thereby  developed.  An  example 
is  the  carborundum  furnace  described  above.  Finally  it  is  possible  to  so 
arrange  the  resistor  that  it  is  not  in  direct  contact  with  the  charge,  but  is 
arranged  above  it  and  heats  the  charge  by  radiation.  * Concerning  materials 
suitable  for  resistors  see  Par.  111. 

No  sharp  distinction  is  always  possible  between  the  two  subclasses  of 
resistance  furnaces  with  or  without  a special  resistor.  For  instance,  in  the 
Acheson  furnace  for  changing  carbon  electrodes  into  graphite  electrodes, 
the  electrodes  are  embedded  in  granular  graphite;  most  of  the  heat  is 
developed  in  the  latter,  but  since  the  electricity  also  passes  through  the  elec- 
trodes themselves,  some  heat  is  also  directly  produced  within  the  same.  An 
example  of  a furnace  operation  which  changes  in  character  during  a run  is 
Acheson's  furnace  for  producing  graphite  in  bulk;  in  the  centre  of  the  anthra- 
cite coal,  coke,  etc.,  to  be  graphitixed  the  resistor  in  form  of  a series  of 
carbon  rods,  is  placed  through  which  the  electricity  first  passes  exclusively; 
when  the  anthracite  coal  next  to  the  core  is  changed  by  the  heat  into  graphite, 
the  electricity  also  passes  through  it  and  so  on.  Therefore,  while  the 
electricity  had  first  only  a restricted  definite  path,  its  path  gets  broader  and 
broader  during  operation. 

97.  Pinch  phenomenon.  A peculiar  limitation  of  the  temperature  ob- 
tainable in  that  class  of  resistance  furnaces  in  which  the  charge  itself  forms 

"FitsGerald.  Met.  A Chem.  Eng’ing,  Vol.  VIII,  p.  31 7 ; Vol.  IX,  p.  297 ‘ 
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the  resistor,  is  the  '*  pinch  phenomenon,"  * described  by  Csrl  Hering  is  the 
Transactions  American  Electrochemical  Society,  VoL  XI  and  XVI. 

This  same  pinch  phenomenon  is  made  use  of  by  Carl  Hering  in  bu  pine! 
effect  furnace,  f which  is  a special  type  of  resistance  furnace.  The  chsifta 
contained  in  a crucible  and  the  current  is  introduced  through  electrode*  a 
the  bottom,  the  upper  part  of  which  (that  is,  the  part  in  contact  with  tb 
charge  in  the  crucible)  forms  at  the  same  time  the  resistor.  These  reader 
tubes  are  so  dimensioned  that  the  proper  amount  of  heat  is  generated  ia 
them.  At  the  same  time  the  liquid  metal  in  the  resistor  tubes  is  ejeettd 
by  the  pinch  effect  into  the  crucible  whereby  an  effective  agitation  and  cir- 
culation of  the  metal  in  the  crucible  is  obtained. 

•8.  Hero  ul  t furnace.  An  example  of  an  electric  furnace  which  is  string 
neither  an  arc  furnace  nor  a resistance  furnace  is  the  steel  furnace  of  F 
Hdroult.  The  steel  to  be  purified  in  the  furnace  chamber  is  covered  by  • 
layer  of  slag  so  chosen  as  to  produce  the  desired  chemical  reactions.  T»« 
vertical  carbon  electrodes  are  suspended  through  the  top  of  the  furnace  i 


Fia.  3. — Hdroult  Steel  Furnace. 


operated  by  single-phase  current.  The  operation  is  started  by  stnhi4 
arcs  between  the  ends  of  the  electrodes  and  the  surface  of  the  dag,  aid  a 
this  respect  the  furnace  is  an  arc  furnace.  But  since  the  electricity  paw 
from  one  electrode  into  the  slag,  through  the  slag  and  out  into  the  other  ««• 
trode,  further  heat  is  produced  within  the  slag  itself  due  to  the  Jouleanettefl 
and  in  this  respect  the  furnace  is  a resistance  furnace. 

•9.  The  Oirod  furnace  differs  from  the  Hdroult  furnace,  because  it  Hat 
one  or  several  bottom  electrodes,  in  form  of  steel  rods  inserted  in  the  bottom 
and  water-cooled  from  the  outside.  There  is  one  or  several  electrodes  a* 
the  top,  but  if  more  than  one  is  used,  they  are  all  electrically  conwrtN 
in  parallel  (instead  of  the  series  connection  in  the  Horoult  furnace). 
current  passes  from  these  top  electrodes  through  the  arcs  into  the  slag  aaa 
downward  through  the  metallic  bath  and  out  of  the  furnace  through  t£? 
bottom  electrodes.  (Met.  A Chem.  Bng'ing , Vol.  IX,  p.  581.) 

100.  The  Keller  furnace  differs  from  the  Oirod  furnace  only  in 

the  bottom  construction.  (Transactions  Am.  Electrochem.  Soc.,  Vol-  a» 

101.  Loss  of  energy.  Whatever  the  type  of  the  furnace,  the  electrical 
energy  which  is  changed  into  heat  within  the  furnace  itself  is  less  than  w 
electrical  energy  which  must  be  supplied  outside,  since  the  transfer  of  t®* 
energy  from  the  outside  into  the  furnace  always  involves  1°®®* 
transfer  of  electrical  energy  may  be  made  either  by  electromagnetic  in- 
duction or  through  terminals,  extending  through  the  furnace  walls 

109.  Induction  furnace.  An  electrio  furnace  into  which  I 

energy  is  transmitted  by  electromagnetic  induction  is  called  an  induce^ 

• Formulas  for  the  pinch  phenomenon  are  given  by  E.  F.  Norths 
Phys.  Rev.,  Vol.  XXIV,  p.  474,  and  C.  Hering,  Met.  A Chem. 

Vol.  IX,  p.  86. 

t Met.  A Chem.  Ending,  Vol.  IX,  pp.  277,  371. 
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urnaee.  It  is  essentially  a transformer,  the  secondary  of  which  is  a single 
jura,  represented  by  an  annular  ohannel  which  oontains  the  charge.  It  is 
lecessanly  operated  by  alternating  current  which  is  fed  to  the  primary  wind- 
ng,  thus  setting  up  an  alternating  magnetic  flux  in  the  transformer  core  of 
aminated  iron;  this  again  produces  alternating  current  in  the  furnace  charge 
n the  secondary  annular  channel,  thus  heating  the  charge  directly  by  the 
loulean  effect.  A tilting  induction  furnaoe  tor  melting  metals  (A.  E. 
?olby,  F.  A.  Kjellin)  is  shown  diagram matically  in  Fig.  4. 


The  chief  advantage  of  this  type  of  furnace  lies  in  the  fact  that  there 
are  no  electrodes  which  could  contaminate  the  bath,  so  that  the  chemical 
composition  of  the  bath  can  be  absolutely  controlled  by  carefully  selecting 
the  raw  materials.  The  nature  of  the  atmosphere  in  which  the  reaction  takes 
place  is  also  in  absolute  control  of  the  operator.  It  is  also  possible  to  heat 
up  such  a furnace  very  quickly.  (FitsGerald,  Electrochem.  A Met.  Ind., 
V ol.  VII,  p.  10,  1909.) 

The  losses  of  energy  in  transfer  from  the  primary  to  the  secondary 
are  calculated  exactly  as  in  the  case  of  the  ordinary  transformer  (Sec.  6). 
The  induction  furnace  differs  (quantitatively,  not  qualitatively)  from  com- 
mercial alternating-current  transformers,  since  it  has  necessarily  consider- 
able magnetic  leakage  fluxes  due  to  the  necessity  of  careful  insulation  of  the 
f used-bath  channel  from  the  primary  winding.  The  power-factor  is  low,  due 
to  two  causes:  the  low  resistance  of  the  secondary  and  its  high  self-induction, 
due  to  its  wide  separation  from  the  primary.  The  power-factor  can  be  im- 
proved by  any  of  the  following  means:  decreasing  the  frequency  of  the 
alternating  current,  or  increasing  the  ohmio  resistance  of  the  fused  charge, 
or  increasing  the  magnetic  reluctance  of  the  two  leakage  fields. 

19S.  The  Roechling-Hodenhauser  combination  furnace  is  a modifi- 
cation of  the  simple  induction  furnace.  It  is  heated  by  a superposition  of  two 
heating  effects:  firstly,  according  to  the  simple  induction  principle;  seoondly, 
an  auxiliary  secondary  circuit  is  provided,  the  ends  of  which  are  connected  to 
metallio  pole  plates  embedded  in  the  furnace  walls.  When  the  furnaoe  is 
started,  it  is  first  heated  by  induction  alone.  When  the  refractory  layer 
which  separates  the  pole  plates  from  the  metallic  bath  thereby  becomes  hot, 
it  becomes  an  electric  conductor  and  supplementary  heat  is  now  produced  by 
the  electric  current  passing  between  the  pole  plates  through  the  furnace 
charge.  The  advantages  of  this  furnace  over  the  simple  induction  furnace 
are  that  it  ean  be  used  for  refining  (not  only  melting)  purposes  and  that  it 
can  be  built  with  ordinary  commercial  frequencies  for  large  charges  so  as  to 
operate  with  a good  power-factor.  ( Electrochem . A Met.  Ind.,  Vol.  VI, 
PP.  10, 143,  438,  458;  Met.  A Chem.  Eng'ino , Vol.  VIII,  p.  338,  Vol.  X,  p.  263, 
Vol.  XI,  pp.  99  and  599;  Transact.  Am.  Electrochera.  Soc.,  Vol.  XX,  p.  293.) 
Another  combination  of  arc  and  resistance  furnace  is  the  "paragon  furnace” 
(Harden,  Met.  A Chem.  Eng'ing,  Vol.  IX,  p.  38,  595). 

104.  Electrodes.  If  the  eleetrical  energy  is  introduced  into  the  furnace 
through  terminals,  they  consist  almost  always  either  of  amorphous  carbon  or 
of  graphite,  at  least  for  large  furnaces.  In  this  country  amorphous  carbon 
electrodes  are  generally  made  from  petroleum  coke,  while  in  Europe  electrodes 
made  from  anthracite  ooal  are  also  used.  However,  artificial  graphite 
electrodes  made  by  the  Acheson  process  in  the  electric  furnace,  are  very  exten- 
sively employed  now.  They  are  more  expensive,  but  can  be  easily  machined 
into  any  shape  (C.  E.  Collens,  2nd,  Transactions  of  the  American  Electro- 
chemical Society , Vol.  I;  Electrochemical  Industry,  Vol.  I,  p.  26  and  Vol. 
U,  p.  277;  W.  MeA.  Johnson,  Electrochemical  Industry , Vol.  II,  p.  345), 
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are  more  resistant  to  combustion  and  have  a higher  electric  conductivity: 
on  the  other  hand,  graphite  has  also  a higher  thermal  conductivity  tiaa 
amorphous  carbon.  Electrode  holder  construction  is  fully  treated  in  'Met  i 
Chem  Eng’ing.  Vol.  XI,  p.  321.  Consenting  the  dimensioning  and  ar- 
rangement of  the  conductors,  carrying  the  heavy  currents  to  the  •lsctrod* 
see  Randall,  Transact.  Am.  Electrochem.  Soc.,  Vol.  XVII,  p.  139. 

105.  Loss  of  heat  through  electrodes.  As  mentioned  in  Par.  69 
heat  loss  through  an  electrode  (if  the  heat  insulation  to  the  surroundisi 
walls  is  assumed  to  be  perfect)  can  best  be  considered  as  the  sum  of  the  pvt 
heat  conduction  loss,  due  to  temperature  difference  T between  the  two  dee 
trode  onds.  plus  one-half  the  Joulean  heat  loss  in  the  electrode  itself.  Fcr 
a given  current  and  a given  temperature  difference  T the  heat  loss  tkroo^ 
an  electrode  becomes  a minimum  if  the  dimensions  of  the  electrode  are  » 
chosen  that  the  Joulean  heat  loss  is  twice  the  pure  heat  conduction  log 
this  leads  to  a simple  calculation  of  the  ratio  of  length  to  cross-section  of  tir 
electrode.  This  rule  is  rigidly  correct  if  no  heat  leaks  into  the  walls  mad  I 
the  thermal  conductivity  and  the  electrical  conductivity  of  the  electrode 
material  are  assumed  to  be  independent  of  the  temperature  within  the  tem- 
perature limits  in  the  electrode.  In  this  case  this  is  also  the  condition  usd* 
which  the  hot  electrode  end  within  the  furnace  is  in  temperature  eqsili- 
brium  with  the  interior  of  the  furnace,  no  heat  passing  through  the  hot  rise- 
trode  end  in  either  direction.  For  practical  applications  this  method  «f 
determining  the  ratio  of  length  to  cross-section  can  be  made  independent  cf 
any  assumption  as  to  the  variations  of  the  conductivities,  if  the  ratio  d 
length  to  cross-section  is  directly  determined  by  experiments  under  tk 
conditions  of  electrode  operation.  The  following  figures  (C.  Hering)  gir- 
directly  for  copper,  iron,  graphite,  and  carbon  those  numerical  values  inti 
which  the  product  of  length  in  centimeters  and  current  in  amperes  is  to  V 
multiplied  in  order  to  find  the  proper  or  rational  cross-section;  proper  <r 
rational  means  that  under  these  conditions  there  will  be  heat  equilibrium* 
the  hot  electrode  end. 


Copper 

Iron 

Graphite 

Carbon 

T - 800 
deg.  cent. 

1000 

1200 

— 

1400 

1600  1 

0.000036 

0.00026 

0.000035 

0 00025 

0 00063 

0 00187 

0.000035 

0.00025 

0.00059 

0 00162 

0 000035 

0 00025 

0 00057 

0 00145 

0 000014, 
0 00025' 
0 00055. 
0.00132 

Copper 

Iron 

Graphite 

Carbon 

1 

1800 

2000 

2500 

[ 3000  <W 
cent  < 

0.000034 

I 0.00025 
0.00054 
| 0.00123 

0.000034 
0.00025  1 

0.00053 
0.00115 

0.00051  ' 

0.00102  | 

0 000»  j 

0.00093  j 

In  this  table  the  temperature  difference  T is  given  in  deg.  cent.  Thr 
figures  in  the  table  are  given  in  centimeters  per  ampere  so  that  when  the* 
figures  are  multiplied  by  the  length  in  centimeters  and  the  current  in  aa- 
peres,  the  cross-section  is  obtained  in  sauare  centimeters.  For  instance* 
the  current  may  be  1,000  amp.  and  the  temperatures  of  the  furnace 
2,100  deg.  cent.,  that  of  the  cold  electrode  end  100  deg.  cent.,  hence 
temperature  difference  2,000  deg.  cent. ; further  the  electrode  length  may  be  Z- 
cm.,  then  the  graphite  cross-section  is  0.00053 X 1,000 X 25 « 13  sq.  cx 
These  figures  relate,  however,  only  to  the  “essential  part”  of  the  elec- 
trode, that  is,  that  part  which  is  embedded  in  the  furnace  walls,  and  a» 
valid  if  the  heat  insulation  is  as  good  as  in  the  tests  in  which  thp  abe« 
values  were  determined.  Concerning  the  whole  theory  see  Carl  Hens*. 
Electrochem.  <f-  Met.  Ind.,  Vol.  VII,  pp.  442.  473,  Vol.  VIII,  p.  471  Tnr* 
net, one  Am.  Electrochem.  Soc.,  Vol.  XVI,  pp.  265.  317.  and  Vol  XVII.  rr 
J;**1.  aarJ  171,  Proc.  Am.  Inst.  Elec.  Eng^,  March,  1910;  Met.  Chem.  Eng  i*r 
Vol  \ III,  PP.  128,  188,  276;  Elec.  World,  June  16,  1910;  C.  A Barnet 
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-anaactiona  Am.  Electroohem.  Soc.,  Vol.  XV,  p.  270,  Vol.  XVI,  p.  320, 
ectrochem.  A Met.  Ind.,  Vol.  VII,  pp.  358,  380;  E.  F.  Roeber,  Transac- 
ts Am.  Electrochem.  8oc.,  Vol.  XVI,  p.  363;  J.  Forssell,  Met.  A Cham, 
ig'ino,  Vol.  VIII,  pp.  26  and  177;  A.  E.  Kennedy,  Proc.  Am.  Inst.  Elec, 
ig.,  March,  1010,  p.  267. 

106.  Regulation  of  the  heat  production  is  of  greatest  importance; 
is  is,  of  course,  identical  with  regulation  of  the  electric  energy  supply, 
arc  furnaces  this  is  obtained  by  adjusting  the  position  of  the  electrodes, 
rich  may  be  done  either  by  hand  or  automatically.  A simple  automatic 
?thod  in  case  of  a furnaoe  with  one  electrode,  the  crucible  forming  the 
her  terminal,  is  to  control  the  position  of  the  electrode  by  an  electro- 
agnetic  device,  the  magnet  winding  being  in  shunt  with  the  crucible  and 
e electrode,  so  that  the  exciting  current  of  the  magnet  depends  on  the’current 
rough  the  furnace.  In  the  single-phase  H6roult  steel  furnace  which  has 
ro  electrodes,  there  being  current  from  one  electrode  through  the  slag  to  the 
her  electrode,  it  is  important  to  know  that  both  arcs  are  playing  properly. 
yr  this  purpose  a voltmeter  is  connected  in  parallel  with  each  of  the  elec- 
odes  and  the  molten  furnaoe  charge;  one  terminal  of  the  voltmeter  is 
>onected  with  the  electrode  and  the  other  with  some  contact  in  the  molten 
eel  charge.  Each  voltmeter  may,  of  course,  be  provided  with  an  automatic 
gulating  attachment. 

19T.  In  the  operation  of  resistance  furnaces  it  is  a fact  of  great  im- 
irtance  that  the  resistance  is  a variable  quantity  during  the  run  of  the 
rnace,  both  on  account  of  variation  of  temperature  ana  of  the  chemical 
tanges  in  the  charge.  In  order  to  work  economically,  it  is  usually  im- 
>rtant  that  the  maximum  power  available  be  used  throughout  the  furnace 
n,  and  if  the  resistor  changes  its  resistance  it  is  necessary  to  provide  some 
eans  of  regulating  the  voltage,  and  the  maximum  and  minimum  voltages 
tainable  must  have  to  each  other  the  ratio  of  the  square  roots  of  the 
axiznum  and  minimum  resistance  of  the  resistor  (FitsGerald).  If  carbon 
used  as  a resistor,  it  is  advisable  to  raise  it  previously  to  the  maximum 
mperature  to  which  it  will  be  submitted  in  practice.  The  best  plan  is  to 
s graphitised  carbon,  for  that  form  of  carbon  is  stable  in  its  physical 
aracteristics  so  that  the  only  change  that  is  experienced  when  using  it  as 
resistor  is  temporary  and  due  to  the  increase  in  temperature. 

106.  Direct  current  and  alternating  current  may  both  be  used  for 
eration  of  an  electric  furnace,  but  alternating  current  has  two  advantages: 
st,  electrolytic  effects  which  are  not  desired  in  pure  electrio-furnaoe  resu- 
me, are  excluded;  seoond,  alternating  current  permits  easier  regulation, 
le  induction  furnaoe  always  requires  alternating  current. 

109.  Rheostats.  As  rheostats  for  voltage  regulation,  water  rheostats  or 
anular-carbon  rheostats  are  suitable.  (For  details  see  F.  A.  J.  FitsGerald, 
petrochemical  and  Metallurgical  Industry , Vol.  Ill,  p.  0).)  Rheostat 
sign,  see  See.  5). 

110.  Tube  furnace.  A special  type  of  resistor  furnaoe  for  experimental 

>rk  which  permits  very  exact  regulation  of  temperature,  is  the  tube  furnace, 
f , an  electric  furnace  in  which  the  resistor  has  the  form  of  a tube.  For 
irious  designs  of  such  furnaces  see  Hutton  and  Patterson,  Electrochemical 
d Metallurgical  Industry , Vol.  Ill,  p.  455;  8.  8.  Sadtler,  Electrochemical 
id  Metallurgical  Industry,  Vol.  IV,  p.  434;  8.  A.  Tucker,  Electro- 

emical  and  Metallurgical  Industry,  Vol.  V.  p.  227;  J.  A.  Harken  Electro- 
emical  and  Metallurgical  Industry,  Vol.  Ill,  p.  273;  William  CJ.  Arsem, 
•a nsactions  American  Electrochemical  Society,  Vol.  IX;  and  especially 
e elaborate  designs  of  H.  N.  Potter,  U.  8.  Patents,  716507  ; 716508; 
5509;  Deo.  9,  1902  ; 719507,  Feb.  3,  1903;  756891,  April  12,  1904; 
0312,  Sept.  20,  1904  ; 814726  and  814727,  March  13,  1906  Tube  fur- 
ices  may  be  so  constructed  as  to  carry  out  the  reaction  either  under  in- 
eased  or  reduced  pressure,  as  in  the  furnaoe  of  Arsem  and  the  last  two 
itents  of  Potter. 

111.  In  another  special  type  of  resistor  furnace,  due  to  FitsGerald 
id  Thomson,  the  charge  is  heated  by  radiation  from  a resistor  above  the 
arge;  this  furnace  has  been  applied  for  sine  smelting  (Met.  A Cham, 
tg'tng,  Vol.  VIII.  pp.  289,  317).  Various  materials  are  suitable  for  the  resist- 
s.  according  to  tne  special  design  of  the  furnace,  such  as  granular  carbon 
kryptol’'),  carbon  rods,  silundura  rods,  platinum  strip  or  wire,  niokel  strip 
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or  wire,  tungsten  or  molybdenum  strips  or  wire  (Winne  &nd  DsbMusl 
Transact.  Am.  Electrochem.  Soc.,  Vol.  XX,  p.  287).  etc.;  sn  alloy  ol  okU 
and  chromium  has  the  advantage  over  pure  nickel  that  it  will  not  aadbi 
even  if  heated  in  air  to  inoandesoenoe  for  a considerable  time  (“oichroBt"). 


ill.  Comparatively  simple  resistance  foraaoes  for  heatix*  erudbb 
are  described  by  F.  A.  J.  FitsGerakl,  Electrochemical  ami  MttcUw+al 
Industry,  Vol.  Ill,  p.  55;  Oliver  P.  Watte,  J Electrochemical  and  Mdd*. 
gicol  Industry,  Vol.  IV,  p.  273;  Samuel  A.  Tucker,  Electrochemical  mi 
Metallurgical  Industry , Vol.  V,  p.  227;  D.  F.  Calhane,  Met.  <t  Chem.Bntm 
Vol.  X,  p.  461;  a vertical-aro  furnace  for  laboratory  work  by  Samodi 
Tucker,  Electrochem.  and  Met.  Industry,  Vol.  IV,  p.  263.  A high-tenqsa 
ture  laboratory  furnace  with  very  exact  temperature  regulation  if  descoht 
by  E.  F.  Nortnrup,  Met  and  Chem.  Eng'ing , Vol.  XII,  p.  31.  : 

113.  Resistance  furaaee  design  and  construction.  An  eudi 
serial  of  articles  on  resistance  furnace  design  and  construction  w as  pubfiaa 
by  F.  A.  J.  FitsGernld  in  Electrochemical  and  Metallurgical  Industrt.  wk1 
II,  III,  IV.  Two  papers  by  F.  A.  J.  FltsGerald,  Transactions  of  the  Ass 
can  Electrochemical  Society,  Vol.  IV;  and  byC.L.  Collena,  2nd,  Tnmn*s> 
of  the  American  Electrochemical  Society,  Vol.  IX,  deal  with  the  thwsyf 
the  resistance  furnace;  a paper  by  J.  W.  Richards,  Transactions  of  the  ham- 
can  Electrochemical  Society,  Vol.  II,  with  the  efficiency  of  electrie  furaasa 
A serial  on  electric  furnaces,  their  design,  characteristics  and  oobusmss 
applications,  for  students,  engineers,  and  business  men,  by  W.  McA.  JetesP 
and  G.  N.  Sieger  appears  in  Met.  dk  Chem.  Eng'ing , Vols.  XI  and  XIL  uj 
oerning  the  classical  electric-furnace  researches  of  H.  Moiasan,  see  bass*  1 
on  the  electric  furnace  which  is  available  for  the  English  reader  is* 
American  as  well  as  in  the  English  edition. 

1&4.  Reducing  agent.  It  should  be  emphasised  that  in  an  «k« 
furnace  the  electrical  energy  provides  the  heat  required  for  the  resedas.* 
that  if  the  object  is  to  reduce  an  element  from  a ooxnpound,  a rede* 
agent  like  carbon  is  also  required.  For  instance,  if  we  oompare  redecSS 
of  iron  ore  in  thd  electric  furnace  with  the  blast-furnace  process,  boikjof 
esses  require  so  much  carbon  as  is  necessary  to  combine  with  the  oxyi«* 
the  iron  oxide;  but  the  blast  furnace  also  requires  carbon  for  product*** 
necessary  high  temperature  and  it  is  only  this  last  portion  of  tasrbes  ■* 
calorific  value  of  whioh  is  replaced  by  electrical  energy  in  the  electric  famo- 
us. Carbon  as  a reducing  agent.  For  most  purposes  some  fomd 
carbon  is  used  as  a reducing  agent  in  the  electric  furnace  and  it  h*»  bm 
claimed  that  at  the  temperature  of  the  electric  furnace  carbon  is  abkw 
reduce  any  known  oxide. 


116.  In  special  cases  other  reducing  agents  may  be  used,  . 

when  the  object  is  to  produoe  metals  or  alloys  for  use  m the  steel  indm* 
wheife  it  is  of  advantage  to  use  metals  or  alloys  free  from  carbon.  Sin 
metals  and  alloys  are  produced  by  the  alumino thermic  method  of  Bm 
Goldschmidt  of  reducing  a metal  from  its  oxide  by  means  of  aluminonj 
acoount  of  the  very  high  oxidation  heat  of  aluminum  the  reaction  when 
started  goes  on  by  itself,  no  outside  source  of  power  being  necessary,  se 
fuel  nor  electrical  energy.  On  account  of  its  strong  reducing  power  alum 
may  also  be  used  in  electric  furnace  reactions  for  special  purposes,  a » 
by  A.  J.  Roesi  for  production  of  ferro titanium  ( Electrochemical  M 
Vol.  1,  p.  523).  Other  suitable  reducing  agents  are  silicon  and  carbonise* 
(for  instance  F.  M.  Becket,  Electrochemical  and  Metallurgical  Induct 
Vol.  V.  p.  237,  also  E.  F.  Price,  for  the  production  of  other  ferro-eflqg 
Other  reducing  agents  for  special  purposes  are  calcium  carbide  and 
calcium.  J 

117.  Comparison  of  else  trie  furnace  with  coal  furnace.  M 
an  electric  furnaoe  eleotrioal  energy  replaces  the  heat  of  combustion  « 

in  coal-fired  furnaces,  a numerical  comparison  of  the  economy  ot  wj 
processes  in  this  single  respect  may  be  given.  But  it  must  not  be  forfoT 
that  this  is  the  most  unfavorable  way  of  looking  at  the  economy  of 
electric  furnaoe,  since  we  purposely  ignore  all  its  special  advantages. 

One  ldlo wait-hour  is  equivalent  to  860  kg-caL,  the  full  heat  find 
be  produced  from  0.1  kg.  of  good  coal  when  completely  burnt  to  CO* 
the  cost  of  1 ton  (2,000  lb.  «■  907  kg.)  of  coal  is  a dollars  and  if  the 
of  heat  production  by  burning  ooalls  m per  oent.  then  the  cost  of  protoo*! 
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» kg-cal.  from  burning  — kg.  coal  is  — dollars.  On  the  other  hand, 
m wu.y  n 

the  ooet  of  1 kw-hr.  is  6 cents  and  if  the  efficiency  of  producing  heat 

an  electrical  energy  is  n per  cent,  then  the  cost  of  800  kg-cal.  from 

n 

-hr.  is  - dollars.  Hence  electric  heat  will  be  oheaper  than  heat  pro- 
n 

>ed  by  combustion  of  fuel  if  on  is  greater  than  90.7  bm. 

1 17a.  ▲ continuous  self-baking  electrode,  invented  by  C.  W.  Sftder- 
g,  is  described  by  J.  W.  Richards  in  a paper  read  before  tne  Am.  Electro- 
;m.  Soc.  in  Boston,  April  8,  1920.  An  iron  shell  is  provided,  into  the 
>er  end  of  which  the  ordinary  carbon  mix  is  stamped.  The  lower  end  is 
the  furnace.  As  the  electrode  is  consumed,  new  sections  of  shell  are 
Ided  on  and  new  mixture  is  stamped  in.  The  heat  conducted  up  the 
strode  from  its  lower  end  slowly  bakes  the  mix  in  place,  the  hydrocarbon 
ee  being  forced  to  pass  downwards  through  the  hot  end  into  tne  furnace, 
is  depositing  carbon  therein  and  consolidating  it.  The  rate  of  consump- 
n is  always  lees  than  is  required  for  baking,  so  that  the  mass  is  baked 
xoughly  hard  some  distance  above  the  furnace.  The  holder  is  adjusted 
•e  to  the  furnace,  on  the  baked  part  of  the  electrode.  The  iron  casing 
Its  away  in  the  furnace.  Electrodes  up  to  85  cm.  (34  in.)  are  already 
practical  use  in  Norway,  and  will  soon  be  set  up  at  an  American  ferro- 
con  plant.  The  total  cost  is  probably  less  than  half  that  of  using  pre- 
>usly  baked  electrodes,  with  the  advantage  of  continuity  of  operation 
ring  the  life  of  the  furnace  or  during  a campaign  of  the  furnace.  The 
tents  are  owned  by  Detnorsk  A.  S.  for  Elektrokemish  Industri  of  Chris- 
nia,  Norway. 

COMMERCIAL  PRODUCTS  07  THE  ELECTRIC  FURNACE 

118.  A brief  summary  of  the  most  important  oommerioal  products  of 
s electric  furnace  will  now  be  given.  Concerning  the  production  of 
rions  modifications  of  oarbon  (including  artificial  diamonds)  and  the  pro- 
ction  of  chromium,  manganese,  molybdenum,  tungsten,  uranium,  vana- 
im,  zirconium,  as  well  as  carbides,  sUicides,  borides,  phosphides,  arsenides 
d sulphides  on  an  experimental  scale,  see  Moissan’s  “ Electric  Furnace."  A 
ry  useful  bibliography  on  borides  and  sfiiddes  may  be  found  in  O.  P.  Watts, 
nvestigation  of  the  Borides  and  the  Siliddes,"  Bulletin  University  of  Wie- 
osin.  No.  145.  A.  Stansfield’s  "Electric  Furnace"  is  a reliable  and  concise 
scriptive  book.  Askenasy's  "Einfuhrung  in  die  technische  Elektrochemie," 
•I.  I (Electrothermie)  contains  valuable  information  on  various  electrio 
nace  processes.  Concerning  new  proposed  applications  of  the  electric 
nace  tne  reader  is  referred  to  the  current  abstracts  of  new  electrochemical 
tents  in  Met.  A Chem.  Eng’ing.  The  following  list  includes  only  the 
et  important  products  which  are  made  in  the  electrio  furnace  on  an  in- 
atrial  scale. 

119.  Artificial  graphite  is  made  by  the  processes  of  E.  G.  Acheson  in 
ree  forms:  hard  graphite  in  bulk,  suitable  for  paint,  pigment,  etc. ; artificial 
iphite  electrodes  for  electric  furnace  and  electrolytic  work;  soft  graphite 
table  as  lubricant,  stove  polish,  etc.  Bee  descriptions  of  the  three  proc- 
m in  Electrochemical  and  Metallurgical  Industry,  Vol.  Ill,  p.  416  ana  Vol. 
, p.  502,  Vol.  VII,  p.  187. 

Concerning  the  conditions  of  transformation  of  amorohous  carbon  into 
iphite  see  Arsem,  Trane.  Am.  Electrochem.  Soc.,  Vol.  XX,  p.  105. 

190.  Silicon  Carbide*  (trade  names  carborundum,  cryatolon)  is  made 
the  process  of  E.  G.  Acheson  from  a charge  of  carbon,  sand  and  salt,  the 
ential  reaction  bring  8iOt+3C  — SiC+2CO.  The  chief  uses  of  car- 
rundum  are  as  an  abrasive  and  a refractory. 


* Descriptions  of  the  silicon  carbide  furnace  in  Electrochem.  A Met.  Ind. 
»1.  IV,  p.  53;  Vol.  VII,  189;  Met.  A Chem.  Ending,  Vol.  X,  p.  519,  685. 
moerning  the  temperature  of  the  silioon  carbide  furnace,  see  Saunders. 
et.  A Chem.  Eng’ing,  Vol.  X,  p.  287. 
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111.  Artificial  emery  or  elundum,  * another  artificial  abraave,  a nadt 
according  to  C.  B.  Jacobs  by  fusing  bauxite  in  the  electric  furnace. 

1SS.  Alostte.  Another  artificial  abrasive,  aloxitef  consisting  ate 
principally  of  fused  alumina,  is  made  by  an  electric  furnace  process  of  Taa 
from  aluminum  silicate. 


1SS.  Siloxicont  is  a series  of  ailicon-carbon-oxygen  compounds  d t 
very  refractory  nature,  made  by  the  process  of  E.  G.  Acheson. 


114.  Metallic  Silicon  fi  is  made  by  the  process  of  F.  J.  Tone,  in  vkid 
the  reaction  8iOt+2C“8i+2CO  is  used.  Silicon  monoxide  | (meats' 
was  made  by  the  process  of  Henry  Noel  Potter.  BilundumV  is  obtsiaA 
by  action  of  silicon  on  carbon  and  is  useful  as  a refractory  and  red 

1SS.  Fused  quarts  or  fused  silica  or  silica-glass  articles  are  mufcfe 

the  electrio  furnace  by  smelting  quarts  into  the  desired  shape,  and  are  uM 1 
since  they  have  such  a small  temperature  coefficient  of  expansion  that  lift 
can  bo  subjected  to  very  wide  variations  of  temperature  without  dangers 
cracking. 


116.  Bisulphide  of  carbon  is  made  from  sulphur  and  carbon  by  fit 

Frocess  of  E.  R.  Taylor  ( Electrochemical  and  Metallurgical  Imhutrg,  V4. 

, pp.  60,  63,  70,  Vol.  IV,  p.  32;  Transaction*  American  E1eetroebsMM| 
Society,  Vol.  I and  II).  This  is  an  example  of  an  electric  furnace  prse 
the  product  of  which  is  obtained  in  vapor  form  and  condensed  outside. 


117.  Zinc  is  another  example  of  the  same  class.  It  ba«  been  made  ia 
electric  furnace  commercially  by  the  process  of  C.  G.  P.  deLavaL  * * The  ctin 
obstacle  in  the  commercial  development  of  electric  sine  smelting  has  bees. 
difficulty  of  condensing  the  sine  vapor  into  liquid  spelter,  as  almost  if 
early  experimenters  have  been  troubled  with  the  production  of  an  exeeasM 
amount  of  blue  powder.  But  this  trouble  seems  now  to  have  been  ovmo 
to  a large  extent.  Of  American  experimenters  W Me  A.  Johnson  Iwf 
far  gone  furthest  in  commercial  operation.  Most  electric  sine  furnamsM 


carbon  as  reducing  agent,  the  ore  being  previously  roasted  and  prelitiiMj 
the  electrio-furnace  reaction  is  ZnO+C  — Zn-f-CO.  In  the  lmbe 


i lmbert  proop 

sine  sulphide  is  reduced  by  iron  as  reducing  agent,  the  reaction  MB 
ZnS+Fe  * Zn-f  FeS.  There  is  a large  literature  in  existence  on  ekp 

sine  smelting. ft  1 


118.  Phosphorus  is  a third  example  of  producing  a volatile  product.  t| 
the  Readman-Parker  process  a mixture  of  natural  phosphate,  carbon  ftl 
sand  is  treated  in  a resistance  furnace.  ( Electrochem . A Met.  Ini.  My 


• Electrochem.  A Met.  Ind.,  Vol.  I,  p.  15;  Vol.  Ill,  pp.  30,  340  and  406.  b 
to  the  use  of  alundum  as  refractory  see  Met.  A Ckem.  Eng*ing,  Vol  H 
p.  257  (Saunders)  and  Vol.  X,  p.  129  (FitsGerald). 

1 Electrochem.  A Met.  Ind.,  Vol.  VlT,  p.  192. 

Electrochem.  Ind.,  Vol.  I,  p.  287;  Vol.  II,  p.  442. 

Tone,  Electrochem.  Ind.,  Vol.  II,  p.  Ill  and  Vol.  VII,  p.  192.  TranmtdiM 
Amer.  Electrochem.  Society,  Vol.  Vll,  p.  243;  Tucker,  Met.  A Ckem.  Ent** 
Vol.  VIII,  p.  19.  As  to  the  properties  of  silicon  and  the  use  of  ska 
castings  for  the  chemical  industries  see  Met.  it  Ckem.  Bng'ing  Vol.  XI,  n.  lfi 
II  Electrochem.  A Met.  Ind.,  Vol.  V,  p.  444. 

1 Boelling,  Tone,  Tucker.  Electrochem.  A Met.  Ind.,  Vol.  VII,  pp.  24.  Ifi 
612. 


•*F.  W.  Harbord.  Eng.  A Min.  Journal.  Feb.  10,  1912,  p.  314. 
tt  Among  early  literature  there  are  of  particular  interest  a lunuaurl 

W.  MoA.  Johnson,  Electrochem.  A Mel.  Ind.,  Vol.  V,  p.  83.  also  Vol.  IV.  B 
152  and  321 ; also  two  papers  by  the  same  author  and  E.  R.  Taylor  in  Trenm 
Am.  Electrochem.  Soc.,  Vol.  XI;  Richards,  Electrochem.  A Met.  Ind-,  h 
VI,  p.  196;  Cote  & Pierron,  Vol.  VII,  p.  468.  Among  recent  papers  art  Job 
Son,  Met.  A Chem.  Eng’ing,  Vol.  X,  pp.  281, 637,  Vol.  XI, pp.  678;  lngalla.fr 

X,  p.  481;  Louvrier,  Vol.  X,  p.  747,  Vol.  XI,  pp.  603  and  710;  Clerc,  VaUB 
p.  637.  Concerning  the  condensation  problem  see  Met.  A Chew*.  w 
Vol.  X,  p.  451  (an  electrolytic  method  of  Bleeoker  for  reduction  ofjji 
powder  is  described  in  Transact.  Electrochem.  Soe.,  Vol.  XXI,  p.  Sfj 


oee  also  papers  by  Johnson,  Peterson,  Lyon  in  1 
Soc.,  Vol.  XXIV,  and  chapter  12  in  Stansfield’s  1 
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p.  407).  Concerning  the  electrio  distillation  of  turpentine  from  wood 
F.  T.  Snyder,  Transaction*  Am.  Eleotrochem.  Soc.,  VoL  XIII. 

Sf.  Calcium  carbide  (CaCt)  production  is  one  of  the  largest  and  most 
ortant  electric-furnace  industries  (T.  L.  Wilson,  H.  Meissen,  L.  M. 
lier).  The  reaction  is 

CaO +3C  - CaCs+CO,  (27) 

furnace  charge  consisting  of  burnt  lime  and  ground  coke.  The  chief  use 
alcium  carbide  is  the  production  of  acetylene  gas  CsHs  for  lighting,  ac- 
ling  to  the  equation: 

CaCi+HjO  - CaO-f  C*Ha,  (28) 

tylene  gas  being  developed  when  calcium  carbide  comes  into  contact 
b water.*  Calcium  cyan  amide  is  made  from  calcium  carbide  and 
ogen.  See  Par.  S6S. 


10.  The  application  of  the  electric  furnace  in  other  branches  of 
l-ferrous  metallurgy  is  partly  experimental,  f Experiments  have  been 
le  on  electric  smelting  of  copper  orea.t  nickel  ores,}  and  tin  ores.||  , Elec- 
furaaoe  smelting  of  brass  is  now  making  great  strides. 


U.  Ferro-alloys, } as  well  as  other  alloys,  like  copper-silicon,  are  made 
the  electrio  furnace  according  to  the  old  process  of  A.  H.  Cowles,  by 
tting  a mixture  of  pig  iron  (or  copper  inthe  case  of  copper  alloys),  an 
le  of  the  element  to  be  alloyed  with  the  iron  («.?.,  silica  in  the  case  of 
oailicon)  and  carbon.  Various  combinations  are  possible.  The  pro- 
tion  of  ferro-alloys  in  theelectric  furnace  is  a commercial  success;  various 
vs,  especially  those  of  high  percentage  and  low  in  carbon,  can  only  be 
le  in  the  electrio  furnace.  The  usual  reducing  agent  is  carbon.  But 
:on  or  ferrosilicon  or  carborundum  have  also  been  proposed  for  the 
duction  of  other  ferro-alloys,  free  from  carbon. 

St.  In  the  steel  industry**  the  electric  furnace  is  rapidly  increasing 
mportanoe  for  three  proposes.  The  first  ft  is  the  manufacture  of  high- 
ie  steel  in  competition  with  the  crucible  steel  process,  being  considerably 
aper  on  account  of  larger  units  and  smaller  wages,  while  the  product  of 
electric  furnace  is  as  good  as  that  of  the  crucible  steel  process  and  it  is 
necessary  to  use  as  pure  and  expensive  starting  materials.  The  second 
licationit  is  a more  recent  one,  for  the  refining  of  molten  Bessemer  con- 
fer metal  or  molten  open-hearth  metal  for  large-tonnage  products,  like 
i of  improved  quality.  For  steel  refining  in  the  electric  furnace  the  poa. 
lity  of  producing  a higher  temperature  in  the  slag§§  is  important,  but  of 


Concerning  the  thermodynamic  theory  of  the  process  see  Thompson, 
!.  & Chem.Eng'inq,  Vol.  VIII,  pp.  279  and  324. 

Concerning  possible  applications  of  the  electric  furnace  to  Western 
iallurgy,  see  Lyon  and  Keeney,  Met.  A Chem.  Eng'ing , Vol.  XI,  p.  577. 
to  vacuum  furnace  metallurgy  for  the  treatment  of  rebellious  ores,  such 
sulphite.  Nipissing  ore,  for  the  production  of  antimony  from  stibnite, 
Fink.  Met.  A Chem.  Eng'ing,  Vol.  X,  p.  296.  As  to  the  use  of  the  elec- 
furnace  for  the  treatment  of  tin  dross  concentrates  from  cyanide 
la,  etc.,  see  Wile,  Met.  A Chem.  Eng'ing.  Vol.  X,  p.  495. 

Stephan,  Met.  A Chem.  Eng’ trig,  Vol.  XI,  p.  22;  Lyon  and  Keeney,  Vol. 
, p.  522. 

Morrison.  Transoct.  Am.  Electrochem  Soc.,  Vol.  XX,  p.  315. 

Harden.  Met.  A Chem.  Eng'ing,  Vol.  IX,  p.  453. 

G.  P.  Scholl.  Electrochem.  Ind.,  Vol.  II,  pp.  349,  395,  449;  Keeney, 
iiuacf.  Am.  Electrochem.  Soc.,  Vol.  XXIV,  p.  167.  Concerning  ferro- 
son  see  Pick  and  Conrad's  German  monograph,  also  Copeman,  Bennett 
Bake,  Met.  A Chem.  Eng’ing,  Vol.  VIII,  p.  133. 

* A very  good  review  of  the  situation  in  1909  may  be  found  in  the  sym- 
ium  of  papers  on  the  electrometallurgy  of  iron  and  steel  in  Transact.  Am. 
ctrochem.  Soc.,  Vol.  XV.  See  also  Eugene  Haanel’s  firet  Canadian 
vernment  report  of  1904,  and  Neumann’s  Electrometallurgie  des  Eisen. 
t For  instance,  Met.  A Chem.  Eng'ing,  Vol.  VIII,  p.  563. 
t Description  of  South  Chioago  plant  of  the  U.  S.  Steel  Corporation, 
U A Chem.  Eng'ing,  Vol.  VIII.  p.  179.  See  also  Walker,  Met.  A Chem. 
fine.  Vol.  X,  p.  371,  and  Osborne,  Transact.  Am.  Electrochem.  Soc., 
1.  XIX,  p.  205. 

I As  to  the  function  of  slag  see  Amberg,  Met.  A Chem.  Eng'ing,  Vol.  X, 
901. 
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greater  importance  seems  the  neutral  or  reducing  atmosphere  since  itpannn 
chemical  reactions  which  are  impossible  in  open-hearth  furnaces  (renwnli 
sulphur  as  calcium  sulphide,  removal  of  phosphorus  ms  phosphide).  Us 
cost  of  refining  steel  in  the  electric  furnace  depends  on  the  composiUon  of  fie 
starting  material  and  the  degree  to  which  the  impurities  are  to  be  eUmiaUd, 
but  is  relatively  small,  if  the  steel  to  be  refined  is  supplied  to  the  electa 
furnaoe  in  molten  state  from  a Bessemer  converter  or  open-hearth  furnst 
The  third  large  application*  is  the  use  of  the  electric  furnace  for  mdag 
castings.  The  following  furnaces  are  employed  for  these  three  purposes  a 
a commercial  scale:  Hdroult  (98),  Girod  (99),  Stassano  (94),  Roechfcr 
Rodenhauser  (108),  Groenwallfi  Nathusiust  besides  some  others  os  i 
smaller  scale.  Special  smaller  applications  of  electric  furnaces  in  the  atd 
industry  are  the  melting  of  ferro- manganese  § and  the  heating  of  ban  mi 
billets.  U 

188.  Iron  reduction!  in  the  electric  furnace  is  economical  only  iadi 
localities  where  electric  energy  is  cheap  and  fuel  expensive.  Aceorig 
to  Harbord,  when  electrical  energy  is  available  at  810  per  electric  honepo** 
year  and  coke  costs  87  per  ton,  the  cost  of  production  of  pig  iron  in  di 
electric  furnace  is  approximately  the  same  as  the  oost  of  proaucmf  it  ini 
modern  blast  furnace.  On  the  other  hand  the  electric  furnaoe  has  diminct 
advantages.  Ores  can  be  treated  in  it  which  could  not  be  eeanooiolr 
worked  in  the  past.  Ores  of  high-sulphur  content  can  be  made  into  pig  am 
containing  only  a few  thousandths  of  a per  cent,  of  sulphur.  TiUafewe 
iron  ores  containing  up  to  5 per  oent.  can  be  successfully  treated.  Tfe 
silicon  content  oan  be  varied  as  required  for  the  class  of  pig  to  be  prodwd 
As  reducing  agent  it  is  not  necessary  nor  advisable  to  employ  coke,  am 
charcoal  and  peat-coke  can  be  satisfactorily  used. 

184.  “Fig  Steel”  (a  metal  with  2.2  or  less  per  cent,  of  carbon,  a very  sajj 
amount  of  silicon  ana  manganese,  low  in  sulphur  and  phosphorus)  cash 
produced  directly  from  ore  in  the  electrio  furnaoe.**  Commercial swm 
nas  been  obtained  with  iron  reduction  in  electrio  shaft  furnaces  is  8o» 
naviaft  and  in  California. 


ELECTROLYTIC  PROCESSES 


188.  The  characteristic  feature  of  an  electrolytic  proesa  » 9 

chemical  oxidation  (or  perduction)  at  the  anode  and  the  chemical  redartbi 
at  the  cathode;  the  anode  being  that  electrode  through  which  the  (posuf 
electricity  enters  the  electrolyte,  and  the  cathode  that  electrode  tkrog 
which  it  leaves.  The  result  of  an  electrolytic  process  is,  therefore,  a cbm 
ical  change  in  the  electrolyte,  different  products  appearing  at  the  two  dN 
trodes.  The  contact  surfaces  between  the  two  electrodes  and  the  derm 
lyte  are  the  only  places  at  which  oxidation  and  reduction  take  plaee.  ■ 
relation  between  tne  quantity  of  the  chemical  ohange  and  the  quantity  i 
electricity  passing  through  the  cell  is  given  by  Faraday’s  law  as  ezpbus 
in  16  to  87.  Electrolytic  processes  essentially  require  direct  current. 

186.  The  chief  distinction  between  electric  conductors  of  the  to 
class  or  metallic  conductors  and  electric  conductors  of  the  second  cU»< 
electrolytes  is  brought  out  if  we  form  an  electric  circuit  of  any  number  t 
metallic  conductors  and  electrolytes  in  series  and  see  what  happens  *t  d 
different  boundary  surfaoes.  At  the  junction  of  two  metallic  conducts 


* Met  A Chem.  Eng'ing , Vol.  X,  pp.  54,  600,  663;  Vol.  XI,  p.  709. 

{Met.  A Chem.  Eng'ing , Vol.  IX,  p.  573. 

Met.  A Chem.  Eng'ing,  Vol.  X,  p.  227. 

Met.  A Chem.  Eng'ing , Vol.  IX,  pp.  575  and  640  and  May,  1914. 
Bailey.  Met.  A Chem.  Eng'ing , Vol.  IX,  p.  262  and  Vol.  X,  p.  291. 


I 


second  and  third  Canadian  Government  reports,  also  papers  by  Hu 
Bennie,  Lyon,  Richards,  in  Transact.  Am.  Electrochem.  8oc\,  Vol.  XT 
* * Richards.  Met.  A Chem.  Eng'ing,  Vol.  X.  p.  397  and  p.  539. 
tt  Met.  A Chem.  Eng'ing , Vol.  VIII,  p.  11;  Vol.  IX,  pp.  368,  459. 505.  iS 
Vol.  X,  p.  413;  Vol.  All,  p.  82;  Transact,  Am.  Electrochem.  Soc.,  Vol  TI 
P.  375. 

Met.  A Chem.  Eng'ing , Vol.  XI,  p.  383;  see  also  Vol.  X,  pp.  457, 51 
587  and  Vol.  XI,  p.  15. 
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ere  is  nothing  but  ft  heat  effect.  At  the  junction  of  a metal  and  an  elec* 
dyte  there  is  either  chemical  adduction  or  reduction  according  to  the 
rection  of  the  current.  At  the  junction  of  two  electrolytes  there  is  neither 
duction  nor  reduction,  though  there  may  be  a chemical  change  (e.g.t  at  the 
notion  of  NaCl  and  KOH,  if  the  current  is  directed  from  the  former  to 
e Utter,  there  will  be  formation  of  NaOH). 

1ST.  The  molt  important  electrolytes  for  industrial  applications  are; 
st,  solutions,  and  especially  aqueous  solutions  or  solutions  in  water,  and 
:ond,  fused  salts. 

ISt.  Cells.  An  electrolyte  with  two  electrodes  represents  either  a 
Jvanic  cell,  ».e.{  an  electrochemical  system  through  which  a current  will  be 
luntarily  established  when  the  two  electrodes  are  electrically  connected 
rough  an  outside  circuit  (in  other  words  an  electrochemical  system  which 
n be  used  as  a source  of  electricity),  or  an  electrolytic  cell,  an  elec- 
xhemical  system  through  which  an  electric  current  will  be  established  if 
e outside  circuit  connected  to  the  two  eleotrodes  contains  a sufficiently 
rong  source  of  electrical  energy. 

119.  OalTanic  cells.  In  the  case  of  a galvanic  cell  or  battery  the  energy 
tuition  written  on  the  basis  of  Thomson’s  rule  states  that  the  ohemicai 
tergy  consumed  in  the  cell  is  partly  lost  In  form  of  Joulean  heat  within 
e cell  (I*RXtime)  the  balanoe  being  available  in  form  of  electrical  energy 
the  outside  circuit  between  the  terminals  of  the  cell.  If  this  energy  equa- 
m.,  the  symbols  of  which  represent  gram-equivalents,  is  divided  by  96,540 
ulombs,  the  electric  charge  of  1 gram-equivalent,  the  voltage  equation 
obtained  which  states  that  the  electromotive  force  of  the  cell  in  volts  equals 
e loas  of  the  volts  within  the  cell  due  to  internal  resistance  (IR),  plus  the 
4 tags  available  at  the  terminals  of  the  cell.  This  is  correct  for  a mono- 
Jent  change.  If  the  change  of  valency  is  n,  the  energy  equation  is  to  be 
vided  by  96,540  X a. 

140.  Kleetrolytio  cells.  In  the  case  of  an  electrolytic  oell  through 
lich  electricity  is  forced  from  the  outside,  the  energy  equation  states  that 
e electrical  energy  impressed  upon  the  oell  at  its  terminals  from  the  outside 
partly  changed  into  the  chemical  energy  required  for  the  ohemicai  process 
the  cell  ana  partly  changed  into  Joulean  heat  (I*RXtime).  ( In  many 
sea,  when  the  process  requires  an  elevated  temperature,  especially  in  the 
tctrolysis  of  fused  salts,  this  evolution  of  Joulean  heat  serves  a useful 
rpose,  since  it  is  the  easiest  way  of  providing  the  requisite  high  temperature 
a in  the  Bradley  “internal  heating”  patent  of  the  aluminium  process), 
le  corresponding  voltage  equation  states  that  the  voltage  impressed  at 
e terminals  of  the  cell  from  the  outside  equals  the  electromotive  force 
juired  for  the  chemical  reaction  according  to  Thompson’s  rule  plus  the 
Its  lost  in  the  oell  due  to  internal  resistance. 

141.  The  model  of  migrating  ions  is  a picture  of  electrolytic  phenomena 
is  a dynamical  model  which  nas  been  found  exceedingly  useful  to  ill  us - 
ite  what  happens  in  an  electrolytic  cell.  Any  electrolyte  contains 
mtive  ions  or  cations  and  negative  ions  or  anions. 

141.  Typical  anions  are: 

(a)  monovalent  (each  gram-ion  carrying  a negative  charge  of  96,540 
ulombs) : 

Br  in  hydrobromio  acid  and  bromides. 

Cl  in  hydrochloric  acid  and  chlorides, 

I in  hydriodio  acid  and  iodides, 

FI  in  hydrofluoric  acid  and  fluorides, 

OH  fhydroxyl  ion)  in  hydroxides  or  hydrate.?, 

BrO*  in  bromic  acid  and  bromates, 

CIO*  in  chloric  acid  and  chlorates, 

10*  in  iodic  acid  and  iodates, 

NO*  in  nitric  add  and  nitrates, 

CN  (cyanogen  radical), 

CHOs  in  formates, 

CtHaO*  in  acetates. 

(b)  bivalent  (each  gram-ion  carrying  a negative  charge  of  2 X 96,540 
ulombs) : 

SO«  in  sulphates. 
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SiOi  in  mlicates, 

CO>  in  carbonates, 

CtO«  in  oxalates, 

CrO«  in  chromates, 


14S.  Typical  cations  are: 

(a)  monovalent  (each  gram-ion  carrying  a positive  charge  of 
coulombs): 

H,  K,  Na,  Cu  (in  cuprous  compounds),  Li,  Ag.  Hg  (in  mercuroosaK 

(b)  bivalent  (each  gram-ion  carrying  a positive  charge  of  2X9M# 
coulombs) ; 

Cu  (in  cupric  compounds),  Fe  (in  ferrous  compounds),  Zn,  Ba,  Can 
(in  usual  or  plumbic  salts),  Cd,  Co,  Mg,  Mn  (in.  manganous  salts),  Ni& 
nickelous  salts),  8a  (in  stannous  compounds),  Hg  (in  mercuric  salts). 

(c)  trlvalent  (each  gram-ion  carrying  a positive  charge  of  3X9W4 
coulombs) : 

Al,  Cr  (in  chromic  salts),  Fe  (in  ferric  compounds),  Au  (in  aurir 
Mn  (in  manganic  salts),  Ni  (in  nickelic  salts). 

(d)  tetravalent  (each  gram-ion  carrying  a positive  charge  of  4XSM* 
coulombs) : 

Bn  (in  stannic  compounds). 

144.  Example.  In  a solution  of  hydrochloric  acid,  HCL  in  water  hr 
anions  are  Cl'  and  the  cations  H*  and  according  to  the  picture  of  Bagratt* 
ions  free  hydrogen  gas  is  set  free  at  the  cathode  and  free  chlorine  gas  is  setter 
at  the  anode,  because  as  a result  of  the  migration  of  the  ions  in  opposite  dew 
tions  through  the  electrolyte,  an  excess  of  positively  charged  B*  ions  sppoP 
at  the  cathode  and  an  excess  of  negatively  charged  Cl'  ions  appears  at » 
anode  (while  at  any  place  inside  of  the  electrolyte  there  are  always  the  as» 
number  of  H*  and  Cl'  ions,  hence  no  excess  of  positive  over  negative  ers 
negative  over  positive  ionic  charges).  The  excess  of  H*  ions  st  the  csw 
gives  off  its  positive  charges  to  the  cathode,  while  simultaneously  the 
of  Cl'  ions  gives  off  its  negative  charges  to  the  anode  or  (what  is  electacm 
the  same)  takes  over  from  the  anode  an  equal  amount  of  positive 
tricity  in  order  to  neutralise  the  negative  iouo  charges.  Hence,  accarfe 
to  this  view  the  maintenance  of  an  electric  current  through  an  electnjg* 
is  performed  by  the  migrating  ions  which  transport  the  electricity  boflT 
through  the  electrolyte,  and  the  chemical  reduction  and  oxidation  at  them 
electrodes,  being  essentially  a discharge  of  the  ions,  is  the  necessary 
quence  of  the  electricity  entering  into  the  electrolyte  from  the  anode  •] 
leaving  the  electrolyte  into  the  cathode.  As  another  example  of  the  m$m, 
tion  of  the  model  of  ions  the  electrolytic  theory  of  the  oorroefcoe* 
iron  may  be  mentioned  (Whitney,  Cushman.  Walker).  According  to M 
theory  the  surface  of  commercial  iron  and  steel  is  not  of  absolutely  i 
composition,  on  account  of  the  presence  of  particles  of  slag,  ms 
oxide,  etc.,  irregularly  distributed  in  the  iron.  In  contact  with  a i 
some  spots  of  the  iron  surface  will  tend  to  become  anodes  and  other  i 
cathodes,  forming  short-circuited  galvanic  oells.  Iron  then  goes 
solution  from  the  anodic  spots  as  ferrous  ions  and  hydrogen  ions  are  < 
charged  at  the  cathodic  spots.  The  fundamental  primary  reaction  is 
fore  Fe+2H‘  — Fe*  * + Hi.  The  ferrous  ions  are  then  oxidised  to! 
by  the  oxygen  of  the  air.  The  loose  colloidal  ferric  hydroxide  moves  to* 
the  cathode  under  the  influence  of  the  current  and  piles  up  in  the  fora 1 
rust.  (Cushman  and  Gardner's  book  on  “Corrosion  and  Preeenrstra  i 
Iron  and  8teel.”) 


145.  Mobility.  In  working  out  the  above  model  in  greater  dsttu 
certain  mobility  is  assigned  to  each  ion.  All  the  ions  pass  along  tbs 
electric  force  which  extend  through  the  electrolyte  from  one  electrode  toO 
other;  and  the  speed  with  which  they  travel  is  directly  proportional  to  H 
force  at  any  point,  to  the  potential  drop  in  volts  per  unit  of  length  (cr® 
differential  quotient  of  the  potential  taken  along  the  line  of  elcctne  fj* 
through  that  point).  The  constant  of  proportionality  is  called  the  mobs 
so  that  speed  of  migration  of  an  ion  equals  mobility  multiplied  by  po*m 
drop  per  unit  of  length  of  electric  line  of  force.  We  will  designate! 
mobility  of  positive  ions  by  u and  those  of  negative  ions  by  t.  (Concern 
the  geometrical  configuration  of  the  electrio  lines  of  force  from  one  elecO* 
to  the  other,  see  M.  U.  Schoop,  EUctrochtmical  and  Metalbuvical  JsA# 
Vol.  IV,  pp.  268  and  307.) 
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L4€.  The  method  of  determining  the  mobilities,  « and  v,  separately 
laiate  in  determining  their  sum  and  their  ratio.  According  to  Faraday  s 

' if  q coulombs  pass  through  a cell,  qq^q  positive  monovalent  gram-ions 

ovoAiun  positive  bivalent  gram-ions,  etc.)  are  concerned  in  the  re- 

rtion  at  the  cathode  and  the  same  number  of  negative  gram-ions  in  the 
dation  at  the  anode.  According  to  the  picture  of  migrating  ions  this 
ana  that  when  q coulombs  pass,  the  sum  of  the  number  of  positive  mono* 
ent  gram-ions  passing  through  any  imaginary  cross-section  of  the  cell 
r&rd  the  cathode  and  of  the  number  of  negative  monovalent  gram- 
a passing  through  the  same  cross-section  in  the  opposite  direction  is 

Q . 

540 

L4T.  Conductivity  proportional  to  the  sum  of  the  mobilities. 

other  words,  when  there  is  a current  of  \ amperes  through  an  electrolytic 
1,  the  sum  of  the  numbers  of  positive  and  negative  monovalent  gram-ions 
ssing  per  sec.  in  opposite  directions  through  any  imaginary  cross-section 

the  cell  is  - ■ , - -•  This  sum  of  the  numbers  of  positive  and  negative 
06,540 

un-ions  passing  per  sec.  is,  of  course,  directly  proportional  to  the  sum  of 
sir  speeds  or  to  the  voltage  drop  per  unit  length  of  electric  line  of  force 
iltiplied  by  the  sum  of  their  mobilities.  Hence,  the  sum  of  the  mobilities, 
-t,  ib  proportional  to  the  current  in  amperes  divided  by  the  voltage  drop, 
ace  proportional  to  the  conductance  and  also  proportional  to  the  con- 
ctivity  of  the  electrolyte. 

148.  Constant  of  proportionality.  The  statement  that  u+*  is  prer 
rtional  to  the  conductivity  will  now  be  supplemented  by  finding  the 
astant  of  proportionality.  For  this  purpose  we  necessarily  need  a further 
pothesis  as  to  the  number  of  ions  we  have  to  assume  for  a given  number 
molecules. 

149.  Equivalent  ionic  concentration.  Formerly  it  was  silently  as- 
med  that  in  a fused  salt  all  the  molecules  of  the  salt  participate  equally  iq 
e transport  of  electricity,  while  in  the  cas6  of  solutions  the  solvent  (for 
stance,  water)  was  assumed  to  be  inert,  and  all  the  molecules  of  the  solute 
le  dissolved  salt)  were  assumed  to  participate  equally  in  the  transport  of 
‘ctricity.  Hence  for  a fused  salt  the  equivalent  ionio  concentration 
is  defined  as  the  number  of  positive  monovalent  gram-ions  per  c.c. 
number  of  negative  monovalent  gram-ions  per  cu.  cm.  — number  of 
am-molecules  of  the  fused  salt  multiplied  by  valency  per  cu.  cm.  For 
lolution  the  equivalent  ionic  concentration  was  defined  as  the  number 

positive  monovalent  gram-ions  per  ou.  cm.  ■»  number  of  negative  mono- 
ilent  gram-ions  per  cu.  cm.  ■■  number  of  the  gram-molecules  of  dissolved 
It  per  volume  multiplied  by  valency  per  cu.  cm. 

180.  Diasoclation  theory.  For  fused  salts  our  conceptions  have  not  yet 
ten  decidedly  changed,  while  a decided  change  has  been  brought  about  for 
lutions  by  Arrhenius’  electrolytic  dissociation  theory.  According  to  him 
dy  a certain  number  of  the  dissolved  salt  molecules  are  ionized  and  only 
ese  are  active  in  the  transport  of  the  electricity,  while  the  non-ionized 
asolved  salt  molecules,  like  the  molecules  of  the  solvent,  are  electrically 
ert.  If  we  write  i for  the  ratio  of  the  number  of  ionized  molecules  to  the 
tal  number  of  dissolved  molecules  where  » is  smaller  than  unity,  the  equiva- 
nt  ionic  concentration  is  defined  as  the  number  of  positive  monovalent 
am-ions  per  cu.  cm.  — number  of  negative  monovalent  gram-ions  per  cu.  cm. 
»e,  where  c is  the  number  of  gram-equivalents  of  dissolved  salt  per  cu.  cm. 

181.  Universal  formula  for  use  in  calculations.  We  render  our 
Jculations  general  by  using  the  factor  i.  For  fused  salts  we  have  to  make 
« 1,  while  for  solutions  we  are  free  to  take  our  choice.  If  we  make  t — 1, 
e follow  the  old  conception,  while  if  we  make;  smaller  than  unity  we  are  on 
te  basis  of  the  electrolytic  dissociation  theory.  For  a given  fused  salt  of 
qform  constitution,  e,  has  a fixed  value  depending  on  the  density,  while  for 
solution  c is  variable  according  to  the  degree  of  concentration.  As  can  be 
wily  shown,  in  the  statement  that  conductivity  is  proportional  to  the  sum  of 
otnlities,  the  constant  of  proportionality  has  the  value  96,540  i c.  In  other 
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words,  conductivity — 96,540  ic  («+»).  This  is  generally  true  ii  veseopt 
the  model  of  travelling  ions,  and  is  not  dependent  on  the  electrolytic  &» 
sooiation  theory.  If  we  do  not  wfth  to  accept  the  latter,  we  bare  amply  to 
write  i — 1. 

lit.  Equivalent  conductivity  is  defined  as  conductivity  dn~ripi 
by  concentration  in  gram-eauivalenta  per  cu.  cm.  It  may  be  calculated  irsn 
measurements  of  the  conductance  of  a cylinder  of  croee-section,  a,  ad 
length,  l,  through  which  the  current  has  the  direction  l.  For  soluu» 
the  number  of  gram-equivalents  per  cu.  cm.  is  a variable  quantity;  * 
may  establish  this  experimentally  by  urine  as  our  cylinder  a verticil  w- 
tangular  trough  into  which  we  place  a solution  of  a certain  concentnaa 
which  fills  the  trough  to  a certain  height,  and  then  add  more  and  sri 
solvent  ( t.g .,  water).  The  length,  l,  of  our  cylinder  remains  thereby  afc 
stant,  while  the  cross-section,  o,  is  varied  simultaneously  with  the  namfesf 
gram-equivalents  of  solute  per  cu.  cm.  The  latter  equals  the  aumbff  f 
dissolved  gram-equivalents  (which  is  held  constant  in  this  eipri 
ment)  divided  by  the  volume  l a (which  is  varied,  since  a is  varied).  Has 

in  this  experiment  the  conductance  of  the  solution  in  the  trough  equal!*, 
X conductivity  — 

equivalent  conductivity  X dissolved  gram  equivalents  m 

I*  * 

This  equation  is  correct  whatever  may  be  the  dimensions  of  the  t na0 
whose  conductance  is  measured  and  whatever  may  be  the  number  of  pi* 
equivalents  dissolved.  In  the  special  case,  that  Z — 1 cm.  sod  At 

the  trough  coatains  a solution  of  1 gram-equivalent  of  solute  in  a vanw 

quantity  of  water,  the  conductance  is  numerically  directly  equal  tot| 
equivalent  conductivity.  For  this  reason  the  equivalent  conduct! nsj 
often  defined  as  the  conductance  of  a solution  containing  1 gram-eqritw 
of  the  solute,  when  placed  between  parallel  electrodes  1 cm.  apart. 

155.  Equivalent  conductivity  and  dilution.  From  very  eiwrii 
measurements,  by  F.  Kohlrauseh,  it  appears  that  as  a general  rule  *bal 
solution  is  gradually  more  and  more  diluted,  the  conductivity  deexeuesbf 
the  equivalent  conductivity  increases  and  gets  nearer  a definite  constant  dtf 
for  infinite  dilution.  This  is  clearly  shown  in  Par.  156  which  contains 
other  results  the  most  recent  ones  obtained  by  Kohlrauseh  and  whid 
reproduced  from  M.  Le  Blanc,  W.  R.  Whitney  and  J.  W.  Brown's  " Ts 
book  of  Electrochemistry."  Doubtful  values  in  Par.  196  are  gi vet  I 
parentheses. 

154.  Table  of  values  of  equivalent  conductivities.  In  Par.  1M  i 
figures  represent  equivalent  conductivities,  s.e.,  conductivities  is  d 
per  cu.  cm.  (or  described  more  properly  in  ohms-1  cm-1),  divided  I 
concentration  in  gram-equivalents  per  cu.  cm.  This  table  enable  <t 
to  find  easily  the  conductivity  at  different  concentrations.  For  isstai 
we  want  to  find  the  conductivity  of  a solution  of  hydrochloric  acid  contaiai 
1 gram-equivalent  or  36.5  $.  HC1  per  liter  (about  3.6  per  cent,  s m 
According  to  Par.  156  the  equivalent  conductivity,  as  just  defined,  is  Jfl 
the  concentration  is  0.001  gram-equivalent  per  cu.  cm.;  hence  the  coed* 
tivity  is  0.301  ohms-1  cm-1.  The  conductance  of  1 cu.  cm.,  HCI, 
fore  0.301  mhos;  that  of  1 liter  — 3.01  mhos.  In  both  cases  the  rol os 
is  assumed  to  be  in  cubio  form  and  the  conductance  is  measured  bec»vo 
opposite  rides.  j 


155.  Concentration.  It  will  be  noted  that  in  the  figures  of  coscetf^ 
tion  given  in  the  first  oolumn  (Par.  156)  the  concentration  is  define*  * 


gram-equivalents  per  liter  because  this  is.  the  usual  method  in  prsr» 
On  the  other  hand  in  the  definition  of  equivalent  conductivity;  we  fow^ 


Kohlrauseh  who  is  responsible  for  the  whole  matter  and  who,  in  order  a 
remain  on  the  basis  of  the  centimeter  gram-second  system  defines  conce^3* 
tion  as  gram-equivalents  per  eu.  cm.  This  should  be  taken  into  conridartfl* 
in  the  use  of  the  table.  A solution  containing  1 gram-equivalent  per  lit*?1 
called  a "normal"  solution;  a solution  containing  0.1  gram-equivalent  P* 
nter  Is  called  0.1  normal,  etc. 
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197.  The  increase  of 
equivalent  conductivity 
with  increasing  dilution 

may  be  interpreted  in  dif- 
ferent ways  on  the  basis  of 
the  picture  of  migrating 
ions.  Since  conductivity 

— 96,540  ic  (u+t),  equiv- 
alent conductivity  ■»  98,540 
i (m+®). 

First,  according  to  the 
old  view,  all  dissolved 
gram-equivalents  partici- 
pate equally  in  the  trans- 
port of  the  electricity  and  { 

— 1 ; hence  equivalent  con- 
ductivity - 96,540  (u+s). 
Since  the  equivalent  con- 
ductivity increases  with 
increasing  dilution,  we 
must  assume  that  the  sum 
of  the  mobilities  simulta- 
neously increases. 

Secondly,  according  to 
Arrheniusr  electrolytic  dis- 
sociation theory,  u and  v 
do  not  change,  but  the  de- 
gree of  ionisation  t changes 
with  dilution.  With  in- 
creasing dilution,  i must  be 
assumed  to  increase  until 
for  infinite  dilution  it 
reaches  a certain  definite 
value,  i is  the  ratio  of  the 
number  of  ionised  mole- 
cules to  the  total  number 
of  dissolved  molecules. 
For  infinite  dilution  » — l, 
i.e.,  all  molecules  aro  ion- 
ised. The  less  the  dilution 
or  the  higher  the  concen- 
tration, the  smaller  is  i, 
i.e.,  the  smaller  the  degree 
of  ionisation  or  the  smaller 
the  proportion  of  dissolved 
gram-equivalents  which  are 
ionised. 

158.  Conductivity  of 
electrolytes.  Concerning 
the  measurement  of  the 
conductivity  of  electrolytes 
see  Kohlrausch  and  Hol- 
born’s  “Leitvermftgen  der 
Elektrolyte.”  This  book 
contains  an  enormous 
amount  of  detailed  infor- 
mation and  of  figures  of 
conductivities  of  aqueous 
solutions.  Concerning 
fused  electrolytes  see  R. 
Lorens'  “Electrolyse  gesch- 
molsener  Salse,”  3 volumes 
(figures  of  conductivities 
in  Vol.  II). 

189.  Determination  of 
the  ratio  of  u to  v. 
From  Faraday’s  law  and 
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from  conductivity  measurements  it  is  only  possible  to  determine  the  ran 
«+i,  but  not  u or  v separately.  This  becomes  possible,  however,  is 
solutions,  since  from  the  concentration  changes  occurring  at  the  dee  trod* 
(besides  the  chemical  changes  of  reduction  and  oxidation)  it  is  posable  to 
calculate  the  ratio  of  the  mobility,  u,  of  the  cation  to  the  mobility,  s,  of  tbs 
anion,  as  was  shown  by  Hittorf. 

The  ratio  * to  u -H*  is  called  the  transport  number  or  transference  nnabw 
n of  the  anion,  the  ratio  u to  u+v  is  that  of  the  cation  - 1 -a.  Tsbla 
of  transport  numbers  may  be  found  in  any  text-book  on  theoretical  chemistry- 
They  were  determined  experimentally  from  concentration  changes  at  tht 
electrodes.  Conversely  we  will  now  show  how  it  is  possible  to  predict  con- 
centration changes  from  the  knowledge  of  the  transport  numbers. 

Let  us  assume  a mona valent  solution,  or  in  case  of  bivalent,  etc.,  sohitxm, 
let  us  consider  gram-equivalents.  Then  if  96,540q  coulombs  psss  thro# 
the  solution,  there  is  reduction  of  o gram-equivalents  at  the  cathode  asf 
adduction  of  q gram-equivalents  at  the  anode.  Through  any  arbitrary  craw 
sectional  plane  in  the  centre  of  the  electrolyte  nq  gram-equivalents  of  tb 
anion  pass  toward  the  anode  and  (1  — n)  q gram-equivalents  of  the  estta 
toward  the  cathode.  In  the  anode  compartment,  right  at  the  anode.  | 
gram-equivalents  of  the  anion  are  adduced  and  form  something  new  (abet 
depends  on  the  special  case)  and  besides  this  there  is  due  to  ionie  import 
and  export,  a gain  of  nq  anions  and  a loss  of  (1  — n)  q cations.  There  a 
therefore,  a combined  effect,  that  of  adduction  at  the  anode  and  that  of  loss 
migration.  At  the  cathode  q gram-equivalents  of  the  cation  are  rednrtd 
ana  form  something  new  and,  besides  this,  there  is  on  account  of  ionic  imp*** 
and  export,  a gain  of  (1  — w)  q cation*  and  a loss  of  nq  anions.  Here  we  hsrv 
also  the  combined  effect  of  reductions  at  the  cathode  and  erf  ionic  migiaha. 

lfO.  Numerical  example.  As  a numerical  example  we  win 
oonsider  the  electrolysis  of  hydrochloric  acid,  HC1,  with  platinum  electrode 
the  transport  number  of  the  anion.  Cl  being  assumed  to  be  a -0.2,  vbe 
06,540  coulombs  pass,  1 gram-equivalent  H (1  g ) is  set  free  at  the  estbc* 
and  1 gram-equivalent  Cl  (35.5  g.)  is  set  free  at  the  anode,  both  hydras 
and  chlorine  being  set  free  as  gases.  From  Par.  169  we  see  that  0.2  gn» 
equivalent  HC1  (7.3  g ) are  lost  at  the  cathode  and  0.8  gram-eq uiv skat  93 
(29.2  g.)  are  lost  at  the  anode.  The  whole  phenomenon  is  this:  36.5 1 & 
HC1  disappear  by  decomposition  and  the  solution  becomes  diluted  hoik* 
anode  and  cathode,  but  more  quickly  at  the  anode.  The  decomposed  &5 
g.  HC1  appear  in  form  of  35.5  g.  Cl  gas  at  the  anode  and  1 g.  H gss  st  tn 
cathode. 

The  safest  way  in  any  case  is  to  write  down  the  equation  of  the  wbss 
process,  interpret  it  by  the  picture  of  migrating  ions,  divide  the  eefl  srt^ 
trarily  into  two  compartments  by  a cross-section  and  calculate  sepsrsu^ 
what  happens  in  the  anode  and  cathode  compartments.  In  the  foregag 
example,  when  96,540  coulombs  pass,  0.2  gram-ion  Cl  passes  our  arbitral 
cross-sectional  plane  in  the  direction  to  the  anode  and  0.8  gram-ion  H in  tb 
direction  to  the  cathode.  Henoe  in  the  anode  compartment  we  have 
loss,  by  setting  free  as  gas,  of  1 gram-atom  Cl, 
loss,  by  ionic  export  to  cathode  compartment,  of  0.8  gram-ion.  H, 
gain  by  ionic  import  from  cathode  compartment  of  0.2  gram-ion  Cl 
Hence  the  total  result  in  the  anode  compartment  is  the  evolution  of  1 ft*® 
atom  -35.5  g.  Cl  and  a loss,  from  the  solution,  of  0.8  gram-mw# 
HC1  (29  g-).  This  is  the  same  result  as  above. 

161.  As  another  example  we  give  the  electrolysis  of  an  aqueous  *oh 
tion  of  common  salt,  NaCl,  with  an  inert  anode  and  inert  cathode,  such  i 
used  in  a diaphragm  cell.  When  96,540  coulombs  pass,  the  reaction  i 
represented  by  the  following  equation,  all  symbols  representing  atoms: 

Cl  NaOH  + H 

NaCl  + HaO  - + • - '» 

at  anode  . at  cathode 

If  we  take  the  transport  number  of  the  Cl  ion  in  NaCl  as  0.6,  then  during  ■ 
passage  of  96,540  coulombs  there  passes  0.6  Cl  gram-ion  through  any  ^ 
trary  cross-section  toward  the  anode  and  0.4  Na  gram-ion  toward  ® 
cathode.  In  the  anode  compartment  we  have,  therefore; 
lorn,  by  gas  evolution  at  anode,  of  I gram-toe  Cl 

ftain,  by  ionic  import  from  cathode  oompartment,  of  0.6  gram-ion  CL 
oes,  by  ionic  export  into  cathode  compartment,  of  0.4  gram-ion 
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net  result  m the  anode  oompartment  is  the  setting  free  of  1 gram-atom 
as  and  the  loss  in  solution  of  0.4  gram-molecule  NaCl. 

. the  cathode  compartment  we  have; 

by  gas  evolution  at  cathode,  of  1 gram-ion  H. 

by  lonio  export  to  anode  compartment,  of  0.6  gram-ion  Cl, 

, by  ionic  import  from  anode  compartment,  of  0.4  gram-ion  Na, 

, by  chemicaT  formation  of  NaOH  of  1 gram-ion  OH, 

by  the  same  reaction,  of  1 gram-molecule  H»0. 

le  net  result  in  the  cathode' compartment  is  the  setting  free  of  1 gram- 
t H gas,  the  loss  in  solution  of  1 gram-molecule  of  water,  while  the 
» NaCl  has  now  been  changed  into  a mixture  of  NaCl  and  NaOH 
* the  positive  ions  have  been  increased  by  0.4  Na  gram-ions,  while  the 
tive  ions  have  gained  1 OH  gram-ion  and  lost  0.6  Cl  gram-ion.  This 
r change  we  may  chemically  express  in  the  statement  that  0.6  gram 
cule  NaCl  have  disappeared  and  1 gram-molecule  NaOH  has  been 
ed.  (For  a somewhat  different  and  more  detailed  discussion  of  this 
ion  see  W.  H.  Walker,  Transactions  American  Electrochemical 
ity,  VoL  III,  p.  177.) 


16S.  Migration  Mobilities  of  Cations 


tin 

a 

0 

3 

318. 

+0.0154 

-0.000033 

: 

£ 

64.87 

.0220 

+ .000075 

Na 

43.55 

.0245 

.000116 

Li 

33.44 

.0261 

.000142 

Rb 

87. § 

.0217 

.000069 

Cs 

68.2 

NHi 

64.4 

.0223 

.000079 

T1 

66.00 

j 

kg 

54.02 

.0231 

.000093 

Ba 

55.10 

.0239 

.000106 

8r 

51.54 

.0231 

.000093 

Ca 

51.46 

Mg 

45.94 

.0255 

.000132 

Zn 

46.57 

.0256 

.000133 

Cd 

47.35 

Cu 

47.16 

.0240 

.000107 

Pb 

61.10 

.0244 

.000114 

168.  Migration  Mobilities  of  Anions 


Vt> 

a 

0 

OH 

174. 

+0.0179 

+0.000008 

F 

46.64 

0.0232 

.000094 

Cl 

65.44 

.0215 

.000067 

Br 

67.63 

I 

66.40 

.0206 

.000052 

SCN 

56.63 

ClOi 

55.03 

.0207 

.000054 

BrO» 

46.2 

IO« 

33.87 

.0233 

.000096 

NO« 

61.78 

.0203 

.000047 

C104 

64.7 

IO« 

47.7 

MnOi 

53.4 

CHO* 

46.7 

CsHsOs 

35.0 

.0236 

.000101 

CsHtOs 

31.0 

C4H7O* 

27.6 

C*H.O« 

25.7 

C«HuOi 

24.3 

Hco?0)’ 

62.6 

68.14 

.0226 

.000084 

J CrO« 

72.0 

} COi 

60.0 

■Hi 

.000155 
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164.  Electrolysis  may  change  the  original  electrochemical  sjiWd 

This  last  fact  is  of  great  importance  for  many  electrolytic  processes.  It 
emphasizes  the  fact  that  electrolysis  may  change  the  original  electro- 
chemical system.  In  the  present  case  we  have  no  longer  a pure  N£1 
solution  at  the  cathode,  since  it  is  now  mixed  with  NaOlI,  it  eontass 
Na'  and  OH'  ions,  and  the  OH7  ions  will  begin  to  travel  toward  the  aaode 
together  with  the  Cl'  ions  and  make  trouble  there. 

160.  Determination  of  the  mobilities,  u and  t.  separately.  Fr© 
w + t as  determined  by  equivalent  conductivity  measurements,  and  froa 
u-rii  as  found  from  llittorf’s  transport  numbers,  Kohlrausch  calculate 
the  mobilities,  u and  r,  separately.  For  infinitely  dilute  solutions  he  food 
the  following  important  law:  Any  ion  of  a given  chemical  nature  hsi 
certain  distinct  mobility  which  is  always  the  same  whatever  may  he  ta 
other  ions  which  are  with  it  in  solution;  that  is,  for  instance,  'the  rnobgr 
u,  of  Na  in  NaCl  has  the  same  value  as  in  NaOH,  etc.  This  is 
rausch’s  law  of  the  independent  migration  of  the  ions,  which  fee- 
shadowed  to  a certain  extent  the  electrolytic  dissociation  theory.  Ia  Pc 
162  the  latest  values  of  the  migration  velocities,  u,  of  cations  are  given,  b 
Par.  163,  those  of  anions  together  writh  their  temperature  coefficient.  Tb* 
figures  under  uis  and  cx*  relate  to  temperature  of  18°  C.  For  a temperstm 
t,  not  very  far  from  18  deg.  cent.,  the  mobility  is, 

m = u IS  [l+a(/-18)+0tt-l8)»J. 

The  table  of  ionic  mobilities  is  often  useful  for  determining  the  transport 
numbers 


n — — - — and  1 — n — , — 

u-f»  u -I-  r 

but  it  must  be  taken  into  consideration  that  the  values  u and  v,  in  Par  IB 
and  163  relate  to  infinitely  dilute  solutions.  Anyway,  they  offer  a 
for  approximately  finding  or  checking  transport  numbers  in  many’ 

166.  Electrochemical  Equivalents  of  Ions 


Anions 

Milligrams 

per 

coulomb 

Grams  per 
ampere- 
hour 

Cations 

Milligrams 

per 

coulomb 

Grams* 

ampere 

hoc 

Hr' 

0.828 

2.982 

A,  ... 

1.118 

4 0C5 

Br(h'. 

1 326 

4 . 772 

A1  • . 

0 . 0936 

0 33* 

Cl'. 

0 . 3672 

1 . 322 

As’  * 

0 . 2590 

0 M2 

CIOs'. 

0 . 864 

3.112 

Au’  **  ... 

0.681 

2 451 

CHOi'. 

0.4662 

1 678 

Ha  ’ 

0.712 

2.562 

CjHjCV. 

0.611 

2 201 

Ca  * 

0 . 2077 

0 74*  i 

CN' 

0.2694 

0.971 

Cd‘  * ... 

0.5S2 

2.  we 

COn" 

0.3108 

1.119 

Co  ' ... 

0.3056 

1.100 

CaO«" . 

0.4558 

1.641 

Cr  * ... 

0.1799 

0 64« 

CrO" 

0.601 

2.165 

Cu- 

0 . 659 

2.312 

F' 

0.1968 

0 . 709 

Cu*  .. 

0 . 3294 

1 186 

r 

1.315 

4 735 

Fe  * ... 

0 . 2895 

i 04 ; 

IOa' 

1.813 

6 . 525 

Fe  ’ 

0.1930 

0.695 

NO)'.  . 

0.642 

2.312 

H 

0.01044 

0 0373? 

0" 

0 . 0829 

0 . 2983 

Hg‘ 

2.072 

7 46 

OH' 

0.1762 

0 . 634 

K 

0.4056 

1 460 

Sio3" ; 

0.3957 

1.425 

Li* 

0.0728 

0.2622 

S"... 

0.1661 

0 . 598 

Mg’  • ... 

0.1262 

0.434* 

Se" 

0.4102 

1.477 

Mn'  ‘ ... 

0.2849 

1 023 

SO«". 

0.4975 

1.791 

Na- 

0 . 2388 

0 360 

Te" 

0.661 

2 . 379 

Ni*  * ... 

0.3040 

1 094 

NH«* 

0.1869 

0 671 

Pb  * ... 

1 072 

3 95S 

sb-  • * . 

0.415 

1 494 

Sn-  • 

0.616 

2 219 

Sn*  * * * ... 

0.3082 

1 1« 

Sr  * 

0 4537 

1.633 

Te-  ••  ... 

0.3305 

1 190 

Tl* 

2.114 

7 61 

| 

Zn  * ... 

0.3387 

1 21! 
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Lit.  Electric  endocmoiis.  Since  the  above  reaction  m that  of  the  so- 
led diaphragm  processes  of  brine  electrolysis,  it  should  be  mentioned 
e that  the  introduction  of  a diaphragm  into  an  electrolytic  cell  involves 
irther  complication  since  it  causes  the  phenomenon  of  elec  trio  endosmoeis. 
ution  is  bodilv  oarried  through  the  diaphragm,  the  amount  depending 
the  nature  of  the  diaphragm.  This  phenomenon  may  upset  all  results 
calculation  of  concentration  changes  from  the  transport  numbers  of  ions, 
is  phenomenon  is  the  reverse  of  the  migration  of  colloids  in  solutions 
ler  the  action  of  a current.  The  colloids  correspond  to  the  diaphragm 
our  former  case,  but  the  colloids  are  movable,  wnile  in  our  former  case 
f diaphragm  was  fixed.  Hence  in  our  former  case  the  liquid  will  be 
placed  with  respect  to  the  diaphragm.  In  the  latter  case  the  colloids 
ive  with  respect  to  the  stationary  liquid. 

118.  Short-cut  calculations  of  electrochemical  reactions.  It  is 
ongly  recommended  to  proceed  in  the  way  outlined  above  in  making  all 
dilations  on  electrochemical  reactions;  since  in  this  way  not  only  all  quee- 
ns as  to  details  of  the  reaction  are  answered,  but  a elear  picture  of  the 
^hanism  of  the  reaction  is  obtained.  With  ordinary  care  it  is  then  almost 
possible  to  make  a mistake.  Nevertheless,  for  checking  results  thus 
tained  or  for  quick  preliminary  calculations,  tables  of  electrochemical 
uivalents  are  found  useful.  We  give  two  of  them:  Par.  166  referring  to  the 
ctrochemical  equivalents  of  all  ordinary  ions,  Par.  170  to  171  to  the  elec- 
>chexnical  equivalents  of  the  elements. 

From  Par.  166  one  can  find  immediately  by  simple  addition  for  most 
mpounds  of  ordinary  practice  the  quantity  of  material  involved  in 
ictrolysis.  For  instance,  for  the  reaction  of  sodium  chloride  electrolysis 
a diaphragm  cell 

NaCl  + H,0- NaOH  + Cl + H,  (33) 

‘ find  directly  from  the  table  that  1 amp-hr.  produces  0.03760  g.  H and 
122  g.  Cl.  We  o&n  further  find  the  quantity  of  NaCl  decomposed  per 
ipere-hour,  by  adding  the  figures  0.860  (Na)  and  1.322  (Cl),  which  gives 
82  grams  NaCl.  In  the  same  way  the  quantity  NaOH  formed  per 
tpere-hour  is  found  by  adding  0.860  (Na)  and  0.634  (OH),  which  gives 
194  g.  NaOH. 

fin  important  precaution  which  one  has  to  take  in  the  use  of  this 
)le,  is  to  select  the  ion  of  the  proper  valency.  Thus  it  will  be  seen 
it  figures  are  given  for  the  monovalent  Cu'  and  for  the  bivalent  Cu*  * ion. 
case  of  the  bivalent  compound  CuSO«,  for  instance,  one  has  to  select  the 
ure  for  Cu'  ’ and  finds  the  quantity  of  CuSO*.  decomposed  per  hr. — 1.186 
1.791  — 2.977  g.  (Concerning  the  necessity  of  using  this  table 
utiouily  and  judiciously,  see  also  Par.  169.) 

Par.  170  to  171  are  tables  of  electrochemical  equivalents  of  elements  and 
swers  directly  the  question  as  to  the  quantity  of  the  element  adduced 
the  anode  or  reduced  at  the  cathode.  Since  adduction  and  reduction 
especial  cases  of  change  of  valency,  column  4 is  headed  “change  of  valency/* 
this  covers  the  most  general  ease.  In  the  special  case  that  a metal  is  de- 
ed ted  from  a solution  or  that  a gas  is  evolved  at  an  electrode,  it  is  to  be  con- 
lered  that  the  metal  or  the  gas  has  no  bonds  in  the  free  elementary  state,  so 
at  in  this  case  the  change  of  valency  is  equal  to  the  valency  in  the  com* 
and.  For  instance,  in  the  reduction  of  Cu  from  CuCl  the  change  of  val- 
cy  is  1,  while  in  the  reduction  of  Cu  from  CuSO*.  it  is  2. 

In  oolumn  4 those  changes  of  valency  are  given  which  are  most  likely  to 
cur  in  practice.  Thus,  for  iron,  Fe,  the  figures  are  given  for  the  changes  of 
lency  1,  2,  3.  > In  the  reduction  of  a ferric  salt  to  a ferrous  salt  the  change 
valency  is  1;  in  the  reduction  of  a ferric  salt  to  metallic  iron  it  is  3;  in  the 
faction  of  a ferrous  salt  to  metallic  iron  it  is  2.  But  for  every  element  the 
ores  are  also  given  for  the  indefinite  change  of  valency,  n,  so  as  to  cover 
y possible  case  which  may  ever  arise  in  practice.  To  give  an  example  of  the 
plication  of  this  table,  let  us  assume  that  in  the  Bunsen  cell  nitric  acid, 
NO*,  is  all  reduced  to  nitric  oxide,  NO,  and  let  us  calculate  the  quantity 
nitrie  acid  thus  consumed  per  ampere-hour.  Since  the  valency  of  N is  5 
HNO*  and  2 in  NO,  the  change  of  valency  of  N is  3.  From  the  table  we 
id  directly  that  for  this  change  of  valency  0.174  g.  of  N are  involved  in  the 
faction  per  ampere-hour.  The  amount  of  HNO*  consumed  and  of  NO 
oduoed  is  then  found  by  the  ordinary  chemical  method.  The  atomic 
aght  of  N is  14.  the  molecular  weight  of  HNO*  is  1 + 14  + 3X16-63,  the 
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molecular  weight  of  NO  U 14+16-30.  Hence  63X0.174+14-0.78*. 
HNOi  is  reduced  and  30X  0.174  + 14  - 0.37  g.  NOia  produced  per  amp**- 
hour.  (A  similar  very  elaborate  table,  but  not  covering  all  elemeatau 
given  by  Qarl  Hering  in  Electrochemical  Industry , VoL  I (1003),  p.  170. 

lit.  Example.  The  Bunsen-cell  example  in  Par.  168  is  an  instmtire 
example  showing  the  precaution  which  must  be  taken  in  using  the  table  m 
Par.  168  of  the  electrochemical  equivalents  of  ions.  If  it  is  desired  to 
find  the  grams  of  HNOs  per  ampere-hour,  involved  in  the  reaction  of  tfct 
Bunsen  cells  as  sketched  above,  and  if  one  would  use  directly  the  figoe 
0.03759  for  H and  2,312  for  NOa  the  result  would  be  2.35  g.  HNOivhid 
is  Just  three  times  the  correct  value  found  in  (188).  The  reason  for  the  ms- 
take  is  evident  if  we  write  down  the  whole  equation  of  the  reaction 

3Zn + 3H«S04 + 2HNOi  - 3ZnSC>4  + 2NO  +4H«Of  t (W 

which  shows  that  2HNOa  are  involved  in  the  passage  of  6X96.540  cookos 
If,  therefore,  anybody  makes  a mistake  by  injudicious  use  of  the  table,  m 
table  should  not  be  blamed. 


170.  Electrochemical  Equivalents  of  Elements 


1 

Element 

2 

Symbol 

3 

Atomic 

weight 

4 

Change  of 
valency 

5 

Grams  per 
ampere- 
hour 

6 1 
Amperv  | 
ho®*  pe, 
gram  , 

Aluminium 

A1 

27.1 

3 

0.3369 

2 £S  i 

n 

1.011  +n 

0.990  X« 

Antimony 

Sb 

120.2 

5 

0.896 

1.115 

3 

1.494 

0.669 

2 

2.241 

0.4442 

n 

4.482  +n 

0.2231X1 

Argon  

A 

39.9 

n 

1.488  +» 

0.672  X* 

Arsenic  

As 

75.0 

3 

0.932 

1.073 

n 

2.797  +» 

0.358  X* 

Barium  

Ba 

137.4 

2 

2.562 

0.3903 

n 

5.124  +n 

0.1952X* 

Bismuth 

Bi 

208.0 

3 

2.586 

0.3868 

n 

7.76  +« 

0.1289X* 

Boron 

B ! 

11.0 

3 

0.1367 

7.31 

n 

0.4102  + * 

2.438  X* 

Bromine 

Br 

79.96 

1 

2.982 

0 3354 

n 

2.982  +n 

0.3354X1 

Cadmium 

Cd 

112.4 

2 

2.006 

0.4772 

n 

4.191  +n 

0.2388X* 

Caesium 

Ce 

132.9 

1 

4.956 

0.2018 

n 

4.956  +n 

0 2018X- 

Calcium 

Ca 

40.1 

2 

0.748 

1.338  1 

n 

1.495  +» 

0.666  X«j 

Carbon 

C 

12.00 

n 

0.4475+n 

2.235  X* 

Cerium  

Ce 

140.25 

3 

1.743 

0.574  ; 

1 

5.23 

0.1912  I 

n 

5.23  +w 

0. 1912>:«; 

Chlorine 

Cl 

35.46 

1 

1.322 

0.756  t 

n 

1.322  +« 

0.756  x»; 

J 
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170.  Itoctroctomlml  Iquhitonti  ot  itonmte. — (Continued) 


1 

Element 

2 

Symbol 

3 

Atomic 

weight 

4 

Change  of 
valency 

5 

Grama  per 
ampere- 
hour 

6 

Ampere- 
hours 
per  gram 

Chromium 

Cr 

52.1 

3 

0.648 

1.544 

n 

1.943  + n 

0.515  Xn 

Cobalt 

Co 

59.0 

2 

1.100 

0.909 

n 

2.200  +n 

0.4545Xn 

Columbiutn 

Cb 

94. 

2 

1.753 

0.571 

n 

3.505  +n 

0.2853Xn 

Copper 

Cu 

63.6 

2 

1.186 

0.843 

1 

2.372 

0.4216 

n 

2.372  4-n 

0.4216Xn 

Erbium 

Er 

166. 

3 

2.063 

0.4846 

n 

6.19  + n 

0.1616Xn 

Europium 

Eu 

152. 

n 

5.67  +n 

0.1764Xn 

fluorine 

F 

19.0 

1 

0.709 

1.411 

n 

0.709  +n 

1.411  Xn 

Gadolinium 

Gd 

156. 

n 

5.82  -f-w 

1.719  Xn 

Gallium 

Ga 

70.0 

3 

0.870 

1.149 

n 

2.610  +n 

0.383  Xn 

Germanium 

Ge 

72.5 

4 

0.676 

1.480 

2 

1.352 

0.740 

n 

2.704  +n 

0.3699Xn 

Glucinum 

G1 

9.1 

2 

0.1697 

5.89 

n 

0.3393-f-n 

2.947  Xn 

3 

2.451 

0.4080 

Gold 

Au 

197.2 

2 

3.677 

0.2720 

1 

7.35 

0.1360 

n 

7.35  +n 

0.1360Xn 

Helium 

He 

4.0 

n 

0. 1492  4- n 

6.70  Xn 

Hydrogen 

H 

1.008 

1 

0.03759 

26.60 

n 

0.03759  4-  n 

26.60  Xn 

Indium 

In 

115.0 

3 

1.429 

0.700 

n 

4.288  4-  n 

0.2332Xn 

Iodine 

I 

126.97 

1 

4.735 

0.2112 

n 

4.735  4-n 

0.2112Xn 

Iridium 

Ir 

193.0 

3 

2.399 

0.417 

1 

7.20 

0.139 

n 

7.20  +n 

0.139  Xn 

Iron 

Fe 

55.9 

3 

1.439 

2 

0.959 

1 

2 085 

0 4797 

! 

n 

2.085  4- n 

0.4797Xn 
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IT®.  Mtoetroehemleal  equivalenta  of  9lem*nt*.-r(Continu«i) 


1 

Element 

2 

Symbol 

3 

Atomic 

weight 

4 

Change  of 
valency 

5 

Grams  per 
ampere- 
hour 

6 

Ampere- 
hours 
per  gram 

’otassium 

K 

39.15 

j 

1.460 

0.685 

n 

1.460+  n 

0.685Xn 

‘raseodyraium.  • . • 

Pr 

140.5 

3 

1.746 

0.573 

n 

5.24  +n 

0. 1909Xn 

Ftadium 

Rd 

225.0 

n 

8.39  +n 

0.1192Xn 

ith  odium 

Rh 

103.0 

2 

1.921 

0.521 

1 

3.841 

0.260 

n 

3.841+n 

0.260Xn 

Rubidium • • - 

Rb 

85.5 

1 

3.188 

0.3136 

n 

3.188+n 

0.3136Xn 

Ruthenium 

Ru 

101.7 

4 

0.948 

1.055 

2 

1.896 

0.5274 

1 

3.792 

0.2637 

n 

3.792  + n 

0.2637Xn 

Samarium 

Sa 

150.3 

3 

1.808 

0.535 

» 

5.61  +n 

0.1784Xn 

Scandium ... 

Sc 

44.1 

3 

0.548 

1.824 

n 

1.645  + n 

0.608  Xn 

Selenium 

Se 

79.2 

4 

0.738 

1.354 

2 

1.477 

0.677 

« 

2.953+n 

0.3386Xn 

Silicon 

Si 

28.4 

4 

0.2648 

3.777 

n 

1.059  + n 

0.944  Xn 

Silver 

Ag 

107.93 

1 

4.025 

0.2485 

n 

4.025  + n 

0.2485Xn 

Sodium 

Na 

23.05 

1 

0.860 

1.163 

n 

0.860  + n 

1.163  Xn 

Strontium 

Sr 

87.0 

2 

1.633 

0.612 

n 

3.267+n 

0.306  X 

Sulphur 

S 

32.00 

2 

0.598 

1.673 

1 

1.196 

0.836 

n 

1.196+n 

0.836  Xn 

Tantalum 

Ta 

181.0 

5 

1.350 

0.741 

: 

n 

6.75  +n 

0.1482Xn 

Tellurium 

Te 

127.6 

4 

1.190 

0.841 

: 

2 

2.379 

0.4203 

n 

4.758+n 

0.2102Xn 

Terbium ■ 

Tb 

159.2 

3 

1.979 

0.505 

n 

5.94  +n 

0.1684X» 
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1T0.  Wectroohemieal  Iqatnlaati  of  Woman  to. — (Cowcfadsd) 


171.  Basil  of  tables  (Par.  170).  All  the  figures  in  our  tablw  U" 
been  calculated  on  the  basis  of  the  atomic  weight  determination®  (table  ^ 
International  Committee  for  1907)  and  on  the  basis  of  the  value  1 11® 
mg.  per  coulomb  for  the  electrochemical  equivalent  of  silver. 
value  was  adopted  by  the  International  Electrical  Congress  in  Chics*®* 
1893.  (They  have  not  been  recalculated  for  the  changes  in  the  internstov 
table  of  atomic  weights  sinoe  1907.  ainoe  the  changes  would  be  too  small  tob 
of  practical  importance.) 

172.  Conversion  ratios  for  elec  troche  xnical  calculations.  To  & 

by  3^*°^  ampere -seoond,  divide  grains  per  ampere-hour  (cpluas ' 
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To  find  ampera-saeonds  per  milligram  multiply  ampere-hours  per  gram 
oolumn  6)  by  3.6. 

To  find  grams  per  watt-hour  or  kilograms  per  kilowatt-hour,  divide 
rams  per  ampere-nour  (column  6)  by  volts. 

To  find  watt-hours  per  gram  or  kilowatt-hours  per  kilogram, 
lultiply  ampere-hours  per  gram  (column  6)  by  volts. 

To  find  kilograms  der  horsepower-hour,  multiply  grams  per  ampere- 
our  (column  5)  by  0.74565  (about  |)  and  divide  by  volts. 

To  find  horsepower-hours  per  kilogram,  multiply  ampere-hours  per 
ram  (column  6)  by  1.3411  (about  §)  and  Dy  volts. 

To  find  kilograms  per  electric  horsepower-year,  multiply  grams  per 
mpere-hour  (oolumn  5)  by  6,532  and  divide  by  volte. 

THE  K.M.r.  or  ELECTROLYTIC  EXACTION 

ITS.  R.m.f.  and  terminal  voltage.  We  have  before  explained  that  it  is 
teoeesary  to  distinguish  clearly  between  the  voltage  at  the  terminals  of  an 
lectrolytic  cell,  ana  the  e.m.f.  of  the  electrolytic  process  proper  (Par.  140). 
?e  have  also  shown  how  to  calculate  approximately  the  latter  e.m.f.  by 
aeans  of  Thomson’s  rule  from  the  total  energy  of  reaction,  while  it  should 
trictly  be  calculated  from  the  free  energy  of  reaction  (Par.  68).  The 
•sdest  method  to  determine  the  latter,  however,  is  by  measurements  of 
potent!  aL 

174.  Single  potentials  of  elements  are  determined  against  normal  elec- 
rodes  or  standard  electrodes.  The  most  usual  normal  electrodes  are  the 
tydrogen  electrode  (platinised  platinum,  saturated  and  covered  with 
tydrogen  gas,  in  an  acid  solution  of  normal  cpncentration  of  the  hydrogen 
ons),  and  the  calomel  electrode  (mercury  covered  with  calomel,  HgCl, 
n contact  with  a normal  KC1  solution).  In  order  to  have  a xero  point  in 
he  potential  series  of  elements,  Nernst  proposes  to  make  the  potential  of 
tydrogen  xero.  On  this  supposition  the  calomel  electrode  has  the  potential— 
1.283;  in  other  words  if  we  form  a cell  of  a calomel  electrode  and  a hydrogen 
lectrode,  it  has  the  e.m.f.  —0.283,  the  current  in  the  cell  being  directed  from 
he  latter  to  the  former.  On  the  basis  of  a theory  of  Helmholts  on  the  sur- 
ace  tension  of  polarised  mercury,  Ostwald  has  endeavored  to  determine 
'absolute  potentials;”  in  the  absolute  series  the  hydrogen  electrode  has  the 
absolute  potential  — 0.277  volt  and  the  calomel  electrode  the  absolute  poten- 
ial  — 0.560  volt.  But  this  theory  is  very  doubtful. 


17S.  Potential  of  Various  Elements  in  Order  of  Their  Nobility 


Potential  against 
hydrogen  electrode 

Absolute  potential 

Mn 

+ 1.075  volt 

+0.798  volt 

Zn 

+0.770 

+0.493 

Cd 

+0.420 

+ 0.143 

Fe 

+0.344  (0.660) 

+ 0.322 

+0.067  (+0.383) 
+0.045 

T1 

Co 

+0.232  (0.460) 

-0.045  (+0.173) 

Ni  

+0.228  (0.600) 

-0.049  (+0.323) 

Pb  

+ 0.151  (0.148) 

±0.0  (by  definition) 
-0.329 

-0. 126  (-0.129) 

H 

-0.277 

Cu  

-0.606 

-0.753  (0.750) 
-0.771  (0.798) 
-1.353  (1.400) 
-0.993  (1.095) 

-1.030  (-1.027) 

-1.048  (-1.075) 

-1.630  (-1.677) 

Br 

-1.270  (-1.372) 

I 

-0.520  (0.628) 

-0.797  (-0.905) 

176.  Order  of  nobility  of  elements.  The  table  in  Par.  175  gives  in  the 
irst  column  the  series  of  elements  in  the  order  of  their  nobility;  those  above 
9 are  called  less  noble  than  H,  those  below  H are  called  more  noble  than  H. 
1 less  noble  metal  passes  into  solution  when  in  contact  with  hydrogen  ions,  a 
nore  noble  metal  is  not  attacked.  The  second  and  third  columns  give  the 
potentials  of  the  elements  in  a normal  solution  of  one  of  their  salts,  for 
ostanoe,  silver  in  a silver  salt  solution.  In  the  second  oolumn  Ner net’s 
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base  tables  rests  in  giving  the  “ thermochemical  constants"  and  the  cor- 
aeponding  voltages  separately  for  the  basio  elements  and  the  acid  elements 
no  acid  radicals.  This  separation  of  the  two  constituents  of  a salt  in  eolu- 
on  is  possible  on  aocount  of  the  experimental  fact  that  taking  the  heats  of 
urination  of  salts  plus  their  heat  of  solution  in  excess  of  water  (usually  called 
heat  of  formation  to  dilute  solution"),  these  quantities  are  found  to  be 
dditive  in  their  nature,  such  being  composed  of  the  sum  of  two  quantities,  one 
baracterietic  once  for  all  of  the  base,  in  all  its  combinations,  and  the  other 
ring  characteristic  once  for  all  of  the  acid  radical,  in  all  of  its  combinations, 
here  is  thus  for  each  baric  element  a thermochemical  constant,  which 
^presents  the  amount  of  heat  it  contributes  to  the  formation-heat  of  a salt, 
ie  latter  taken  in  dilute  solution;  and  for  each  acid  radical  a similar  thermo- 
bemical  constant,  representing  in  a similar  manner  the  part  which  it  con- 
ibutes;  the  sum  of  these  two  thermochemical  constants  is  the  formation  heat 
f the  salt,  from  its  elements,  to  dilute  solution.  The  thermochemical  con- 
tani  is  nothing  more  nor  lees,  in  the  case  of  a base,  than  energy  drop  which 
‘presents  the  decrease  of  energy  in  the  element  as  it  passes  from  the  free, 
neombined  state  into  the  dissolved  (ionic)  state  in  dilute  solution;  in  the 
ue  of  an  acid  element,  the  statement  is  entirely  similar;  in  the  case  of  an 
rid  (or  baric)  radical,  it  is  the  total  energy  drop  from  free  elements  to  the 
me  state  as  a radical. 

The  arbitrary  basis  selected  to  which  to  refer  these  thermochemical 
onstants  is  that  of  hydrogen  constant  equal  to  sero.  This  makes  the 
bermochemical  constant  of  every  baric  element  the  heat  evolved  when  it 
isplacea  hydrogen  from  a dilute  solution  of  acid;  and  that  of  an  acid  ele- 
ment or  radical  the  heat  of  formation  of  the  acid  in  dilute  solution. 

Ibe  "corresponding  voltages"  given  are  therefore  those  which  accord- 
ig  to  Thomson’s  rule  should  be  found  against  a "hydrogen  electrode." 
he  figures  may  therefore  be  compared  with  the  table  in  Par.  175  of  voltages 
f various  metals  against  a hydrogen  electrode.  The  difference  between 
le  values  of  the  two  tables  correspond  to  the  differences  in  the  free  energy 
od  the  total  energy.  For  many  elements  the  agreement  is  quite  good, 
hus  for  Zn  the  voltage  corresponding  to  the  free  energy  is  0.770,  that  cor- 
■sponding  to  the  total  energy  is  0.75. 

11.  Thermochemical  0 onstants  of  Basie  Elements  per  Chemical 
Equivalent  and  Corresponding  e.m.f. 

(J.  W.  Richards) 


Calories 

Volts 

Calories 

Volts 

i 

. +62,900 

+ 2.73 

Cd 

. . 9,000 

0.36 

lb 

62,000 

2.69 

Co 

8,200 

0.36 

i 

61,900 

2.69 

Ni 

7,700 

0.33 

la 

59,950 

2.60 

Fe  (ferric) .... 

3,230 

0.14 

h 

58,700 

2.55 

8n 

1,900 

0.08 

*a 

57,200 

2.48 

Pb 

400 

0.02 

3a 

54,400 

2.36 

H 

0 

0 

dg 

54,300 

2.36 

T1 

- 900 

-0.04 

M 

40,100 

1.74 

Cu 

- 7,900 

-0.34 

N + 1U) 

33,400 

1.45 

Hg 

-14,250 

-0.62 

dn 

24,900 

1.08  | 

Pt 

. -19,450 

-0.84 

in 

17,200 

0.75 

Ag 

. -25,200 

-1.10 

Fe  (ferrous) . . . 

10,900 

0.47  1 

Au 

. . -30,300 

-1.32 

The  thermochemical  constants  in  Dr.  Richards*  table  are  given  irt 
rery  case  for  one  chemical  equivalent  and  not  for  the  number  of  equiva- 
tnta  which  are  designated  by  the  number  of  dots  (positive  bonds)  or  strokes 
negative  bonds).  In  urin^  these  tables,  it  must  be  borne,  in  mind  that 
be  sum  of  the  thermochemical  constants  for  the  baric  and  acid  constituents 
f any  salts,  gives  the  heat  of  formation  of  the  salt  from  the  constituent 
hemical  elements,  in  dilute  solution.  Conversely,  the  heat  of  formation 
bus  obtained  is  the  energy  necessary  to  separate  the  salt  in  dilute  solu- 
lon  into  its  constituent  chemical  elements.  The  sum  of  the  voltages, 
oiresponding  to  this  amount  of  chemical  energy,  is  the  voltage  necessary 
> decompose  the  salt  in  solution  into  its  constituents,  free  chemical  elements. 
F these  elements  re-combine  in  the  process  of  decomposition  to  form  other 
bemical  compounds,  then  the  whole  chemical  reaction  must  be  taken  into 
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account,  and  when  this  is  expressed  in  calories  per  chemical  equinleri 
concerned,  the  necessary  voltage  for  producing  the  change  is  obtained  by 
multiplying  this  by  0.0000434. 


1SS.  Thermochemieal  Constanta  of  Acid  Radicals 

From  their  elements  (J.  W.  Richards) 


Constituents 

Radical 

Per 

chemical 

equiva- 

lent 

(calories) 

Corre- 

spond- 

ing 

e.m.f. 

(volts) 

Salto 

8gS8®&V": 

8e(met)Hs(gas)  . . 
Cls(gas)Ot(gaa)  . . 
Cli(gas)  Oilgas) . . . 
Cli (gas) Oilgas) . . . 
Bn(gas)Ot(gas) . . . 

Bn(gas)  Oi(gas) . . . 

I(gaa)Oi(gas) 

I (gas)  Os  (gas). . . . 
S(solid)Os(gas) . . . 

S(solid)  Os(gas) . . . 
Hi  (gas)  S (solid)  Os  (gas) . . . 

5 (solid)  OsSac)  • • • 

8 (solid) Os(gas) . . . 
Hi  (gas)  S (solid)  Oi(  gas) . . . 

S(solid)Oaigas) . . . 
S(solid)Oi(gas) . . . 
S(solid)Oi(ga8) . . . 

6 (solid)  Os(  gas) . . . 

S(solid)Os(gas) . . . 

8e(soUd)Os(gas).. . 
8e  (solid  )Oi  (gas). . 
P(solid)Os(gas) . . . 
Hs(gas)  P (solid)  Os  (gas) . . . 

Hs(gas)  P(solid)Oi(gas) . . . 

As(solid)Os(gas. . . 
Asisolid)Ot(gas).  . 
Hi(gas)  As(solid)Oi(gas) . . 

Hs(gaa)  As(solid)Os(gas). . 

Ns(gas)Oi(gas).... 

Ns(gas)Os(gas) 

Ns(gas)Os(gas) — 
C(amor.)  Os(gas) . . 
C(amor.)Os(gas) . . 
Hs(gas)  C (amor.) Oilgas). . 
Hi(gas)  Clamor.)Os(gas). . 
Hi(gas)  C (amor.) Oilgas) . . 
Ni(gas)  Clamor.)Os(gas) . . 

Clamor.)  Ns(gas). . 
S(solid)  C(amor.)  Ns(gas) . . 

Fe(solid)  C(amor.)Ns(gaa).. 
Fe(solid)  C(amor.)Ns(gas).. 

. 

(OH)' 

(SH)' 

(SeH)' 

(CIO)' 

(CIOs)' 

(C1O0' 

(BrO)' 

• 

(BrO.)' 
(IO,)' 
(IO4)' 
(SsOs) " 

(SO.)" 

(HSOs)' 

(SsOs)" 

(SO4)" 

(HSO4)' 

(SsO.)" 

(SsO«)" 

(8sO«)" 

(840#)" 

(8.00" 

(SeOs)" 

(Se04)" 

(HPCh)" 

(H,PO«)' 

(AsOs)" 

(As04)"' 

(HABO4)" 

(HsAs04)' 

(NOs)' 
(NO,)' 
(NO)' 
(Cs04)" 
(CO,)" 
(HCO ,)' 
(CHOs)" 
(CsHiOs)*' 
(CNO )' 
(CN)' 
(CNS)' 

(FeCeN#)** 
(FeCsN,)'  * 

+ 55,200 
3,400 

19.100 

27.500 
21,900 
39,400 
28,600 

12.500 

65.000 
52,600 
71,750 

75.100 
149,400 
115,200 

107,000 

211,100 

158.100 

138.500 

136.500 

130.600 

133.100 

60,050 

72.800 
99,300 

152,750 

307,700 

102,150 
70,200  | 
71,700  l 

1 

217.2Q0 

48.800 

27.000 
-3,800 
§9.800 
82,450 

169.100 

104.600 

120.500 

37.100 
-34,900 

— 18,100  j 

-25,600 

-52,800 

1 

+2.40 

0.15 

0.83 

1.19 

0.95 

1.71 

1.24 

0.54 

2.82 

2.28 

3.11 

3.26 

6.48 

5.00 

4.64 

9.16 
6.86 

6.01 
5.92 
5.67 

5.78 

2.61 

3.16 
4.31 
6.63 

13.35 

4.43 
3.05 

3.11 

9.43 

2.12 

1.17 
-0.16 

4.33 
3.58 

7.34 
4.54 
5.23 
1.61 

-1.51 

-0.79 

-1.11 

-2.29 

Hydrate  ; 
Sulphydnte 
Selenhrdna 
Hypochlorite 
Chlorate 
Per-chloiat* 
Hypo- 
bromite 
Bromate 
Iodate 
Per-iodste 

HXhi« 

Sulphite 

Bi-enlphite 

Pyro- 

sulphite 

Sulphate 

Bi-eolpbatr 

Per-stUpk* 

Di-thioaate 

Tri-thiooatf 

Tetra- 

thionate 

Penta- 

thionate 

Seknite 

Seknste 

Phosphate 

Modo-H- 

Phosphate 

Di-H- 

Phosphate 
Arsemte 
Arsenate 
Mono-H- 
Arsenate  1 

Di-H- 

Aroenste 
Nitrate 
Nitrite 
Hypo-uni* 
Oxidate 
Carbonate 
Bi-Carbon* 
Formate 
Acetate 
Cyanate 
Cyanide 
! Sulpbo- 
cy  snide  , 
Femxya»* 
Ferri- 

| cyanide  J 
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183.  Thermochemical  Constants  of  Acid  Elements 

(J.  W.  Richards) 


Per 

chemical 

equivalent, 

calories 

Corresponding 

e.rn.f. 

volts 

Salt 

ft"  (gas) 

4-52,900 

4-2.30 

Fluoride 

:U"(gas) 

39,400 

1.71 

Chloride 

(gas) 

32,300 

1.40 

Bromide 

Bri  (liquid) 

28,600 

1.20 

Bromide 

Sri  (solid) 

27,300 

1 . 18 

Bromide 

•«"(gas) 

20,000 

0.87 

Iodide 

['  (liquid) 

14,600 

0.63 

Iodide 

1'  (solid) 

13,200 

0.57 

Iodide 

1"  (solid) 

- 5,100 

— 0.22 

Sulphide 

3e"  (met.) 

-17,900 

-0.78 

Selenide 

INDUSTRIAL  ELECTROLYTIC  PROCESSES 

184.  Electroanalysis.  As  to  electroanalysis  reference  should  be  had  to 
he  book  of  Edgar  F.  Smith  or  to  that  by  A.  Classen. . Tho.  chief  reason  why 
lectroanalytieal  methods  have  found  introduction  into  industrial  labora- 
orieeis  the  great  ease  and  the  very  considerable  reduction  in  time  required 
ur  an  analysis  as  a consequence  of  recentimprovements  mainly  due  to  E.  F. 
Imith  and  his  school.  The  chief  features  of  these  improvements  are  the  use 
i a rotating  anode  and  of  a mercury  cathode.  The  mercury  cathode  absorb# 
he  metal  of  the  salt  solution  which  is  electrolysed.  The  anode  is  generally 
oade  of  such  a substance  as  to  absorb  the  anion.  The  anode  is  rapidly 
evolved  to  provide  such  a circulation  of  the  electrolyte  that  a high  current 
tensity  may  be  used  with  a corresponding  reduction  in  the  duration  ofaan 
nalysis.  Concerning  rapid  methods  of  electroanalysis  see  the  latest  edition 
f Smith’s  “Electroanalysis.” 

188.  Zlectrotyping.  The  object  of  electrotyping  is  to  reproduce  printers 
et-uptype,  engravings,  medals,  etc.  A mould  of  tne  object  to  be  reproduced  is 
irst  made,  for  instance  of  wax,  by  impressing  the  object  in  wax.  If  the  mould 
i a non-conductor  of  electricity,  as  in  the  case  of  wax,  its  surface  is  made 
onducting  by  giving  it,  with  a brush,  a coating  of  plumbago  (graphite). 
Instead  of  a plumbago  coating,  the  mould  may  receive  a metallic  coating, 
or  instance  of  copper  as  follows:  Pour  copper  sulphate  solution  over  the 
urface  of  the  mould  and  dust  on  it  from  a pepper-box  very  finely  divided 
ron  filings,  brushing  the  mixture  over  the  surface.)  By  suitable  electrical 
annections  of  clamps  or  wire  to  the  surface  of  the  mould  the  latter  is  then 
nade  cathode  in  an  electroplating  batht  which  Is  made  up  by  preparing 
tn  8 to  10  per  cent,  solution  of  sulphunc  acid  in  water  and  dissolving  in 
t copper  sulphate  until  the  resulting  solution  is  saturated  at  ordinary  tern- 
>eratures.  The  solution  is  maintained  saturated  by  adding  some  crystals 
rf  copper  sulphate,  or  by  using  a copper  anode.  In  the  case  of  reproducing 
ype  matter,  two  cases  containing  prepared  moulds  are  always  suspended 
>ack  to  back  between  two  large  copper  anodes  so  that  the  conducting  sur- 
sces  of  the  moulds  directly  face  the  anodes.  The  thickness  of  the  copper 
leposit  depends  on  the  product  of  current  (in  amperes)  and  time;  a certain 
imitation  of  the  electrolyte  is  useful  for  the  same  reasons  as  in  electro- 
listing  (see  below).  The  copper  shell  is  then  separated  from  the  mould 
m which  it  is  deposited,  and  in  order  to  give  it  the  necessary  strength  for 
urth*r  use  it  is  backed  with  type-metal.  * 

ELECTROPLATING 

186.  General  principles  of  electroplating.  The  object  which  is  to 
fcMtve  a coating  of  a metal,  is  employed  as  cathode  in  a solution  of  a salt 
if  this  metal.  T'he  anode  may  either  be  soluble  and  consist  of  the  same 
netal  or  it  may  be  inert;  the  object  of  the  former  arrangement  is  to  get 
is  much  metal  dissolved  from  the  anode  as  is  deposited  upon  the  cathode 

• Description  of  a modern  electrotyping  plant  in  Met,  dt  Chem.  Bng'ing , 
Pol  X,  p.  442. 
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during  the  plating  prooeee;  on  the  other  hand,  if  an  inert  anode  m used  u 
is  necessary  to  regenerate  the  solution  and  add  new  material  in  some  farm  ts 
the  solution  at  intervals  during  operation  in  order  to  make  up  for  tb 
metal  lost  by  deposition  on  the  cathode. 

In  an  electroplating  bath  in  which  the  anode  consists  of  the  same  metd 
as  that  which  is  plated  out  on  the  cathode,  the  electrochemical  reactia 
at  the  cathode  is  the  reverse  of  that  at  the  anode,  so  that  no  e.mi.  a re- 
quired to  bring  this  reaction  about  (if  we  neglect  the  very  small  e.ai. 
required  to  overcome  the  concentration  differences  which  establish  the- 
se Ives  in  the  cell).  The  e.m.f.  applied  at  the  terminals  of  the  cell  is  the»- 
fore  lost  by  overcoming  the  ohmic  resistance,  and  equals  current  multipW 
by  internal  resistance  of  the  cell.  In  case  an  inert  anode  is  used,  for  is- 
stance  a platinum  anode  in  a copper  sulphate  solution  for  cornier  pUnq. 
oxygen  is  evolved  and  sulphuric  acid  is  formed  at  the  anode  while  t» 
copper  is  plated  out  on  the  cathode.  The  anodic  reaction  is  therefore  sat 
the  reverse  of  the  cathodic  reaction  and  a certain  e.m.f.  is  reqmredjs 
bring  about  the  reaction.  The  voltage  applied  at  the  electrodes  eaaw 
in  this  oase  the  voltage  required  to  overcome  the  ohmic  resistance  of  t» 
cell  plus  the  decomposition  voltage  of  the  solution.  'Hie  ohmic  10*  ® 
voltage  should  always  be  made  as  small  as  possible,  while  the  decomposi- 
tion voltage  of  any  solution  is  also  always  relatively  small,  never  s»r 
than  a few  volts  (see  Par.  177).  As  a consequence  of  this  it  is  dear tw 
the  voltage  at  the  electrodes  of  a plating  cell  must  be  relatively  row  # 
is  in  practice  generally  between  a fraction  of  1 volt  and  6 volts.  Fer 
this  reason  dynamos  for  electroplating  purposes  are  low-vdtag 
dynamos.  It  is,  of  course,  possible  and  it  is  quite  usual  to  connect  i ^ 
ber  of  cells  in  series;  in  this  case  the  value  of  the  current  is  the  sanw  threap 
all  oells  in  series,  while  the  voltage  is  the  same  at  the  electrodes  of  t* 
different  cells  only  if  the  resistance  of  all  cells  is  the  same.  In  all  off* 
a voltmeter  and  ammeter  should  bo  used  by  the  electroplater  so  that  * 
always  knows  exactly  the  electrical  oonditlon  of  his  cells  and  can 
them  acoordir-1  J-J  — 

What  the 

newing  his  uovwiiuof  mo  vuy  uuuiuva  u»  auuwsisv-uvwuw  Vw— 

amount  of  work  performed,  t\e.f  the  weight  of  metal  plated  out,  dep^  f 
the  other  handt  solely  on  the  ampere-hours  (for  figures  see  Par.  170. 
of  electrochemical  equivalents) . Hence  the  old  saying  that  for  dertr* 
plating  (and  electrolytic  work  in  general)  electrical  energy  conssU  * 
two  factors,  of  which  one,  the  volte,  costs  money  and  the  other,  the  amptf*’ 
hours,  brings  money. 

187.  The  only  way  to  reduce  the  voltage  at  the  electrode* 

plating  tank  is  to  reduce  the  internal  resistance.  This  may  be  acconmto-^ 
Dy  increasing  the  conductivity  of  the  plating  bath  by  suitable  addinoa 
of  high-conductivity  electrolytes.  It  may  also  be  accomplished  to  a j*' 
tain  extent  by  placing  the  anodes  very  near  the  articles  to  be  plated.  I» 
this  should  not  be  overdone,  at  least  when  the  articles  to  be  plated 
a fixed  stationary  position,  since  it  is  important  to  get  a uniform  depos 
over  the  whole  surface.  For  this  puipose  the  density  of  the  electnc  112= 
of  force  should  be  as  uniform  as  possible  over  the  whole  surface,  and  u» 
condition  will  be  the  more  fulfilled  the  further  the  anode  is  away  fro®  *r 
article  to  be  plated.  This  precaution  is  especially  necessary  when  & 
surface  of  the  article  is  uneven  and  irregular  and  has  projecting  points. 

188.  In  oase  a great  many  small  articles  are  plated  slmaltaB^ 
ously  in  one  plating  tank,  the  arrangement  is  generally  made  to  bave^ 
articles  in  continuous  motion,  so  that  they  tumble  over  each  other 
present  successively  all  parts  of  their  surfaces  to  the  electroplating  kb 
of  the  current. 


189.  Current  density  at  the  cathode.  The  higher  the  cathodic  curre. 
density,  the  greater  the  total  current  for  an  article  of  given  surface  and 
fore  the  shorter  the  time  to  produce  a given  weight  of  deposit  on  this  sur*^ 
The  output  of  a plating  shop  is  therefore  the  greater,  the  higher  the  ^ 
density.  A limit  is  set  to  the  incease  of  current  density  by  the  facttaK, 
the  metal  being  plated  out  onto  the  article  under  treatment,  the  soj«w' 
becomes  more  and  more  diluted  right  at  the  surface  to  be  plated,  and 
the  decrease  of  the  number  of  the , metal  ions  at  this  surface  the  aw*’ 
increases  that  instead  of  the  desired  metal  something  else  (for  in**w 
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lydrogen)  is  plated  out.  The  exact  calculation  of  the  decrease  of  con- 
centration at  the  cathode  resulting  from  the  passage  of  a certain  number 
>f  ampere-hours,  for  copper-plating  with  copper  anodes  and  a sulphate 
tolution  was  given  before  in  the  discussion  of  Hittorf's  transport  numbers. 
n any  case,  the  higher  the  current  density  the  quicker  is  the  loss  from  the 
elution  at  the  cathode  of  the  metal  ions  to  be  plated  out  and  the  smaller 
s the  chance  for  diffusion  and  convection  currents  to  bring  fresh  concen- 
rated  solution  to  the  cathode  surface  where  it  is  needed.  The  higher 
he  current  density,  the  greater  is,  therefore,  the  importance  of  artificial 
circulation  or  stirring;  for  this  purpose  either  one  or  Doth  electrodes  may 
>e  revolved  or  a special  stirring  device  may  be  employed  in  the  solution. 
:t  seems,  for  instance,  that  with  a smooth  copper,  sine  or  nickel  cathode, 
i good  copper,  sine  or  nickel  deposit  can  be  obtained,  however  high  the 
current  density  may  be  raised,  if  only  the  cathode  is  revolved  at  an 
ncreasing  and  sufficiently  high  speed.  Heating  also  aids  circulation. 

190.  Junction  between  the  metals.  In  contradistinction  to  electrotyp- 
ng  it  is  very  important  in  electroplating  to  get  a deposit  which  will  stick  to 
the  metal  on  which  it  is  plated.  There  must  be  an  intimate  junction  between 
the  two  metals  and,  according  to  L.  Kahlenberg  ( Electrochemical  Industry , 
Vol.  I,  p.  201),  this  requires  that  the  two  metals  form  an  alloy  together.  Thus 
nickel  may  be  successfully  plated  on  copper  and  its  alloys  (brass,  bronse, 
itc.),  since  with  these  nickel  alloys  readily.  On  the  other  hand,  if  an  object 
if  lead  is  to  be  nickeled,  it  is  first  copper  plated  and  then  the  nickel  is 
ieposited  on  the  copper  because  copper  alloys  better  with  lead  than  does 
lickel. 

191.  In  order  to  make  the  deposit  stick  to  the  metal  underneath,  it 
a also  of  fundamental  importance  that  the  surface  metal  before  being 
listed  is  carefully  cleaned  both  mechanically  and  chemically,  and  that 
ill  traces  of  fat  and  oil.  etc.,  are  thoroughly  removed.  To  remove  grease, 
i caustic  soda  solution  or  a caustic  potash  solution  is  suitable,  the  latter 
icing  preferable.  Acid  solutions  for  cleaning  gold,  silver,  copper,  brass 
ind  sine  surfaces  are  being  recommended  by  Trcvert  as  follows: 


Cogp 

Zinc 

100 

Silver 

100 

Iron 

100 

Nitric  acid 

50 

10 

2 to  3 

Sulphuric  acid 

100 

10 

8 to  12 

Hydrochloric  acid 

2 ; 



2 to  3 

19S.  The  plating  bath  contains  principally  the  salt  of  the  metal  which 
s to  be  plated  out,  together  with  the  addition  of  a solution  of  high  con- 
iuctivity,  so  as  to  reduce  the  voltage  drop.  However,  other  additions 
have  also  been  found  useful,  for  the  following  reasons:  At  moderate  current 
densities  a bad  deposit  is  practically  always  due  to  the  precipitation  of  a 
con-metallic  solid  with  the  metal,  especially  of  an  oxide,  hydroxide  or  basic 
lalt  of  the  metal.  Whatever  will  dissolve  the  oxide,  etc.,  readily  under 
the  conditions  of  the  operation  will  prevent  its  deposition  and  should 
therefore  improve  the  quality  of  the  deposit.  W.  D.  Bancroft  (“  Transactions 
International  Electrical  Congress,"  St.  Louis,  Vol.  II,  p.  27,  and  Transac- 
tions American  Electrochemical  Society,  Vol.  VI)  shows  that  a large 
majority  of  the  more  important  additions  recommended  for  various  plating 
baths  act  in  the  way  just  described. 

19S.  Securing  fine-grained  deposits.  It  seems  that  a fine-grained  de- 
posit is  favored  by  high-current  density  and  potential  difference,  by  acidity 
and  alkalinity  and  by  low  temperatures.  Solutions  containing  oxidising 
agents  appear  to  yield  small  crystals  while  larger  crystals  are  obtained  from 
solutions  containing  reducing  agents. 

194.  To  prevent  the  formation  of  /'trees*'  a very  small  addition  of  a 
colloid  has  been  found  useful  in  several  cases.  In  the  deposition  of  lead  from 
a solution  of  lead-fluosilicate,  containing  an  excess  of  hydrofluoric  acid, 
G.  Betts  found  that  the  formation  of  trees  and  the  deposition  of  spongy 
ead  could  be  completely  avoided  and  the  deposition  of  perfectly  Sofia 
ind  dense  lead  could  be  assured  by  the  simple  addition  of  a very  small 
amount  of  gelatine  or  glue  added  to  the  bath.  Similar  observations  have 
been  made  with  silver  and  copper.  The  general  rule  seems  to  be  that 
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the  Addition  of  a very  small  amount  of  such  a colloid,  which,  iukr  tk 
action  of  the  current,  migrates  toward  the  cathode,  improves  the  vet- 
fortuity  and  density  of  the  deposit.* 

199.  Practical  rules  for  electroplating,  A tentative  and  very  meM 
theory  of  the  chemical  principles  which  underlie  electrophone  he 
been  given  in  the  paper  by  W.  D.  Bancroft  quoted  above.  Other  faggeam 
hypotheses  have  been  presented  by  A.  G.  Betts. f Bancroft  has  gjm  tin 
following  “ axioms  of  electroplating:"  (a)  Bad  deposits  are  doe  to  eiceriw 
admixture  of  some  compound  or  to  excessively  large  crystals;  (&)  eac* 
sive  admixture  of  any  compound  can  be  eliminated  by  changing  the  coat 
tions  so  that  the  compound  cannot  precipitate;  (c)  increasing  the  eon* 
density,  increasing  the  potential  difference  at  the  cathode,  or  lowed*  9* 
temperature,  decreases  the  siae  of  the  crystals;  ( d)  the  crystal 
creased  when  there  are  present  at  the  cathode  surface,  substances  which  ■» 
absorbed  by  the  deposited  metal;  (e)  if  a given  solution  will  give  a good  dr 
posit  at  any  current  density,  it  will  give  a good  deposit  at  any  higher  namt 
density,  provided  the  conditions  at  the  cathode  surface  are  kept  wests at 
if)  treeing  is  facilitated  by  a high  potential  drop  through  the  solatia  sad  | 
by  conditions  favorable  to  the  formation  of  large  crystals. 

199.  For  detailed  prescriptions  of  solutions,^  etc.,  the  reader  w* 
be  referred  to  special  handbooks  for  electroplaters,  like  Watt's  sad  Pfchpi 
"Electroplating  and  Electrorefining  of  Metals,"  or  the  smaller  boob  4 
van  Horne  and  others.  In  the  following  a brief  account  only  is  gives  of 
solutions  in  most  common  use. 

19T.  Nickel  plating.  | The  nickel  salt,  generally  need  for  nickel  phfist 
is  nickel  ammonium  sulphate.  For  small  baths  the  salt  is  dissolved  by  bafia 
12  to  14  os.  of  the  salt  per  gallon  of  water  in  a new  stone  jar  and  fBa i 
up  the  bath  with  water  until  a hydrometer  placed  in  it  stands  at  6i 
to  7 deg.  Beaum6.  The  solution  should  be  slightly  add,  but  too  asa 
acid  will  cause  peeling  and  too  much  alkali  will  darken  the  tone  of  the  von 
according  to  van  Horne.  He  recommends  the  following  current  detatr 
For  plating  sine  with  nickel,  use  0.05  to  0.10  amp.  per  sq.  in.  of  the  sow* 
of  the  object  to  be  plated;  for  plating  nickel  on  other  metals  use  half  tw 
current  density.  To  improve  the  quality  of  the  nickel  deposit,  tnti 
additions  to  the  bath  have  been  recommended.  J.  Powell  recomaeay 
the  addition  of  0.125  os.  of  bensoic  add  per  gallon  of  solution,  k 
Weston  recommends  a solution  containing  10  parte  nickel  ammonium  Sr 
phate,  2.5  to  5 parts  of  boradc  add  and  150  to  200  parts  of  water.  Bonn 
add  is  now  much  employed  as  an  addition.  According  to  F.  Foentir,  * 
good  deposit  of  nickel  is  obtained  from  its  sulphate  solution,  eontsisM 
some  alight  amount  of  free  dtric  add  or  boradc  add,  with  » «“*** 
density  of  0.005  amp.  per  sq.  cm.  A very  suitable  nickel  bats  » 
obtained  by  dissolving  50  g.  of  nickel  sulphate  crystals  so  as  to  get  cee 
half  liter  solution;  20  g.  dtric  add  are  then  dissolved  in  water  and  «*“ 
tralised  by  means  of  oaustic  soda  to  such  a degree  that  blue  litmus  psP* 
is  just  colored  red,  and  the  solution  is  then  diluted  to  get  one-half  htcrtt* 
is  then  added  to  the  nickel  sulphate  solution;  this  bath  requires  about  3vv* 
There  is  no  danger  that  the  nickel  deposit  will  peel  off,  as  long  ms  the  tho* 
ness  of  the  deposit  thus  produced  is  below  0.01  mm.  Thicker  depots t*®*? 
be  obtained  from  neutraT  or  slightly  acid  niokel  sulphate  solutions, 
to  70  or  90  deg.  cent.  (F.  Foerster,  Zeif,/.  BUktrochemie.  VoL  lv*pVv.j 
If  a more  concentrated  solutionis  used  (containing  150  to  350  g-  of 
sulphate  per  liter  and  preferably  also  some  sodium  sulphate)  the  cam®1 


* Electrochem.  A Met.  Ind.%  Vol.  IV,  p.  379  and  416:  see  also  the  pspo*^ 
Kern  and  Tucker  on  the  effect  of  addition  agents,  Vol.  VII,  p.  271  ana  v* 

t Transact.  Am.  Electrochem.  Soc.,  Vol.  VIII,  p.  63.  * 

J An  excellent  set  of  papers  Summarising  all  the  different  solutions 
and  used  for  plating  with  gold,  silver,  cobalt,  nickel,  lead,  tin,  copper. 
and  bronse  may  be  found  in  Vol.  XXIII  of  the  Transact.  Am.  Electrode 

Soc. 

# A very  extended  summary  of  all  solutions  proposed  and  used  for 
““opiating  with  nickel  and  cobalt  is  given  in  a paper  by  O.  P.  Watts  in  i,JB 
•act.  Am.  Electrochem.  Soc.,  Vol.  XXIII,  p.  99. 
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aity  may  be  raised  to  0.02  to  0.08  amp.  per  sq.  om.  and  with  moderate 
ulation  of  the  electrolyte  good  deposit*  1 mm.  tniok  may  be  obtained. 

98.  Difficulties  In  nickel  plating.  A difficulty  in  nickel  plating  was 
nerly  found  in  the  fact  that  the  mckel  anodes  do  not  dissolve  freely  in 
nickel-ammonium  sulphate  solution.  Cast  nickel  anodes  are  said,  to 
tolve  better  than  rolled  nickel  anodes.  For  the  same  reason  it  is  im- 
tant  to  use  as  large  a surface  of  nickel  anodes  as  possible.  This  has  led 
;he  introduction  of  corrugated  anodes,  etc.,  and  it  nos  been  recommended 
make  the  nickel*  anode  surface  § times  the  surface  to  be  plated.  W. 
Bancroft  has  recently  suggested  ( Transaction s American  Electrochemical 
iety,  Vol.  IX,  p.  217)  that  the  greater  effectiveness  of  the  cast  nickel 
►dee  is  due  to  the  fact  that  they  contain  iron.  For  this  reason  they  will 
lolve  better,  but  iron  will  also  pass  into  solution,  which  is  a disadvantage, 
recommends  the  use  of  a pure  nickel  anode  in  a nickel-ammonium  sulphate 
ition  containing  a slight  percentage  of  ammonium  chloride  or  nickel  chlo- 
e.  If  this  addition  is  made,  the  nickel  will  dissolve  as  quickly  from  the 
►de  as  it  is  plated  out  on  the  cathode.  If  iron  is  to  be  nickeled  it  should 
t receive  a coating  of  copper. 

189.  Silver  plating.*  The  standard  solution  for  silver  plating  is  the 
able  cyanide  of  silver  and  potassium,  with  silver  anodes.  As  to  working 
a large  scale  and  the  production  of  the  silver  cyanide  from  silver  nitrate 
i potassium  cyanide  and  the  production  of  the  double  cyanide  from  silver 
unde  and  potassium  cyanide  the  reader  must  be  referred  to  special  text- 
>ka.  A good  silver  plating  solution  is  obtained  by  dissolving  25  g. 
re  silver  cyanide  in  a solution  of  25  g.  potassium  cyanide  in  300  to 
) cu.  cm.  water  and  diluting  the  solution  so  as  to  form  1 liter.  The  best 
rrent  density  is  0.001  to  0.0045  amp.  per  sq.  cm.,  with  about  1 volt 
the  terminals  of  the  cell.  Another  prescription  for  experimental  work  is 
dissolve  3 ox.  of  silver  chloride  (rubbed  to  a thin  paste  with  water)  in 
solution  of  9 to  12  ox.  of  98  per  cent,  potassium  cyanide  in  a gallon  of 
tier.  A current  density  of  ^ amp.  per  sq.  in.  is  recommended:  in  the 
ter  ease. 

800.  Gold  plating,  f The  standard  solution  is  the  double  cyanide  of 
Id  and  potassium  and  the  problems  involved  in  gold  plating  are  similar 
many  respects  to  those  of  silver  plating.  In  view  of  the  expensive  raa- 
rial  involved,  great  care  is  necessary  in  details  and  the  reader  must  be 
ferred  to  special  books  on  the  subject.  Gold  is  generally  plated  on  cop- 
r;  other  metals  to  be  coated  with  gold  first  receive  a coating  of  copper; 
s also  (807). 

SOI.  Copper  plating.  $ A copper  sulphate  solution,  containing  free 
id,  such  as  is  used  for  electrolytic  refining  of  copper,  may  be  used  for 
pper  plating  (see  808),  but  better  results  are  obtained  with  a cyanide 
(ution.  van  Horne  gives  the  following  formula:  to  each  gallon  of  water 
Id  5 os.  copper  carbonate,  2 os.  potassium  carbonate  and  10  os.  chera- 
slly  pure  potassium  cyanide.  Dissolve  about  nine-tenths  of  the  cyanide 
potassium  in  a portion  of  the  water  and  add  nearly  all  of  the  copper 
irbonate,  previously  suspended  in  a portion  of  the  water;  then  add  the 
>taasium  carbonate,  also  dissolved  in  water,  slowly  stirring  until  thoroughly 
lixed.  Bring  the  solution  to  160  deg.  Beaum6,  put  in  a small  article  and 
*t  the  solution,  adding  cyanide  or  copper  or  both,  until  the  solution  deposits 
eely  and  uniformly. 

F.  Foe  rater  recommends  for  copper  plating  a solution  made  as  follows: 
) g.  copper  acetate  are  dissolved  in  600  ou.  cm.  water,  20  g.  potassium  cya- 
ide,  25  g.  sodium  sulphite  crystals  and  17  g.  sodium  carbonate  crystals  are  ais- 
>lvcd  in  another  500  cu.  cm.  water.  The  first  solution  is  then  added  to 
second  one  and  a current  density  of  0.003  amp.  per  sq.  cm.  is  used  with 
volts  at  the  terminals  of  the  cell. 

* A voluminous  summary  of  all  recipes  for  electroplating  silver  on  metals 
‘ given  in  a paper  by  F.  C.  Frary,  Transact.  Am.  Electrochem.  Soc., 

oTxXIII.p.^sV 

t All  recipes  for  gold  plating  are  collected  in  the  paper  by  F.  C.  Frary, 
r®nsoc<.  Am.  Electrochem.  Soc.,  Vol.  XXIII,  p.  25. 

X A summary  and  classification  of  the  different  solutions  for  copper  plating 
•£ven  in  a j>aper  by  C.  W.  Bennett,  Transact.  Am.  Eleotrochem.  Soc.,  Vol. 
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tOt.  Brass  solutions  * of  any  desired  color  are  made  according  to  tic 
Horne  by  adding  sine  carbonate  in  vanring  proportions  to  the  copper 
solution.  This  ie  done  by  dissolving  about  one  part  by  weight  of  car- 
bonate of  sine  to  two  parts  of  cyanide  of  potassium  in  sufficient  water  tc 
dissolve  them  and  adding  them  slowly  to  the  copper  bath. 


tOS.  Zinc  plating.  The  protection  of  iron  surfaces  against  rusting  by 
means  of  a sine  coating  is  now  becoming  an  important  industry.  u&- 
coated  iron  is  often  called  “galvanised’”  iron.  Most  processes  used  is 
the  United  States  use  soluble  sino  anodes,  while  Cowper-Cole*  in  Engiaai 
uses  insoluble  (lead)  anodes  in  an  electrolyte  containing  35  os.  of  iiw 
sulphate  (ZnSO«,  7HtO)  and  0.1  os.  sulphuric  acid  (specific  gravity  L» 
per  gallon  of  water. 

A suitable  sino  plating  solution  is  obtained,  according  to  Foersta.by 
dissolving  200  g.  pure  sino  sulphate  (free  from  iron),  40  g.  glauber  nit,  « 
g.  sine  chloride  and  0.5  g.  boracic  acid  so  as  to  get  1 liter  solution; 
a current  density  of  0.005  to  0.02  amp.  per  sq.  cm.  good  dense  dqxa* 
up  to  0.05  mm.  thickness  are  thereby  obtained  at  temperature*  be 
tween  18  and  50°  C.  The  method  of  producing  the  sino  coating  bj 
electrolysis  (“cold  galvanising”)  has  the  following  advantages  over  the  o» 
dipping  process  (“hot  galvanising”);  electrolytic  sine,  when  properly  ap- 
plied. is  denser,  tougher,  more  uniform  and  more  resistant  against  corrosoa! 
(C.  F.  Burgess,  Electrochemical  and  Metallurgical  Industry,  VoL  1II.P- 17). 


104.  Plating  upon  aluminium.  As  an  example  of  the  great  im- 
portance of  thoroughly  cleaning  a surface  preliminary  to  plating  upon  it, 
difficulties  of  plating  upon  aluminium  may  be  cited.  A coating  on  alununrea 
will  not  stick  in  genertu  for  any  length  of  time  and  this  trouble  is  due  to  w 
invisible  film  (oxide  or  hydroxide  film)  which  is  always  present  op  so 
minium  surface  in  contact  with  air,  and  which  prevents  the  neeeatf! 
intimate  junction  between  the  aluminium  and  the  plated  metal.  C.  J 
Burgess  and  C.  Hambueohen  ( Electrochemical  Industry,  Vol.  II,  p- 
found  that  this  film  can  best  be  eliminated  by  using  a soluble  fluoride  in  t® 
plating  bath:  further  that  of  all  metals  sine  will  adhere  best  to  slummy 
Therefore,  aluminium  should  first  receive  a xinc  coating.  If  the  w? 
is  to  plate  gold  on  the  article,  the  gold  should  not  be  plated  directly  oe  » 
sine  since  the  gold  will  soon  alloy  with  the  sine  and  apparently  dwappetf 
for  this  reason  the  sino  should  first  receive  a copper  coating  and  then  & 
gold  coating. 

The  mode  of  operation  recommended  is  to  first  clesn  the  dununx- 
by  immersion  for  a few  minutes  in  a dilute  hydrofluoric  add  bsth  warn  t 
remains  long  enough  to  produce  a suitable  roughening  of  the  surface.  - 
then  rinsed  in  running  water  and  dipped  for  a few  seconds  in  a mixture ' ofl^ 
parts  of  sulphuric  acid  and  75  parts  of  nitric  acid,  both  conwntratedw® 
which,  after  rinsing  in  water,  the  aluminium  comes  perfectly  white  and  «*x 
The  article  is  then  transferred  to  the  sine  plating  solution,  which  is 
of  sine  and  aluminium  sulphates,  very  slightly  acidified  and  having  a dens? 
of  about  15  deg.  Beaumd  and  containing  about  1 per  cent,  of  hydrot«p 
acid  or  an  equivalent  amount  of  potassium  fluoride.  After  the  d«p«^® 
has  proceeded  for  about  10  or  15  min.  with  a current  density  of  rwn 
10  to  20  amp.  per  sq.  ft.,  the  article  may  be  taken  from  the  solution  anddnf* 
It  may  then  be  given  a coating  of  copper  or  silver  from  their  cyanide  solute** 
using  such  precautions  as  are  commonly  observed  in  the  deposition  of 
metals  upon  sine.  Where  the  final  coating  is  to  be  of  gold,  it  is 
to  polish  the  copper  coating  before  depositing  the  gold,  as  otherwise  » the* 
gold  coating  will  be  necessary  to  produce  the  final  polish. 

SOS.  Detinning.i  The  reverse  of  electroplating  is  the  electric  remo^ 


* A summary  of  the  solutions  for  brass  and  bronse  plating  is 
per  by  C.  W.  Bennet.  Transact.  Am.  Electrochem.  8oc.,  Vol.  aa*11 


paper 
p.  251. 


Vol.  XI,  p.  190. 

t K.  and  H.  Goldschmidt.  Electrochem  A MR.  Ind.,  Yd.  VII,  P-  79; 
also  Met.  A Chem.  Eng'ing,  Vol.  X,  p.  202. 


Digitized  by 


1026 

Google 


ELEC TROCHE  MI S TR Y 


Sec.  19-206 


f a metallic  coating  from  the  surface  of  an  article.  This  ia  generally 
irried  out  as  an  anodic  reaction.  The  most  important  industry  in  this 
eld  is  the  detinning  of  tin  scrap,  which  has  assumed  quite  considerable 
imensiona  in  recentyears  as  a consequence  of  the  enormous  growth  of  the 
n-can  industry.  While  formerly  only  the  tin  scrap  of  the  tin-can  fao- 
>ries  (a  pure  material,  consisting  of  sheet  iron,  covered  with  tin)  was 
•eated,  the  treatment  of  tin  cans,  tin  boxes,  eto.,  which  have  been  in  use, 
as  recently  been  taken  up  on  a commercial  scale;  since  they  contain  many 
njpurities,  these  must  first  be  very  thoroughly  removed  (carbonised,  etc.). 
The  object  of  the  electrolytic  process  is  to  remove  the  tin  from  the  iron 
> as  to  get  both  the  tin  and  iron  separate  and  pure.  The  iron  is  sold  as 
•rap  to  open-hearth  steel  works,  eto.,  and  must  therefore  be  absolutely 
-ee  from  tin  and  in  good  condition.  The  process  which  has  been  most 
iccessful  on  a very  large  scale  is  that  of  the  firm  of  Theodor  Goldschmidt  in 
Imen;  it  is  a secret  process  and  employs  the  scrap  as  anode  in  a solution 
f caustic  soda.  Since  1906  detinning  with  chlorine  has  entered  into  com- 
et! tion  with  electrolytic  detinning.  Detinning  with  chlorine  may  be  con- 
idered  as  an  electrolytic  process  only  in  so  far  as  electrolytic  ohlorine  (see 
SO)  is  used.  While  the  products  of  electrolytic  detinning  are  tin  and  iron, 
hose  of  chlorine  detinning  are  tin  tetrachloride  and  iron.  (Karl  Gold- 
cbmidt,  Elecirochem.  <£  Met.  Ind.,  Vol.  VII,  p.  79.) 

S0€.  Other  stripping  processes.  A comparatively  small,  but  inter- 
sting  application  of  electrolytic  stripping  is  the  process  of  C.  F.  Burgess 
w removing  from  bicycle  frames  the  films  of  brass  which  are  left  there 
rom  brazing  the  joints.  A sodium  nitrate  solution  is  used  for  this  purpose. 
For  this  and  similar  processes  see  C.  F.  Burgess,  Electrochemical  Industry , 
'ol.  II,  p.  8.)  As  an  example  of  the  oathodic  removal  of  a surface  coating, 
be  process  of  C.  J.  Reed  for  removing  an  oxide  scale  from  iron  and  steel 
nay  be  mentioned.  The  iron  sheets,  rods  or  wire  are  treated  as  cathode 
a a 27  per  cent,  solution  of  sulphuric  acid  of  specific  gravity  1.20,  with  a 
urrent  density  of  0.25  to  0.5  amp.  per  sq.  in.  at  a temperature  of  60°  C. 
Jnder  these  conditions  the  heavy  scale  on  rolled  iron  rods  is  removed  in 
rom  2 to  3 min.  The  iron  oxide  is  not  reduced  to  metallic  iron,  but 
o a lower  state  of  oxidation  and  is  then  dissolved,  ferrous  sulphate  being 
roduced.  ( Transactions  American  Electrochemical  Society,  Vol.  XI.) 
Concerning  the  sharpening  of  tools  by  electrolytic  etching  see  Schneckenberg, 
let.  Chem.  Eng*tng,  Vol.  IX,  p 512. 

ELECTROLYTIC  REFINING  OF  METALS 

>07.  Fundamental  principles.  In  electrolytic  refining  of  metals  the 
tailing  material  is  a highly  concentrated  alloy  and  the  purpose  is  to  remove 
be  last  impurities  and  to  recover  not  only  the  principal  metal  in  pure  form, 
ut  also  the  foreign  metals,  especially  the  preciouB  metals.  The  impure 
fetal  is  made  the  anode  and  the  fundamental  principle  of  the  process  is 
bat  by  the  electrolytic  action  the  metal  to  be  refined  is  dissolved^ from  the 
node,  passes  into  the  electrolyte  and  is  deposited  from  the  electrolyte  on  the 
athode  in  pure  form;  the  foreign  metals  (impurities)  are  intended  either 
o remain  back  in  the  anode  or  anode  slime  without  being  dissolved,  or  if 
bey  are  dissolved  in  the  electrolyte,  they  are  intended  to  remain  in  the 
lectrolyte  without  being  deposited  on  the  cathode.  This  cannot  be  satis- 
tctorily  accomplished,  except  with  a comparatively  pure,  high-grade 
node;  in  American  practice  of  copper  refining  the  impure  copper  anode 
* generally  98  to  99.5  per  cent.  pure.  The  cost  of  the  electrolytic-re- 
ning  process  is  covered  first  by  the  higher  price  of  the  refined  metal  and 
econdly  by  the  value  of  the  foreign  metals  recovered,  especially  silver  and 
old. 

>08.  Copper  refining.  The  electrolyte  is  a copper  sulphate  solution 
ontaining  free  sulphuric  acid.  The  copper  should  not  exceed  3 per  cent, 
t the  most,  or  12  per  cent,  if  figured  as  bluestone.  The  acid  may  ad- 
nntageously  be  run  up  to  about  13per  cent.*  (Usually  a very  small 
mount  of  a soluble  chloride,  like  NaCl,  is  added  to  precipitate  as  chloride 


* figures  of  the  conductivity  of  mixtures  of  copper  sulphate  and  sulphurio 
fid  are  given  by  Richardson  and  Taylor  in  Trane.  Amer.  Electrochem.  Soo., 
ol.  XxTp:  179. 
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-nv  niver  which  may  dissolve  and  to  slime  antimony  m f«y^”^j 

jSf anode  of  typical  composition  contains  98  to  99.5  per* 

to  300  os.  silver  per  ton,  up  to  49  os.  gold  per  ton  and  up  to  2 pn 

cent,  arsenic.  The  cathode  copper  is  exceedingly 

about  99.93  per  oent.  copper,  with  hydrogen  as  the  chie*  {n“ 

order  to  have  high  electric  conductivity,  the  copper 

arsenic  and  antimony  (the  amount  should  be  but  a few  thousand 

per  cent.);  in  order  to  prevent  brittleness,  the  cathode  copper 

free  from  tellurium  and  lead.  Since  the  electric  conductivity  <* 

very  delicately  indicates  its  purity,  it  is  used  for  mng  rf  £ 

Duntv  Matthiessen’s  standard — according  to  which  the  reasUnce  « o» 

mete^gram  of  pure  soft  copper. at  0 deg  cent,  is  0 14172  ^ 

is  generally  used  although  it  is  some  3 per  centn  *°kt  to-day  ofto 

Af  fflSKtfS#  % 

yeU  i^'c°u8tora^<t?C(Sc>ulate  the  electrolyte  from 
is  more  important  the  higher  the  current  density.  The  currant  MW 
varies  in  American  refineries  between  12  and  35  amp.  . ders&i 

of  what  current  density  to  carry  is  largely  one  of  energy  «»8t  Ac 
temperature  of  the  electrolyte  is  used.  Soluble * 
the  anode  pass  into  the  solution  which  therefore  needs  pimn^ja 
intervals.  This  is  usually  done  by  working  up  a 
trolyte  regularly  into  blueetone  and  adding  fresh  acid  to  the  electrayu^ 
209.  Arrangement  of  electrodes  in  copper  refining. 
to  the  arrangement  of  the  electrodes  two  different  systems  are  ^ 
the  parallel  system  or  multiple  system  all  cathodes  ^^tbewn* 
anoaes  are  in  parallel;  the  arrangement  is  shown  in  Fig.  5.  ^ 

system  or  Hayden  system,  diagrammaUcally  shown  in  Fig.  6,  only 


Fw.  5. — Multiple  System. 


Fio.  6. — Series  System. 


and  the  last  electrodes  are  connected  to  4th®, 

is  the  anode,  is  of  impure  copper,  the  last,  the  cathode,  of  purewig. 
intermediate  electrodes  are. made  of  the  copper  to  be  refined i snd 
polar  electrodes,  copper  being  dissolved  from  th.®  ac^nTaloS^ 

pure  copper  being  simultaneously  deposited  on  the 
According  to  AdSiok.,  the  main  point,  of  difference  bet  ween  tbemW 
system  and  the  series  are  in  energy  cost,  compactness  and  eo«t? 
anodes.  The  power  in  the  eerie,  system  i.  about  70  per  cent,  of  ttot“ 
multiple  system.  In  the  multiple  tank  doee  attention  mud  j*  P“,| 
the  contacts  (B.  Magnus,  Electrochemical  Industry,  \ol.  I, J>.  SJ1. ^ 
p.  74;  C.  T.  Hutchinson,  Vol.  II,  p.  13).  The  senes  tank  has 
contacts  or  conducting  bare,  and  the  electrodes  are  verv  close  togeWf;^ 
anodes  being  thin,  even  plates.  To  produce  such  anodes  they  must  a,, 
be  roUed  or  specially  hand-cast,  and  the  grade  of  material  used  must 
The  interest  on  the  metal  tied  up  in  process  and  the  investment  m i 
less  in  the  series  system.  The  series  system  reqmr^  no  rtartin*  * 
but  much  closer  supervision  to  keep  the  quality  of  the  csthodwuP- 
lead-lined  tanks  cannot  be  used  in  senes  work,  due  to  the  reUUW 
voltages  used,  tank  maintenance  becomes  an  important  item. 

S10.  Statistics  of  copper  refining.  According  to  T. 
chemical  Industry,  Vol.  I,pp,  240  and  276)  theyearly  output  of 
electrolytic  copper  refineries  m 1902  ♦as  279,000  tons.  At  th  ,^j 
the  amount  of  silver  and  gold  recovered  per  warm  the  copp» 
was  27,000.000  os.  of  silver  and  346,020  os.  of  gold.  The  cepeoty  of  A®J 
electrolytic  copper  refineries  in  1918  was  1,500,000  tons,  the  output  ^ 
tons.  » ^ 

*11.  References  to  literature  on  copper  refining.  A very 
concise  summary  of  modern  copper  refining  methods  is . , Ty  . it 
L.  Addieks,  Electrochemical  and  Metallurgical  Industry,  VoL  P 
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« also  the  monograph  of  T.  Hike  on  modern  electrolytio  copper  refining, 
moerning  treatment  of  the  slimes  of  copper  refineries  see  oelow  under 
ver  refining,  also  Kern,  Met.  & Chem.  Eng'ing , Vol.  IX,  p.  417.  A full 
emotion  of  the  Great  Falls  refinery  is  given  by  Burns  in  Bulletin  American 
st.  Min.  Engrs.,  August,  1913,  p.  2011.  Concerning  the  power  problem 
electrolytic  copper  refining  see  papers  by  Addicks,  Longwell,  and  Newbury, 
ransact.  Amer.  Electro  chem.  Soc.,  Vol.  XXV. 

Sit.  Silver  refining.  The  chief  commercial  problem  of  silver  refining 
lates  to  the  treatment  of  the  bullion  produced  by  copper  refineries,  to 
cover  the  silver  and  gold, 
his  bullion  may  be  treated 
ther  with  the  old  sulphuric 
id  parting  process  or  electro- 
tically  by  one  of  the  follow- 
g methods  (for  a critical  com- 
uison  see  F.  D.  Easterbrooks, 
ransactiona  American  Elec- 
ochemical  Society,  Vol. 

Ill,  p.  125).  In  the  electro- 
nic methods  the  electrolyte  is 
silver  nitrate  solution.  * 

SIS.  Balbach  process.  The  cross-section  of  a tank  is  shown  in  Fig. 

The  cathode  is  made  of  i-in.  Acheson  graphite  slabs  fitted  to  the 
ottom.  Two  silver  contact  pieces  rest  respectively  on  the  bullion  to  be 
arted  and  the  graphite  slabs.  Bullion  cast  in  thin  square  slabs  is  contained 
i a cloth  case  which  is  supported  on  a wooden  frame  suspended  over  the 
ink.  The  gold  slimes  accumulate  on  the  under  side  of  the  bullion,  between 
and  the  cathode,  increasing  the  resistance  as  the  operation  continues, 
lach  tank  has  a cathode  surface  of  8 sq.  ft.,  and  a current  density 
f 20  to  25  amp.  per  sq.  ft.  is  used.  The  voltage  averages  3.8  per  tank,  and 
n average  ampere-hour  efficiency  of  93  per  cent,  is  obtained  on  a continued 
an,  while  occasionally  an  efficiency  of  98  per  cent,  is  secured.  The  energy 
squired  is  31.5  watt-hr.  per  os.  of  fine  silver  produced.  At  20  amp. 
er  aq.  ft.  about  32  per  cent,  of  the  daily  output  of  each  tank  is  held  perma- 
nently in  stock  in  electrolyte 
and  contacts.  (For  a descrip- 
tion of  the  Balbach  refinery 
see  Electrochemical  Industry , 
Vol.  II,  p.  302.)  Thum’s 
modification  of  the  Balbach 
ocess,  as  employed  on  the 
Haritan  Copper  Works,  is  de- 
scribed by  Easterbrooks  in 
I Jcctrochem.  & Met.  Ind.,  Vol. 
VI,  p.277. 

214.  Moebi us  process.  The 

' ross-section  of  a tank  is  shown 
in  Fig.  8.  They  are  arranged 
in  units  of  6 placed  end  to  end, 
each  unit  being  provided  with 
apparatus  for  raising  the  boxes 
containing  the  deposited  silver 
together  with  the  anodes  and 
cathodes,  and  with  arrange- 
ments for  imparting  a recipro- 
cating motion  to  tho  wooden 
drapers.  There  is  no  system  of  circulating  tin-  electrolyte,  but  the  scrapers 
■■nig  back  and  forth  agitate  it.  The  anodes  are  contained  in  a cloth 
fame  which  holds  the  gold  slimes,  and  the  silver  is  brushed  off  from  the 
nrsr  cathodes  by  the  wooden  scrapers,  and  drops  into  a box  with  hinged 
x>ttom.  It  is  removed  by  raising  the  boxes  aoove  the  top  of  the  tanks 
«>d  emptying  them  into  a tray  placed  beneath.  This  operation  requires  | 
tf.  per  day  per  unit.  Each  tank  has  a cathode  surface  of  about  16.5  sq. 
and  a current  density  of  20  to  25  amp.  per  sq.  ft.  is  used.  The  voltage 

F*8ee  also  Kern,  Met.  <3t  Chem.  Eng'ing,  Vol.  IX,  p.  443. 
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Fia.  8. — Moebi  us  Cell. 


Fig.  7. — Balbach  Cell. 
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between  electrodes  is  1.4  to  1.5  and  the  energy  consumption  ii  1SJ  watt-k. 
per  os.  of  silver  deposited.  A mean  ampere-hour  efficiency  of  94  per  wk 
is  obtained.  At  20  amp.  per  sq.  ft.  41  per  cent,  of  the  daily  output  of  eii 
unit  is  permanently  in  stock  in  cathodes  and  electrolyte. 

In  both  the  BsJbaoh  and  the  Moebius  processes  which  are  in  use  at  warn 
copper  refineries  the  silver  is  deposited  in  a loose  crystalline  form  w i 
relatively  high  current  density.  With  a lower  current  density  (10  amp.  pv 
sq.  ft.)  silver  is  deposited  in  adherent  form  from  a copper-silver  utztt 
solution,  with  a small  addition  of  gelatine,  with  rapid  circulation  of » 
solution.  The  energy  consumption  is  nearly  identical  with  the  Mocks 
method.  28  to  32  per  cent,  of  the  daily  output  is  required  in  cathodes  m 
electrolyte.  A.  G.  Betts  ( Transactions  American  Elcctrochcnoi 
Society,  Vol.  VIII,  p.  121)  recommends  an  electrolyte  of  methyl  »ulphs» 
acid  with  a small  aadition  of  carbon  bisulphide. 

215.  Treatment  of  bullion  at  United  States  mints.  ThebnHhs 
to  be  parted  and  refined  is  divided  into  two  classes,  by  selection  and  bfew 
ing.  One  class  is  largely  gold  (see  below  gold  refining).  The  other 
contains  largely  silver;  the  anodes  are  compoeed  of  300  parts  of  gold  in  14W 
the  remaining  700  parts  consisting  of  silver,  copper  and  other  matena 
The  electrolyte  consists  of  a 3 per  cent,  solution  of  silver  nitrate  to  wkeas 
added  1.5  per  cent,  free  nitric  add.  The  silver  deposit  is  obtained  is  » 
herent  form  if  a very  small  amount  of  gelatine  is  added  to  the  eteettwytt 
(D.  K.  Tuttle,  Electrochemical  and  Metallurgical  Industry,  Vol.  IV,  p.  306). 

215.  Gold  refining.  The  Wohlwill  process  of  gold  refining 
covery  of  platinum  and  palladium  employs  a gold  chloride  solution  stnrajp 
impregnated  with  hydrochloric  acid,  at  a temperature  of  65  to  70  deg.  «* 
A slight  modification  of  the  Wohlwill  process  (55  deg.  cent,  purer  anode*  w 
lower  current  density)  is  in  use  in  the  United  States  mints.  See  E.  WoWm 
Electrochemical  Industry,  Vol.  II,  pp.  221  and  261,  Vd.  VI,  P-  4* 
D.  K.  Tuttle,  Electrochemical  Industry,  Vol.  I,  p.  157;  also 
pp.  355  and  408.  The  applicability  of  the  Wohlwill  process  to  alloys  nm 
in  silver  has  been  rendered  possible  recently  by  the  employment  of  * 
sating  current  (obtained  by  superposing  an  alternating  current  on  * 
direct  current)  instead  of  a purely  direct  current.  (Met.  A Chen.  w 
Vol.  VIII,  p.  82).  See  also  Kern,  Met.  A Chem.  Bna'ing,  Vol.  IX,  p 44t 

217.  Lead  refining.  The  Betts  process  pmploya  a solution  of 
fiuosilicate,  containing  an  excess  of  hydrofluoric  acid  (5  to  7 per  eestu 
and  12  to  15  per  cent.  HF)  with  a very  small  addition  of  gelatine  or  p* 
depositing  lead  in  dense  coherent  form  and  free  from  bismuth. 
chemical  Industry,  Vol.  I,  p.  407.)  The  voltage  per  tank  is  0.35  to(M 
including  losses,  the  temperature  30  deg.  cent.,  the  energy  consumpfcoa* 
from  51  to  6 horsepower-days  per  ton  of  lead.  The  prooess  is  no*  UJ™ 
used  commercially  m three  plants  in  Canada,  England,  United  States  a « 
aggregate  capacity  of  175  tons  per  day.  The  efficiency  at  Trail  is 
cent,  the  current  density  15  amp.  per  sq.  ft.  Concerning  the  treats** 
of  slimes  see  Electrochemical  A Metallurgical  Industry , Vol.  Ill,  PP-  ^ 
and  235. 

218.  Nickel  refining.  For  nickel  refining  either  a chloride  or  a . sd 
phate  solution  is  used.  F.  Foe  rater  recommends  a temperature  of  w 9 
70  deg.  cent.,  good  circulation  and  a current  density  of  0.01  to  0.02  amp  j* 
sq.  cm.,  with  a solution  containing  about  30  g.  nickel  («145g.N^?* 
7HjO  or  121  g.  NiCU,  6HtO)  or  more  per  liter.  The  nickel  depost  * 
of  such  density  and  tenacity  that  it  may  be  rolled  immediately  into  tons* 
sheets.  Concerning  the  possibility  of  obtaining  thick  coherent  nickel  depo*« 
see  W.  McA.  Johnson,  Electrochemical  Industry,  Vol.  I,  p.  212;  andii 
H.  Browne,  Electrochemical  Industry , Vol.  I,  p.  348.  Browne  obUffli 
good  coherent  deposits  from  a neutral  solution  containing  70  g- 
180  NaCl  per  liter,  heated  to  50  to  75  deg.  oent.,  with  a current  deasW1 
100  to  200  amp.  per  sq.  m.  with  efficient  circulation  of  electrolyte,  f^s 
sulphate  solutions  thick  cathodes  may  be  deposited,  with  a solution  of 
nickel-sulphate  or  nickel-ammonium  sulphate,  kept  at  about  50  deg- 
with  efficient  circulation  and  a current  density  of  50  to  300  amp.  per  K ■ E 

>19.  Zinc  refining.  Iif  the  Hoepfner  process  which  U in  u« 
plawt  m England,  a nnc  chloride  solution  is  subjected  to  electrolyse  L* 
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till  of  electrolysis  as  oarried  out  in  England  are  not  known;  see,  however, 
i.  Guenther’s  ’’Darstellung  des  Zinks  auf  Elektrolytisohem  Wage.”  The 
test  advance* of  the  Siemens  A Halske  Co.  in  this  field  is  the  use  of 
isnganese  peroxide  anodes.  The  power  consumption  is  3.4  kw-hr.  per 
ilogram  Zn. 

tSO.  Iron  refining.  The  Burgess  process  employs  a solution  of  fer- 
nis  and  ammonium  suljphates  with  a cathodic  current  density  of  8 to  10 
np.  per  sq.  ft.  and  a slightly  smaller  anodic  current  density.  The  e.m.f. 
r each  cell  is  slightly  under  1 volt;  the  temperature  of  the  electrolyte  is 
>out  30  deg.  cent. ; the  anodes  consist  of  ordinary  grades  of  wrought  iron  and 
eel;  the  starting  sheets  for  the  cathode  are  of  thin  sheet-iron,  previously 
eaned  of  rust  (Electrochemical  Industry , Vol.  II,  p.  183).  See  also  E.  F. 
era.  Transaction*  Am.  Electrochem.  Soc.,  Vol.  Xfil. 

As  an  electrolytic  iron-refining  process  and  as  a plating  operation  may  be 
rasidered  the  process  of  Cowper-Colest  for  the  production  of  iron  sheets  and 
ibes  of  nearly  pure  iron  from  anodes  of  pig  iron.  The  electrolyte  is  a con- 
mtrated  solution  of  ferrous  chloride  with  addition  agents, 
til.  Tin  refining.  According  to  the  Claus  process  raw  tin  is  electro- 
in  a 10  per  cent,  sodium  sulphide  solution  at  a temperature  of  more 
iso  80  deg.  oent.  with  a current  density  of  0.5  amp.  per  sq.  dm.  at  a voltage 
t the  electrodes  below  0.2  volt.  Pure  tin  plates  or  plates  coated  with  pure 
a must  be  used  as  cathodes.  (O.  Steiner,  Electrochemical  and  Metallurgical 
ndustry,  Vol.  V,  p.  300.)  A recently  constructed  plant  at  Perth  Amboy, 

. J.,  refines  impure  Bolivian  tin  using  a solution  of  tin  fluosilicate  with 
ee  HF,  similar  to  the  Betts  refining  bath  for  lead.  ( Mineral  Industry, 
H7,  p.  692.) 

US.  Bismuth  refining.  The  electrolyte  is  bismuth  chloride  oontain- 
g free  hydrochloric  acid  (7  per  cent.  Bi  and  9 to  10  per  cent.  HC1).  The 
ithodic  current  density  is  20  amp.  per  sq.  ft.,  the  anodic  ourrent  density 
three  times  this  amount,  the  voltage  at  the  electrodes  is  1.2.  Silver 
id  gold  remain  at  the  anode,  but  traces  of  the  silver  pass  into  the  bismuth 
iposit.  The  anodes  contain  over  90  per  cent.  Bi,  besides  lead,  silver, 
c.  The  product  is  99.8  per  cent,  pure,  the  chief  impurity  being  silver, 
le  arrangement  of  the  cell  is  the  same  ms  in  the  Balbach  silver-refining 
ocess.  (A.  Mohn,  Electrochemical  and  Metallurgical  Industry , Vol.  V. 
314.) 

ISS.  Cadmium  refining.  A cadmium  sulphate  solution  containing 
»e  add  is  electrolysed  with  a current  density  of  0.005  to  0.02  amp.  per 
. cm.  (F.  Mylius  and  R.  Funk,  Zeit,/.  Anorgan.  Chemie,  Vol.  13,  p.  157.) 
IS4.  Miscellaneous  refining  processes.  Cobalt  is  stated  to  be  de- 
bited from  its  sulphate  and  chloride  solutions  with  the  same  ease  and 
der  the  same  conditions  as  nickel.  Concerning  thallium  see  F.  Foe  rater 
<«!/,  /.  Anorg.  Chemie ,”  Vol.  15,  p.  71.  Concerning  chromium  see  M. 
Blanc's*' Production  of  Chromium.”  (English  translation  by  J.  W.  Rich- 
is),  also  Carveth  and  Mott,  and  Carveth  and  Curry,  Jour . Physical 
emistry,  Vol.  IX,  pp.  231  and  353,  Le  Blanc,  Transactions  of  the 
nerican  Electrochemical  Society,  Vol.  IX,  p.  315. 

ioduction  or  hydrogen  and  oxygen  oasis  bt  elec- 
trolysis or  WATER 

KSi.  General  theory.  In  the  electrolytic  decomposition  of  water,  as  car- 
d out  on  an  industrial  scale  for  the  production  of  oxygen  and  hydrogen 
ics,  instead  of  pure  water  which  has  too  low  an  electric  conductivity,  either 
10  per  oent.  solution  of  sulphuric  acid  ora  15  per  cent,  solution  ol  caustic 
ia  is  used  as  electrolyte,  these  concentrations  corresponding  to  maximum 
oduetivity.  If  sulphuric  acid  is  used,  the  cathodic  reaction  is  the  dicharge 
hydrogen  ions  and  the  setting  free  of  hydrogen  gas,  while  the  anodic  reac- 
n may  be  written 

SO** + HsO  - H1SO4 + O,  (35) 

that  oxygen  gas  is  set  free  and  sulphuric  add  is  reformed.  The  quantity 
sulphuric  acid,  therefore,  remains  constant  and  only  water  disappears. 

'Engelhardt.  Met.  A Chem.  Ena'ing , Vol.  XI,  p.  43. 

Palmaer  and  Brinell.  Met.  dk  Chem;  Engring,  Vol.  XI,  p.  197. 
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In  the  same  way  with  caustic  soda,  NaOH,  as  electrolyte,  the  cslhoifte 
reaction  is 

2Na+2H*0-2Na0H+Hi.  (36) 

and  the  anodic  reaction  is 

20H«Hi0+0,  tn 

so  that  Hs  is  set  free  at  the  cathode  and  O at  the  anode,  water  disappearing, 
while  the  quantity  of  caustic  soda  remains  oonstant,  since  as  much  is  fonad 
at  the  cathode  as  is  decomposed  by  the  current.  It  is,  therefore,  necessary 
to  add  new  water  to  the  solution  from  time  to  time.  The  deootnpoataa 
e.m.f.  of  water  with  polished  platinum  electrodes  is  about  1.7  volts. 

III.  In  a commercial  electrolyser  the  e.m.f.  is  3 volts  or  ha 
We  will  assume  3 volts,  100,000  coulombs  evolve  1.04  g.  of  hydrofS 
gas,  occupying  11.6  liters  at  0 deg.  cent,  and  atmospheric  pressure,  sad  81 

([.  oxygen  gas,  occupying  5.8  liters.  But  the  passage  of  100,000  sir 
ombs  at  3 volts  represents  an  energy  consumption  of  A kwfc 
so  that  the  electrolytic  production  of  1 cu.  m.  of  hydrogen  gas  (0  da 
oent.  and  atmospheric  pressure)  requires  somewhat  over  7 kw-hr.  Witt 
an  acid  solution  the  electrodes  may  be  made  of  lead,  with  an  alkaline  sdr 
tion  of  iron.  In  the  construction  of  the  vats  for  electrolysis  the  chief  prab* 
lem  is  to  keep  the  hydropen  and  oxygen  gases  separate  from  each  other  by 
some  such  device  as  a diaphragm.  * 

SIT.  An  important  application  of  electrolytic  hydrogen  and  exjvss 

is  the  production  of  high  temperatures  by  the  oxy hydrogen  flaaast  for 
welding,  etc. 


ALKALINE  CHLORIDE  ELECTROLYSIS 
SIS.  Products  of  alkaline  chloride  electrolysis.  If  the  soloboa  4 

an  alkaline  chloride  (say,  sodium  chloride)  in  water  is  eleotndyiedL  the  pi* 
duets  may  be,  according  to  the  arranrssnm  of*1*  operation,  either  la)  esarifc 
soda  and  chlorine,  or  (b)  hypochlorite  (bleaching  liquor)  or  (c)  chlorate. 
SSS.  Caustic  soda  and  chlorine.  X The  total  reaction  is 

NaCl  + H*0-NaOH+H+Cl.  <W 

At  the  cathode  the  Na  cations  discharge,  react  with  water  and  form 
soda  and  hydrogen  gas.  At  the  anode  chlorine  is  liberated  which  is 

dissolved  in  the  solution  and  partly  evolved  as  pa a.  If  the  valuable  pr 

of  the  process  are  to  be  caustic  soda  and  chlorine,}  the  chief  requiremott 
to  keep  the  anodic  and  cathodic  products  separate  from  each  other  aad  * 
remove  them  as  quickly  as  possible  from  the  sphere  of  electrolytic 
130.  Mercury  cathode  processes.  Of  the  mercury  cathode  pn 
the  Castner-Kellner  process  and  the  Solvay  process  first  achieved  km 
industrial  importance.  The  sodium-mercury  alloy  formed  at  the  caihom 
of  the  electrolytic  cell  is  by  some  special  means  removed  from  the  •***■* 
of  contact  with  the  electrolyte  and  carried  off  to  a separate  cell  where  tar 
amalgam  is  decomposed  in  contact  with  water,  caustic  soda,  NaOH.  bang 
formed  with  simultaneous  evolution  of  hydrogen  gas,  Na-f  HaO»NaOS 
-f  H.  In  some  mercury-cathode  processes  this  is  simply  a chemical  reactha 
heat  being  evolved  in  consequence  of  its  taking  place.  In  other  process 1 
like  theCaatner-Kellner,  it  is  made  an  electrolytic  action,  and  the  eared 
given  out  by  this  reaction  is  obtained  in  form  of  electrical  energy  so  that  ha 
energy  is  required  to  decompose  the  NaCl  solution  in  the  other  cell.  A*  • 
matter  of  fact,  we  have  in  this  case  two  electrolytic  cells  in  aeriea  “ 
the  scries:  carbon  anode,  NaCl  solution,  mercury,  water,  iron  cathoda 
mercury  acts  as  a bipolar  electrode,  and  the  reaction  in  the  firrt  « ■ 
NaCl 4- Hg  — Cl  +-  Hg.  Na,  that  in  the  second  cell  Hg.Na+HjO-Hrf I 
NaOH  + H;  hence  the  total  reaction  NaCl -f-HtO  — Cl + NaOH+H.  Tto 

•See  V.  Engelhardt’s  "Electrolysis  of  Water,"  English  transUtioa  bf 
J.  W.  Richards,  also  Met.  A Chem.  Eng'ing t Vol.  IX,  p.  475. 

I Concerning  this  and  oxy-acetylene  welding  see  R.  N.  Hart,  "Weku* 
Bil liter.  J‘  Die  Electrochemischen  Verfanren  der  Chemischea 
Industrie;"  Brochet,  " La  8oude  Electrolytaque;’’  Lucion,  “ Eleetroiyttjj 
Alkali chloridxerlegung  mit  flQssigen  Metail-kathoden,”  Allmand,  "Appa* 
Electrochemistry,  p.  342  to  385.  « . , 

f The  hydrogen  gas  evolved  at  the  cathode  la  usually  wasted,  though  n * 
®m ployed  in  Germany  to  some  extent  for  balloon  filling. 
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it  partial  reaction  oonsumes  energy,  hence  it  require*  that  a certain  volt- 
s be  impressed  on  the  cell  from  the  outside.  The  seoond  partial  reaction 
jives  energy.  Hence  the  total  reaction  requires  energy  equal  to  the 
Terence  of  the  energies  of  the  two  partial  reactions.  The  voltage  at  the 
minals  of  the  whole  is  less  than  that  required  for  the  first  partial  reaction 
me. 

Newer  mercury  cathode  oells  are  the  Whiting  cell  and*  the  Wilderm&n 
I.f  The  advantages  of  mercury  cathode  cells  are  high  purity  and  high 
acentration  of  caustic  soda  with  reduction  of  evaporation  charges,  and 
;h  ampere-hour  efficiency.  The  drawbacks  are  comparatively  high  volt- 
e and  the  first  cost  of  the  mercury. 

SSI.  Fused-lead-cathode  process.  While  in  the  mercury-cathode  cell 
aqueous  solution  of  sodium  chloride  is  electrolysed,  the  fused-lead- 
thode  process  (C.  E.  Acker)  employs  an  electrolyte  of  fused  sodium 
loride.  The  sodium  alloys  with  the  fused  lead.  This  alloy  is  carried  off 
d decomposed  in  another  vessel  by  means  of  a jet  of  steam.  The  principle 
exactly  analogous  to  the  mercury-cathode  process  (C.  E.  Acker,  Trans- 
t ions  American  Electrochemical  Society,  Vol.  I,  p.  165).  The  process 
no  longer  in  commercial  operation. 

ItS.  In  the  Glocken  process  or  bell-process  or  gravity-process  the  anode 
contained  in  a bell-formed  non-conducting  receptacle,  open  at  the  bottom 
td  thereby  in  connection  with  the  outside  cathode  compartment  surround- 
g the  bell.  By  force  of  gravity  the  anodic  and  cathodic  products  are  held 
itomatically  separate  and  prevented  from  mixing  ana  are  continually 
rried  off.  Fresh  saturated  NaCl  solution  is  continually  supplied  to  the 
lode  compartment  (bell)  and  passes  downward  and  prevents  the  OH  ions 
om  reaching  the  anode  (O.  Steiner,  Electrochemical  and  Metallurgical 
idustry,  Vol.  V,  p.  171). 

SSS.  In  the  BUliter-Leykam  cell?  the  bell  process  has  been  modified  by 
acing  the  cathodes  (hooded  to  collect  the  hydrogen)  immediately  under* 
;ath  the  bell  jar,  and  not  around  its  sides. 

194.  In  the  diaphragm  processes!  which  are  the  oldest  ones  and  of  which 
ere  are  quite  a number,  the  electrolytio  cell  is  divided  into  an  anode  com- 
mitment and  a cathode  compartment  by  means  of  a porous  diaphragm 
inch  prevents  the  mechanical  mixing  of  the  two  solutions.  If  the  chlonde 
lution  is  supplied  to  the  cathode  compartment,  the  solution  cannot  be 
ghly  saturated  with  caustic  without  trouble  being  produced  by  the  OH 
ns  passing  to  the  anode.  The  only  large  industrial  process  in  which  this 
rangement  is  used  is  the  Griesheim  Elcktron  process])  used  in  Germany. 
In  most  other  diaphragm  cells  saturated  sodium  chloride  solution  is 
troduced  into  the  anode  compartment  so  as  to  flow  through  the  diaphragm 
ward  the  cathode  and  counteract  the  tendency  of  the  OH  ions  to  pass  to 
ie  anode.  This  is  the  case,  for  instance,  in  the  cells  of  LeSueur,  McUonald 
>d  others.  A comparatively  very  small  cathode  compartment  of  special 
instruction  is  the  feature  of  the  Hargreaves-Bird  cell.  This  principle  is 
trried  still  further  in  the  Townsend  cell,  in  which  the  cathode  compartment 
mtaina  no  electrolyte  whatever,  but  liquid  kerosene.  The  caustic  as  soon 
i formed  is  absorbed  in  the  kerosene  and  carried  off.  (C.  P.  Townsend, 
ransactions  American  Electrochemical  Society,  Vol.  VII,  p.  63;  L. 
seksland,  Electrochemical  and  M etallurgical  Industry , Vol.  V,  p.  209 
id  Vol.  VII,  p.  313.) 

Almost  all  diaphragm  oslls  use  vertical  diaphragms.  An  exception  is 
M Billiter-Siemens  Sc  Haiske  cellt  in  which  horixontal  diaphragms  are  used. 

195.  Data  on  alkali-chlorine  cell*.  Allinand  ("Principles  of  Applied 
lectrochemistry,”  p.  383)  gives  the  following  comparative  table  of  electro- 
icmical  data  of  different  alkali-chlorine  cells,  which  holds  for  those  condi- 
ons  under  which  the  cell  in  question  is  normally  worked.  Concerning 

* Transactions  Amer.  Electrochera.  Soc.,  Vol.  XVII,  p.  327. 

iMct.  A Chem.  Eng’ing,  Vol.  XI,  p.  628. 

Met  A Chem.  Eng'ing , Vol.  XI,  p.  20. 

Theory  by  Guye,  Jour.  Chim.  Pays.,  Vol.  I,  pp.  121  and  212,  Vol.  II,  p. 
and  Vol.  V,  p.  398. 

iLepsius.  Chem.  Zeit.t  Vol.  XXXIII,  p.  299. 

1 Met  A Chem.  Bng'ing , Vol.  XI,  p.  19. 
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figures  of  ooet  of  operation  see  Engel  hardt,  Met.  A Chem.  Faf’tat,  Ti 
IX,  p.  480;  also  du  Faur,  Met.  A Chem.  Eng* in#.,  VoL  VIII,  p.  575. 

tat.  Table  of  Chlorine-Alkali  Cells  (Allmand) 


Cell 

Normality 
of  alkali 

Cathodic 

current 

efficiency 

Volt- 

age 

Energy  1 
efficiency 

K«k 
per  fe§ 
NsOfi 

Castner  (rocking  cell) . . . 

5n. 

per  cent. 
92 

volts 

4.2 

per  cent. 
50 

1.1 

Kellner  (platinum 
anodes). 

5-6  n. 

97 

5.0 

45 

3.4 

Kellner  (carbon  anodes) . 

5-6  n. 

95 

4.5 

49 

3.1 

Whiting 

5n. 

92 

4.0 

53 

2.9 

97 

5.0 

45 

3 4 , 

3. 0-3.4] 

Griesheim  (carbon 

l-2n. 

70-80 

3.6 

45-51 

anodes). 

Griesheim  (magnetite 

l-2n. 

70-80 

4.0 

40-56 

‘3.3-3.I 

anodes). 

Outhenin-Chalandre 

(2n.?) 

66 

3.7 

41 

! H 

Bell  cell 

2n. 

85 

4.0 

49 

i 3.1 

Bill! ter  bell  cell 

3n. 

92 

3.1 

68 

1 2* 

Biliiter  diaphragm  cell.. 

nflrimiftvAA-Ttirn 

3— In. 

3n.  NajCO* 
4n. 

95 

85 

3.7 

3 7 

59 

3.4 

Townsend 

94 

4.8 

45 

rj-jj 

2d. 

98 

3.0 

75 

Liii 

137.  Anodes.  Artificial  graphite  anodes  are  exceedingly  useful  Rfr 
num  anodes  are  occasionally  used.  Ferric  oxide  electrodes  hiw  be 
introduced  in  Germany.  The  construction  of  concrete  tanks  for  Abrie 
electrolysis  is  described  by  D.  H.  Browne,  Electrochemical 
Vol.  I,  p.  273.  Concerning  the  construction  of  diaphragms  see  Alins** 
" Applied  Electrochemistry?'  p.  154. 

338.  Concerning  the  uses  of  electrolytic  chlorine  see  F.  Wictea 
Electrochemical  Industry,  Vol.  II,  p.  339;  O.  Nagel,  Electrochemical  at 
Metallurgical  Industry,  Vol.  Ill,  p.  16.  The  chief  application  of 
lytic  chlorine  is  for  the  manufacture  of  chloride  of  lime  (bleaching  po**? 
Other  applications  are  the  detinning  of  tin  scrap  (with  production  c*  *» 
tetrachloride),  manufacture  of  carbon  tetrachloride,  sulphur 
acetylene  tetrachloride,  hydrochloric  acid  (by  combining  the  anodic  ehtonie 
with  the  cathodic  hydrogen),  etc.  Concerning  the  uses  of  chlorin  * 
metallurgy  see  Baker,  Transaction*  American  Electrochem.  Soc..  Vol-H 
During  the  World  War  large  quantities  were  used  as  poison  gas,  tbo  f* 
making  phosgene  and  mustard  gas. 

183.  Table  of  Hypochlorite  Cells  (Allmand) 

- 


Type 

Brine 

used 

Grams 
active 
chlorine 
per  liter 

Kw-hr. 
■per  kilo 
active 
chlorine 

Kilos  of 
salt  per 
kilo 
active 
chlorine 

Addition 

Kellner  (vertical 
electrodes). 

Haas- Oct  tel 

Per  cent. 
15 

12.0 

6.5 

KiCrOt 

17 

12.3 

6.4 

14 

Schuckert 

15 

20 

6.0 

7.8-8 

Sodiim 

Kellner  (horisontal 

15 

25 

6.0 

4-6 

reriw** 

Sulpha 

electrodes). 

compos*: 

140.  Hypochlorite  (bleaching  liquor).  While  for  the  produrhos^ 
caustic  and  chlorine  by  electrolysis  of  sodium  chloride  the  anodic  *» 
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bodie  products  must  be  kept  separate,  the  reverse  requirement  must  be 
tiled  foe  the  eleetrolytio  production  of  hypochlorites  (bleaching  liquors) 
electrolysis  of  sodium  chloride.  Sodium  hypochlorite  is  the  result  of  the 
ction  of  chlorine  on  caustic  soda.  To  obtain  the  hypochlorite  in  the 
strolytio  cell  itself,  the  electrodes  are  placed  near  together  and  the  electro* 
5 is  maintained  in  steady  motion  in  order  to  mix  the  anodic  and  cathodic 
ducts  together.  For  a description  of  commercial  cells  for  the  production 
bleaching  liquor  see  W.  H.  Walker.  Electrochemical  Industry , Vol.  I. 
439;  Engelhardt  and  Abel,  “Hypochlorite  and  Elektrische  Bleiche, 
olumes; Alim  and, 44  Applied  Electrochemistry,’*  pp.  818  335.  Concerning 
,t  of  operation  see  Engelhardt,  Met.  A Chem.  Eng'ing , Vol.  IX,  p.  489. 
lllmand’s  table  (Par.  189)  gives  typical  results  yielded  by  different  elee- 
lysers.  They  cannot  be  very  closely  compared,  owing  to  varying  con- 
ions,  but  give  an  idea  of  the  relative  capabilities  of  the  different  types. 
Concerning  the  Digby  hypochlorite  cell  see  Met.  A Chem.  Bng’xng,  Vol. 
:,  p.  328. 

141.  Chlorate.  The  production  of  chlorate  by  electrolysis  of  sodium 
loride  requires  interaction  between  caustic  soda  and  chlorine  under  the 
editions  of  a moderately  high  temperature,  above  40  deg.  cent,  and  an 
eence  of  reducing  conditions.  For  the  latter  purpose  the  addition  of 
romate  has  been  found  especially  useful.  No  diaphragms  are  used  in 
odern  chlorate  cells  (see  the  German  monograph  by  Kershaw  and  Huth; 
so  AUmand,  Applied  Electrochemistry,  pp.  335-341).  As  to  the  use  of 
sctrolytically  produoed  acid  and  alkali  (obtained  by  electrolysis  of  a solution 
chlorate  or  perchlorate  of  sodium)  for  producing  bichloric  phosphate 
rtilisers  see  Palmaer,  Met.  A Chem.  Eng'ing , Vol.  X,  p.  581. 

SLSCTROLT8I8  OF  CHLORIDES  OF  COPPK&,  NICKEL 
AND  ZINC 

941.  Reduction  of  copper-nickel  matte.  Besides  the  electrolysis  of 
kaline  chlorides,  which  is  now  carried  out  on  a very  large  industrial  scale 
‘ the  numerous  processes  sketched  above,  chloride  electrolysis  has  also  been 
Ltempted  in  the  metallurgy  of  copper,  nickel  and  sine.  (Concerning  the 
irly  work  of  Hoepfner  in  this  field  see  Wm.  Koehler,  Electrochemical 
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Fig.  9. — Separation  of  nickel  and  copper. 

"dtgfry,  Vol.  I,  pp.  540,  568.)  Success  has  been  attained  in  this  field  by 
>«  w i Browne  for  separation  of  the  nickel  and  copper  from  copper- 
UCKel  matte,  the  scheme  of  the  process  being  indicated  in  Fig.  9.  The 
latte  is  roasted  and  melted  and  one-half  of  the  fused  copper-nickel  is  poured 
?®o  a®°de  form,  the  other  half  is  poured  into  water,  thus  giving  copper-nickel 
not  of  a weight  equal  to  that  of  the  anodes.  The  anodes  are  placed  in  the 
ticfcel-eopper  chloride  bath;  the  copper- nickel  shot  is  brought  into  the  shot 
ower  in  which  the  electrolyte  for  the  copper-depositing  baths  is  made.  In 
baths  pure  copper  is  deposited  on  the  cathodes,  nearly  all  the  copper 
separated  from  the  nickel  in  solution.  The  small  amount  of  copper 
in  solution  is  removed  by  means  of  sodium  sulphide.  The  solu- 
«>n  which  is  now  a mixture  of  NiCb,  NaCl,  and  a small  amount  of  FeCl* 
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is  then  treated  with  some  chlorine  gas  in  order  to  oxidise  the  ferrous  ehkrifc 
to  ferric  chloride.  By  means  of  sodium  hydroxide  the  iron  is  then  renami 
from  the  solution;  after  removal  of  the  ferric  hydroxide,  the  solntioo  is  a 
mixture  of  NiClj  and  NaCl  and  is  then  brought  into  the  evaporator.  Til 
sodium  chloride  separates  out,  and  the  nickel  chloride  solution  is  sohjeetd 
to  elect  olysis.  As  shown  in  the  diagram,  the  process  is  nearly  cycle  rift 
respect  to  chlorine.  (For  details  see  F.  Haber,  Electrochemical  Ini&b% 
Vol.  I,  p.  381.) 

243.  Fused  chloride  electrolysis  is  employed  in  the  Swinburne- 
croft  "chlorine-smelting”  process  for  the  treatment  of  mixed  sulpUft 
ores.  The  scheme  is  indicated  in  the  diagram.  Fig.  10.  where  the  ores 
assumed  to  be  a mixture  of  zinc  sulphide  and  the  sulphides  of  two  otht 
metals,  designated  by  M and  N.  The  mixture  of  sulphides  is  first  trade 
in  the  transformer  with  chlorine  and  changed  into  a mixture  of  chloriftfcj 
The  second  step  of  the  process  consists  in  substituting  zinc  for  M sad  L 
The  zinc  chlonde  is  then  electrolyzed.  The  process  is  cyclic  with  rapid 
to  chlorine.  (See  Swinburne,  Electrochemical  Industry , Vol.  I,  p.  uSf 
Vol.  II,  p.  404.  See  also  Ashcroft’s  articles  on  experiments  with  fins 
electrolytes  and  handling  of  chlorine  (pumping,  etc.),  Electrochemical  mi 
Metallurgical  Industry , Vol.  IV,  pp.  91,  143,  178,  357.) 


Fig.  10. — Swinburne- Ashcroft  Process. 


844.  Concerning  electrolytic  processes  in  sine  metallurgy,  stf 

W.  McA.  Johnson,  Electrochem . A Met.  Ind .,  Vol.  V,  p.  83;  also  TrsmdL 
Amer.  Electrochem.  Soc.,  Vol.  II;  and  J.  W.  Richards,  Transact.  A ad' 
Electrochem.  Soc.,  Vol.  XXV.  See  also  GQnther’s  “Darstellung  dee 
auf  Elektrolytischem  Wege.” 

845.  In  gold  metallurgy  electrochemical  processes  have  been  tried  or  o*f 
in  various  ways.  In  the  chlorination  process  electrolytic  chlorine  or  elertrr 
lyrically  produced  bleaching  powder  nas  been  employed.  In  the  eyM®* 
process  electrolytic  precipitation  of  gold  (as  a substitute  for  zinc  prenjrisi 
rion)  by  the  Siemens  & Halske  process  has  been  formerly  employed  os  a 
large  scale,  especially  in  South  Africa.*  Clancy f has  proposed  the  Re- 
stitution of  cyanamide  (in  combination  with  electrolysis)  for  cyanide,  bd 
has  not  achieved  commercial  success  so  far.  Electrolytic  amalgamation 
has  been  experimented  with  repeatedly,  but  is  not  in  use  on  a large  scale  U 
present;  the  principle  is  to  make  the  mercury  in  the  ordinary  amalgamate* 
process  cathode  of  an  electrolytic  cell. 


ELECTROLYTIC  REDUCTION  OF  ALUMINIUM,  SODIUM,  MAG- 
NESIUM AND  CALCIUM 

846.  Aluminium.  Finally,  various  electrolytic  processes  must  he 
mentioned  which  have  resulted  in  the  cheap  production  of  certain  mett* 
which  can  be  made  by  other  means  only  at  great  expense.  The  clam<» 
example  is  the  electrolytic  production  of  aluminium  wnich  is  now  ccrtriag 

• Concerning  this  process  and  its  later  developments  by  Butters,  HamflW 
and  Richmond  see  Electrochem,  A Met.  Ind.,  Vol.  II,  pp.  55,  131,  207. 
372.  B.  Neumann,  Vol.  IV.  p.  297.  C.  R.  Richmond  JBng.  A Min.  /our, 
March  16.  See  also  Walken  Transact.  Amer.  Electrochem.  See.,  V* 
IV,  p.  47  and  two  papers  by  Kern  and  by  Clevenger  and  Hall  in  Trenma. 
Amer.  Electrochem.  Soc.,  Vol.  XXIV,  pp.  241,  271.  _ 

t Met.  A Chem.  Eng'ing,  Vol.  VIII,  pp.  608,  623;  Vol.  IX,  pp.  21.  ** 
Carey,  Met.  A Chem.  Eng'ing,  Vol  VIII,  p.  438;  Transact.  Am*. 
Electrochem.  Soc.,  Vol.  XIX,  p.  127. 
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moat  important  electrochemical  industry.  In  the  processes  of  Hall 
1 Htroult  the  electrolyte  is  a fused  solution  of  alumina  (as  solute)  in  the 
hie  fluoride  of  aluminium  and  sodium  (as  solvent).  Carbon  anodes  are 
i.  while  the  melted  aluminium  metal  in  the  bottom  of  the  pot  forms  the 
iode.  The  temperature  is  900  deg.  cent.  The  alumina  is  decomposed 
the  current  and  fresh  alumina  is  added  at  intervals  to  the  bath.  Accord- 
to  J.  W.  Richards  the  production  of  1 kg.  of  aluminium  requires  22  kw-hr. 
minium  is  used  for  the  manufacture  of  various  utensils,  for  all  purposes 
>re  tightness  is  an  advantage,  and  especially  for  electric  conductors  as 
ubstitute  for  copper.  J.  W.  Richards'  ‘‘Aluminium " is  the  standard 
k on  this  metal:  concerning  the  theory  of  the  process  a different  view  is 
ended  in  the  book  by  Minet,  translated  by  L.  Waldo.*  According  to  the 
S.  Geological  8urvey,  the  production  of  aluminium  in  the  United  States 
1 61,281  lb.  in  1890;  920,0001b.  in  1895;  7,160,000  lb.  in  1900;  and  11,347,000 
1905.  It  is  estimated  that  the  output  in  1919  was  225,000,000  lb.,  but 
dal  figures  are  not  made  public  by  the  only  producers,  the  Aluminum 
mpany  of  Amenca. 

AT.  Properties  of  aluminium  cells.  The  property  of  aluminium 
ctrodes  to  let  electricity  pass  in  one  direction  (when  the  aluminium 
strode  is  cathode),  but  not  in  the  other,  is  made  use  of  in  electrolytic 
tillers.  A.  Nodon  ("Transactions  of  the  International  Electrical 
ogress,"  St.  Louis,  1904,  VoL  I,  p.  610)  employs  a neutral  solution  of 
monitim  phosphate  in  water  as  tne  electrolyte,  with  aluminium  as  one 
strode  and  the  other  electrode  of  lead  or  polished  steel.  C.  F.  Burgess 
1 Carl  Hambueehen  ( Transaction*  American  Electrochemical  Society, 
1. 1,  p.  147)  use  a fused  electrolyte  of  molten  sodium  nitrate  with  an  alu- 
iium  and  an  iron  electrode.  If  two  aluminium  electrodes  are  used,  the 
tern  represents  an  electrolytic  condenser  (C.  I.  Zimmerman,  Trans* 
ions  of  the  American  Electrochemical  Society,  Vol.  VII,  p.  309).  This 
ve  effect  of  the  aluminium  electrode  is  also  made  use  of  in  the  electrolytic 
htning- arrester  (see  R.  P.  Jackson,  Electrical  Journal,  August,  1907). 

148.  Metallic  sodium  is  produced  on  a large  scale  by  the  Castner 
>eeas  from  a fused  NaOH  electrolyte  at  a temperature  not  more  than  10 
15  deg.  oent.  above  the  melting  point  (which  is  at  308  deg.  cent.).  A 
lie  or  screen  is  provided  between  the  electrodes  and  a superposed  dome 
collecting  the  metallic  sodium. 

149.  Tho  Ashcroft  process  produces  sodium  from  common  salt  in  a 
lble  cell  of  the  following  construction.  In  the  first  half  of  the  cell  fused 
Lium  chloride  is  electrolysed  with  a carbon  anode  (at  which  chlorine  is 
trated)  and  a fused  lead  cathode  (which  absorbs  the  sodium).  The  same 
ed  sodium-lead  alloy  forms  the  anode  in  the  second  half  of  the  cell,  fused 
OH  being  the  electrolyte  and  the  cathodes  consisting  of  iron  or  nickel, 
this  second  half  of  the  cell  sodium  passes  from  the  sodium-lead  alloy  into 
bath  and  is  deposited  at  the  cathode,  the  fused  bath  remaining  of  con- 

ot  composition.  The  first  half  of  the  process  is  in  principle  analogous 
the  Acker  process,  the  second  half  to  the  Castner  process,  but  with 
t exception  that  as  much  NaOH  is  re-formed  at  the  fused  sodium-lead 
>de  as  is  decomposed.  The  total  result  of  the  prooess  is  given  by  the  simple 
lation  NaCI  — Na  + Cl  (Electrochemical  and  Metallurgical  Industry , Vol. 
p.  218).  (A  good  summary  of  various  sodium  processes  is  given  by  C.  F. 
frier,  Jr.,  in  Electrochemical  and  Metallurgical  Industry,  Vol.  IV,  pp. 
t and  475;  also  Met.  A Chem.  Eng'ing,  Vol.  VIII,  p.  253.)  The  yearly  pro- 
rtioo  of  sodium  in  the  world  (1906)  is  about  3,500  tons,  of  which  1,500  tons 
used  for  making  cyanide,  1,500  for  peroxide  and  500  are  sold  as  metal. 
KM.  Magnesi  um  is  produced  by  electrolysis  from  a fused  dehydrated 
th  of  carnallite,  a double  chloride  of  potassium  and  magnesium,  or 
m a fused  bath  of  magnesium  chloride  (Tucker  and  Jouard,  Transact, 
ler.  Electrochem.  Soc.,  Vol.  XVII,  p.  249). 

tfl.  Calcium  is  made  by  a process  of  the  Allgemeine  Elektricitats 
lellschaft  by  electrolysis  of  fused  calcium  chloride,  the  cathode  being 
ttinually  and  slowly  raised  during  process  of  electrolysis  so  that  its  end 
ays  just  touches  the  surface  of  the  bath  (J.  H.  Goodwin,  Electro- 


1 See  also  Neumann  and  Oesen,  Met.  A Chem.  Eng'ing,  Vol.  VIII,  p.  185# 
oher,  Vol.  IX,  p.  146. 
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chemical  and  Metallurgical  Industry,  Vol.  Ill,  p.  80);  Frary,  Trmmtk 
Amer.  Electrochem.  Soc.(  VoL  XVIII,  p.  117. 

858.  Concerning  the  electrolytic  preparation  of  cerium  m Harfi 

Transact.  Amer.  Electrochem.  Soc.t  Vol.  XX,  p.  57. 

DISCHARGE  THROUGH  GAUSS 
SIS.  Dischargee  through  atmospheric  air.  If  an  electric  djschwpii 
pegged  through  a gas  or  a mixture  of  gases,  different  chemical  rsactkmgi 

Sroduoed  according  to  the  nature  of  the  discharge.  Thus,  if  a silent  dnetagi 
i passed  through  atmospheric  air  the  oxygen  (Os  molecules)  in  the  ns 
changed  into  osone  (Oa  molecules).  On  the  other  hand,  if  a spark  or  SR 
discharge  passes  through  air,  the  oxygen  and  nitrogen  of  the  air  are  ism 
to  combine;  since  the  nitrogen  in  the  air  is  thereby  fixed  in  form  cl  swm 
compound,  this  process  is  spoken  of  as  the  fixation  of  atmospheric  ritnffl 
Sf4.  The  rationale  of  osone  formation  by  the  silent  diachartesd 
yet  fully  understood  although  considerable  evidence  has  been  produced  tsm 
effect  that  the  reaction  is  essentially  photo-electric,  due  to  the  ulUarim 
radiation  which  accompanies  the  silent  discharge.  It  is  known  that  til* 
violet  rays  passing  through  oxygen  gas  change  it  into  osone.  Coanesdl 
otonisers  are  operated  by  high-tension  alternating  current  and  the  dud  ta 
ture  of  their  design  is  the  necessity  to  avoid  any  spark  or  arc  diseharfo.  4 
most  forms  of  osonisers  this  is  accomplished  by  providing  a dielectric  (gM 
mica,  etc.)  between  the  electrodes.  In  the  Siemens  A Halske  osoaiserl 
water-cooled  metal  tube  is  employed  in  a glass  or  mica  tube  wound  withe 
per  ribbon;  the  glass  or  mica  tube  forms  the  dielectric,  while  the  inaar  e 
tube  and  the  outer  copper  ribbon  form  the  two  electrodes.  Throsth  < 
annular  space  between  the  two  the  air  to  be  osonised  is  passed.  Is  I 
Vosmaer  osoniser  no  dielectric  is  used,  but  the  production  of  sparks  aad  ■ 
is  prevented  by  purely  electrical  means,  essentially  with  the  aid  of  coadsari 
855.  The  main  application!  of  osone  are  for  bleaching;  purifyifif  i 
sterilising,  and  for  the  industrial  manufacture  of  certain  chemical  comps* 
such  as  vanillin  from  iso-eugenol.  The  chief  application  is  for  the  stem 
tion  of  water;  its  effectiveness  for  this  purpose  is  certain  but  the  eoetti1 
process  has,  so  far.  somewhat  restricted  its  wider  application  on  a comma 
scale. f (8ec.  22.) 

855.  Concerning  other  chemical  effects  of  the  silent  dischsrfs  m 

for  instance,  J.  N.  Collie,  Transaction* — Journal  of  the  Chemicsl  Soddj 
London,  1905,  p.  154;  Wiechmann,  “Notes  on  Electrochemistry,”  p 
Concerning  the  fixation  of  atmospheric  nitrogen  by  arc  discharges  ms  Bf 

850  to  858. 


FIXATION  OF  ATMOSPHERIC  NITROGEN 

857.  Atmospheric  air  is  a mixture  of  80  per  cent,  by  volume  of  sitt 
gen  and  20  per  cent,  of  oxygen,  if  the  other  gases  which  are  present  onqrj 
small  quantities  are  neglected.  Air  is  a mixture  of  gases,  not  a cheat* 
compound.  The  importance  of  the  problem  of  the  fixation  of  atnuapht* 
nitrogen  rests  in  the  fact  that  elementary  nitrogen,  as  contained  in  the  sirl 
inert  and  practically  useless,  while  nitrogen  compounds  are  of.  great  «u 
inercial  and  industrial  value,  especially  in  the  fertiliser  industry  and  is  u 
manufacture  of  explosives.  The  object  of  the  “fixation"  of  atmoephet 
nitrogen  is  to  ohange  the  elementary  nitrogen  in  the  air  into  some  «•» 
nitrogen  compound.  As  there  are  various  useful  nitrogen  compounds se«* 
fixation  processes  are  possible.  These  will  be  discussed  under  the  foflov* 
three  headings:  nitric  acid  and  nitrates;  calcium  cyanamide;  nitrides  m 
ammonia. 

855.  Nitric  acid  and  nitrates.  The  simplest  fixation  process 
suggests  itself  is  to  take  the  oxygen  and  the  nitrogen  in  the  air,  as  they 
and  combine  as  large  a portion  of  them  as  possible  directly  into 
oxides  (burning  the  atmospheric  nitrogen)  and  then  convert  these  one 
into  nitric  acid  and  nitrates.  This  is  done  in  the  processes  of  Bradley* 
* The  Siemens  osone  plant  for  water  purification  in  St.  PetenbdS  * 
described  by  Erlwein  in  Met.  dk  Chem.  Sniping,  Vol.  IX,  p.  213. 

t An  excellent  serial,  by  A.  Vosmaer,  on  the  brush  discharge,  the  i* 
auction  of  osone  and  its  various  uses,  has  been  published  in  Met.  dk 
Bng'ing,  Vols.  XI  and  XII. 
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ijoy.  Birkel&nd  and  Eyde,  Sohoenberr  (Badisehe  Company)  and  Pauling, 
4 which  use  electric  discharges  through  air  to  produce  a very  high 
>erature.  The  object  of  the  spark  or  arc  is  simply  to  produce  the  very 
temperature  required  for  the  combination  of  the  nitrogen  with  oxygen, 
h would  go  on  in  the  same  way  if  the  same  high  temperature  was  pro- 
d by  some  other  means.  The  gas  mixture  of  air  and  nitrogen  oxides  thus 
uced  is  then  treated  with  water  or  with  alkaline  solution  (caustic  soda, 
water,  etc.)  to  give  dilute  nitric  acid,  nitrates,  or  a mixture  of  nitrates 
nitrites. 

rhe  higher  the  temperature,  the  greater  is  the  content  of  nitric  oxide  pro* 
d in  the  air  and  the  quicker  is  the  transformation.  This  is  the  reason 
the  electric  arc  is  so  effective.  Besides  the  necessity  of  producing  a 
temperature,  the  second  chief  requirement  is  to  remove  the  nitrogen 
e formed  as  quickly  as  possible  from  the  high  temperature  sone  and  to 
it  down  as  rapidly  as  possible;  the  reason  is  that  with  decreasing  tern- 
itures  the  opposite  reaction  takes  place  and  the  nitric  oxide  dissociates  into 
ogen  and  oxygen,  so  that  if  the  cooling  of  the  mixture  of  air  and  nitric 
i»  is  too  slow  the  latter  will  break  up  into  its  constituents.  Haber  has 
an,  however,  that  at  low  temperatures  the  formation  of  nitrogen  oxide 
means  of  electric  discharges  cannot  be  considered  as  a purely  thermal 
nomenon;  there  seems  to  he  a specific  electric  effect  superposed  upon  it. 
the  temperature  used  in  the  commercial  processes  the  thermal  theory 
chcd  above  seems  to  hold  strictly  true.  * 

18.  In  the  Br adley-LoveJ oy  process t mechanical  means  (rotation  of  a 
el  carrying  one  set  of  electrodes  which  continually  pass  along  an  opposite 
stationary  set  of  electrodes)  are  employed  to  make  and  break  continu- 
y sparks  (6.000  sparks  per  sec.J  in  the  space  through  which  the  air 
assed.  While  this  process,  which  was  tried  for  some  years  at  Niagara 
s without  attaining  final  commercial  success,  represents  the  era  of  the 
k furnace,  the  desire  to  get  larger  units  led  to  the  construction  of  arc 
taces.  The  different  types  differ  essentially  in  the  way  by  which  the 
luced  gas  mixture  is  quickly  removed  from  the  gas  sone. 

10.  In  the  Birkeland-Byde  process  $ the  arc  is  deviated  magnetically 
means  of  a single-phase  magnet  field,  until  the  arc  breaks;  then  a new 
is  formed,  etc.  The  Birkeland-Eyde  process  has  been  in  successful 
mercial  operation  since  1905  in  Norway  (electric  energy  being  very  cheap 
be  plant,  0.094  cent  per  kw-hr.). 

11.  The  Schoenherr  furnace.  The  Badische  Company  used  success- 
/ tor  a time  the  Schoenherr  furnace,  § the  characteristic  feature  of  which 
is  use  of  a very  long  alternating-current  arc  around  which  the  air  moves 
. helical  path.  This  plant  has  been  taken  over  by  the  Birkeland-Eyde 
•rests  which  now  use  principally  the  Birkeland-Eyde  furnace,  as  it  has 
gher  efficiency  in  larger  units. 

IS.  Pauling  process.  Two  plants  in  Tysol  and  in  France  employ 
Pauling  process,  H using  electric  discharges  quite  similar  to  those  obtained 
horn  lightning  arrestor.  The  results  obtained  in  these  three  commercial 
cosotit  were  given  in  1909  as  follows  (no  later  data  being  available): 


. 

Grams  HNOi 

Concentration  in 

per  kw-hr. 

per  cent.  NO 

iOnherr 

75 

2.5 

kdand-Eyde 

70 

2 

uling 

60 

1 to  1.5 

For  a concise  summary  of  the  thermodynamical  principles  of  the  problem 
, for  instanoe.  Mineral  Indu*tfyt  V ol.  XIX,  p.  58;  also  Quye,  Electro - 
m.  A Met.  Ind .,  Vol.  IV,  p.  136. 

Blectrochem.  Ind.,  Vol.  L pp.  20  and  100. 

; Blectrochem.  Ind.,  Vol.  II,  p.  399;  Vol.  IV,  pp.  295  and  360;  Vol.  VII,  pp. 
. 305;  Met.  A Chem.  Eng'ing,  Vol.  IX,  pp.  340, 364  ,436,  545;Vol.  X,  p.  617 
Blectrochem.  dt  Met.  Ind.,  Vol.  VII,  p.  245;  Met . A Chem.  Bng’ing,  Vol. 
p.  73. 

Blectrochem.  A Met.  Ind.,  Vol.  VII,  p.  430;  Met.  At  Chem.  Bng*ing.t 
.IX,  pp.  99  and  196.  Concerning  an  experimental  plant  in  North  Carolina 
Met.  A Chem.  Bno'ing,  Vol.  VIII,  p.  555. 
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268.  Oaldum  cyanamide, ‘CaCNs  (lime  nitrogen;  Q«nu:  KA 
sticks  toff;  French:  Chaus  Asotee),  is  made  from  caicinm  carbide  tod  aim 
gen  (Frank  and  Caro),  the  fundamental  reaction  being 

CaCs+Nt-CaCNt+C  fti 

In  this  prooess  the  nitrogen  must  first  be  separated  from  the  oxyseniatk 
air  (for  instance,  by  fractional  distillation  of  liquid  air).  Cyamumde  sari 
used  directly  as  a fertiliser,  or  as  a starting  material  for  making  other  m 
pounds,  like  ammonia  sulphide  and  nitric  acid.  Cyanamide  may  be  anil 
make  ammonia  by  blowing  steam  over  cyanamide,  CaCNt+3HjO-C*0W 
2NHa  and  passing  the  ammonia  so  produced  into  sulphuric  add  for  the 
duction  of  ammonium  sulphate.  Another  development  is  the  workisf 
the  ammonia  (produced  from  the  cyanamide  as  just  described)  into 
acid  by  the  Ostwald  contact  process,  t 

264.  Nitrides  and  ammonia.  The  most  interesting  of  the  pr 
accomplishing  the  fixation  of  atmospheric  nitrogen  by  means  of 
the  Serpek  process,!  which  is  being  tried  on  a large  experiments! 
France.  Its  principle  is  first  the  production  of  aluminium  nitride  AIK 
a mixture  of  alumina  and  carbon  m an  electrically  heated  kiln,  in  as  si 
phere  of  nitrogen  or  producer  gas  (AltOi+3C  + N*"*2AlN+3CO)  sts 
perature  between  1 ,600  and  2,000  deg.  cent. ; this  is  followed  by  the  decor 
tion  of  the  aluminium  nitride  by  water  or  caustic  soda  solution,  thereby 
ating  the  nitrogen  as  ammonia  and  producing  an  alkaline  aluminatesci 
from  which  pure  alumina  can  be  obtained  (2A1N  + 3H*0  = 2XHi+A1M 
The  original  intention  was  to  use  the  alumina  thus  obtained  for  the  pee® 
tion  of  fresh  aluminium  nitride  so  that  the  process  would  be  cycoej 
respect  to  alumina,  and  the  net  result  would  be  the  production  of  tsii 
(by  addition  of  the  above  two  equations  representing  the  two  steps  tb« 
result  is  3C  + N*-f  3HjO  = 3CO+2NH»).  However,  the  production  of 
minium  nitride  does  not  work  well  with  pure  alumina.  Tne  inteutioak 
to  produce  simultaneously  pure  alumina  and  ammonia  and  to  use  thi  j 
alumina  for  the  production  of  aluminium.  ( 

Another  process  for  obtaining  ammonia  from  atmospheric  nitron 
the  Haber  process!  for  the  synthesis  of  ammonia  from  its  dements  mum 
and  hydrogen.  This  process  has  no  electrochemical  features  except  pod] 
the  production  of  hydrogen  by  the  electrolysis  of  water. 

A useful  summary  of  the  subject  of  utilisation  of  atmospheric 
(covering  proposals  and  accomplishments,  unsuceeasful  and  • — _ 
processes)  is  given  by  Thomas  H.  N.  Norton  in  Dept,  of  Commerce  t lm 
Special  Agents  Series,  No.  52  (“  Utilisation  of  Atmospheric  Nitrogen ' V 


ELECTROMAGNETIC  AND  ELECTROSTATIC  PROCESSES 

265.  Magnetic  ore  separators.  Although  not  strictly  electrocheai 
the  application  of  electricity  and  magnetism  to  ore  dressing  may  here  a 
be  mentioned.  There  is  no  real  chemical  effect,  but  only  a oonceatrmtifl* 
separation  of  a finely  crushed  ore-mixture  into  its  constituents.  The  pm 
pie  of  magnetic  separators  is  to  pass  the  finely  divided  ore  mixture  thro— 
strong  magnetic  field;  the  magnetic  particles  are  thereby  separated  fie*' 
non-magnetic  ones,  since  the  latter  are  simply  acted  upon  by  gravity,  sj 
the  former  are  attracted  away  from  their  path  by  the  magnetic  Odd.  FI 
they  have  been  separated,  they  are  called  magnetic  concentrates.  A p 
summary  of  the  practice  of  magnetic  concentration,  with  descripCos 
magnetic  separators  and  special  reference  to  applications  in  sine  roetalk* 
may  be  found  in  W.  R.  Ingalls'  " Report  of  tne  Commission  Appoints* 


* Electroehem.  A Met.  Ind.,  Vol.  V,  p.  77  and  Vd.  VII,  pp.  212,36k  J 
360.  Concerning  the  thermochemistry  of  the  formation  of  calcium  cys 
mide  see  Thompson,  Afef.  A Chem.  Bng'ing , Vol.  VIII,  pp.  617  anil 
Concerning  the  definition  of  cyanamide  see  Beckman,  Met.  A Cl 
Eng'ing,  Vol.  IX,  p.  17. 

t Iron  and  Coal  Trade*  Review  (London),  May  23,  1913;  Met.  A Cs 
Eng* tog,  Vol.  XI,  pp.  438,  476.  . 

t Tucker  A Read,  Transact.  Am.  Elec  troche  m.  8oc.,  Vol.  XXII,  f I 
Richards,  Met.  A Ch*m.  Ena’ing,  Vol.  XI,  pp.  137  and  281;  Tucker,  Jr* 
Chem.  Eng’ing,  Vol.  XI,  p.  139;  Fraenkel,  Zeit.  /.  Btcctroekemi*.  Vd.  U 
p.  362. 

ft  Met.  A Chem.  Eng’ing , Vol.  X,  p.  687:  Vol.  XI,  p.  211. 
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*t&g»to  the  Zino  Resources  of  British  Columbia*'  (Canadian  Government 
ication,  1906,  pp.  82  to  118)  and  in  C.  G.  Gunther's  book  on  “ Electro- 
netic  Ore  Separation.”  See  also  Ruhoff,  Met.  A Chem.  Eng’ing,  Vol.  X, 

fS. 

6.  Electrostatic  ore  separators.  The  action  of  electrostatic  separa- 
depends  on  the  difference  in  electric  conductivity  of  the  constituents  of 
ore  mixture.  According  to  the  conductivity,  the  electrostatic  charge 
lircd  by  the  different  constituents  from  the  same  source  of  electric  charge 
:>e  same  time  is  different.  If  the  mixture  consists  of  a finely  crushed 
conductor  and  a finely  crushed  conductor  and  is  brought  in  contact  with 
arged  surface,  the  latter  will  receive  a charge  while  the  former  remains 
targed.  Electrostatic  repulsions  of  the  charged  particles  from  the 
ged  surface  will  then  result,  while  the  uncharged  particles  are  not 
fied.  (See  paper  by  Blake  in  Eleatrochemical  and  Metallurgical  Indue- 
Vol.  Ill,  p.  181;  MacGregor,  Transact.  Am.  Electrochem.  Soc.,  Vol. 
II,  p.  267,  and  Vol.  XXIV;  Wentworth,  Met.  A Chem.  Eng’ing,  Vol. 
>.  167.) 

IT.  Dust  precipitation  b j electrostatic  means.  The  Cottrell 
mb*  is  baaed  on  the  old  familiar  phenomenon  of  the  “electric  wind.”  If 
rtallic  needle  point  is  placed  opposite  a flat  metallic  plate  and  the  needle  is 
tected  to  one  pole  and  the  plate  to  the  other  pole  of  a high-voltage  direct- 
ent  supply  line,  electricity  streams  out  of  the  needle  point  and  charges  the 
molecules  in  the  space  between  needle  and  plate.  The  gas  molecules 
i receive  an  electric  charge  of  the  same  sign  as  the  needle  point,  hence 
Daite  to  the  sign  of  the  charge  of  the  plate.  They  are,  therefore,  attracted 
be  plate  and  move  toward  it.  Now  if  the  space  between  the  needle  point 
the  plate  is  filled  with  a gas  or  fume  in  wnich  particles  of  dust,  etc.,  are 
tended,  these  dust  particles  will  be  immediately  charged  with  electricity 
will,  therefore,  move  toward  the  plate,  stick  to  it  and  give  up  their 
■ges.  The  speed  of  movement  of  the  particles  is  proportional  to  their 
•ge  and  to  the  electrostatic  field  intensity  in  the  space  between  point  and 
e.  Cottrell  uses  this  principle  for  the  precipitation  of  dust  particles 
i smelter  fumes,  etc.  He  employs  ordinary  commercial  high-voltage 
mating-current  and  converts  it  into  intermittent  direct-current  by  means 
specially  designed  synchronous  converter.  This  intermittent  direct-cur- 
is  directly  used  for  charging  the  system  of  electrodes  (needles  and  plates) 
be  flues  which  carry  the  gas  under  treatment.  Instead  of  using  needle 
its  he  twists  asbestos  filaments  or  mica  scales  with  wires.  The  electricity 
tes  from  the  wires  by  surface  leakage  over  the  asbestos  or  mica,  and  the 
filaments  of  the  asbestos  or  edges  of  the  mica  provide  the  required  (very 
> discharge  points.  The  process  is  in  successful  use  in  smelters, t cement 
its,!  etc. 

it.  Smoke  prevention.  The  same  principle  has  been  proponed  for  the 
trio  precipitation  of  smoke  (A.  F.  Nesbit,  Elec.  Rev.,  Oct.  31, 1914,  p.  877). 

BIBLIOGRAPHY 

It.  One  of  the  best  all-around  books  in  English  on  industrial  electro- 
niatry  is  Allmand’s  “Principles  of  Applied  Electrochemistry.”  Other 
sral  books  are  N.  Monroe  Hopkins,  * Experimental  Electrochemistry;” 
G.  McMillan  and  W.  R.  Cooper,  "A  Treatise  on  Electro-metallurgy;” 
Moll  wo  Perkin,  “Applied  Electrochemistry;”  M.  de  Kay  Thompson, 
iplied  Electrochemistry.” 

very  good  general  book  on  electric  furnaces  is  Stansfield,  The  Electric 
isee.  The  application  in  the  iron  and  steel  industry  is  well  treated  in 
enhauser  and  Schoenawa,  The  Electric  Furnace  in  the  Iron  and  Steel 
istry  (translated  by  vom  Baur).  Lyon,  Keeney,  and  Cullen’s,  The  Elec- 
Furnace  in  Metallurgical  Work  (Bureau  of  Mines,  Bull.  77)  is  very  useful, 
standard  work  on  the  theory  and  practice  of  the  electrolysis  of  aqueous 
dons  is  Foerster'a  Elektrochemie  w&sseriger  Losungen.  An  equally 
llent  work  on  fused  electrolytes  is  Lorem’s  Elektrolyse  geschmolsener 
e,  3 vols.  Neither  book  is  available  in  English. 

he  titles  of  the  principal  books  on  theoretical  electrochemistry  and  on 
ial  fields  of  industrial  electrochemistry  are  given  in  connection  with  their 

ective  subjects. 

Cottrell.  Met.  A Chem.  Eng'ing,  Vol.  X,  p.  172. 

Bradley.  Met.  A Chem.  Eng'ing , Vol.  X,  p.  686. 

Schmidt.  Met.  A Chem.  Eng'ing,  Vol.  X,  p.  611. 
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if e.  Footnote  refer enoee  throughout  the  section  eow  the  fitsr 
of  the  subject  in  a very  complete  manner.  In  particular  see  foot&ot 

Pars.  8,  8,  64,  TO.  71.  78,  78.  88,  87.  88.  87,  10*.  181,  188, 187, 189 
181,  188,  184,  184,  188,  188,  187,  199,  900,  801,  808,  80 8,  801,  808 
888,  888,  880,  888,  884,  840,  848,  999,  999,  998,  880,  881,888,808 
888  and  887. 
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QXNKKAL  TBSOftT  I 

1.  Definitions.  An  electric  battery  is  a device  for  the  direct  tm* 
formation  of  chemical  energy  into  electrical  energy.  The  term  a maij 
applied  to  an  assembly  of  identical  units  or  cells,  connected  in  aeriec.  h 
a primary  battery,  the  chemically  reacting  parts  require  renewal  rnbem 
in  a storage  battery,  the  reactions  being  reversible  to  a high  degree,  tb 
chemical  conditions  are  restored  after  partial  or  oomplete  discharge  h! 
reversing  the  current  flow,  i.e.,  by  electnc  charge.  A primary  eeQ  a «■*! 
posed  of  a containing  jar,  plates  or  electrodes  with  suitable  conDectiBf  ter- 
minals and  the  electrolytic  solution.  In  certain  types  of  cells,  the  tw 
electrodes  are  in  different  electrolytes,  separated  by  a porous  cup. 

2.  The  poles  of  a cell  are  the  junotions  of  the  external  circuit  vithfr 
plates  or  electrodes,  i.e.,  the  terminals.  The  positive  pole  is  that  from  vhd 
the  current  flows  into  the  external  circuit;  the  negative  pole  is  the  oppcsf 
terminal,  and  in  the  various  practical  primary  cells,  this  is  the  line  pbt 
Nevertheless,  the  sine  or  electrode  connected  to  the  negative  pok.s 
termed  the  positive  plate  or  electrode.  a It  is  the  electrode  that  farads 
positive  ions  in  the  action  of  the  cell  and  it  is  also  usually  the  more  imports* 
source  of  the  chemical  energy. 

S.  The  e.m.f.  of  a cell  is  understood  to  mean  its  total  electrie  prtas* 
If  current  is  permitted  to  flow,  the  terminal  difference  of  potential  or 
voltage  is  less  than  the  e.m.f.  by  the  amount  of  drop  due  to  internal  rom- 
ance, and  also  by  the  effects  of  polarisation  and  concentration  chaar>B 
the  electrolyte. 

1 The  e.m.f.  of  polarisation  is  the  amount  by  which  the  total  td 
of  a cell  is  reduced,  when  current  flows,  by  secondary  reactions  or  by  c® 
eentration  effects  in  the  electrolyte  st  the  poles.  For  example,  if  flwnstl 
allowed  to  flow  in  the  elementary  sine-dilute  acid-copper  cell  hydrapi 
appears  at  the  copper  electrode,  tne  hydrogen-covered  copper  acting,  as  i 
hydrogen  electrode,  to  reduce  the  initial  pressure  of  the  cell.  When  a pobr 
iaed  cell  is  allowed  to  stand  on  open  circuit,  its  voltage  will  return  to  w art 
the  normal  value  provided  the  active  materials  of  the  oefl  have  not  ben 
exhausted. 

5.  Transition  resistance.  With  certain  electrodes  and  electrolyte*  tb 
action  of  the  cell  results  in  the  deposition  of  a relatively  insoluble  or  ismbj 
i ng  substance  on  the  electrode  surface.  The  effect  of  this  is  to  increase  tb 
internal  resistance  of  the  cell. 

%.  Depolarizer*.  The  effect  of  polarisation  at  an  electrode  surface  w 
be  partly  or  almost  completely  eliminated  by  depolarising  means,  vfe' 
may  be  either  chemical  (Par.  f)?  physical  or  mechanical.  MechAc^ 
depolarisation  arises  from  a relative  motion  of  the  electrolyte  and  y 
plates.  It  is  not  employed  in  practical  forms  of  cells.  Physical  depobria 
tion  results  from  roughening  the  electrode  surface  in  order  to  give  "it  pr"* 
area,  or  it  may  result  from  the  electro-deposition  of  a loose  mass  of  metal  * 
the  electrode  surface,  such  as  platinum  black  on  a smooth  platinum 
etc.  The  hydrogen  escapes  more  easily  from  such  s surface,  and 
polarisation  is  considerably  reduced. 

7.  Chemical  depolarizer*.  These  are  of  two  general  tjrpea  a 
The  electrolyte  contains  the  ion  of  the  metal  which  constitutes  the  neg***1 
plate,  so  that,  when  current  flows  through  the  cell,  additional  netv 1 
deposited  on  the  negative  with  no  escape  of  hydrogen  gas.  An  exempt 
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he  topper  sulphate  in  oontaot  with  the  copper  plate  of  a Daniell  or  gravity 
ell,  or  the  slightly  soluble  mercurous-sulphate  paste  of  the  standard  Clark  or 
ATeston  cell. 

(b)  A chemical  compound  is  present  at  the  negative  plate,  which  is 
apable  of  furnishing  negative  ions  to  the  solution  because  of  its  metal 
•onstituent  possessing  different  valencies.  Examples  are  the  manganese 
wroxide  of  the  Leclanch6  or  dry  cell  and  the  chromic  acid  of  the  bichromate 
ell.  It  is  of  advantage  that  such  depolarisers  be  relatively  insoluble, 
n order  that  they  may  not  come  in  contact  with  the  sine  electrode  and  thereby 
uffer  reduction. 

8.  Measurement  of  internal  resistance  and  polarisation.  -The 
rue  internal  resistance  of  a cell  is  obtained  from  the  formula 


(E-E  P)-V 
I 


(ohms) 


(1) 


n which  E is  the  total  e.m.f.  of  the  cell  on  open  circuit,  Ep  is  the  opposing 
polarisation  e.m.f.  and  V is  the  voltage  at  the  cell  terminals.  If  immediately 
liter  breaking  the  current,  the  cell  voltage  is  determined  by  the  condenser- 
ballistic  galvanometer  method,  or  otherwise,  then  Ep-E—V. 

Upon  open  circuit,  after  the  delivery  of  current,  the  opposing  e.m.f.  of 
polansation  decreases,  at  first  rap- 
dly  and  then  more  slowlv,  owing 
o the  gradual  diffusion  of  the  pof- 
iriiing  substances.  The  curves, 

Pig.  1,  are  typical  of  a dry  cell, 
rbe  heavy  curve  shows  the  grad- 
isl  (hop  in  voltage,  the  cellbeing 
:losed  through  a constant  resis- 
ance,  while  the  dotted  curve 
read  in  the  opposite  direction) 
hows  the  voltage  recovery,  with 
ime,  after  tfce  current  ceases, 
rhe  vertical  portion  of  the  re- 

>*• 

anoe,  the  further  recovery  being  due  to  the  gradual  equalisation  of  ooncen- 
rations  throughout  the  electrolyte,  or  in  the  pores  of  the  electrodes. 

f.  Local  action.  In  all  practical  forms  of  battery,  the  fundamental 
factions  are  somewhat  departed  from.  Local  action  takes  place,  resulting 
rom  impurities  on  one  or  both  the  electrodes;  this  action  is  of  the  nature  of 
in  elementary  short-circuited  cell.  For  example,  a sine  electrode  always 
ontains  impurities  such  as  copper,  iron  and  carbon.  Zinc  is  dissolved, 
lydrogen  gas  comes  off  at  the  point  of  impurity,  and  current  flows  between 
he  impunty  and  the  point  where  the  sine  enters  into  solution.  This  action 
s reduced  by  amalgamating  the  surface  of  the  zino  with  mercury;  this 
orms  a solution  of  sine,  uniformly  covering  the  surface,  and  greatly  reduces 
he  local  action. 

10.  Klectrochemieal  theory.  Two  methods  may  be  employed  in 
he  theoretical  consideration  of  primary  battery  phenomena.  One,  the 
general  thermodynamic  method,  the  other,  a mechanical  method  resulting 
rom  the  osmotic-pressure  theory  of  solutions.  The  e.m.f.  of  a reversible 
ell  may  be  calculated  from  the  relation 


E-JQ  +7^ 
n F^‘dt 


(volts) 


(2) 


HThere  J » mechariioal  equivalent  of  heat  — 4.19  joules;  Q ■■  heat  of  reun- 
ion in  gram  calories  corresponding  to  the  chemical  change  which  takes  place; 
» - number  of  equivalents  involved  in  the  reaction  in  which  Q is  the  heat 
ffect;  F — electrochemical  equivalent  — 96,540  coulombs  — a Faraday; 
; * absolute  temperature,  in  degrees  centigrade.  The  first  term  of  the 
ight  side  of  the  equation  is  the  controlling  one,  the  second  usually  having 
small  value.  If  a cell  has  zero  temperature  coefficient  the  second  term  is 
ero.  It  may  be.  either  positive  or  negative.  The  above  equation  assumes 
he  cell  is  reversible,  but  the  voltage  of  any  cell  may  be  closely  approxi- 
mated by  its  use. 
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11.  Nernit'a  equation.  The  osmotic  pressure  theory  of  whitkw 
(•ee  Seo.  19)  leads  to  the  equation 


K-0.m02T(-  log  - - — , log  (volt*)  (31 

vn  p »'  p/ 

where  T ■*  absolute  temperature  n and  n'  are  the  valencies  of  the  two  ion 
of  the  electrodes  and  p and  p/  the  oemotic  pressures  of  these  ions  in  the  electro- 
lyte. P and  P'  are  the  solution  pressures.  The  solution  pressure  u th 
measure  of  the  tendency  of  a substance  to  go  into  solution.  In  this  theory, 
which  is  essentially  mechanical,  the  Beat  of  conversion  of  the  chemical  * 
electrical  energy  is  olearly  at  the  electrode  surfaces. 

IS.  Potential  difference  between  electrode  and  electrolyte,  h 
the  preceding  equation  the  two  terms  on  the  right-hand  side  are  the 
enoe  of  potential  between  the  corresponding  electrode  and  the  electrolyte 
It  is  apparent  that  the  voltage  of  any  cell  depends  on  the  concentrate** « 
the  salts  of  the  electrode  metals  present  in  the  solution.  , 

The  absolute  differences  of  potential  of  each  element  in  a normal  aowti* 
of  one  of  its  salts  may  be  determined  by  means  of  a capillary  electron?  **, 
and  the  solution  pressures  of  that  element  may  then  be  calculated.  Ho** 
ever,  the  value*  of  the  solution  pressure  thus  determined  are  open  to  sow 
question. 

IS.  Reference  electrodes.  In  Sec.  19,  Par.  1T4,  the  normal  hydros* 
and  calomel  electrodes  are  defined.  They  may  be  used  as  reference  te- 
trodes. The  differences  of  potential  between  the  normal  hydrogen  we- 
ired® and  many  elements  when  in  normal  solutions  of  their  salts  have  bee 
determined. 

14.  Xleetrochemical  series.  The  various  elements  in  normal  sohstke 
of  their  salts  may  be  arranged  in  a series  with  reference  to  their  potato* 
against  the  normal  hydrogen  electrode  (see  Sec.  19,  Par.  175).  It  show  » 
noted  that  the  tabulated  values  and  the  order  of  the  potential  differ**/* 
are  dependent  upon  a normal  strength  of  solution.  If  the  elements ar*i£ 
merged  in  other  electrolytes,  the  values  will  be  quite  different  There*** 
is  referred  to  Le  Blanc:  Electrochemie,  1911,  for  a complete  treatment  * 
this  subject.  The  series  is  not  to  be  confused  with  the  “Volatie  w» 
nor  with  the  “Peltier  effect.  “ 


15.  Potential  rise  and  fall  in  a cell.  The  changes  in  potential  inp*®; 
ing  through  a cell  may  be  represented  diagrammatically  as  shown  is  fa  - 
in which  the  lines  AB  and  CD  aresupp®*4 
to  join  at  B and  C.  Starting  at  A andgoM 
in  the  direction  of  current  flow,  ABCDtt pro 
sents  the  potential  drop  in  the  eztow 
circuit.  DE  is  the  potential  rise  **** 
takes  place  in  the  film  of  electrolyte  ac- 
cent to  the  positive  plate  or  negative  par 
EF  is  the  potential  drop  in  the  electrolyte 
between  tne  plates.  FA  is  the  potent* 
rise  in  the  film  adjacent  to  the  negatm 
plate  or  positive  pole.  The  thickne* aftw 
films  in  which  the  potential  rises  take 
are  exceedingly  small  a a calculated  by  the  osmotic  pressure  theory. 


16.  Concentration  cells.  An  effect  which  is  small,  but  which  cannot 
be  neglected  is  the  difference  of  potential  which  exists  at  the  boundary 

of  two  solutions  of  different  concentrations.  This  arises  through 
of  the  various  ions  tending  toward  equalisation  of  the  concentration*  o& 
either  side  of  the  boundary  and  the  fact  that  the  different  ions  have  diff«^* 
mobilities,  that  is,  under  unit  force  they  move  at  different  rates.  See)**- 
19,  Par.  145  et  seq.  This  effect  does  not,  however,  lead  to  cell  constructs 
of  a practically  valuable  difference  of  potential. 

17.  Classification.  Primary  cells  may  be  classified  as  wet  and  «7 
They  are  further  classified  according  to  the  method  adopted  for  depohn14' 
tion  and  as  to  whether  they  are  one  or  two  fluid  cells.  The  various 
tions  of  primary  batteries  impose  special  conditions  which  the  di“ert*1 
types  in  general  use  possess  in  very  different  degrees.  Dry  cells  ort®*,on5 
batteries  have  displaced  the  other  forma  of  battery  to  a great  extent,  alt  hot*1 
the  gravity  battery  and  the  Edison  Lalande  battery  haves  wide  applicant* 
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WIT  CELLS 

18.  The  Daniell  cell.  The  container  is  usually  a glass  jar  in  which  is 

i porous  cup.  A sheet  of  copper  partly  surrounds  the  outside  of  the  porous 
»up  and  is  in  a saturated  solution  of  copper  sulphate  containing  excess 
crystals.  The  sine  ^usually  amalgamated)  is  in  the  porous  cup,  which 
contains  sulphuric  acid  and  sine  sulphate  solution.  > The  e m.f.  of  the  cell 
lepends  on  the  concentration  of  the  sine  sulphate  in  the  porous  pot,  the 
maximum  initial  value  being  about  1.14  volts.  The  cell  may  be  set  up  with 
fine  sulphate  solution  only  in  the  porous  cup,  in  which  case  the  e.m.f.  is 
ipproximately  1.07  volts  and  has  a very  small  temperature  coefficient. 
The  chemical  reaction  is  Zn  + CuSOi-ZnSOi+Cu.  The  cell  is  not 

adapted  to  stand  on  open  circuit.  When  placed  out  of  service  the  liquids 
ihould  be  poured  out  and  the  porous  cup  should  be  thoroughly  washed  in 
running  water  until  all  the  sine  sulphate  is  removed, 
otherwise  the  cup  will  crack  on  drying. 

19.  Gravity  battery.  This  cell  is  the  usual  modi- 
fication of  the  Daniel  1 cell,  and  is  shown  in  Fig.  3. 

The  porous  pot  is  omitted  and  gravity  is  depended 
upon  to  keep  the  heavier  copper  sulphate  solution  in 
the  bottom  of  the  cell.  The  sine  is  frequently  cast 
in  the  form  of  a “ crowfoot  ” and  hangs  from  the  edge 
of  the  jar.  The  copper  electrode  is  made  of  two  or 
three  strips  of  sheet  copper,  riveted  together  and 


iSSfli! 


spread  outin  the  bottom  of  the  jar.  A rubber-covered 
wire  is  fastened  to  the  copper  and  leads  upward  out 

of  the  oell.  Copper-sulphate  crystals  are  placed  in  Fio.  3. Gravity  cell. 

the  bottom  of  the  jar  and  sine  sulphate  solution  is 

fcdded  to  cover  the  sine.  The  solution  should  be  poured  in  carefully,  so  as 
not  to  bring  the  copper  sulphate  solution  in  contact  with  the  sine,  as  oopper 
would  be  immediately  precipitated  on  the  sine. 


SO.  Care  of  gravity  battery.  The  cell  should  be  kept  on  closed  circuit 
n order  to  prevent  copper  from  diffusing  upward  and  precipitating  upon  the 
tine.  The  edge  of  the  jar  should  be  coated  with  paraffin  to  prevent  creepage 
)f  the  zinc  sulphate  solution.  As  the  top  solution  becomes  saturated  with 
tine  sulphate  some  of  it  should  be  drawn  off  and  carefully  replaced  with 
water  The  copper  sulphate  solution  must  not  be  stirred  up.  Evaporation 
may  be  reduced  by  covering  the  solution  with  a thin  layer  of  mineral  oil. 
If  a heavy  copper  precipitate  is  present  on  the  zinc,  it  should  be  scraped  off. 
K sharp  dividing  line  should  be  maintained  between  the  two  solutions. 
This  can  be  noted  by  color  difference.  At  the  top  should  be  a light  colored 
solution,  while  the  copper  sulphate  is  very  dark  blue.  For  each  ampere  hour, 
the  following  amounts  of  materials  are  theoretically  used  up  or  formed  — 
5.042  os.  copper  deposited,  0.043  os.  zinc  dissolved,  and  0.164  oz.  copper  sul- 
phate used  up.  Local  action  will  require  at  least  a 10  per  cent,  greater 
smaunt  of  zinc  and  copper  sulphate.  Note  that  the  increased  copper  weight 
should  be  credited  to  the  cost  of  upkeep. 


91.  Bunsen  or  Grove  cell.  In  the  Bunsen  cell  the  zinc  plate  is  in  a 
mlphuric  acid  solution,  while  the  negative  plate  is  a carbon  rod  immersed  in 
strong  nitric  acid,  contained  in  a porous  cup.  The  Grove  cell  differs  from 
the  Bunsen  cell  only  in  the  use  of  platinum  instead  of  the  carbon.  The 
e.m.f.  of  this  type  of  cell  is  about  1.9  to  2 volts  and  the  internal  resistance 
quite  low.  The  cell  is  adapted  for  laboratory  purposes  and  can  be  used  for 
heavy  currents.  It  must  not  be  allowed  to  stand  on  open  circuit  for  any 
considerable  time,  and  must  be  set  up  freshly  each  time  it  is  used. 

Vapors  of  nitric  peroxide  are  given  off  from  the  cell  and  provision  must 
be  made  for  their  removal.  The  chemical  reaction  of  the  cell  is  represented 
by  the  equation  Zn+H*SC>4-t-2HNOi«»ZnSO«+2HxO+2NC)s. 

99.  Chromic-acid  cell.  This  cell  is  in  wide  use  for  laboratory  purposes. 
It  may  be  used  as  a single-fluid  cell  but  the  porous-cup  form  is  preferable. 
The  Grenet  or  plunger  type  is  shown  in  Fig.  4.  Two  carbon  plates  are 
immersed  in  a solution  of  potassium  or  sodium  bichromate,  sulphuric  acid 
uid  water.  Potassium  permanganate  is  a fairly  satisfactory  equivalent  to 
the  chromic-acid  salt.  The  zinc  plate  is  between  the  two  carbons  when 
lowered  for  use.  The  usual  solution  is  made  up  as  follows:  water,  12  lb. 
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concentrated  sulphuric  acid,  2 i lt>.  and  potassium  bichromate,  1 lb.  Potas- 
sium bichromate  gives  rise  to  insoluble  crystals  of  chrome  shim  sad  tfo 
sodium  salt  is  preferable.  Chromic  acid,  on  account  of  its  great  soUbi&tj 
is  to  be  preferred  over  either  of  the  above  salts,  and  the  quantity  used  need 
be  but  two-thirds  of  the  weight  of  either  of  the  salts,  required  for  the  sum 
effect.  The  cost  of  the  equivalent  weight  of  the  chromic  acid  is  not  aoprr- 
eiably  greater  than  the  salts.  The  e.m.f.  of  the  cell  is  about  2 volts,  sad  m 


Fio.  4. — Grenet  chromic- acid  cell.  Fig.  5. — Fuller  cell. 

internal  resistance  extremely  low.  It  can  therefore  be  used  for  high  comet* 
and,  by  raising  the  tine,  can  be  open  circuited.  The  chemical  reaction  i 
represented  by  the  formula  3Zn + 2CrOa  -f  6HtSOi  ■*  Cn(SO«)i  -f 33oS0> 
+®HiO. 

S3.  Two-fluid  chromic-acid  cell.  In  the  single-fluid  type  then  a 
some  local  action  between  the  sine,  and  the  chromic  acid  and  a vasts  <s 
both  these  materials  even  when  the  sine  is  amalgamated.  It  is  preferable. 


Fig.  6. — Chromic-acid  cell  characteristics. 

therefore,  to  immerse . the  amalgamated  sine  in  a sulphuric-acid  sois&e 
contained  in  a porous  pot,  the  chromic-acid  solution  and  carbons  befog  a 
the  outer  chamber.  The  Fuller  cell.  Fig.  5,  is  of  this  type  and  bss  a re- 
stricted use  in  telephone  practice  for  small  local  exchanges. 

, Discharge  curves.  In  Fig.  6 are  discharge  curves  which  iUustrate 
the  advantage  of  the  porous  cup. 
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25.  Lecl&nchl  cell.  There  are  many  forms  of  this  cell  in  practical  use 
i the  original  form  the  carbon  rod  was  contained  in  a porous  cup  filled 
th  crushed  carbon  and  manganese  dioxide,  the  mixture  being  tamped  to 
itain  intimate  contact.  In  the  later  forms,  the  manganese  dioxide  and 
rbon  are  moulded  by  the  use  of  a binder  into  a cylindrical  form,  the  zinc 
d being  suspended  centrally,  as  in  Fig.  7.  The  electrolyte  is  a solution 
salammoniac.  The  e.m.f.  is  about  1.5  volts,  but  the  terminal  voltage  drops 
pidly  with  high  currents.  The  cell  is  suitable  for  open-circuit  or  closed- 
cuit  work,  if  larpe  currents  are  used  intermittently  and  for  short  periods 
time.  The  continuous  current  demand  on  closed  circuit  must  not  exceed  a 
w hundredths  of  an  ampere,  as  otherwise  the  terminnl  voltage  is  too  greatly 
iuoed  by  polarization.  The  chemical  reaction  is  Zn  + 2NH4Cl-l-2MnOt 
Zndj-H2NH«  + HiO  + MnjOi.  The  dry  battery,  which  is  a modification 
the  Leclanch6  cell,  has  largely  replaced  the  latter  in  practical  use. 

26.  Edison  L&lande.  The  usual  form  of  this  cell  comprises  a plate  of  com- 
essed copper  oxide  on  either  side  of  which  is  a zinc  plate  with  ribs.  These 
>s  serve  to  hold  the  plate  together  until  it  is  worn  out.  The  copper-oxide 
ite  is  superficially  reduced  to  cover  it  with  a very  thin  layer  of  metallic 
oper  for  conductivity.  The  electrolyte  is  caustic  soda  solution  covered 
ith  a layer  of  mineral  oil  to  prevent  evaporation  and  the  formation  of  sodium 
rbonate  from  the  carbon  dioxide  of  the  air.  The  construction  of  these 
Us  is  show-n  in  Fig.  8.  The  chemical  reaction  is  Zn-f2NaOH-f-CuO«- 
*ZnOi-fHjO-fCu.  The  e.m.f.  of  the  cell  is  0.95  volts  and  the  terminal 

voltage  drops  to  less  than  two-thirds  of  this 
value  when  furnishing  heavy  currents.  Itsin- 
ternal  resistance  is  low.  It  is  adapted  for 
both  closed  and  open-circuit  work  and  docs 
not  depreciate  materially,  except  from  the 


Pio.  7. — Ledanchd  cell. 


Fia.  8. — Edison-Lalande  cell. 


*ng  up  of  the  chemicals  corresponding  to  the  ampere-hour  output.  These 
lb  are  available  in  sizes  from  100  to  600  amp-hr.  On  account  of  the  low 
dtage,  the  initial  cost  of  a battery  of  these  celb  is  relatively  high. 

27.  Carbon  cells.  A great  deal  of  effort  has  been  expended  to  develop 
cell  which  would  permit  the  conversion  of  the  chemical  energy  of  coal  ana 
e oxygen  of  the  air  directly  into  electric  energy.  The  difficulties  at  the 
went  time  seem  insurmountable  on  account  of  the  high  temperature  which 
ust  obtain  in  order  for  the  carbon  to  enter  into  a suitable  reaction,  and 
•cause  the  CO*  necessarily  formed  unites  with  the  fused  caustic  soda  elec- 
olyte,  which  has  been  proposed.  The  difficulties  in  the  way  of  an  oxygen 
ectrode  are  also  great. 

28.  Standard  cells.  The  Clark  cell  has  an  electrode  of  mercury, 
•staining  metallic  zinc,  an  electrolyte  of  zinc  sulphate  and  a depolarizing 
ectrode  of  metallic  mercury,  covered  with  a paste  of  mercurous  sulphate 
hich  is  only  slightly  soluble.  The  chemical  reaction  is  Zn  + H gi8t>4  «■  ZnSO* 
2Hg.  In  the  Weston  cell,  cadmium  is  substituted  for  the  zinc, 
ery  elaborate  preparation  of  all  the  materials  used  in  these  cells  is  impera- 

and  the  reader  is  referred  to  the  extensive  literature  on  this  subject. 
ie  variation  of  the  e.m.f.  with  temperature  of  the  practical  forms  of  these 
lb  is  given  in  8ec.  3.  These  cells  are  not  adapted  for  closed-circuit  work, 
though  they  quickly  recover  their  voltage  after  an  appreciable  discharge. 


1649 


/Google 


Sec.  20-20 


BATTBRIBS 


DRY  CKLZJ 

19.  Definition.  The  only  "dry  battery ” in  commercial  meiti aod 
fication  of  the  Leclanchl  cell,  in  which  the  sal  ammoniac  eolation  m tseH 
by  capillary  action  in  a porous  medium  separating  the  ainc  from  the  oppose 
electrode  and  in  the  pores  of  the  carbon-depolariser  electrode. 

. SO.  Construction.  In  the  usual  form,  the  sine  of  the  negative  pok 
takes  a cylindrical  shape  and  constitutes  the  containing  vessel  Aa  ab- 
sorbent separating  medium  of  pulp,  plaster  of  Paris  or  paste  covers  the  nil 
and  bottom  of  the  sine  cylinder,  and  & rod  or  flat  plate  of  carbon  is  pl*rt 
axially  inside.  A mixture  of  crushed  coke,  graphite  and  manganese  msb 
is  tamped  about  the  carbon  rod  to  within  about  1 in.  of  the  top  *d«« 
the  sine  cylinder.  The  whole  is  mounted  in  a pasteboard  container  sna  th 
filling  mass  saturated  with  a solution  of  sine  chloride  and  sal  imaa* 
The  top  is  then  flooded  with  an  asph&ltum  sealing  compound.  The  j 
the  positive  binding  post  is  fixed  in  a vertical  hole  in  the  carbon  by  rsnh|  j 
in  an  expanding  bismuth  alloy,  the  hole  in  the  rod  being  enlarged  st  m 
bottom. 

SI.  The  internal  resistance  of  various  makes  of  dry  cell*  dcp«h 
slightly  upon  the  absorbent  material  between  the  plates,  but  is  pnsopv 
determined  by  the  fineness  of  the  crushed  carbon  and  manganese  aiondf  u« 
the  degree  to  which  it  is  tamped  when  new.  The  internal  resistance  » wow? 
less  than  0.1  ohm  but  increases  to  several  times  the  initial  value  with  *|t 

SS.  The  open-circuit  voltage  of  a new  cell  is  approximately  U veto 
and  is  but  slightly  influenced  by  temperature.  With  age  the  vohap 
gradually  drops,  whether  the  cell  is  used  or  not.  The  terminal  voltage  • 
dosed  circuit  is  about  1 volt,  the  greater  portion  of  the  drop  bdag  aw* 
polarisation.  For  this  reason  it  is  not  usually  important  to  determine  t* 
internal  resistance. 

SS.  Dry-cell  applications.  Dry  cells  are  admirably  adapted  for  sj 
purposes  as  require  minute  currents  continuously  or  limited  amount*  * 
current  intermittently.  Among  the  various  applications  may  be  cited  g 
following:  intermittent  gas-engine  ignition;  operation  of  may-controls 
mechanisms;  telephone  work;  pocket  flash-lamps;  etc.  They  are  not  j 
for  heavy  discharges  nor  to  furnish  appreciable  currents  on  continued  dm 
circuit. 

54.  Life.  Dry  cells  continuously  depreciate  with  age  and  caution  atofi 
be  exercised  when  purchasing  to  see  that  cells  are  recently  made,  is 
better  makes  become  worthless  after  12  to  14  months,  even  on  open  arm 
A gage  as  to  their  condition  is  therefore  desirable. 

SI.  Dry-cell  teats.  Cells  for  any  particular  application  should  be 
under  conditions  which  approximate  actual  service.  The  usual  method  & 
a large  consumer  is  to  place  a number  of  cells  in  a rack  and  by  mesa*  a 
resistances  and  switch  oontacts  operated  by  a dock  mechanism,  subject  tM 
cells  to  intermittent  discharge  at  the  desired  rates  and  for  the  desired^ 
tervals.  Those  intereeted  in  standard  tests  for  dry  cells  should  eonssh  tj* 
report  of  the  Committee  of  the  American  Electrochemical  Society  <m  urf 
Cells,  Trans.  Am.  Elect.  Chem.  Soc.  Vol.  21,  p.  275,  1912  and  Orcuhr  S* 
79,  April,  1919  of  the  Bureau  of  Standards.  ^ 

55.  Shelf  test.  The  user  of  a considerable  number  of  dry  cells  ***** 
select  a few  at  random  forahelf  test.  This  oonsists  in  determining  the  awj 
of  months  the  cells  will  last  before  the  short-circuit  current,  t*x«  ** 
monthly  intervals,  falls  to  a certain  arbitrary  value  which  is  custom*™? 
taken  at  10  amp.  Such  teet  cells  should  be  continuously  kept  at  abort  <* 
deg.  Fahr.,  as  the  shelf  life  te  favorably  influenced  by  lower  temper****** 
Dry  cells  depreciate  rapidly  at  high  temperatures.  Voltage  resdrnf*  * 
open  circuit  have  little  or  no  value  in  determining  the  merits  of  a cell 

ST.  Qualitative  testa.  It  is  desirable  to  apply  rough  selective  ****** 
dry  cells  are  purchased  from  any  but  reliable  dealers.  The  best  test  w as 
nature  is  to  connect  a oell  momentarily  through  a dead-best  ammeter 
has  been  calibrated.  For  this  test  the  resistance  of  the  outside  fW* 
including  the  ammeter  shunt,  should  be.  0.01  ohm  to  within  0 002  «* 
According  to  Ordway  (Trans.  Am.  Elect.  Chem.  Soc.,  1910)  s 21  in.  X ** 
dry  cell  should,  when  freshly  made,  give  between  18  and  25  amps,  st 
perature  of  about  70  deg.  fahr.  If  a cell  gives  less  than  18  amps.  *••* 
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feriority  la  indicated.  Short-circuit  teats  are  of  real  value  only  when  the 
rmal  snort-circuit  current  is  known  for  the  particular  brand  of  cell  tested. 
m mere  fact  that  the  short-circuit  current  of  one  brand  of  cell  is  less  than 
at  of  another  is  no  indication  of  inferiority  in  its  service  capacity.  Short- 
euit  current  bears  no  relation  to  service  capacity  as  is  shown  by  the  follow- 
i table.  (D.  L.  Ordway,  Tran. s.  Elec.  Chem.  Soc.,  1910.) 


Brand  of  cell  j A I D | G | J j Af  | P | V | X 

>hort-oircuit  current I33.0l24.5,22.,rv20.9,20. 1 19.2!11  .fi'e.e 

Ampere-hour  capacity 24 .0  33. 5|40.0|18  2jll . 7j30. 3j  13.64.5 


38.  Effects  of  temperature.  Temperature  has  but  small  effect  on  the 
•en-circuit  voltage  of  dry  cells  but  it  has  a marked  influence  on  the  rate 
their  deterioration.  In  general,  temperatures  above  25  deg.  cent.  (77  deg. 
hr.)  are  injurious.  The  following  table  shows  the  effect  of  temperature 
i the  short-circuit  current  at  the  end  of  ten  weeks  for  cells  stored  at  differ- 
it  temperatures.  (Prctx,  Am.  Elect.  Chem.  Soc.,  Vol.  19,  p.  39,  1911.) 


Temperature 

Per  cent,  j 
decrease  1 
in  short-  1 
circuit 

j current  | 

Temperature 

Per  cent, 
decrease 
in  short- 
circuit 
current 

Deg.  cent. 

1 

Deg.  fahr. 

Deg.  cent. 

Deg.  fahr.  j 

5 

41 

4.4 

55 

131 

52.0 

25 

77 

10.0 

65 

149 

71 .0 

35 

95 

19  0 

75 

167 

98.0 

45 

113 

25.0 

39.  Capacity.  The  capacity  of  a freshly  made  standard  2i-in.  XG-in. 
y cell,  closed  through  a circuit  of  16  ohms  resistance,  averages  about  25 
np-hr.  before  the  terminal  voltage  falls  below  0.5  volts.  Individual  cells 
ay  show  considerably  better  capacity  than  this.  The  following  table 
ven  by  D.  L.  Ordway  (Trans.  Am.  Elect.  Chem.  Soc.  Vol.  17,  d.  352,  1910) 
ows  the  hours  of  service  of  the  common  size  of  dry  cells  (2j-in.  X 6-in.) 
hen  discharging  continuously  through  resistances  of  fixed  values  before 
e voltage  dropped  to  the  stated  values. 


End-point 
voltage 
in  volts 

Resistance  of  the  discharge  circuit 

2 

4 

8 

1 10 

24 

32 

40 

1.2 

4.3 

10 

39 

142 

260 

414 

549 

1.0 

9.3 

35 

94 

296 

548 

889 

1,148 

0.3 

16.5  | 

51 

143 

| 414 

751 

1,078 

1,550 

0.6 

28.2  , 

76 

225 

954 

1.240 

1,600  1 

1,763 

0.4 

55  0 

207  1 

648 

! 1,197 

1.711  l 

2,280 

2,040 

0.2 

160.0 

450  1 

882 

1,318 

1,914 

2,626 

3,140 

40.  Service  tests.  The  committee  on  dry  cell  tests  of  the  Am,  El. 
hem  Society  (Transactions  1912)  recommended  the  tests  described  in 

u.  41  to  43. 


41.  For  telephone  work.  Connect  3 cells  in  Heries  through  a resistance 
20  ohms  for  a period  of  2 min.  during  each  hour  until  the  terminal  vol- 
ge  falls  to  0.93  volt  per  cell  at  the  end  of  the  2-min.  period.  The 
«ta  are  to  continue  24  hr.  per  day  and  7 days  per  week,  and  the  number  of 
iys  elapsing  until  the  above  limiting  voltage  is  reached  is  to  be  noted, 
his  test  has  now  been  supplanted  by  the  A.  T.  & T.  test  which  is  as  follows: 
hree  cells  connected  in  series  are  discharged  through  20  ohms  for  ten  per- 
ds  of  four  minutes  each  in  ten  consecutive  hours  for  six  days  per  week, 
i the  seventh  day  every  other  period  is  omitted.  The  limiting  end  voltage 
the  same  as  given  in  the  Am.  Elec.  Chem.  »Soc.  test.  The  results  are 
pressed  as  the  number  of  days  the  cells  last. 
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41.  For  gas-engine  Ignition.  Connect  6 oella  in  series  through  16  obi 
resistance  for  two  periods  of  1 hr.  each  during  each  day,  7 days  per  wed 
The  first  discharge  may  be  made  during  the  morning,  and  the  second,  bos 
the  afternoon.  At  the  end  of  each  twelfth  of  the  above  discharge*,  ihtf 
the  16-ohm  resistance  with  aO. 5-ohm  resistance  connected  to  an  ammeterste 
note  the  current.  The  test  is  considered  complete  when  the  current  ttani 
the  0.5-ohm  shunt,  at  the  end  of  any  discharge  period,  falb  below  4 topes. 
The  results  are  expressed  as  the  number  of  hours  actual  discharge  ts  tb 
end  point.  This  test  has  been  somewhat  modified  by  some  manubetoa 
to  permit  the  use  of  a smaller  number  of  cells  in  the  group. 

43.  For  flash-lamp  service.  Discharge  the  battery  through  a resist os 
of  4 ohms  for  each  cell  connected  in  series  for  a period  of  5 mm.  once  ad 
day,  and  determine  the  total  number  of  minutes  of  actual  di&chsEve.b 
terminal  voltage  of  the  last  discharjre  being  limited  to  0.75  volt  per«2. ; 
At  the  present  time  0.50  volt  per  cell  is  generally  used  for  the  end  rdup 
instead  of  0.75  because  modern  lamps  are  still  usable  at  the  lower  vatu* 

44.  Standard  slsss  of  dry  sells.  The  standard  sixes  of  the  cyhadwil 
form  of  dry  cells  are  given  below.  (Circular  No.  79,  April  25,  1919.  Bat* 
of  Standards.) 


For  ignition, 
telephone,  etc. 
(cylindrical  form) 

Flash  light  and  miniature  cells 
(cylindrical  form) 

Diameter 

Height 

Diameter 

Height 

Diameter 

IE 

in  inches 

in  inches 

in  inches 

in  inches 

in  inches 

If 

4 

1 

11 

1 

■H 

2 

6 

1 

2| 

If 

HI 

3* 

8 

it 

lit 

li 

■i 

STORAGE  BATTERIES 

40.  Definitions.  Cells  which  are  reversible  to  a high  degree,  £«.,  tl 
which  the'  chemical  conditions  after  discharge  are  brought  back  to  the  o 
condition  simply  by  causing  current  to  now  in  the  opposite  direction » I 
“charge,"  may  be  used  as  storage  batteries.  Storage  batteries  are  scae 
times  termed  electric  accumulators. 


40.  Reversibility.  In  all  the  practical  forms  of  storage  batteries,  tea 
the  electrode  materials  and  the  products  of  the  chemical  reaction  we  re» 
lively  insoluble.  The  form  of  the  electrodes  is  practically  unchanged 
use,  or  at  least  it  changes  but  slightly.  Many  of  the  oells  in  which  the  rm 
lion  products  are  solutue  and  which  are  ordinarily  used  as  primary  battens 
can  be  used  as  storage  batteries.  For  example,  the  Daniel]  or  grtnij'* 
and  also  the  Edison-Lal&nde  cell  are  reversible  to  a high  degree,  bnt  tew 
practical  disadvantages  contributing  against  their  use  as  storage  bitten 

4T.  Classification.  The  storage  battery  which  is  in  widest  commerce 
use,  for  various  purposes,  is  the  1 ead-sulp h uri e-acid  type.  The  only 
type  which  is  of  any  prominence  is  the  nickel-iron-potash  battery,  app«w‘*? 
first  proposed  by  Darrieus,  then  by  Jungner  ana  developed  in  comnaj* 
form  by  Edison.  The  use  of  cadmium  instead  of  iron  as  a negative  pb* 
is  due  to  Hubbell.  His  oell  is  otherwise  similar  to  the  Edison  odL  K* 
extensively  used  in  miners'  lamps. 

40.  Positive  and  negative  plates.  The  positive  terminal  or 
battery  is  that  one  from  which  the  current  flows  into  the  extemxln^l 
In  storage  battery  practice;  a positive  plate  is  one  which  is  connected  t*w] 
positive  pole,  and  the  negative  plate,  the  one  which  is  connected  to  the 
tive  pole.  It  should  be  specially  noted  that  this  is  the  reverse  « l£, 
mary-battery  terminology.  The  U.  8.  Patent  Office  has  attempted  ts***8 
confusion  in  this  regard  by  insisting  on  the  use  of  the  twins,  “posw*| 
Pole  plate”  and  “negative-pole  plate,”  but  this  has  not  come  intof* 
oral  use. 


,4*;  The  e.m.f.  or  open-circuit  voltage  of  any  storage  cell  depoj 
wnolly  upon  its  chemical  constituents  and  not  in  any  way  upon  the  sum* 
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total  area  of  its  plates.  It  varies  further  with  the  strength  of  the  solution, 
electrolyte,  and  its  temperature,  and  to  a minor  extent,  with  the  state 
eharge  of  the  plates.  Upon  charge,  the  terminal  voltage  of  the  cell 
tea,  and,  upon  discharge,  it  falls,  due  to  the  internal  resistance  and  to  a 
imber  of  more  or  less  obscure  causes,  such  as  polarisation,  acid-concen- 
stion  effects,  etc. 

60.  The  capacity  of  a cell  with  a definite  type  and  thickness  of  plate 
in  proportion  to  the  plate  area.  The  sise  of  a cell  is  usually  stated  in 
rma  of  its  ampere-hour  capacity  at  a standard  temperature  of  70  deg.  f ahr.. 
it  it  is  necessary,  also,  to  state  the  discharge  rate,  as  the  capacity  of 
l practical  forms  of  batteries  is  lower  with  increasing  discharge  rates. 

11.  Battery  voltage.  The  voltage  of  a battery  is  that  of  each  cell 
ultiplied  by  the  number  of  cells  connected  in  series. 

LEAD  STORAGE  BATTERIES 

GENERAL 

It.  Theory.  The  active  material  of  the  lead  storage  battery  is  lead 
Broxide  (PbOs)  on  the  positive  plate  or  electrode  and  finely  divided,  or  sponge 
sd  (Pb),  on  the  negative  plate.  The  platee  are  immersed  in  a solution  of 
ilphuric  acid  and  water  (HsSOi+HtO)  called  electrolyte.  On  discharge 
' the  battery,  both  these  active  materials  are  quantitatively  converted 
ito  lead  sulphate,  (PbSO«)  at  the  expense  of  the  acid  radical  of  the  electrolyte 
id  with  the  formation  of  water.  Precisely  the  reverse  action  takes  place 

S>n  charge  of  the  battery  and  these  reactions  may  be  represented  by  the 
owing  chemical  equations: 

Reaction  at  positive  plate: 

PbOt  -I-  HjSOi  - PbS04 + H,0  +0  (4) 

Reaction  at  negative  plate: 

Pb  + H1SO4  - PbSO*+2H  (5) 

Combined  reaction  at  positive  and  negative  plates: 

PbOi+Pb  + 2HiSO*«2PbSO*  + 2HiO  (6) 

Eq.  (6).  read  from  left  to  right,  is  the  equation  of  discharge;  read  from  right 
> left  it  shows  the  reactions  during  charge.  The  above  reactions  are  those 
hich  normally  take  place.  If  impurities  are  present  either  in  the  plates 
lemselvea  or  in  the  electrolyte,  these  normal  reactions  may  be  departed 
om. 

IS.  The  active  materials,  lead  peroxide  on  the  positive  plate  and  spongy 
ad  on  the  negative  plate,  are  crystalline  in  structure,  the  masses  being  held 
igcther  by  the  intergrowth  of  the  crystals.  The  positive  active  material 
robably  exists  in  the  cell  as  a hydrated  peroxide  of  lead;  when  fully  charged 
has  a very  dark  brownish-black  color,  but  the  color  of  the  positive  plate 
1 a whole  may  be  somewhat  masked  by  the  presence  of  loose  particles  of 
bite  lead  sulphate  which  have  become  detached  from  the  active  mass, 
he  positive  plate  becomes  reddish  brown  in  color  with  proceeding  dis- 
barge.  The  color  of  the  negative  active  material  is  that  of  metallic  lead 
fter  it  has  been  exposed  to  air,  and  is  somewhat  darker  when  the  plate  is 
isch&rged.  These  active  materials  are  supported  on  the  plates  in  either 
f two  ways.  With  Plants  plates,  they  form  rather  dense,  thin  layers, 
wmed  from  a massive  lead  blank  with  a highly  developed  surface  and 
dhere  to  the  surface.  With  pasted  plates  the  active  materials  arc  cemented 
lasses  supported  in  a grid,  usually  of  lattice  form. 

•4.  The  capacity  of  a cell  is  the  number  of  ampere  hours  it  is  capable 
f giving  at  70  deg.  Fahr.  when  discharging  at  the  normal  rate  before  ite 
oltage  falls  to  some  limiting  value  usually  taken  as  1.8  volts  for  the  station- 
ry  type  of  cells.  (See  Par.  116.)  Capacity  depends  upon  many  things 
ach  as:  type  of  plates,  density  of  electrolyte,  temperature  and  rate  of  dis- 
harge.  The  8-hr.  rate  is  standard  with  lead  cells  of  the  stationary  type, 
fo  standard  rate  has  been  adopted  for  the  other  types.*  The  capacity 
f a plate  varies  with  the  amount  of  active  material,  but  not  directly,  be- 
ause  its  mass  initially  does  not  hold  enough  acid  to  convert  it  to  lead  sul- 

• For  standard  rate  proposed  by  Standards  Committee,  Soc.  Automobile 
Engineers,  for  gas-car  batteries,  see  Sec.  22. 
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phate.  Diffusion  of  acid  into  the  mass  is  quite  alow,  so  that  the  bgtor  tia 
discharge  rate,  the  more  nearly  is  the  plate  surface  the  determimsg  isetot 
The  capacity  of  a cell  at  the  higher  rates  of  discharge  depends,  thentoe, « 
the  area  of  its  plates,  their  number,  and,  to  a minor  extent,  on  the 
of  plates.  With  low  discharge  rates,  a sufficient  amount  cl  acid  diffwcsnM 
the  interior  of  the  active  material  to  permit  this  portion  to  be  acted  opoe 
if.  The  amount  of  active  material  converted  into  lsad  nlphsti 
per  ampere-hour  of  discharge  is  0.135  os.  (avoirdupois)  <x 
lead,  and  0.156  os.  of  lead  peroxide,  independent  of  the  diaeharjge  nk 
Reduction  of  capacity  with  high  rates  is  the  result  of  using  up  the  add  irt» 
pores  of  the  active  material,  and  lack  of  time  for  fresh  acid  to  difluw 
the  electrolyte  to  replace  it.  Diffusion  is  also  hindered  bv  the  redwtK 
of  porosity  on  the  surface  of  the/active  materials,  due  to  the  fonnatoocj 
lead  sulphate,  which  occupies  a greater  volume  than  either  the  ePon**_““ 
or  lead  peroxide.  The  amount  of  active  material  actually  present  in  *1 P»* 
is  some  three  to  six  times  that  converted  into  lead  sulphate,  part  ot 
excess  being  present  for  the  life  of  the  plates. 

•f.  The  open-circuit  voltage  of  a lead  cell  varies  between  iMtoiU 
according  to  the  strength  of  electrolyte  and  temperature  and  is  indcpcay 
of  the  siae  of  a cell.  Charge  and  discharge  characteristics  are  given 
the  descriptions  of  the  various  types  of  cells. 

•7.  The  variation  of  voltage  is  approximated  by  the  following  foraak 
due  to  Streints:  , , 

1.850+0.917(0-0)  (volts)  < 

in  which  ff-e.m.f.  in  volts.  O — specific  gravity  of  electrolyte,  and  ?-spec& 
gravity  of  water  at  the  cell  temperature. 

18.  Test  or  reference  electrode.  It  is  often  desirable  to  determine  tb 
relative  performance  of  the  positive  and  negative  plate  groups  in  s ecu** 
this  may  be  done  by  taking  the  voltage  between  each  group  and  a refers* 
electrode  of  sine,  spongy  lead  or,  preferably,  cadmium. 


5t.  A typical  discharge  curve  for  a stationary  type  of  cell « 

Pig.  9,  also  the  curves  for  both  positive  and  negative  groups  with 
to  cadmium.  Curve  (1)  shows  the  cell  voltage,  curve  (2)  the  voltage  « 
positive  group  and  cadmium,  while  curve  (3)  represents  the  voltage  w 
negative  group  and  cadmium.  Fig.  10  shows  the  corresponding  ninT®  • 
charge. 

60.  Cadmium  tests.  The  cell  voltage  is  the  difference  bet wws  v 
positive-cadmium  and  the  negative-cadmium  voltages.  In  Fig.  9 um 
charge  curves  are  continued  in  dotted  lines  and,  the  greater 
final  voltage  drop  occurring  with  the  positives,  show  that  the  capacity  o* 
cell,  in  this  instance,  is  limited  by  tne  positive  proup.  This  is  a 
condition,  as  most  negatives  suffer  from  overdischarge  more  than®) 
positives.  . . . 

Care  is  necessary  when  using  the  cadmium  electrode  in  order  to  w* 
reliable  results.  The  electrode  should  be  thoroughly  corroded  before 
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t aging  several  days  in  battery  solution.  Polarisation  of  the  cadmium 
ectrode  due  to  voltmeter  current  may  appreciably  affect  the  voltage  read* 
It  is  greatest  when  measuring  the  cadmium-positive  potential  and, 
this  case,  may  amount  to  as  much  as  0.1  volt  when  a voltmeter  of  200  to 
)0  ohms  resistance  is  used.  It  is  much  lees  when  measuring  the  cadmium- 
ssative  potential  and  should  not  exceed  0.01  volt.  To  make  the  effect  of 
olariaation  negligible,  the  Bureau  of  Standards  (Technologic  Paper  No. 
16)  recommends  that  the  cadmium-positive  potential  be  obtained  indirectly 
y adding  the  cell  voltage  to  the  cadmium-negative  potential. 

61.  Lead  battery  plates  are  classified  thus:  Plants  plates  (Par.  Si)  and 
asrted  plates  (Par.  64). 

61.  Plantd  plates  comprise  a mass  of  lead,  usually  of  flat  form  with  a 
ighly  developed  surface.  The  increased  surface  is  obtained  by  casting  a 
ellular  structure,  or  by  scoring  or  cutting  a blank  of  heavy  sheet  lead.  The 
ctive  material  is  clectrochemieally  formed  as  a coherent  layer  of  lead  per- 
xide  at  the  expense  of  a film  of  the  underlying  lead.  Such  plates  are 
Iways  formed  as  positives,  but  Plants  negative  plates  are  obtained  from  the 
loeitives  by  connecting  them  as  negatives  in  a cell,  and  charging,  whereby 
he  active  material  is  reduced  to  sponge  lead. 

63.  The  original  Plantl  process  of  formation  consists  of  charging  the 
dates  alternately  in  dpposite  directions;  each  successive  reversal  under 
iroper  conditions  of  temperature,  strength  of  electrolyte  and  current  in- 
Teases  the  capacity  of  the  plates.  This  method  is  extremely  wasteful  of 
turrent  and  requires  a long  time;  it  has  been  abandoned  in  favor  of  acceler- 
ated forming  processes  which  consist  of  making  the  plate  to  be  formed  an 
mode  in  an  electrolyte  of  dilute  sulphuric  acid  containing  a small  amount 
>f  nitric,  perchloric  or  other  acid  which  dissolves  lead.  The  current  denaity, 
itrength  of  acids  and  temperature  must  be  properly  related  to  obtain  a 
luccessful  result. 


64.  Pasted  pistes  take  the  form  of  a flat  basket-like  frame  or  grid, 
pasted  with  a mass  of  lead  oxide  under  cementing  conditions.  After  the 
mass  is  thoroughly  cemented,  the  plates  are  assembled  in  a dilute  sulphurio- 
icid  electrolyte  and  charged.  The  oxide  mass  becomes  lead  peroxide  on  the 
positives  and  sponge  lead  on  the  negatives. 

66.  Processes  in  paste  manufacture.  There  are  many  ways  of  making 
paste  masses  which  have  been  proposed  and  great  merits  have  been  claimed 
tor  special  processes.  All  the  practical  paste  processes,  however,  depend  in 
principle  on  the  cementing  action  resulting  from  the  formation  of  lead 
lulphate.  Plates  can  be  pasted  with  a stiff  mixture  of  lead  oxide  and  water 
&nd  then  immersed  in  dilute  sulphuric  acid  solution.  The  resultant  sulphat- 
ng  hardens  the  mass.  Another  method  is  to  mix  the  oxide  wdth  dilute  sul- 
phurie  acid  or  a solution  of  ammonium  sulphate  and  stir  to  a uniform  thick 
paste,  which  is  then  smeared  into  the  grids  quickly  and  before  much  sulphating 
lias  had  time  to  take  place. 


66.  Combination  of  Plantl  and  pasted  plates.  Pasted  plates  of  one 
polarity  can  be  used  with  Plants  plates  of  the  opposite  polanty  and  nee 
lerto,  but  plates  of  different  design  or  age  should  not  be  assembled  together 
n any  single  positive  or  negative  group  in  a cell.  If  this  is  attempted,  local 
fcetion  takes  place  between  the  different  plates. 

6T.  Depreciation  of  Plante  plates.  Plants  positive  plates  wear  in 
service,  by  gradually  shedding  their  active  material  and,  as  fast  as  this 
occurs,  new  lead  automatically  is  corroded  and  formed  to  lead  peroxide  at 
the  expense  of  the  original  reserve  of  metallic  lead  of  the  plate.  The  life 
pf  these  plates  is  at  an  end  when  the  lead  becomes  so  corroded  that  the  plate 
■ mechanically  weak.  A good  positive  Plant6  plate  is  capable  of  giving 
1,800  to  2,400  cycles  of  complete  charge  and  discharge  at  the  8-hr.  rate. 

Plants  negative  plates  in  use  show  a physical  shrinkage  of  their  active 
material,  ana,  associated  with  this,  a shrinkage  of  capacity.  Good  Plants 
negatives  have  a capacity  of  75  per  cent,  to  100  per  cent,  in  excess  of  their 
rated  capacity  to  provide  against  this  factor.  They  should  give  2,500  to  3,000 
cycles  of  charge  and  discharge  at  the  normal  rate  before  falling  to  80  per  cent, 
of  their  rated  capacity. 

66.  Depreciation  of  pasted  plates.  Pasted  positive  plates  lose  their 
•ctive  material  by  gradual  shedding  which,  however,  should  not  begin  until 
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after  60  to  70  cycles  of  charge  and  discharge.  The  capacity  is  maintsinsri 
so  long  as  there  is  sufficient  remaining  active  material.  Plates  0l25  in.  thick 
should  give  600  to  800  complete  cycles  of  charge  and  discharge  at  the  8-hr. 
rate,  before  falling  to  80  per  cent,  of  their  rated  capacity.  Plates  0.12$  is. 
thick  should  give  some  300  or  more  complete  cycles  of  charge  and  discharge. 

Pasted  negative  plates  would  show  the  same  physical  shrinkage  of  aetre 
material  as  Plants  negatives,  if  it  were  not  for  the  incorporation  of  materials 
such  as  lamp-black,  barium  sulphate  or  kaolin,  termed  expanders,  into  the' 
oxide  pastes.  Pasted  negatives  can  be  somewhat  thinner  than  pasted  posi- 
tives which  have  the  same  life. 

69.  Permanixing  process.  Instead  of  mixing  expanders  (Par.  <t 
with  the  paste,  certain  substances  can  be  deposited  in  the  pores  of  the 
active  material  to  produce  a like  result,  after  the  plates  are  formed.  Joe 
Bijur  perfected  a process  of  soaking  negatives  in  sugar  solution  and  nh- 
sequcntly  carbonising  the  sugar.  He  also  brought  forward  a process  of  pre- 
cipitating barium  sulphate  in  the  pores  of  the  apongy  lead.  The  proems  a 
specially  applicable  to  Plant4  negatives. 

TO.  Growth  of  Plant*  plates.  All  Plant*  positives  show  the  charac- 
teristic of  growth  in  service.  The  lead  peroxide  occupies  more  volume  tfcas 
the  lead  from  which  it  is  formed,  and  this  action  finally  causes  the  lead  ts 
stretch.  For  this  reason,  they  are  usually  made  of  smaller  dimensions  than 
the  negative  plates  with  which  they  are  used.  In  some  cases,  the  growth 
takes  place  unequally  on  the  two  sides  of  the  plate,  thus  causing  a deformsfioa 
or  buckling.  As  the  positives  grow  their  capacity  usually  increases  very 
appreciably. 

Attempts  have  been  made  to  reduce  buckling  of  Plant*  positives  by 
subdividing  them  and  allowing  for  growth  of  individual  sections.  These 
methods  have  not  proved  very  successful  in  practice  and  have  largely  bees 
abandoned. 

71.  Tudor  Positive.  Fig.  11  is  a " Tudor”  positive.  It  is  a eefislai 
easting  of  pure  lead.  It  has  claimed  for  it  the  characteristic  of  remanam 
straighter  in  service  than  other  Plant*  types  and  that  it  shows  a miniums 
of  buckling.  No  centre  web  is  employed, 
an  open  type  of  construction  being  adopted 
72.  Centre-web  positives.  Figs.  12 
and  13  show  Plant*  positives  made  froa 
a sheet-lead  blank,  the  surface  bdag 
increased  by  plowing  leaves  in  the  first 


Fia.  11. — Tudor  positive  and  section.  Fig.  12. — Willard  "plowed"  piste. 

instance,  and  by  “spinning"  with  rotating  circular  discs  in  thelstter.  A 
section  of  the  latter  plate  is  shown  in  Fig.  14. 

78.  Manchester  positive.  Fig.  15  shows  a Manchester  positive,  com- 
prising a casting  of  lead  antimony  with  a number  of  round  holes  symmetri- 
cally spaced.  Into  these  holes  are  inserted  spiral  coils  of  corrugated  letd 
ribbon.  The  plate  as  a whole  is  electroohemically  formed,  but  the  Iran* 
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Fio.  16. — “ Shelf  type’* 
grid. 


Fio.  17. — ‘'Diamond'" 
grid. 


Fig.  18. — Box  nega- 
tive. 
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irork  is  only  slightly  corroded.  This  makes  a very  nigged  plate.  It  will  not 
ibow  as  good  a life  in  possible  number  of  cycles  of  charge  and  discharge  as 
;he  pure-lead  Plants  plates,  but  this  is  largely  counterbalanced  by  its  rigidity, 
fhe  plate  is,  however,  muoh  more  sensitive  to  overcharge  than  are  the  other 


Flo.  13. — Gould  “spun”  plate. 


Fig.  15. — Manchester  positive. 


T4.  Plant*  negatives.  Any  of  the  foregoing  Plant*  positives  can  be  used 
u negatives  by  reversal,  but  the  general  form  of  Plant*  negative  is  that 
ihown  in  Figs.  12  and  13,  since  these  can  most  readily  be  given  the  required 
3xoees  capacity. 

75.  Paste-plate  grids.  A section  of  the  usual  pasted-plate  grid  termed 
the  shelf  type  is  shown  in  Fig.  16  and  a modification  which  is  in  consider- 
able use  in  Fig.  17.  The  grids  are  cast  of  an  antimony-lead  alloy,  the 
antimony  content  being  sufficient  to  make  the  grids  stiff.  The  presence  of 
the  antimony  also  serves,  to  a considerable  degree,  to  limit  the  amount  of 
Borroeion  which  would  otherwise  take  place  on  the  positive  grid  in  service. 


76  Box  negative.  A pasted  plate  which  is  in  wide  commercial  use  in 
stationary  batteries  is  the  box  negative  of  the  Electric  storage  Battery  Co. 
The  grid  is  cast  in  two  halves,  the  outside  of  each  half  grid  consisting  of  a 
very  ?hin  perforated  sheet  lead.  Loose  pellets  of  ox.de  paste  are  dropped 
Into  one-half,  the  other  half  grid  then  being  placed  on  top  and  both  are 
riveted  together.  This  plate  is  shown  in  Fig.  18.  . 

77.  Ironclad  positive.  Another  type  of  pasted  plate  which  is  consid- 
erably used  is  the  positive  of  the  “Exidc  Ironclad  battery.  This  plate. 
Fig.  19,  comprises  a number  of  vertical  pencils  or  units  s ii  p p or  ted  i n a fr  a me 
of  Yead-antimony  alloy.  Each  pencil  or  unit  has  a central  core  of  lead- 
antimony  alloy  of  somewhat  irregular  section.  A layer  of  lead  peroxide  sur- 
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rounds  this  core  and  is  retained  by  a slotted  cylindrical  cuing  of  hud 
rubber.  The  slots  are  so  small  that  the  particles  of  active  material  do  m 
readily  fall  out.  It  is  claimed  that  the  presence  of  the  casing  greatly  increases 
the  useful  life  of  the  plate.  The  Ironclad  battery  is  used  principally  for 
traction  purposes.  See  Par.  111. 

78.  Quality  of  paste  materials.  Active  materials  of  pasted  plates  tot? 
in  quality  with  the  chemical  purity  of  the  oxides  partly,  but  it  is  of  equal  or 
greater  importance  that  the  physical  properties  meet 
rigid  specifications.  A high  degree  of  skill  and  v- 
c urate  information  is  required  to  produce  an  artm 
material  having  the  requisite  capacity  and  fife. 

79.  The  essential  differences  between  the  prac- 
tical forms  of  Plant!  and  pasted  plates  are  tk 
following:  Plant!  plates  are  heavier,  more  bulky 
cost  more  for  the  same  capacity.  They  will  gm  i 
greater  number  of  cycles  of  charge  and  discharge  this 
can  be  obtained  from  pasted  plates.  In  many  eax*. 
weight  and  space  are  the  controlling  requirement!  to 
be  met  and  in  this  case  pasted  plates  are  used.  If  i 
battery  is  required  for  insurance  of  power  supply.  «*i 
is  used  only  in  rare  emergencies,  pasted  plates  car 
be  used.  If  a battery  is  required  to  withstand  con- 
tinued heavy  service,  and  weight  and  space  are  not  is 
important  consideration,  Plant!  plates  are  used. 

80.  Electrolyte  variations.  When  a lead  batten 
discharges,  the  amount  of  sulphuric  acid  which  cos- 
bines  with  the  active  materials  is  in  quantitative  pro- 
portion to  the  number  of  ampere  hours  discharged.  The  density  of  ibt 
electrolyte  varies  with  its  add  content,  and  the  change  in  density  may  ^ 
used  as  a measure  of  the  state  of  charge  of  the  battery,  if  the  initial » si 
final  specific  gravities  are  known. 

81.  The  .quantity  of  electrolyte  required  for  100  amp-hr.  dwcharp 
is  calculated  from  the  following  formula. 

Gt-mo-jo.534  (o., 

in  which  Go  — number  of  ounces  of  electrolyte  per  100  amp-hr.  of  disebarp 
D = per  cent,  of  HtSOa  in  the  electrolyte  at  the  beginning  of  disc  ham;  ad 
d =*  per  cent,  of  HjSO*  at  the  end  of  discharge.  For  a capacity  0 other 
than  100  amp-hr.  multiply  Go  by  G 4- 100. 

When  the  value  of  Go  for  100  amp-hr.  and  either  the  initial  or  final  ckasty 
of  the  electrolyte  are  known,  then  that  density  which  is  unknown  eaa  be 
determined  from  the  following: 

D_  1290 +d(G,- 10.53) 


F i o . 19. — Ironclad 
positive. 


and 


d- 


Go 

1290  -GoD 


(M 


10.53— G* 

88.  The  change  in  acid  strength  ift  not  immediate;  it  lag*  betajj 
the  values  determined  in  Par.  81  on  account  of  the  fact  that  time  is  require* 
for  the  strong  acid  to  diffuse  into  the  plate  on  discharge,  and  forthestroei 
acid  to  diffuse  out  of  the  pores  of  the  active  material  on  charge. 

88.  Separation.  It  is  essential  that  plates  of  opposite  polarity  be  k*P* 
from  coming  in  contact  with  each  other.  This  is  insured  by  the  use  01 
ribbed  perforated  sheets  of  hard  rubber,  glass  spacing  tubes  or,  more  ire* 
quently,  wood  separators.  The  wood  used  is  selected  for  » miwma^ 
content  of  such  constituents  as  would  be  injurious  to  the  plates  and  k® 
usually  subjected  to  a treatment  to  reduce  such  constituents  still  furU** 
See  Par.  188. 

84.  Lead  burning  of  joints.  The  use  of  solder  must  be 
storage-battery  construction.  Joints  are  made  by  lead  burning,  by 
is  meant  the  melting  together  of  the  lead  parts  by  a hydrogen  flame. . 
flame  deoxidises  the  melted  lead,  and  the  two  parts  readily  flux  togetn**- 
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ELECTROLYTE  AND  WATER 

M.  The  electrolyte  used  in  lead  storage 
batteries  is  a solution  of  sulphuric  acid  and 
water.  The  sulphuric-acid  content  determines 
the  density  of  the  solution,  i.e.,  its  specific  grav- 
ity (sp.  gr.)  or  the  ratio  of  its  weight  to  that  of 
an  equal  volume  of  water. 

86.  Hydrometer.  The  specific  gravity  of 
electrolyte  is  practically  determined  by  the  use 
of  a hydrometer  which  consists  of  a weighted 
glass  bulb  with  a graduated  stem.  In  strong 
acid  the  stem  protrudes  further  above  the  sur- 
face of  the  solution,  and  the  point  at  which  the 
top  of  the  meniscus  touches  the  scale  is  read 
off  directly  in  degrees  of  specific  gravity. 

With  stationary  types  of  cells  there  is  usually 
space  enough  between  plates  or  at  the  end  of  the 
tank  to  float  a flat-bulb  hydrometer  directly  in 
the  acid  of  the  cell.  This  type  of  hydrometer 
is  illustrated  in  Fig.  20. 

87.  Syringe  hydrometer.  With  vehicle  and 
other  types  of  batteries  with  small  separation 
between  plates,  a convenient  method  to  de- 
termine the  acid  density  is  to  employ  a syringe 
hydrometer  as  illustrated  in  Fig.  21;  the  hydro- 
meter floats  within  the  enlarged  portion  of  the 

elsss  barrel  when  acid  is  sucked  into  it  by  means  of  the  rubber  bulb, 


Fio.  21. — 
Syringe  hy- 
drometer. 


88.  Table  df  Sulphuric-add  Solutions 

(Based  on  one  part  acid  of  1.835  sp.  gr.  at  60  deg.  Fahr.) 


Specific  gravity 
of  solution 
(70  deg.  Fahr.) 

Parts  of  water  to  one  part  acid 

Percentage  of 
sulphuric  acid 
in  solution 

By  volume 

By  weight 

1.100 

9.8 

5.4 

14.65 

1.110 

8.8 

4.84 

16.0 

1.120 

8.0 

4.4 

17.4 

1.130 

7.28 

3.98 

18.8 

1.140 

6.68 

3.63 

20.1 

1.150 

6.15 

3.35 

21.4 

1.160 

5.7 

3.11 

22.7 

1.170 

5.3 

2.9 

24.0 

1.180 

4.96 

2.7 

25.2 

1.190 

4.62 

2.52 

26.5 

1.200 

4.33 

2.36 

27.7 

1.210 

4.07 

2 22 

29.0 

1.220 

3.84 

2.09 

30.2 

1.230 

3.6 

1.97 

31.4 

1.240 

3 4 

1.86 

32.5 

1.250 

3.22 

1.76 

33.7 

1.260 

3.05 

1.66 

35  0 

1.270 

2.9 

1.57 

36.1 

1.280 

2.75 

1.49 

37  3 

1.290 

2.6 

1.41 

38.5 

1.300 

2.47 

1.34 

39  65 

1.320 

2.24 

1.22 

42.0 

1.340 

2.04 

1.11 

44.1 

1.360 

1.86 

1.01 

46.3 

1.380 

1.7 

0.92 

48.4 

1.400 

1.56 

0.84 

50.5 

1.500 

1.0 

0.55 

60.15 

1.600 

0.639 

0.348 

69.12 

1.700 

0.369 

0.201 

77.6 

1.800 

0.1192 

0.0646 

87.5 

1.835 

0.0 

0.0 

93.19 
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tl.  Mixing  electrolytes.  If  concentrated  sulphuric  add  and  vale  art 
mixed  a great  amount  of  heat  is  generated.  If  electrolyte  is  prepared  froa 
concentrated  add,  the  add  should  be  added  to  the  water.  Never  add 
water  to  concentrated  sulphuric  acid.  Midas 
should  be  done  in  a glass  or  earthenware  tad 
or  a hard  rubber  jar. 

90.  Temperature.  The  density  of  eleetrolru 
decreases  with  increased  temperature  on  accouiS 
of  expansion,  although  the  actual  strength  re- 
mains the  same.  A temperature  of  70  deg  F»k. 
is  taken  as  standard,  ana  since  the  specific  grsrcj 

jof  electrolyte  vanes  approximately  0 001  far 
each  3 deg.  Fahr.  difference  in  temperature,  fit 
specific  gravity  at  any  temperature  within  pncO 
cal  limits  is  reduced  to  that  at  standard  tempo* 
ture  by  adding  or  subtracting  0.00033  for  mA 
degree  Fahr.  above  or  below  70  deg. 

91.  The  resistance  of  the  electrolyte  Tarim 
with  its  specific  gravity  and  with  tempcrewre 
The  curve  shown  in  Fig.  22  indicates  that  at  tk 
extremes  of  dilution  or  concentration  the  react- 
ance is  highest  and  is  a minimum  at  a speak 
gravity  of  1.224,  or  when  the  proportion  of  acid  is  31  percent.  Iu tem- 
perature coefficient  is  negative,  the  resistance  decreasing  with  increase  ofteo- 
perature.  Table  (9S)  gives  the  resistance  in  ohms  (cm.-cube)  of  electrolyte 
of  varying  densities  ana  at  different  temperatures.  It  will  be  seen  that  tw 
decrease  of  resistance  with  increase  in  temperature  is  very  marked. 


m es  so 
FwOmIBiSO* 

Fio.  22. — Electrolyte 
resistance. 


91.  Table  of  Resistance  of  Electrolyte  in  Ohms  (Cm.-cube)  tot 
Various  Temperatures  and  Specific  Gravities 
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98.  Treesing  point  of  electrolyte.  The  f reeling  point  of  the  elect?* 
lyte  of  fully-charged  batteries  is  very  low;  however,  the  electrolyte  d paith 
discharged  batteries  will  freese  at  low  temperatures.  When  s mixture  d 
sulphuric  acid  and  water  freeses,  it  does  not  become  solid.  It  fern*  » 
slushy  mixture  and  does  not  become  hard  until  a lower  temperstsre  » 
reached.  Although  a battery  may  not  be  injured  by  f reeling  it  should  b* 
protected  against  low  temperatures  unless  it  is  fully  charged.  Even  tlwuf« 
the  electrolyte  does  not  become  solid  on  freesing  there  is  danger  of  cradoai 
the  jars.  The  freesing  points  of  sulphuric  acid  solutions  are  given  in  » 
following  table. 


Sp.  gr. 

Temp, 
(deg.  fahr.) 

Sp.  gr. 

Temp, 
(deg.  fahr.) 

Sp.  gr. 

Temp, 
(deg.  f&h? ' 

25 

1 1.160 

2 

1.260 

-75 

1.080 

22 

- 6 1 

1 280 

-90 

■ETriR 

18 

-16  1 

1.300 

-95 

1.120 

14 

-31 

l 1.320 

-80 

1.140 

8 

. ~51  i 

! ■ 

The  minimum  freesing  point  occurs  between  specific  gravities  of  l3u 
and  1.32. 


94.  New  electrolyte.  The  presence  of  impurities  in  a cell  is  objections!)* 
(Par.  99).  In  acid  used  for  the  first  filling  of  cells  they  should  not  eireed 
the  limits  cited  in  Par.  90. 
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95.  Maximum  allowable  impurities  in  electrolyte  for  first  filling 
litial  charge). 


Color 

Suspended  matter 

Platinum 

Antimony  and  arsenic. 

Manganese 

Iron 

Copper 

Nitrogen  in  any  form  . 

Chlorine 

Organic  matter 


Colorless 

Trace 

Trace 

Trace 

0 . 0025  per  cent. 
0 . 005  per  cent. 
0.0025  per  cent. 
Trace 

0.001  per  cent. 
None 


96.  Maximum  allowable  impurities  in  water  used  for  replacing 

aporation.  In  the  operation  of  a battery,  the  electrolyte  loses  water  by 
aporation,  also  some  water  is  electrolytically  decomposed.  Water  must 
i added  to  the  cells,  and  any  impurities  it  might  contain  would  be  cumula- 
te. The  maximum  limits  of  impurities  in  water  for  storage-battery  pur- 
sues are  given  in  the  following  table: 


Color 

Suspended  matter 

Total  solids 

Calcium  and  magnesium  oxides 

Iron 

Ammonia  as  NH« 

Organic  matter 

Nitrates  as  NOi 

Nitrates  as  NOj 

Chlorine 


Colorless 

Trace 

10  parts  per 
4 parts  per 
0.05  parts  per 
0 . 8 parts  per 
parts  per 
parts  per 
parts  per 
parts  per 


0.  1 
1.0 
0.5 
1.0 


100,000 

100.000 

100.000 
100,000 
100,000 
100,000 
100.000 
100,000 


97.  Water  supply  and  storage.  The  use  of  distilled  water  is  preferable, 
it  frequently  local  sources  of  supply  will  meet  the  requirements.  The 
fferent  battery  makers  are  usually  glad  to  report  on  the  suitability  of  waters 
Dm  different  sources  if  samples  are  submitted  by  users  of  their  batteries, 
therwise,  an  analysis  should  be  obtained  from  a competent  chemist,  if  any 
mbt  exists.  A 2-quart  sample  in  an  absolutely  clean  glass  or  rubber- 
Oppered  bottle  should  be  submitted  for  this  purpose.  Well  water  is  nearly 
ways  to  be  rejected,  and  hot  well  water  from  condensers  usually  contains 
^Bll rifle*  arising  from  cylinder  oil*  or  boiler  compounds.  Rain  water  id 
Stable  if  taken  from  clean  roofs.  Water  should  be  stored  so  that  it  is  not 
mtaminated  by  dust  or  foreign  matter,  and.  if  chemical  or  ice  factories  are 
the  neighborhood,  the  possibility  of  absorption  of  acid  or  ammonia  vapors 
list  be  guarded  against. 

98.  Replacement  of  electrolyte.  If  the  battery  has  been  in  service 
long  period  and  impurities  have  been  accumulated  through  the  use  of  im- 
ire  water  or  otherwise,  the  electrolyte  may  require  renewal.  The  table  in 
ir  99  will  determine  if  this  is  required. 

99.  Maximum  allowable  impurities  in  electrolyte  for  batteries  in 


Color 

Colorless 

Suspended  matter. 

None  other  than  lead  compounds 

Platinum 

Trace 

Antimony  and  arsenic 

Trace 

Manganese 

0 . 005  per  cent. 

Iron 

0.01  per  cent. 

Copper 

0.005  per  cent. 

Nitrogen  in  any  form.  . 

Traces 

Chlorine 

0 . 002  per  cent. 

Organic  matter 

Trace 

I.  streets  or  impurities.  Of  the  l rnpurities  mentioned  in  1'ar  99, 
which  are  metallic  will  be  precipitated  at  once  upon  the  negative 
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plates  if  they  are  lees  electronegative  than  lead,  and  the  electrolyte  At 
^11  will  not  show  anything  more  than  traces  of  such  impurities.  Tier 
presence  is  indicated,  if,  on  open  circuit,  the  negative  plates  of  a eeu  pi 
continuously.  Platinum  is  the  worst  of  the  metals  in  this  respect. 

The  presence  of  iron  and  manganese  compounds  in  electrolyte  is  decidedjr 
injurious,  as  they  are  reduced  to  lower  states  of  oxidation  when  in  contsa 
and  reoxidize  when  in  contact  with  the  nossne 


with  the  negative  plates, — - -----  , - . , ..  - .. 

plates — in  both  cases  with  the  formation  of  lead  sulphate  from  the  sctns 
materials  of  the  plates.  The  presence  of  nitrous  or  nitric  acid  or  rtsco^ 
pounds,  or  any  chlorine  compounds,  is  especially  injurious,  as  these  ism* 
corrode  the  unformed  lead  of  the  positive  plates.  Organic  arid  or  or par 
matter  which  may  readily  be  oxidised  to  acids,  will  act  in  the  same  msfl*- 

The  possible  injuries  resulting  from  the  presence  of  iron,  chlornsP 
nitric  acid,  are  of  much  greater  consequence  in  giving  a battery  ita 
or  developing  charge.  A high  degree  of  purity  of  the  electrolyte  mqst,tM» 
fore,  be  assured  before  using  it  in  new  cells,  if  obtained  from  any  other 
than  the  battery  manufacturer.  Old  cells  will  withstand  much 
quantities  of  foreign  substances. 

101.  Bough  qualitative  testa  for  the  presence  of  iron  or  rihrij 

which  are  the  more  frequent  impurities  may  be  carried  out  as  follows:  » 
a test-tube  to  approximately  one-third  of  its  capacity  with  electrolyte,** 
one  or  two  drops  of  dilute  nitric  acid  and  heat  to  the  boiling  point.  Taa 
allow  the  contents  to  cool  and  add  ammonia  solution  until  the  — f* 
thoroughly  neutralised.  As  soon  as  the  solution  does  become  oetsny 
light  brown,  loose,  flocoulent  precipitate  of  iron  hydrate  will  indicate  a 
presence  of  an  appreciable  amount  of  iron,  in  which  case  the  wWy 
should  be  carefully  examined  for  its  iron  oontent. 

lOt.  The  qualitative  test  for  chlorine  is  to  fill  a test-tube  apprcromt* 
one-third  full  of  electrolyte,  and  add  a few  drops  of  a very  dilute  Mtatsaj 
silver  nitrate.  If  the  solution  becomes  opalescent,  the  electrolyte. 
be  examined  carefully  for  chlorine  content.  A great  excess  of  chlorine  ■ 
be  indicated  by  the  test  solution  becoming  curdy. 


TB8TXHO 

108.  Preliminary.  Before  starting  a test  on  a lead-acid  type  o(  *W| 
battery,  see  that  it  is  fully  charged  and  in  good  condition.  The  arid  »» 
be  pure  and  its  strength  adjusted  to  that  which  is  recommended  by  theEMj 
as  standard  for  the  type.  If  the  battery  is  new,  insure  that  it  is  fully  denhg 
by  taking  several  preliminary  discharges;  the  capacity  of  a battery  lamse 
very  considerably  with  the  first  few  cycles  of  charge  and  discharge.  MJ 
starting  testa  for  capacity  or  efficiency,  continue  the  charge  at  the  so« 
or  8-hr.  current  rate  for  a stationary  type  of  battery,  or  at  the  “w 
ing”  rate  (usually  about  one-half  of  the  normal  rate)  for  pasted  pbteW 
teries,  until  neither  cell  voltage  nor  acid  density  shows  a further  aam 
for  four  15-mi n.  intervals,  which  will  indicate  that  the  battery  » ni 
charged. 

104.  Capacity  teste.  Since  the  capacity  depends  on  the  rate  of  during 
it  will  be  advisable,  with  stationary  types  of  batteries,  to  obtain  teetduriwjj 
at  several  different  rates;  in  particular,  those  most  nearly  approm* 
the  desired  service  conditions.  Nearly  all  the  makes  of  storage  bsttej 
will  operate  at  the  higher  discharge  rate  if  they  give  full  capacity  dj 
normal  or  8-hr.  rate.  In  conducting  the  usual  tests,  the  charging  shea 
preferably  take  place  at  the  normal  rate.  When  the  discharge  is  surta 
the  current  should  be  maintained  as  steady  as  possible  and  should  eotDBJ 
until  the  cell  voltage  has  reached  its  limiting  value.  Voltage  readings  «*** 
be  taken  at  stated  intervals  and  the  strength  of  acid,  temperatuns  s* 
possibly  also  cadmium  readings  should  be  taken  at  the  same  time.  ** 
same  readings  should  be  taken  on  the  subsequent  charge.  It  is  sdraaC' 
to  plot  these  readings,  as  any  discrepancies  will  then  be  apparent. 
ampere-hour  capacity  of  the  cell  will  be  the  average  amperes  muIupo«J[ 
the  time  of  discharge  in  hours.  The  watt-hour  capacity  wifi  be  the  anpj 
hours  multiplied  by  the  average  voltage  of  discharge,  provided  the 
is  maintained  reasonably  steady. 

108.  Characteristic  performance.  A complete  series  of  tests 
lined  in  Par.  104,  carefully  plotted,  will  give  the  battery  charsete** 
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ith  a set  of  these  curves,  the  performance  of  a battery  can  be  quite  definitely 
termined.  It  is  of  little  value,  from  an  engineering  standpoint,  to  know 
e internal  resistance  of  a cell,  except  for  highly  special  applications,  as 
e drop  in  voltage  due  to  polarisation,  usually  greatly  exceeds  the  resistance 
op.  The  expression  “virtual  internal  resistance,”  which  is  an  at* 
tnpt  to  include  polarisation  effects,  is  also  of  no  value,  as  it  contains  no  time 
jtor,  and  the  time  the  discharge  is  to  last  is  of  extreme  importance. 

106.  An  approximate  way  of  determining  the  internal  resistance 
a cell  is  to  proceed  as  follows:  Momentarily  interrupt  the  current  and  note 
e instantaneous  increase  in  cell  voltage,  preferably  by  the  condenser* 
Ilistio-galvanometer  method.  The  difference  between  the  terminal  voi- 
ces with  and  without  the  current  flow  is  the  resistance  drop:  dividing  this 
Derenoe  by  the  current  will  give  the  approximate  value  of  the  internal 
ustance.  Values  determined  by  the  Wheatstone  bridge  method  with  alter- 
ing current  will  be  in  error  on  account  of  the  capacity  effect  which  any 
tetrode  shows  in  an  electrolyte. 

107.  Efficiency  tests.  The  efficiency  of  a storage  battery  is  the  ratio 
watt-hours  of  discharge  to  watt -hours  of  charge  ana  should  be  determined 
the  mean  of  several  charges  and  discharges,  as  there  is  no  absolutely  definite 
lint  to  terminate  either  the  charge  or  discharge.  The  condition  to  be  met 
simply  that  the  battery  must  have  received  sufficient  charge  each  time  to 
sure  full  capacity  on  the  succeeding  discharge.  The  efficiency  should  be 
ken  as  the  ratio  of  the  total  watt-hours  of  discharge  to  the  total  watt-hours 
charge,  for  all  the  charges  and  discharges.  For  efficiency  tests,  the  end 
tint  of.  charge  should  be  taken  as  the  point  when  both  positives  and  nega- 
tes are  gassing  uniformly,  the  voltage  snowing  the  same  value  for  two  read- 
gs  taken  15  min.  apart,  and  the  acid  density  having  reached  a value 
ithin  0.003  deg.  sp.  gr.  of  the  maximum  value  reached  on  the  thorough 
'ercharge  before  starting  the  test.  The  terminating  point  of  discharge 
ould  be  taken  as  that  at  which  the  battery  has  discharged  the  desired 
imber  of  ampere-hours;  the  specific  gravity  of  the  acid,  corrected  for  tem- 
rature,  if  necessary,  should  show  approximately  equal  values  at  the 
d of  each  discharge.  Failure  to  observe  the  above  points,  especially 
mperatu re  effects,  may  cause  serious  errors  in  the  determination.  The 
om  temperature  should  be  maintained  as  nearly  constant  as  practicable. 

BATTERIES  FOR  STATIONARY  PURPOSES 

108.  Batteries  for  power-plant  purposes  are  usually  designed  with  the 
ea  that  combined  capital  and  maintenance  charges  shall  be  a minimum.  For 
is  reason,  if  a battery  is  in 
instant  active  service, 
ant£  plates  are  used,  but 
the  main  consideration  is 
surance  of  continuous 
•wer  supply,  or  “stand-by’* 
rvice,  p&sted-plate  batter- 
i will  usually  prove  to  be 
e more  economical, 
isted-plate  batteries  are 
hter,  require  less  room, 

It  lees,  and,  if  but  a limited 
mber  of  dischargee  are  re- 
ired,  they  will  have  as 
iglife  as  the  Plant6-platc 
tteriee.  Considerable  at-  Fio.  23. — Couple  type  cells. 

ition  is  given  to  the  de- 
ls of  stationary  batteries  in  order  to  insure  reliability  and  long  life. 

106.  Plate  sixes.  For  small  requirements  the  couple  types  are 
pliable,  the  construction  details  being  apparent  from  Fig.  23.  The 
parities  available  in  this  type  are  the  following: 


ixe  of  plate  (in.) . . . .|3  by  4 

4 by  4 jo  by  o|6  by  G 

5 by  8f 

7}  by  7» 

•hour  capacity  (am- 
pere-hours)   

10 

15 

20 

24 

40 

|688byC 


110.  Choice  of  plate  siae.  As  a general  rule  the  smallest  sum  of  pH 
should  be  chosen  which  does  not  make  the  width  of  the  cell  prohibrtm 
It  is  also  well  to  choose  either  of  the  first  two  sixes  of  the  latter  table  if 
sible,  as  they  maybe  mounted  in  glass  jars,  these  being  cheaper  and  ■» 
durable  than  the  lead-lined  tanks  used  with  the  larger  sixes.  Glass 

to  about  13|  in.  long  by  12|  ia.  eidelf 
18  in.  high  are  readily  obtainable  bm 
American  manufacturers.  Larger  wm 
have  to  be  imported. 

111.  The  standard  glass  jar 
->  ing  is  shown  in  Fig.  24.  The  pUtoBi 


provided  with  supporting  lugs  resting  a 
the  edges  of  the  glass  jar  and  the  pka 


sail; 

sslSS 
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Fig.  24. — Cell  in  glass  jar. 


Fiq.  25. — Cell  in  lead-lined  taak. 


of  like  polarity  are  “lead  burned"  to  a cross  bar  with  connector  straps 
connecting  adjacent  cells.  The  connector  straps  are  either  joined  by  b 
connectors,  consisting  of  a brass  stud  with  lead-covered  brass  nuts,  or 
"lead-burned."  The  plates  of  opposite  polarity  are  intermeshed  and 


spaced  apart  by  separators,  comprising  diaphragms  of  wooden  ren> 
threaded  through  slotted  wooden  dowels,  both  veneer  and  dowels  being  i 


treated  to  remove  injurious  substances.  The  veneers  are  fairly  durabk 


1 


of  active  material  bridging  across  the  space  between  plates,  which  others* 
would  cause  internal  short-circuits.  The  separators  are  kept  from  floating  tJ 
pieces  of  glass  called  separator  hold-downs.  The  cells  are  set  is  a kj* 
of  sand  contained  in  a wooden  sand  tray  thoroughly  coated  with  asphalts 
paint,  and  the  sand  trays  are  mounted  on  glass  insulators.  The  use  of 
celain  insulators  is  to  be  avoided,  as  the  glaze  is  attacked  bv  acid  spray 
the  insulating  properties  are  lost.  Glass  sand  trays  with  integral  insular* 
feet  are  often  used  instead  of  the  wooden  trays  and  insulators.  They  arc** 
satisfactory  in  the  larger  sizes  on  account  of  liability  to  breakage. 

lia.  Lead-lined  tank  construction.  Plates  15 J in.  x 15iin.  and  krjs 
are  always  mounted  in  lead-lined  tanks,  the  construction  being  show*  a 
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iff.  25.  The  wooden  tanks  are  preferably  of  long-leaf  yellow  pine,  with  dove- 
il  joints  and  dowcle  and  without  metal  fastenings.  The  tanks  should  be 
tinted  both  inside  and  outside  with  three  coats  of  acid-resisting  paint,  and 
ted  with  4-lb.  sheet  lead,  the  lining  projecting  outside  the  wooden 
nk  in  order  to  prevent  acid  falling  onto  the  tank.  Tanks  should  have  a 
>eral  mud  space  to  take  the  accumulation  of  sediment.  The  sediment  space 
ould  exceed  one-third  of  the  length  of  the  plate.  The  tanks  should  besup- 
>rted  on  glass  insulators,  the  oil-filled  type  with  a protecting  cover  being 
eferred.  Lead  footings  are  placed  in  the  bottom  of  the  tanks,  upon  which 
st  the  glass  support  plates.  The  support  plates  are  about  f in.  thick,  and 
tve  the  upper  edges,  which  support  the  plate  lugs,  ground  smooth.  The 
ptes  are  lead-burned  to  bus  bars  of  extruded  lead  and  wooden  separators 
ith  dowels  are  used  to  space  the  plates,  as  with  the  glass-jar  cells.  A few 
stallations  of  large  cells  have  been  made  in  special  acid-proof  stoneware 
nks,  but  this  construction  has  not  come  into  general  use. 

113.  Erection.  Glass-jar  cells  are  mounted  on  wooden  stringers,  or  two 
sr  racks  if  space  is  limited,  these  being  thoroughly  coated  with  acid-resist- 
g paint.  The  insulators  for  lead-lined  tanks  usually  rest  upon  acid- 
sis  ting  tile,  the  tiles  being  brought  to  a level  by  supporting  them  on  pillars 

sulphur-sand  cement.  These  piers  are  made  by  supporting  the  tile  on  a 
ill  of  stiff  cement  and  pouring  melted  sulphur,  into  which  sand  has  been 
irred,  about  the  ball.  Another  method  of  insulator  support  is  to  use  heavy 
rthenware  truncated  cones  in  place  of  the  sulphur  piers. 

114.  The  strength  of  electrolyte  at  full  charge  in  stationary  types 
batteries  is  usually  limited  to  1.200  to  1.215  sp.  gr.,  and  a sufficient  volume 
electrolyte  is  usually  present  in  the  cells  so  that  its  strength  does  not 

11  below  1.150  to  1.160  sp.  gr.  at  the  end  of  discharge. 


to.  26. — Charge  and  discharge  Fig.  27. — Capacity  and  voltage 
curves.  characteristics. 

design,  but  the  latter  part  of  the  curve  will  show  wide  variations  with 
te  design  and  age  of  plates.  The  factor  which  seems  to  be  of  greatest 
»ortance  in  determining  the  maximum  voltage  value  reached  on  charge 
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is  the  condition  of  the  negative  plates  with  reference  to  a posable  dspoat 
of  impurities  on  their  surfaces.  The  maximum  value  readied  with  oostamd 
charge  at  the  normal  rate  may  be  as  high  aa  2.65  volts  with  the  cdl  at  70 
deg.  Fahr.,  and  as  low  aa  2.45rvolts.  All  commercial  lead  contains  a nil 
percentage  of  impurities  such  as  copper,  antimony,  etc.,  and  these  are  mu- 
tually deposited  from  the  positives,  with  their  proceeding  corrosion.  0W0 
the  negative-plate  surfaces.  The  result  of  these  deposits  is  generally  to 
reduce  the  final  charge  voltage.  If  a positive-plate  grid  contains  antuw. 
the  effect  is  quite  marked.  Antimony,  artificially  introduced  into  a eel. 
trill  produce  this  effect. 


Fig.  28. 


116.  The  point  of  discharge  termination  is  determined  sAitndfJ 
the  main  condition  being  that  the  cell  voltage  drops  with  increasing  tapaflH 
toward  the  end.  The  capacity  decreases  with  increasing  discharge  nta 
ns  shown  in  the  curves  of  Fig.  27,  and  the  initial,  average,  and  final  voltafl 
are  also  indicated.  The  decrease  in  capacity,  as  previously  stated,  rw  -1 
from  lack  of  time  for  acid  to  diffuse  into  the  active  material. 


a 

P 

fi 
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117.  Voltage  variations  on  intermittent  charges  and  < 

Stationary  tvpes  of  lead  batters  i 
capable  of  charging  and  discharging  * 
high  rates  for  short  intervals.  with  a it 
tively  small  variation  of  voltage.  ' 
curves  of  Fig.  28  show  voltages  at  tbf 
of  charge  and  discharge  for  the  timenir 
rated  on  the  different  curves.  'r*‘ 
curves  are  of  importance  in  deter 
the  variation  of  line  voltage  with  I 
“ floating  battery,”  or  that  amouct  j 
work  necessary  to  be  done  by  a boort 
generator  in  series  with  a battery- J 
order  to  maintain  a constant  line 
118.  Variation  of  capacity 
temperature.  The  rate  of  diffosoM 
acid  into  the  pores  of  the  plates 
markedly  with  temperature,  and,  in  f 
sequence,  there  is  a marked  decrease  in  capacity  with  lower  temperas 
Temperature  coefficients  for  different  rates  of  discharge  are  as  shown  >a  » 
curve  of  Fig.  29. 
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,lt.  Nominal  battery  ratings.  Frequently  a stationary  battery  is 
;rred  to  as  having  a kilowatt-hour  capacity.  By  this  is  meant  the  8-hr. 
normal  ampere-hour  capacity  multiplied  by  the  number  of  cells  and  by 
open-circuit  voltage  per  cell,  which  is  approximately  2.1  volts. 

ELECTRIC  VEHICLE  BATTERIES 

10.  Adaptable  types.  Pasted  plates  are  universally  used  in  vehicle 
teries  at  the  present  time,  although  there  is  no  reason  why  a battery 
h Plants  positives  and  pasted  negatives  should  not  be  successful  on  se- 
nt of  its  greater  ability  to  withstand  “boosting”  charges.  By  a 
tsting  charge  is  meant  a partial  charge  at  a high  current  rate,  such  a charge 
ing  place  at  the  noon  hour  or  other  rest  period  after  the  battery  is  partly 
charged.  The  Plants  positive,  even  with  a pasted  negative,  may  be 
trged  at  enormously  high  rates  without  the  injurious  heating  which 
'elope  in  the  Edison  battery. 

f in  a particular  service  the  ability  of  a battery  to  withstand  boosting 
tiigh  rates  is  of  importance,  this  combination  should  receive  consideration, 
rhe  prime  reason  for  the  use  of  pasted  plates  is  their  relative  lightness, 
ee  a reduction  in  weight  of  battery  results  in  a reduced  current  consump- 
a for  the  vehicle  and  a reduction  in  the  expense  of  tire  upkeep.  For  these 
sons,  battery-plate  life  is  often  deliberately  sacrificed  by  using  thin  plates 
1 a small  separation  between  plates.  Small  separation  makes  it  necessary 
employ  strong  acid  and  this  reduces  the  life  of  the  separators  as  well  as 
life  of  the  plates.  There  is  a strong  tendency  toward  the  use  of  thicker 
arators  and  a reduced  acid  strength 

H.  Plate  dimensions.  The  size  of  plate  in  general  use  for  vehicle  pur- 
esis  in.  X 8|  in.  Standard  positive  plates  vary  from  0.22  in.  to  0.13 
in  thickness,  negative  plates  from  0.19  in.  to  0.11  in.  Several  other 
e of  plates  are  occasionally  used,  but  they  are  gradually  being  abandoned. 


Fxa.  30. — Vehicle  plate 
grid  “shelf  type.” 


Fia.  31. — Vehicle  plate 
grid  “diamond  typo.” 


Negatives  are  usually  made  thinner  than  the  positives  with  which  they  are 
d by  several  hundredths  of  an  inch,  so  that  the  plates  of  each  polarity 
ill  have  approximately  equal  life.  Each  battery  manufacturer  makes 
’eral  thicknesses  of  plates,  the  proper  thickness  to  use  under  any  condition 
ng  dependent  on  the  ampere-hour  capacity  required  and  the  space  and 
ight  limitations.  In  a definite  size  of  jar,  a greater  capacity  can  be  ob- 
ned  with  a larger  number  of  thin  plates  at  high  discharge  rates.  The  cost 
the  thin-plate  battery  in  the  same  size  jar  is  somewhat  greater,  and  the 
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B ampere-hour  life  is  slightly  leas.  Therstbu 
obtained  from  bench  tests,  under  esaotnud 
charging  conditions,  are  shown  in  Par.  lift. 
112.  Choice  of  plate  thickness,  hi* 

examples  cited  in  rar  115,  the  prices  ud, 
also,  the  “probable  life’*  are  to  be consdfTrd 
as  comparative.  The  ratios  hold  for  seres! 
makes  of  battery.  Where  maximum  milage 
radius  of  a vehicle  is  necessary,  the  thijaer 
plates  should  be  chosen.  The  best  all-round  re; 
suits  will  be  obtained,  in  the  judgment  ei 
many,  from  using  the  intermediate  pb* 
thicknesses. 

111.  Grid  typos.  The  only  two  pilar 
signs  in  general  use  with  the  ordinary  p*s 
are  those  illustrated  in  Figs.  30  and  31 
114.  Vehicle  battery  conxtrurtkn  > 
illustrated  in  Fig.  32.  Jars  are  uninmi; 
of  hard  rubber.  Celluloid  is  notsuitskb  " 
vehicle  batteries  on  aocount  of  its  inliaEB*- 
bility.  It  also  oxidises  in  contact  with  p*- 
tive  plates  and  becomes  worthless.  Ttebo* 
Fia.  32.— Vehicle  cell  con-  toms  of  ji are  contain  supporting  ribs  or  bnd£ 
.traction.  upon  which  the  platesreet;  tin*  W* 

provide  a space  beneath  the  plates  to  tab  ji 
sediment  which  is  gradually  thrown  off  from  the  plates  in  service. 


128.  Relative  Attributes  of  Plates  of  Different  Thicknta** 

Sisc  of  plates  5 in.  X 8|  in.  Sixe  of  jars  0}  in.  wide  X 41  in.  loag 


Type  of  plate 


Thick  (heavy  duty) . . 
Medium  (standard) . . 
Thin  (high  capacity) . 
Extra  thin  (extra 

high  capacity) 

Iron  clad* 


Weight 
per  cell 
Ctb.) 

Capacity 
at  6-hr. 
disch.  rate 
(amp.-hr.) 

Approximate 
price  to  user 
(dollars)  t 

36.8 

150 

11.00 

34.0 

170 

11.70 

34.5 

190 

12.10 

35.8 

200 

12.75 

34.5 

170 

16.75 

Site  of  plates  5|  in.  X 8f  in.  Sixe  of  jars  6i  in.  wide  X 8 A in  1 


Type  of  plate 

Weight 
per  cell 
(lb.) 

Capacity 
at  6-hr. 
rate 

(amp.-hr.) 

Approximate 
price  to  user 
(dollars)  t 

Armr 

life 

(amp-- • 

Thick  (heavy  duty) . . 

70.0 

305 

19  50 

i 155.0ft 

Medium  (standard) . . 

65.0 

341 

20.75 

150,0ft1 

Thin  (high  capacity). 

65.9 

384 

21.20 

153,000 

Extra  thin  (extra 

high  capacity) 

Iron  clad* 

64.0 

420 

22.30 

141.000 

65.0 

340 

30  45 

340.0ft 

126.  Separators.  The  plates  are  insulated  from  each  ot**€T 
sheets  of  corrugated  wood  veneer,  grooved  on  one  side,  the  wood  u«d 
either  naturally  free  from  such  organic  substances  as  would  injure  tbep*V 
or  else  treated  to  remove  such  impurities.  These  veneers  are  usuxjjj  W 
away  from  the  positive  plate  by  inserting  a thin  sheet  of  perforated  mh 


* See  Par.  78.  fThe  excise  tax  is  not  included. 
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libber.  The  smooth  side  of  the  veneer  is  placed  against  the  negative 
date.  The  life  of  these  wood  separators  is  unfavorably  influenced  by  very 
itrong  acid  also  by  an  excessive  amount  of  overcharge.  If  batteries  are 
>roperly  operated, 
he  separators  will 
ast  as  long  as  will 
he  plates  of  a thin- 
>late  battery,  that 
s,  12  to  15  months 
n commercial  ser- 
vice and  18  to  24 
nonths  in  pleasure- 
rehicle  service. 

Thick  plates  will 
generally  have  a 
onger  life  than  the 
wood  separators,  so 
ihat,  in  order  to  ob- 
tain the  best  possible 
ife  of  the  plates,  the 
leparators  will  re- 
quire renewal.  If 

toe  separators  and  the  plates  are  to  give  approximately  equal  lives,  sufficient 
ipace  should  be  provided  in  the  jars  to  take  all  the  sediment  whiob  will  be 
thrown  of I in  the  life  of  the  plates,  i.e.,  high-bridge  jars  should  be  used. 
Otherwise  the  space  should  be  ample  to  take  the  sediment  which  will  be  de- 
posited during  the  interval  between  separator  renewals. 

117.  The  straps  to  which  the  plates  are  burned  are  of  several  types, 
ls  shown  in  Fig.  33.  The  pillar-post  strap,  used  with  connector  links,  is 
generally  considered  to  be  the  best  design.  Several  kinds  of  bolted  connec- 
tions are  on  the  market,  but  most  of  them  are  unsatisfactory.  A burned 
connection  is  preferable. 


Fia.  33. — Vehicle  type  straps  and  connector. 


Fia.  34. — Vehicle  battery  assembly. 


118.  Covers.  The  cells  are  preferably  provided  with  covers  of  hard 
rubber,  scaled  with  an  acid-resisting  compound,  to  prevent  slopping  of  the 
ilectrolyte,  although  frequently  a tight-fitting  cover  is  relied  upon  to  prevent 
his.  If  the  covers  are  sealed,  vent  caps  of  either  hard  or  soft  rubber  are 
lsed. 

119.  Degrees  of  separation  of  plates.  As  it  is  desirable  to  reduce 
weight  ana  space  required,  as  far  as  possible,  with  vehicle  batteries,  sepa- 
ration between  plates  and  the  volume  of  electrolyte  are  limited;  on  this 
iccount  the  range  of  acid  strength  between  the  states  of  full-charge  and  full 
iischarge  is  great.  In  extreme  coses,  acid  of  1.300  sp.  gr.  at  full  charge  is 
ised,  and  only  sufficient  volume  employed  to  give  a final  acid  density  of 
l .100.  A better  life  of  plates  and  separators  will  result,  however,  if  a wide 
enough  separation  between  plates  is  used  to  permit  a full-charge  density  of 
1.260  to  1.280  sp.  gr. 
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ISO.  Grates  . The  method  of  assembling  vehicle  cells  into  crates  it  dnom 
in  Fig.  34.  The  crates  are  of  hard  wood,  painted  thoroughly  with  asphahss. 
acid-resisting  paint  or  else  soaked  in  hot  paraffin  oil,  then  subsequently 
dipped  into  melted  paraffin.  The  practice  of  fastening  crate  terminals  onto 
the  crates  is  to  be  thoroughly  condemned,  as  when  the  crates  become  sod- 


Fia.  35. — Capacity  voltage  and  temperature  characteristics. 

soaked,  there  is  current  leakage  between  them,  and  the  positive  terminal 
corrodes  seriously.  Crate  ends  are  charred  from  this  cause,  and  the  ccrres 
leakage  is  of  a magnitude  not  to  be  neglected. 

131.  Performance  of  thin-plate  batteries.  The  variation  of  «psci> 
of  a thin-plate  vehicle-type  battery  in  wide  commercial  use,  is  shows  u 


Fig.  35,  and  the  averago  and  final  voltages  are  also  given.  The  Eleetn 
Storage  Battery  Co.  has  devised  an  ingenious  chart  showing  the  eharvtfr 
istics  of  their  “Elide"  batteries  which  is  reproduced  in  Fig.  36. 

TRAIN- LIGHTING  BATTSRIS8 
132.  Capacity.  A special  type  of  battery  has  been  developed  for  & 
lighting  of  steam  railroad  trains.  The  standard  battery  composes  16 
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Fio.  37. — Train-lighting  battery. 


►f  300  amp  -hr.  rated  eapaeity,  and  this  sue  is  used  in  most  cases  for  ooaches, 
jar  lor  cars,  and  sleeping  cars.  For  dining  cars,  32  cells  are  frequently  used. 
Batteries  of  smaller  capacity  are  often  used  for  lighting  baggage  and  postal 
:ars. 

1SS.  These  batteries  are  charged  either  from  an  outside  source  at  termi- 
nal yards,  or,  especially  where  the  cars  run  over  several  different  lines,  are 
>perated  in  conjunction  with  an  auto- 
matically controlled  axle-driven  gen- 
erator. The  “ head  end  system,"  with 
i steam-driven  generator  in  the  bag- 
gage car  is  sometimes  used,  though  it 
s not  so_popular  as  formerly.  (See 
Railway  Train  Lighting,  Sec.  22.) 

154.  Design.  Batteries  for  train 
ighting  have  been  standardised.  The 
*lla  are  mounted  in  pairs  in  double- 
compartment  wooden  tanks,  with  lead 
inings.  The  tanks  are  provided  with 
insulating  porcelain  rollers  or  skids  on 
the  bottom;  also  with  insulating  aide 
uid  end  buffers  of  porcelain  or  par- 
affined wood.  The  covers  are  sealed 
n with  a suitable  asphaltura  com- 
pound, the  covers  being  of  lead-anti- 
mony or  hard  rubber.  Soft-rubber 
bushings  are  used  around  the  terminal 
posts  where  they  emerge  from  the 
jovers,  in  order  to  absorb  the  shock  incidental  to  the  service. 

The  tank  lining*  are  embedded  in  an  asphaltum  compound  of  relatively 
ow-melting  point  (about  135  deg.  fahr.)  the  compound  completely  surrouna- 
ng  the  lining  on  the  sides  and  bottom.  This  construction  prevents  elec- 
roly  sis  of  the  linings  to  a large  extent.  The  plates  are  supported  on  porce- 
ain  rests  held  in  lead  channels  burned  to  the  bottom  of  the  tank  linings. 
In  the  construction  now  used  by  the  Electric  Storage  Battery  Company  the 

lead-alloy  linings  are  re- 
placed by  jars  of  a tough 
rubber  compound  (Standard 
Giant  Compound)  which  are 
held  in  place  in  the  two- 
compartment  crate  by  par- 
affined wooden  shims  or 
spacers.  The  jars  are  pro- 
vided with  double  lead-anti- 
mony covers  sealed  with 
asphaltum  compound.  The 
plates  rest  on  supporting  ribs 
or  bridges  moulded  in  the 
bottoms  of  the  jars.  It  is 
claimed  that  the  use  of  the 
rubber-compound  jars  does 
away  with  trouble  from  elec- 
trolysis. 

The  elements  usually  com- 
prise Plants  plates,  both 
positive  and  negative, 
although  pasted  plates  are 
ometimes  used.  With  Plants  platen,  the  separators  are  perforated  hard- 
ubbor  sheets  with  marginal  ribs  about  \ in.  wide  on  each  side,  and  also  are 
provided  with  narrow  intermediate  ribs,  inclined  slightly  to  the  vertical  in 
tpposite  directions,  on  each  side  of  the  sheet. 

155.  Life  of  train-liphting  batteries.  These  batteries  if  properly 
ared  for,  will  have  a life  of  from  4 to  8 or  9 years,  dependent  some- 
what on  the  amount  of  discharge  to  which  they  are  subjected.  They  are 
usually  opened  up  for  inspection  2 years  after  first  being  placed  in  service, 
nd  subsequently  once  a year.  Any  sediment  accumulation  is  then  removed 
nd  the  plates  are  straightened,  if  this  be  required. 
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ItC.  Voltage  characteristics  of  train-lighting  batteries  are  practical 
the  same  as  for  cells  of  the  stationary  type  (see  Par.  Ilf). 

BATTERIES  TOE  MISCELLANEOUS  PURPOSES 
137.  Automobile  starting,  lighting  and  ignition  batteries.  Bat- 
teries for  this  service  have  been  specially  designed  to  meet  the  large  etimit 
demands  required  for  engine  starting.  Normal  voltages  of  6 and  12  volts  tre 
usual,  although  there  are  a number  of  16-,  18-  and  24-volt  systems.  The 
lower  voltages  are  preferable  on  account  of  the  better  durability  of  the  low- 
voltage  lamps.  (See  “Electric  Equipment  for  Gas  Automobiles,”  Sec.  23.) 

The  battery  elements  are  made  up  of  a large  number  of  thin  plates,  usually 
with  thin  corrugated  wooden  veneer  separators,  and  without  perforated  bard- 
rubber  sheets,  the  latter  being  omitted  to  reduce  the  voltage  drop  on  ti* 
very  high  discharge  rates  for  starting.  The  initial  current  value  is  frequently 
three  times  the  rated  ampere-hour  capacity  of  the  battery,  and,  in  order  u* 
reduce  the  voltage  drop,  cell  connectors  and  terminals  have  copper  cores 
Plate  grids  are  also  usually  provided  with  reinforcing  diagonal  mem  bee 
for  the  same  purpose.  Pig.  38  shows  a standard  battery  design  for  motor 
starting  and  lighting. 

It8.  The  voltage  characteristics  of  these  batteries,  as  furnished  by 
several  manufacturers,  are  shown  in  Fig.  39. 


Fid.  39. — Motor  starting  battery  characteristics. 


139.  Batteries  for  ignition  alone.  The  current  required  for  igmtwi 
rarely  exceeds  an  average  value  of  from  J to  1 amp.  For  this  reason,  bat- 
teries for  ignition  alone  usually  have  thick  plate  elements,  the  discharge 
rates  being  so  low  that  the  full  plate  thickness  is  efficiently  used.  Standan. 
batteries  for  this  service  are  for  4 and  6 volts,  that  is,  of  two  and  three  oda. 

140.  Other  types  of  portable  or  semi-portable  batteries  hare  been 
developed  for  many  purposes  such  as:  oil-switch  operation,  wirelees«ro«. 
etc.  Manufacturers  should  be  consulted  for  special  information  regardini 
these. 

BATTERT  ROOMS 

141.  Qeneral  rules.  It  is  desirable  to  install  stationary  batteries  is 
rooms  which  have  good  ventilation  and  are  well  lighted.  Direct  sunngnt 
should  not,  however,  be  permitted  to  fall  on  the  cells;  it  is  well. 

to  coat  windows  with  an  opalescent  paint,  in  order  to  avoid  this  poaeahurty 
and  also  to  cause  the  illumination  of  the  entire  room  to  be  more  equ»uy 
diffused.  Where  natural  illumination  is  not  possible  or  convenient,  a libera! 
number  of  electric  lamps  should  be  provided.  Open  flames  and  fire*  is  rtmrt 
must  not  be  permitted,  as  the  cells  give  off  hydrogen  and  oxygen  on  over- 
charge and  the  mixture  of  these  gases,  if  sufficiently  concentrated,  is 
explosive.  rW 

14S.  Temperature.  A battery  room  should  be  maintained  at  asD«*“r 
70  deg.  Fahr.  as  possible.  Higher  temperatures  than  95  deg.  to  100 
excepting  during  rare  intervals,  must  be  avoided.  Low  tempora*®** 
temporarily  reduce  the  battery  capacity,  but  do  no  injury.  . 

14S.  Cleanliness  of  location.  Batteries  should  not  be  installed*^* 
jacent  to  an  ice  plant,  or  to  a stable,  as  ammonia  gas  is  absorbed  with  ff** 
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avidity  by  the  electrolyte,  and  eventually  crystals  of  ammonium  sulphate 
collecting  on  the  containing  tank  may  cause  the  electrolvte  to  syphon  off 
by  capillary  action.  The  capacity  of  negative  plates  is  reduced  by  the  pres- 
ence of  ammonia.  Corrosive  gases  or  vapors  from  other  manufacturing 
processes  should  also  be  avoided.  Iron  ore  dust  is  also  objectionable. 

144.  Ventilation.  If  large  batteries  are  to  be  installed  in  the  immediate 
vicinity  of  dwellings,  foroed  ventilation  may  have  to  be  provided,  during  the 
completion  of  charge,  by  means  of  an  exhaust  fan.  The  acid  vapors  may  be 
removed  from  the  exhaust  by  sucking  it  through  several  layers  of  bronse 
screen  or  thin  perforated  sheets  of  lead.  Exhaust  ventilation  is  much  prefer- 
able to  direct,  as  air  currents  are  more  uniform  and  there  are  fewer  eddies. 
The  acid  spray  in  the  Erst  method  does  not  so  readily  precipitate  upon  the 
tanks  and  insulators. 

144.  Protection  to  iron  work  and  walls.  There  should  be  a minimum 
of  exposed  piping  and  iron  work  in  a battery  room,  especially  near  the  floor. 
If  radiators  or  coils  are  present,  they  should  be  as  high  from  the  floor  as 
possible  and  kept  painted  with  asphaltum  paint.  At  the  floor  level  and  for 
the  first  4 or  5 ft.,  it  is  especially  desirable  that  the  iron  work  be 
protected.  On  ceilings  and  on  walls  above  the  top  level  of  the  cells,  a good 
white-lead,  linseed-oil  paint  should  be  used.  The  white  walls  and  ceiling 
will  materially  assist  in  the  illumination  of  the  room. 

144.  The  floor  of  a battery  room  should  receive  particular  consideration, 
especially  if,  fl*  frequently  occurs  in  large  cities,  a large  battery  is  erected  in 
an  upper  story  of  a building  containing  iron  or  steelwork  in  its  floor.  A 
good  floor  specification  in  this  case  is  the  following:  A layer  of  concrete  is 
spread  over  the  floor,  the  surface  being  “floated” — not  trowelled.  This 
surface  is  thoroughly  mopped  with  hot  ” Hydrex”  compound  (a  pure  grade 
of  Trihidad  asphaltum)  and  a layer  of  "Hydrex”  felt  is  then  laid,  the  edges 
being  flashed  on  the  walls  and  other  uprights  about  3 in.  Three 
layers  of  this  felt  are  laid,  the  surface  of  each  being  thoroughly  mopped  with 
hot  Hydrex  compound.  Care  must  also  be  taken  that  the  abutting  joints 
of  the  sheets  of  one  layer  do  not  match  with  those  of  the  lower  layer. 
Two-inch  tile,  of  a grade  which  is  not  porous  and  which  is  not  attacked  by 
icid,  are  then  laid,  a space  of  f in.  being  left  between  the  tile.  Hot  Hydrex 
compound  is  then  poured  in  these  spaces.  The  floor  should  be  pitched  toward 
trains,  the  pitch  being  at  least  in.  Per  ft-  The  drains  should  have  a 
iheet-lead  catch  basin,  all  joints  in  which  should  be  lead-burned,  and  lead  pipe 
ihould  be  used  for  the  drains.  Covers  to  drains  should  be  of  bronze,  which 
withstands  sulphuric  acid  to  a satisfactory  degree  for  this  purpose.  Such 
i floor  construction  is  quite  expensive  and  is  only  warranted  for  the  condi- 
ions  above  stated. 

If  a battery  is  installed  on  a ground  floor  and  the  room  can  be  kept  fairly 
lry,  a concrete  floor  will  be  quite  satisfactory.  The  floor  must,  however,  be 
lushed  at  frequent  intervals  and  acid  must  not  be  slopped  on  the  floor, 
iny  leaky  cells  must  be  promptly  repaired  and  the  spilled  acid  promptly 
leutralized  with  washing  soda.  A concrete  floor  can  be  protected  to  a satis- 
set  or  y degree  (in  the  absence  of  ironwork  in  its  construction)  by  mopping 
rith  very  hot  paraffin,  applied  with  a heavy  brush  to  prevent  too  rapid 
poling.  In  those  cases  where  an  expensive  construction  is  not  warranted 
air  results  can  be  obtained  by  keeping  sawdust  on  the  floor  to  absorb  the 
cid  spray  from  overcharge  or  any  spilled  acid. 

147.  Arrangement  of  wiring.  Conductors  to  terminals  and  between 
ows  of  large  batteries  should  be  of  bare  copper,  supported  on  glass  insulators 
nd  horizontal  runs  should  bo  at  least  4 ft.  above  the  tops  of  the  cells.  The 
opper  should  be  liberally  smeared  with  vaseline.  Lead-covered  copper  cable 
lakes  a very  good  conductor  for  running  in  a battery  room.  Rubber- 
avered  cable,  without  braid,  is  also  satisfactory  if  the  rubber  covering  is 
igb  grade. 

148.  Location  of  switchboard.  Switchboards  and  end-cell  switches 
lould  not  be  installed  in  a battery  room  on  account  of  the  presence  of  acid- 
mtaining  vapors  given  off  during  charge.  It  is  well  to  provide  a separate 
>om  for  these  parts. 

149.  General  layout.  In  laying  out  a battery  room,  liberal  aisle  spaces 
lould  be  provided  if  possible.  There  should  be  at  .least  6 iu.  space  between 
idln  and  a row  of  cells.  With  glass-jar  installations,  30-in.  aisles  are  satie- 
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factory  for  passage  ways,  and,  if  the  battery  is  installed  in  doable  row. 
there  should  be  a clear  space  of  at  least  4 and  preferably  6 in.  betwret 
adjacent  rows.  With  lead-lined  tank  installations,  sufficient  sale  ip** 
must  be  provided  to  remove  tanks,  if  necessary,  by  up-ending. 

ESOUULTXHQ  EQUIPMENT 

190.  Voltage  regulation.  Since  the  voltage  of  a battery  falls  on  &> 
charge  and  rises  on  charge,  it  is  necessary  to  compensate  for  these  variant** 
in  some  way,  if  a constant  line  voltage  is  to  be  maintained.  With  smsl 
batteries  on  steady  charge  or  discharge,  regulation  for  constant  voltage  » 
sometimes  effected  by  means  of  an  adjustable  resistance  in  series  with  tk 
battery,  the  battery  either  being  split  in  two  halves  in  parallel  far  chtiy 
or  a shunt  charging  booster  used  to  add  sufficiently  to  the  line  a 
order  to  oharge  the  cells  in  a single  series.  Another  method  of  Torap 
regulation  sometimes  used  is  to  absorb  the  excess  voltage  at  the  begutffl* 
of  discharge  by  means  of  “counter-e.m.f.  cells”  (Par.  111).  With  Urp 
batteries,  the  losses  of  the  preceding  methods  are  avoided  by  the  use 
matic  regulating  boosters  (Par.  Ill)  or  end  cells  with  end-cell  witcM 
(Par.  111). 

111.  Counter-e.m.f.  cells.  These  are  simply  cells  with  unformed  phts 
When  current  flows  through  such  cells,  they  oppose  the  main  battery  reh* 
age  by  approximately  2.8  volts  for  each  counter-e.m.f.  cell  in  series. 
are  so  connected  in  a circuit  that  current  always  flows  through  them  a tk 
same  direction,  as  other  arise  they  would  gradually  attain  a conwkrw* 
capacity.  End  cells  arc  no  more  efficient  than  resistance  for  eontrefcf 
voltage,  but  they  possess  the  distinct  advantage  ef  giving  a voltagedw 
which  does  not  vary  greatly  with  the  current.  All  the  energy  absorbed  c 
such  oells  is  used  in  electrolyzing  the  water  they  contain,  ror  thisfeua 
the  frequent  addition  of  water  is  necessary. 

IIS.  Shunt  charging  booster.  This  consists  of  a generator,  oea| 
motor-driven,  whose  field  is  excited  from  the  line;  actually,  therefore,  u* 
designation  is  misleading.  A variable  resistance  in  series  with  the 
permits  the  adjustment  of  the  booster  voltage  to  the  desired  valae  Tore 
boosters  are  connected  as  shown  in  Figs.  47  and  48, 

IIS.  Automatic  regulating  booster.  The  charge  and  discharge td» 
battery  may  be  made  responsive  to  variations  of  any  desired  msg®*®* 
by  placing  a motor-driven  generator  in  series  with  the  battery,  the  - 
the  generator  being  excited  in  accordance  with  such  variations.  Auto®*** 
boosters  usually  regulate  for  constant  current  or  for  constant  volt»r 
Current  regulation  is  the  more  frequent  application.  Regubtini  boa&s] 
are  usually  driven  at  practically  constant  speed.  They  are  used  when  rep* 
variations  of  battery  charge  and  discharge  are  required. 

114.  Xnts  booster.  Mailloux  proposed  the  use  of  two  opposdai^ 
coils  on  the  booster  generator,  one  a shunt  coil  excited  from  the  lice  von- 

age,  the  other  carrying  the  total  «r- 
rent.  The  Ehtx  modification  of  tb 
“ scheme,  formerly  in  wide  use,  iasbo^ 
in  Fig.  40,  in  which  the  coil  .4  ownfl 
the  current  from  the  generator.  /*' 

- ries  the  load  current,  while  the 

Laai  coil  Cf  excited  at  line  voltage, 

a practically  constant  current  ow**» 
to  A and  B.  The  coils  are  so 
mined  that  the  resultant  boosts’ 
is  sero  when  both  the  outside  losd 
the  generator  load  have  a ce^* 
definite  value.  Any  increase  m 
1 outside  load  then  causes  a restui^ 
field,  and  consequently . a 
booster  voltage,  in  the  direction*^ 
ing  the  battery  to  discharge.  Any  portion  of  the  increased  load  falfiaf 
the  generator  would  tend  still  further  to  increase  the  booster  field  andijs£ 
in  additional  battery  discharge.  The  resultant  booster  voltage  would  JJ  * 
the  opposite  direction  if  the  outside  load  decreased  and  the  battery  wo®'®'; 
forced  to  charge.  Regulation  tending  to  produce  constant  generator 
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tat,  therefore,  results  from  this  scheme.  A practical  defect  of  the  Buts 
►ooster  is  that  the  field  structure  must  carry  much  more  than  the  normal 
mount  of  winding  and  a highly  special  machine  results. 

1M.  Separately-excited  booster.  The  modern  boosters  have  fields  of 
tormal  dimensions  with  a single  winding  excited  from  a separate  machine  for 
his  purpose.  The  excitation  schemes  in  practical  use  are  of  two  types 
.escribed  below. 

1M.  Carbon-pile  regulator.  This  regulator  is  shown  diagrammatically 
a Pig.  41  in  which  two  piles  of  carbon  discs  are  under  but  a slight 
ompression  when  the  lever  arm  is  in  the  horisontal  position.  The 
ever  arm  is  operated  by  a solenoid  plunger  whose  coil  carries  the  cur- 
ent  to  be  regulated.  The  puU  of  the  solenoid  is  balanced  by  a spring 
rhose  tension  is  such  as  to  equal  the  solenoid  for  normal  average  current. 
The  bottoms  of  the  two  piles  are  connected,  one  to  the  positive  and  the 
4her  to  the  negative  of  the  battery,  and  the  two  tops  of  the  piles  connected 
ogether.  One  terminal  of  the  boater  field  is  connected  to  the  junction  of 
he  two  piles,  the  other  to  the  middle  point  of  thebattery.  With  the  two  piles 
inder  equal  compression,  no  current  flows  through  the  booster  field.  An 
ucreaae  of  ourrent  from  the  main  generator  causes  the  solenoid  to  compress 
>oe  of  the  carbon  pUee  and  release  the  pressure  on  the  other;  in  consequence 
»f  the  reduction  of  resistance  of  the  carbon  piles  under  pressure,  current 
lows  from  the  middle  point  of  the  battery  through  the  booster  field  and  the 
>ile  under  greater  compression,  the  current  being  m the  direction  which  will 
a use  the  battery  to  discharge.  A reduction  of  the  main  generator  current 
isuses  the  field  to  reverse  and  the  battery  to  charge.  The  regulator  is  ad- 
, justed  for  various  average 

values  of  main  generator 
current  simply  by  chang- 
ing the  spring  tension. 
The  amount  of  current  that 
can  be  handled  by  the  car- 
bon piles  is  limited,  so  that, 
for  large  boosters,  the  car- 
bon-pile regulator  acts  as 
the  field  control  of  an  ex- 
citer for  the  booster  gener- 
ator. These  regulators  are 
supplied  by  the  Electrio 
Storage  Battery  Co. 

This  scheme  is  due  to  A.  S. 

lubbard  andis  furnished  by  the  GoulcTStorage  Battery  Co.  Referring  to  Fig. 
12,  the  main  booster  field  is  across  the  line,  but  there  is  an  exciter  machine,  Bt 
eluded  in  the  field  circuit.  The  latter  is  usually  mounted  upon  the  same 
haft  with  the  main  booster  set  and  its  field  is  either  the  whole  or  shunted 
wrtion  of  the  main  generator  current.  When  the  current  in  the  field  of  the 
r machine  has  its  normal  average  value,  the  exciter  machine  is  designed 
I the  full  line  voltage  and  in  this  case  tero  voltage  is  applied  to  the  main 


Fiq.  41. — Carbon-pile  regulator. 

IT.  Oounter-E.M.F.  booster  regulator. 
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42. — C.E.M.F.  booster. 


Fio.  43. — Constant  current  booster. 


______  field.  With  a reduction  in  value  of  the  main  generator  current  and 

kmsequently  in  the  field  of  the  exciter  machine,  the  voltage  of  the  latter  is 
educed,  so  that  current  flows  in  the  main  booster  field  in  a direction  causing 
he  battery  to  receive  charge.  If  the  main  generator  current  increases  above 
he  average  value,  the  voltage  of  the  exciter  machine  is  in  excess  of  the  line 
'oltage  and  current  flows  in  the  booster  field  coil  in  a direction  causing  thq 
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battery  to  disoharge.  Shunting  any  portion  of  the  current  from  the  field 
of  the  exciter  machine  increases  the  main  generator  current;  for  example, » 
•hunt  across  the  exciter-machine  field  of  equal  carrying  capacity  sad  rout- 
an oe  means  that  the  value  of  the  main  generator  current  must  be  twice  u 
great  in  order  that  the  exciter-machine  voltage  may  be  equal  to  the  fiu 
voltage  (the  point  at  which  the  battery  will  neither  charge  or  discharp). 
Adjustment  lor  any  desired  average  generator  load  is  made  by  ▼ahabk 
•hunts  on  the  exciter  field. 

1SS.  Differential  booster.  When  boosters  are  connected  as  shown  is 
the  two  preceding  diagrams,  they  are  designated  as  differential  boosters  m 
distinguished  from  those  of  the  succeeding  paragraph. 

1H.  Constant  current  boosters.  In  many  instances,  a portion  of  tb 
plant  load,  such  as  that  of  incandescent  lamps,  requires  steady  Tohagt 
while  the  remaining  load  is  satisfactorily  supplied  at  a voltage  which  my 
vary  by,  say,  plus  or  minus  10  per  cent,  from  the  generator  voltage.  In  tbs 
event,  the  booster  capacity  can  be  reduced,  under  certain  condition  m 
explained  below,  by  connecting  it  in  circuit  as  shown  in  Fig.  43  whsretto 
constant-load  cirouits  such  as  for  lamps,  motors,  etc.,  have  an  electrical  pas' 
tion  between  the  main  generator  and  the  booster,  and  the  variable  load 
cuits,  such  as  result  from  hoists,  elevator  operation,  etc.,  are  takes  off  the 
opposite  side  of  the  booster  and  are  sub  jected  to  the  battery  voltage  wans- 
tion.  If  the  average  value  of  the  variable  load  is  less  than  the  differeaei 
between  the  maximum  load  and  the  average  load,  it  may  be  poaibh 
to  reduce  greatly  the  booster  capacity  by  so  connecting  it  as  to  radix 
constant  generator  current. 

160.  Electrical  position  of  booster  regulator.  Where  a portion  « 
the  station  load  is  steady  and  another  portion  variable,  the  regulating  eoc 
should  in  general  be  so  placed  as  to  be  affected  by  the  variable  load  odj.  £ 
this  is  conveniently  possible.  This  can  be  done  by  grouping  the  eoostts 
and  the  variable  loads  separately,  the  coil  then  being  placed  between  tb 
two  groups  of  loads.  The  position  indicated  will  result  in  closer  refito 
tion,  since  all  the  practical  regulating  schemes  provide  that  the  current  to 
be  regulated  shall  not  depart  from  its  average  value  by  more  than  a fire* 
percentage.  This  rule  holds  for  both  constant-current  and  oifferantal 
boosters. 

161.  End-cell  switches.  An  end-cell  switch  is  a device  for  cutting  is  * 
cutting  out  cells  of  a series  and  thereby  compensating  for  battery  Tolta*» 
variation.  The  contacts  of  the  smaller  sise  switches  are  usually  arranged 
in  the  arc  of  a circle,  while  with  larger  sices  the  contacts  are  arranged  in  * 
straight  row  and  a heavy  laminated  copper  brush  is  moved  over  these  cos- 
tacts  by  means  of  a motor-driven  worm.  In  switching  from  one  point  te 
the  next,  the  circuit  must  not  be  opened,  and  the  blade  must  not  touch  two 
adjacent  contact  points,  as  this  would  short-circuit  a cell  having  its  terminal 
connected  to  these  points.  End-oell  switches  are  therefore  provided  writh 
an  auxiliary  contact,  either  on  the  moving  blade  as  shown  in  a.  Fig.  44.  or, 
in  some  instances,  fixed  adjacent  to  each  main  contact.  The  main  aw 

auxiliary  contacts  are  joined  by  a resists®* 
as  shown  at  C,  but  otherwise  insulated  free 
each  other.  The  auxiliary  contact  touche*  cm 
of  the  switch  points,  while  the  main  contact 
touches  the  adjacent  point.  The  circuit 
therefore,  not  interrupted,  being  completed 
through  the  resistance,  C,  which  has tooTowi a 
value  to  affect  the  line  voltage  appreciably 
Its  resistance,  however,  is  sufficiently  great  to 
prevent  short-circuiting  the  cells  connected 
across  the  two  points.  The  larger  siae*  ® 
Fia.  44. — End-cell  switch,  end-cell  switches  are  motor-driven,  and  arc 
very  elaborately  designed.  The  reader  bra" 
f erred  to  the  literature  of  the  various  manufacturing  companies  for  mU 
particulars  of  these  switches. 

161.  Load-limit  devices.  It  is  sometimes  desirable  to  limit  the  toad 
on  the  battery.  This  may  be  accomplished  by  providing  an  adjuststw 
stop  to  limit  the  travel  of  the  lever  arm  of  the  carbon-pile  regulator,  told  tbps 
xunit  the  amount  of  current  which  will  flow  through  the  booster  field.  Tha. 
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turn,  will  limit  the  amount  of  battery  charge  and  discharge.  An  equiva- 
it  device  for  the  same  purpose  can  be  applied  to  the  Hubbard  booster. 

163.  Average  adjuster.  It  is  often  desirable  to  limit  the  work  whioh 
battery  does,  to  taking  simply  those  heavy  variations  of  current  which 
rsist  for  short  times,  and  to  allow  the  main  generator  to.  follow  the  load 
eraged  over  relatively  long  intervals.  A device  whioh  accomplishes  this 
ject  is  furnished  by  the  Electric  Storage  Battery  Co.,  and  its  design  is 
:pendent  upon  the  following  principle:  the  armature  of  a small  motor  is 
nneoted  to  the  adjusting  screw  which  controls  the  tension  of  the  spring  of 
e carbon  pile  regulator,  through  a suitable  train  of  reducing  gears.  The 
mature  of  this  motor  carries  a practically  constant  current,  as  it  is  con- 
;cted  across  the  line  in  series  with  a fixed  resistance.  The  field  of  the  motor 
connected  across  the  terminals  of  the  booster.  The  effect  of  this  arrange- 
ent  is  to  permit  the  battery  to  absorb  momentary  fluctuations,  while  the 
ain  generator  current  follows  the  load  averaged  over  a relatively  longer 
terval. 

OPERATING  EQUIPMENT 

164.  Pilot  colli.  The  specific  gravity  of  the  electrolyte  of  a cell  in  which 
is  acid  level  is  kept  constant  by  adding  water  to  replace  evaporation,  is 
le  beet  means  of  determining  the  state  of  charge  of  a battery.  One  or  two 
»lls  of  a battery  should  be  selected  for  this  purpose;  these  will  be  known  ae 
pilot  cells,"  and  records  should  be  kept  of  their  acid  density.  With  station- 
-y  batteries,  an  automatic  cell  filler  should  be  provided  and  maintained. 
i other  cases,  the  evaporation  should  be  replaced  daily,  preferably  before 
arting  the  charge. 

166.  Auxiliary  operating  apparatus.  To  follow  the  operation  of  a 
ittery  the  following  apparatus  should  be  available:  (a)  low-reading 
>ltmeter,  with  a scale  of  -f  0.3  to  -3.0  volts,  with  “stabbers”  (to  make 
intact  with  the  cell  terminals),  (b)  Cadmium  test  electrode,  comprising 
cadmium  rod  covered  with  perforated  rubber.  This  is  suitably  combined 
ith  this  previously  mentioned  "stabbers"  and  is  used  to  determine  the 
lative  condition  of  the  positives  and  negatives,  (c)  Examination  lamps; 
iese  are  bulbs  at  the  ends  of  flat  hard-rubber  or  glass  tubes  so  that  they  may 
) inserted  between  plates  in  lead-lined  tanks.  The  lamps  are  for  low  voltage 
! or  3 cells),  and  enable  the  interior  at  the  cell  to  be  examined..  (d)  Com- 
B mating  hydrometer;  either  an  hydrometer  which  automatically  oom- 
uisates  for  temperature  differences  should  be  supplied  or  a thermometer 
tould  be  kept  in  the  pilot  cell  and  the  hydrometer  readings  corrected  for 
mperature.  Many  consider  the  latter  course  preferable,  (e)  Ampere- 
our  meters;  these  instruments  are  frequently  used  to  determine  the 
ate  of  charge  of  a battery,  but  they  should  be  checked  from  time  to  time 
ith  the  acid,  readings  of  the  pilot  cells.  An  ampere-hour  meter  will  not 
>termine  the  amount  of  local  action  which  takes  place  in  a battery.  It  is 
mally  assumed  that  a certain  percentage  of  overcharge  will  be  required 
> take  care  of  this. 


STORAGE-BATTERY  APPLICATIONS 

166.  Applicability  of  stationary  types.  The  characteristics  of  batteries 
hich  make  them  essentially  valuable  w'ith  reference  to  their  practical  appli- 
ttion  in  power  plant  work  are,  (a)  they  do  not  contain  moving  parts  and 
e capable  instantaneously  of  furnishing 
irrent;  and,  (b)  they  will  absorb  and 
ve  ouf  current  at  high  rates  and  at  high 
ficiencies.  Because  of  their  voltage 
iriation  on  charge  and  discharge,  aux- 
ary  apparatus  (Par.  190  to  163)  must  be 
ted  if  the  line  voltage  is  to  be  main- 
.ined  constant. 

167.  Lino  or  floating  batteries.  If 

battery  is  connected  directly  across  a 
le  whose  voltage  varies,  then  the  bat- 
ry  will  discharge  when  the  applied  volt- 
is  reduced  below  its  open-circuit  pr 


Fia.  45. — Line  battery  with 
boosted  feeder. 
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mating  voltage,  and  it  will  charge  when  the  applied  voltage  i 
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aount  of  voltage  variation  necessary  to  make  the  battery  ch 


rises.  The 
ge  and  dia- 
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charge  at  various  rates  may  be  determined  from  the  curves,  fig.  28.  A bit* 
tery  of  the  stationary  type  will  neither  charge  at  appreciable  rate  asks  tk 
voltage  exceeds  2.14  volts  per  cell,  nor  discharge  unless  the  voltage  is  bek* 
2.04  volts  per  cell.  A battery  may  therefore  be  practically  floated  stiff 
voltage  per  cell  between  the  limits  just  stated,  although  the  value  2.08  tA 
per  cell  is  usually  taken  as  the  best  point.  If  a number  of  cells  equal 
the  average  voltage,  divided  by  2.08,  are  placed  across  a line,  therefat,® 
voltage  variations  will  be  limited  to  those  of  the  battery  when  charging m 
discharging  at  the  rates  necessary  to  furnish  the  current  demand.  T tt 
capacity  of  tha  battery  is  determined  from  the  condition  that  freqoat 
dischargee  should  not  exceed  twice  the  1-hr.  rate  and  frequent  chirp 
should  not  exceed  the  1-hr.  rate.  . 4 _ 

Battery  installations  of  this  nature  may  be  installed  it  points  am* 
from  a power  source,  in  order  to  maintain  a more  constant  line  voltage  o« 
heavy  fluctuating  loads  such  as  may  result  from  the  operation  ol  an « 
inter  urban  railways  or  unloading  machines  at  docks,  etc.,  etc.  Bsttms 
may  also  be  floated  directly  across  the  terminals  of  heavily  un«r-co 
pounded  generators. 

1M.  Railway  line  batteries  with  boosted  feeder.  The  rdtsfeettk 

distant  ends  of  long  lines  with  infrequent  seryioe,  can  be  satisfactorily 
tained  by  connecting  a battery  as  shown  in  Fig.  45.  The  feeder  m i w 
tapped  into  the  trolley  at  a short  distance  from  the  battery  in  the  «w* 
of  the  power-house.  It  is  necessary  to  provide  a reverse-current  aw* 
breaker  in  circuit  with  the  generator. 

16t.  Load-regulating  batteries.  Batteries  may  be  installed  to  ab«j 
momentary  fluctuations  above  or  below  the  average  load,  or  any 
percentage  of  these  fluctuations.  In  this  connection  it  is  ususl  prscturB 
employ  an  automatic  regulating  booster  (Par.  1SS)  to  force  tbebsttery  * 
charge  and  discharge  in  accordance  with  the  load  variations.  The  box* 
of  cells  usually  installed  is  equal  to  the  line  voltage  divided  by  2,08,  Mdt 
sise  of  the  battery  is  generally  determined  by  the  condition  that  frtqttew 
recurring  dischargee  shall  not  exceed  twice  the  1-hr.  discharge  ^*1 
the  battery.  Under  these  conditions,  the  main  battery  voltage  will  not  » 
below  1.6  volts  per  cell  nor  exceed  2.6  volts  per  cell  under  regular  opriaj 
conditions.  To  maintain  the  line  voltage  at  maximum  rates  of  d»*w 
discharge,  the  booster,  for  regulating  service,  should  therefore 
range  equal  to  approximately  0.48  volt  times  the  number  of  cells.  A aw 
ing  voltage  of  2.65  volts  per  cell  must,  however,  be  available  to  compfc”  ■ 

regular  charge  of  the 
i I and  to  give  it  the  j 
overcharge  it  oecaw** 
must  receive.  Prori«f»i 
must  be  made  either  by  * 
creasing  the  speed  « g 
booster,  or  else  by 
the  booster  field  to wjdtj 
extreme  voltage  (for 
and  generator  togetbtfi 
2.65  volts  per  cell  in  ords» 
give  the  battery  its 
overcharge.  Fig. 


Fig.  40. — Regulating  battery. 


gram  of  connections,  showing  how  batteries  are  applied  for  tni* 

V» i..: i.-.i i * : ... 1 1 ..^4 k Mncrttn 


Regulating  battery  plants  are  installed  in  connection  with  Jpnerstoca  n* 
jenerator  sets  or  rotary  converters,  supplying  railroad,  rolling-mill, 


BrtC 

:ri 


generator . 

and  other  widely  varying  loads. 

170.  Alternating- current  regulation.  If  there  is  a reversible 
converting  alternating  to  direct  current  on  an  alternating-current^, 
of  supply,  and  it  is  desired  to  equalise  the  load  variations  on  the  Istte 
battery  may  be  made  to  do  this  by  exciting  the  booster  field  in  vtcn  ^ 
with  these  variations.  The  lever  of  the  carbon-pile  regulator 
would  then  be  subjected  to  a pull  in  proportion  to  the  load  in  watts  or  * 
power  component  of  the  load.  A solenoid  coil  carrying  the  euneat 
will  not  effect  the  desired  result  unless  the  power-factor  remains 

Another  method  of  securing  equalization  of  alternating-current  tw* n 
ia  to  rectify  the  secondary  current  from  series  transformers  in  the  bbt 
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eh  a way  that  the  output  of  the  rectifier  is  proportional  to  the  power 
mponent  of  the  load.  The  latter  may  then  be  uaed  to  excite  the  c.e.m.f. 
citer  of  the  Hubbard  booster.  The  literature  of  the  Gould  and  Electno 
orage  Battery  Companies  should  be  consulted  for  details  of  this  method. 

171.  Peak-load  batteries.  If  a battery  is  to  supply  a discharge  of 
atively  long  duration  and  at  constant  voltage,  it  is  usual  to  effect  the 
ltage  regulation  by  means  of  an  end-cell  switch.  A diagram  of  connec- 
ts for  a direct-current  two-wire  system  is  shown  in  Fig.  47.  The 
arging  booster  is  employed  for  the  purpose  of  adding  to  the  line  voltage 
sufficient  amount  to  complete  the  charge  of  all  the  cells  of  the  battery, 
ants  of  this  nature  are  used 
supply  hotel  and  residence 
;hting  and  motor  circuits, 
it  are  infrequently  used  for 
gular  operation  with  large 
ants,  except  for  emergency 


xc.  Swlufe 


til.  Isolated-plant  bat- 
tries  in  hotels  and  office 
nlldings.  Batteries  with 
eans  for  appropriate  regu- 
tion  are  quite  frequently 

stalled  in  connection  with  . , ...... 

ie  generating  apparatus  in  such  buildings,  for  the  purpose  of  eliminating 
le  voltage  variations  which  would  result  from  variable  elevator  loads  and 
. order  to  reduce  the  capacity  requirements  of  the  generating  equipment, 
i many  instances  the  battery  is  also  called  upon  to  furnish  energy  dunna 
ie  night,  when  the  generators  are  shut  down.  The  battery  capacity  will 
j determined  by  that  requirement  which  preponderates,  whether  it  be  the 
lomentary  discharge  capacity  for  regulating  or  the  continuous  discharge 
ipacity  when  carrying  all  the  load  after  the  generators  are  shut  down, 
he  booster  is  usually  of  the  constant-current  type,  and  end  cells  arc  added 
> the  battery  to  maintain  the  proper  voltage  on  continued  discharge  when 
ie  generator  is  not  in  operation.  The  elevator  circuits  may  be  taken  off 
ie  main  portion  of  the  battery,  inside  the  end  cells;  the  booster,  however, 
so  connected  that  the  end  cells  are  in  its  circuit,  through  the  end-cell 
witch,  until  these  end  cells  are  charged.  . . 

178.  Batteries  for  exciter  and  oil-switch  reserve.  It  is  important, 
i large  plants,  that  current  be  always  available  for  the  operation  of  oil 
tritchee  and,  temporarily,  for  excitation  to  prevent  a shut-down,  or  m start- 
le up.  Battery  current  is  frequently  provided  for  oil-switch  operation  and 
Iso  for  excitation  when  it  is  of  advantage  to  start  quickly  after  a shut-down, 
r switches  only  are  to  be  provided  for.  the  vehicle  type  of  battery  will 

offer  the  cheapest  and 
MM  -u.tt.ry  +E^cU.  moot  convenientmeans 

for  the  purpose.  A 
separate  battery  room  is 
not  then  necessary.  The 
diagram  of  connections 
for  an  exciter  and  oil- 
switch  battery  is  the 
same  as  that  of  Fig.  47. 

174.  Stand-by  bat- 
teries. Batteries  to  in- 
sure continuous  power 
supply  on  direct-current 
three-wire  networks  are 
in  wide  use  in  the  most 
important  cities  of  the 
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48. — Three-wire  “stand-by”  battery. 


— >try  In  fact,  it  may  be  said  that  one  of  the  advantages  of  the  direct- 
current  three- wire  distribution  is  that  storage  batteries  may  be  floated  on 
inch  a distribution,  so  that,  in  case  of  an  interruption  of  the  power  supply, 
he  voltage  is  still  maintained  on  the  network  and  the  annoyances  and 
langers  of  light  failure  in  theatres  and  crowded  streets  are  eliminated.  The 
general  practice  of  applying  such  batteries  is  illustrated  in  Fig.  48.  On  a three- 
wire  system  with  a minimum  bus  pressure  of  230  volts  maintained  between  the 
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outside  wires,  it  is  usual  to  float  a battery  of  150  cells  between  tike  ovtaia 
wires,  that  is,  75  cells  on  each  side  of  the  system.  Connection  to  the  props 
cell,  to  insure  that  the  battery  neither  chargee  nor  discharges,  when  “flosdti, 
and  to  regulate  the  voltage  on  discharge,  is  effected  by  means  of  end-all 
switches.  It  is  usual  to  connect  cells  No.  55  to  59  inclusive,  on  both  the  pos- 
tive  and  negative  sides  of  the  system,  to  the  end-cell  switches,  while  tk 
balance  of  the  cells  are  connected,  first  in  groups  of  two  and  then  in  posts 
of  three,  to  the  remaining  points  of  the  end-cell  switch.  The  first ssf*- 
cell  intervals  are  provided  so  that  the  battery  may  float  without  chvgtcr 
discharge  under  the  usual  range  of  bus-pressure  variation.  The  remiiisaf 
intervals  of  two  and  three  cells  make  it  possible  to  reduce  the  heavy  coppw 
runs  which  would  be  necessary  with  single-cell  intervals. 

A shunt  charging  booster  is  usually  employed  for  charging  stand-b 
batteries,  and,  during  the  charge,  the  battery,  In  standard  practice,  is 
immediately  available  for  emergency  discharge,  except  in  the  reverse  Sec- 
tion through  the  booster.  However,  the  battery  is  always  charged  at  tea 
of  relatively  light  load  when  there  is  little  danger  of  disturbance  to  the«ytfec, 
also,  when  a momentary  failure  would  not  be  of  vital  importance. 

It  is  usual  practice  to  install  two  end-cell  switches  on  each  side  of  t» 
battery  and  this  permits  floating  the  battery  simultaneously  across  the  bid 
and  low  buses.  The  possibility  of  doing  this  Is  not  usually  taken  advantage  ri 
in  regular  operating  practice,  and  the  end-cell  switches  are  usually  iartaW 
in  pairs  for  the  sake  of  limiting  the  amount  of  current  to  be  carried  by  a aria 
contact.  Provision  is  not  made  in  the  majority  of  cases  for  floating  » 
battery  onthe  buses  during  charge,  for  the  reason  that  a greater  number  d 
end-cell  points  would  be  required,  and  because  of  the  heavy'  expense  of  x 
copper  runs  to  the  additional  number  of  end  cells.  The  capacity  of  sbsttej 
for  stand-by  service  is  frequently  determined  by  the  requirement  tk»t* 
shall  carry  the  maximum  station  peak  for  a period  of  5 or  6 min.,  d 
that  the  usual  150  cells  shall  maintain  a voltage  of  about  115  volt*  per  s* 
during  this  period.  Although  the  life  in  ampere-hours  discharge  of  a* 
with  Dasted-type  plates  is  less  than  that  of  cells  with  Plant*  plate*  a 
life  of  such  cells  in  standby  service  may  be  as  great,  due  to  the  infreqwtf 
of  their  discharge.  For  a given  capacity  they  occupy  much  less  floor  spw 
apd  cost  much  less. 

175.  Batteries  for  telephone  exchanges.  The  batteries  of  the 
offices  are  either  11-cell  or  22-cell  installations,  and  are  floated  direr-! 
across  the  power  circuit  without  any  special  regulating  means.  The  eap&^j 
of  these  batteries  is  usually  such  that  they  wOl  carry  the  entire  station  lot 
for  a period  of  24  hr.  or  longer.  The  internal  resistance  of  the  batt«»» 
extremely  low,  owing  to  the  relatively  large  siae  of  the  cell  used.  A low  i> 
ternal  battery  resistance  is  especially  desirable  for  telephone  serriee,  a 
order  to  eliminate  the  possiblity  of  “cross  talk”  (Sec.  21).  It  is 

with  these  batteries,  to  select  a type  that  will  permit  completion  of  darp 
at  a relatively  low  rate  in  order  to  avoid  excessive  voltages  and  resshant 
interference  with  relay  operation  and  lamp  signals. 

Plant*  type  cells  are  usually  used  for  the  purpose  on  account  of  tkf? 
long  life.  Pure-lead  Plant*  negative  plates  show  high  voltages  on  the  de- 
pletion of  overcharge,  especially  when  new,  and  this  fact  should  ream 
consideration. 

The  loads  on  telephone-office  power  plants  in  business  districts  uswfr 
show  decided  morning  and  afternoon  peaks,  and  it  is  usual  to  opersw  tb* 
charging  generator  in  parallel  with  the  battery  during  the  periods  of  tori 
load.  The  battery  alone  usually  carries  the  load  except  from,  say,  IAJJ 
to  4 P.M  in  the  typical  exchange  in  business  districts. 

176.  Residence  and  farm  lighting  plants.  A great  number  of  th* 
plants  are  in  service,  and  they  vary  in  elaboration  from  a simple  bwtt*r 
without  voltage  regulation  (the  battery  being  taken  off  the  lighting  serv* 
when  charging)  to  the  more  complete  plants  previously  described.  Th 
usual  low-voltage  plants  have  8 and  16  cells  and  are  far  15snd30*tf 
lamps.  The  small  plants  frequently  use  vehicle  or  motor  starting  sod  ligte* 
in£  batteries,  as  these  are  cheaper  for  the  same  capacity  and  may  bern^T 
shipped  to  a service  station  for  repairs  when  necessary.  The  couple typ«* 
(Far.  108)  of  stationary  batteries  are  also  frequently  used.  The  regs* 
stationary  types  will  give  longer  and  somewhat  more  reliable  »rri* 
anagrams  of  connection  are  given  in  Figs.  49  and  50.  With  the  farmer  tbsr 
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is  no  voltage  regulation,  while  with  the  latter  voltage  regulation  is  effected  by 
counter-e.m.f.  cells. 

177.  Electric-vehicle  battery  applications.  The  use  of  vehicle 
batteries  in  electric-truck  service  is  fully  covered  in  Sec.  17.  Additional 
applications  are  covered  in  Par.  178  180. 

178.  Storage-battery  street  cars.  The  field  for  the  battery  car  is 
limited  to  those  cases  where  the  traffic  is  not  great  enough  to  justify  electri- 
fication in  the  ordinary  manner,  or  where  for  special  reasons  the  overhand 
trolley  is  not  permissible.  In  a number  of  smaller  towns  or  cities  storage- 
battery  cars  are  operated  because  the  investment  for  equipment  is  much 
less  than  it  would  be  for  the  regular  overhead  trolley,  and  the  expense 
of  continuous  power-plant  operation  under 

poor  load  conditions  is  thus  avoided.  In  ^ k 0 

these  cases  the  batteries  are  charged  from  ^ 3 

the  local  power  service  between  midnight  o«n«rmtor^\  2 

and  early  morning,  that  is,  at  a time  when  / p 

the  stations  are  willing  to  supply  the  f S 

energy  at  a moderate  charge.  The  ma-  Rh*o«ut|/o>)  i 

jority  of  battery  cars  now  in  service,  have  L\>Tcr  4 

IJ-ft.  bodies  and  are  28  ft.  long  over-all.  Fu*>  I — - — > Fu**-»a 

They  seat  28  passengers  and  their  weight,  surtm*  R*s.  | /surtin«  ^ 
fully-equipped,  is  approximately  14,0001b.  , —tyvwyy^— ~ j 

The  battery  equipment  comprises  58  cells  operator  £ P1  TTf,*-* 

of  approximately  385  amp. -hr.  rated  1 Running  %im*i 

Ammot »r  Ignition  Resistance  — i | |J 


VoImIjv-I 
U.L.  Breaker 


Fig.  49. — Farm  lighting  plant  with- 
out voltage  regulation. 


WmiNO  DIAORAM 

Fig.  50. — Lighting  plant  with  volt- 
age regulation. 


capacity,  and  the  current  consumption  varies  from  5 to  6 amp.-hr.  per  car- 
mile.  The  cars  are  capable  of  making  in  daily  operation  75  to  100  miles  or 
more  on  a single  charge  of  the  battery.  The  success  of  the  modern  storage- 
Mittery  car  is  due  to  the  use  of  light-weight  cars  with  high-efficiency  ball- 
rearing motors  and  axles.  • 

178.  Storage-battery  locomotives.  These  are  employod  in  shops  for 
t&ndling  heavy  castings,  moving  freight  cars  through  snort  distances,  etc., 
ind  also  in  tunnel  excavations  and  for  gathering  cars  in  coal  mines.  Such  are 
ride  and  growing  applications  for  storage  batteries. 

180.  Freight  and  baggage-handling  trucks.  The  larger  passenger 
erminals  have  placed  a great  many  of  these  trucks  in  service  for  handling 
•aggage,  express  and  mail.  The  standard  truck  for  this  purpose  is  capable 
f carrying  about  4,000  lb.,  and  its  maximum  speed  is  limited  to‘  4 or 
* miles  per  hr.  A 12-cell  battery  of  195  amp-br.  capacity  is  the  one 
lost  usually  employed  for  this  service.  A numtrer  of  these  trucks  are  also 
1 operation  on  steamship  piers  and  in  freight  warehouses.  Smaller  trucks 
re  widely  used  in  manufacturing  plants,  for  the  transfer  of  work  from  one 
epartment  to  another. 

OPERATION 

181.  Operation.  In  order  to  obtain  satisfactory  battery  life,  a few  simple 
istructions  should  be  carefully  followed.  It  is  frequent  practice  for  the 
ftttery  manufacturer  to  guarantee  his  battery,  and,  in  this  event,  he  will  not, 

course,  accept  responsibility  for  damage  to  the  battery  unless  his  operating 


1681 

Digitized  by  VjOO? LC 


Sec.  20-182 


BATTERIES 


instruction*  are  followed.  The  characteristics  of  plates  as  furnished  'of  ^ 
different  manufacturers  vary  somewhat,  and  therefore  any  special  ioftrw- 
tions  aiven  by  the  manufacturer  should  take  precedence.  The  foflomaj 
general  rules  should  be  followed: 

181.  Batteries  should  not  be  overdis  charged,  and  after  the  comple- 
tion of  a discharge  they  should  be  recharged  within  a reasonable  time. 

181.  Determining  the  charge  of  a battery  should  be  differentiated  a 
follows:  (a)  the  completion  of  regular  charge;  (b)  the  completion  of  over- 
charge (Par.  184).  The  determination  of  completion  of  regular  charge 
that  all  cells  are  gassing  uniformly,  both  from  positives  and  negatives;  that 
with  the  current  maintained  at  a constant  value  there  is  no  further  inerea* 
of  voltage  as  determined  by  successive  15-min.  readings;  that  the  aad 
density  corrected  for  temperature  is  within  0.003  sp.  gr.  of  the  muimw 
reached  on  the  last  preceding  overcharge.  It  is  good  practice  to  maataii 
one  or  two  pilot  cells  (Par.  184)  in  the  battery  and  to  use  the  acid  readjap 
of  these  cells  as  determining  the  state  of  charge  of  the  whole  battery.  Btf- 
teries  which  are  operated  in  this  way  will  show  a slight  formation  of  sulpha t* 
in  the  plates,  and  this,  for  a limited  time,  is  not  injurious  but  benefkm 
If  the  sulphate  formation  is  allowed  to  continue  indefinitely,  large  insotobe 
crystals  of  lead  sulphate  are  formed,  and  the  plates  will  become  u»/r*«*r 
aulphated. 

184.  To  reduce  fully  or  oxidise  the  sulphate,  the  battery  sheajd 
receive  a periodic  overcharge  at  intervals  of  at  least  once  a week  if  tor 
battery  is  called  on  for  heavy  service,  or  once  every  2 weeks  if  the  serntt 
is  light.  The  overcharge  is  simply  a continuation  of  the  regular  chsrp 
until  the  battery  voltage  at  constant  current  input  has  remaioed  cornua 
and  also  until  the  acid  density,  corrected  for  temperature,  has  rawed  s 
maximum  value  as  indicated  by  three  successive  acid-density  deternuBatiosi 
at  half-hourly  intervals,  having  the  same  value. 

If  any  cell  or  cells  are  late  in  gassing  or  become  warm  during  charge, « t 
the  specific  gravity  of  the  electrolyte  is  markedly  lower  than  in  the  remov- 
ing cells,  they  should  be  investigated  for  short-circuits.  Short-cirnutr 
also  be  made  evident  if  any  cell  falls  materially  behind  the  others  in  vow 
on  discharge.  An  excessive  amount  of  charge  should  be  avoided,  astbe re- 
sultant gassing  will  throw  off  some  of  the  active  material,  especially  from  tt# 
positive  plates. 

188.  Removal  of  separators.  If  for  any  reason  it  is  necessary  to  remott 
wood  separators  from  a cell,  they  should  be  kept  covered  with  .water, 
allowed  to  dry  out  they  will  shrink,  and  the  resulting  concentration  of  a«c 
in  the  wood  will  ruin  them.  Wood  separators  which  hare  been  in  acid 
several  months  will  have  so  little  strength  that  they  cannot  be  handled  wnc- 
out  danger  of  breaking.  New  separators  should  be  kept  damp  toprevwi 
their  shrinkage.  ^ 

188.  Evaporation  of  the  electrolyte  should  be  replaced  by  adtb&& 
pure  water.  Keep  the  level  of  the  electrolyte  well  above  the  tops 
plates.  Do  nof  add  acid  to  the  electrolyte  unless  it  is  clearly  «tab»»« 
that  the  removal  of  possible  short-circuits  and  the  subsequent  overenargw 
will  not  restore  the  density  of  the  electrolyte.  Both  water  and  electroiy 
should  be  pure.  It  is  preferable  to  add  water  before  an  overcharge,  “ 
gassing  will  serve  thoroughly  to  stir  up  the  add  and  equalise  any  differences 
specific  gravity  between  the  tops  and  bottoms  of  the  cells. 

187.  Operating  temperatures.  It  is  best  not  to  allow 

of  a battery  to  exceed  100  deg.  Fahr.;  a temperature  above  105  deg. 
positively  be  avoided.  , 

188.  It  is  well  to  note  the  color  of  the  plates  frqm  time  to  time  ana 

see  that  the  color  of  the  plates  in  different  cells  is  uniform.  , . 

181.  If  the  battery  Is  low  In  capacity,  the  relative  cooditiop^. 
positive  and  negative  plates  should  be  determined  by  taking  voltaf*jertroj* 
between  both  the  positive  and  negative  groups  and  a cadmium  tew 
This  should  be  done  toward  the  end  of  the  discharge  and  wiu  acw* 
which  of  the  groups  are  at  fault. 

190.  If  any  cell  shows  low  voltage  or  low  acid-density 
short-circuits,  it  should  be  separately  charged  after  the  ahort-or«»*.  ^ 
been  removed.  In  large  installations  a milker  set  » 
this  purpose.  This  comprises  a motor-generator  supplying  energy  ** 
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3 to  0 volts.  Another  method  is  to  out  out  the  cell  on  discharge  and  replaee 
it  in  the  series  on  charge. 

191.  The  strength  of  the  acid  to  be  used  in  various  types  of  cells  should 
be  that  prescribed  by  the  manufacturer.  It  will  depend  entirely  upon  the 
battery  design.  The  usual  practice  is  to  use  electrolyte  of  1.210  sp.  gr. 
with  stationary  types  of  cells,  while  with  vehicle  types  and  with  motor-start* 
ing  and  lighting  batteries,  maximum  densities  of  1.300  sp.  gr.  are  sometimes 
used.  The  higher  density  will  give  a greater  capacity  but  it  will  shorten 
the  life  of  a cell  in  which  it  is  used.  In  tropical  or  warm  climates  somewhat 
lower  densities  should  be  employed. 

lit.  Be  sure  that  sediment  does  not  accumulate  to  such  an  extent 
u to  touch  the  bottoms  of  the  plates,  as  this  would  cause  internal  short- 
circuits  in  the  cells.  Separators  must  be  kept  in  place  and  in  good  order. 
The  entire  battery  should  be  kept  clean  and  free  from  dirt.  Condensed 
moisture  or  acid  vapors  should  be  wiped  off  from  time  to  time,  and  the  in- 
sulation kept  dry.  Raw  linseed  oil  should  be  applied  to  the  wood  of  lead- 
lined  tanks  as  occasion  demands. 

19S.  Charging  rates.  The  recommendations  of  the  various  manufac- 
turers differ  widely  as  to  the  proper  charging  current  values.  The  following 
is  general  practice,  although  the  manufacturer  of  the  battery  should  always 
be  consulted  on  this  point. 

With  Plants  positive  plates  having  centre  webs,  it  is  desirable  to  start 
the  charge  of  the  battery  at  as  high  as  the  3-hr.  rate,  and  to  finish  the 
charge  at  not  less  than  the  8-hr.  rate.  Tudor-type  positives  may  be 
charged  at  lower  current  rates  than  these,  but  at  not  less  than  one-half  the 
preceding  values.  Batteries  with  Manchester-type  positive  plates  should  not 
be  allowed  to  gas  when  charged  at  a rate  above  the  normal  8-hr.  charging 
‘ate,  and  an  excessive  amount  of  gassing  should  be  positively  avoided. 

With  pasted-plate  batteries,  best  results  will  be  obtained  by  charging  at 
ow  rates.  With  stationary  types,  the  charge  should  be  started  at  about  the 
J-hr  normal  rate  and  finished  at  one-half  this  value.  With  pasted-type 
vehicle  batteries,  the  charge  may  begin  at  as  high  as  6 amp.  per  positive  plate, 
>ut  the  completion  of  charge  should  be  carriea  out  at  not  more  than  2 amp. 
jer  positive  plate.  These  values  hold  for  the  standard  sise  of  plates,  (5f 
>y  8|  in.)  and  should  be  varied  in  proportion  to  the  plate  area  for  other 
dies.  As  the  cells  begin  to  gas  on  charge,  the  charging  current  should  be 
‘educed  to  the  minimum  values  just  given. 

The  constant-potential  method  of  charge  wherein  a battery  is  connected, 
irithout  resistance,  directly  across  a charging  source  having  a voltage  main- 
lined at  a value  equal  to  the  number  of  cells  multiplied  by  2.3,  is  advocated 
>y  many  operators  of  vehicle  batteries.  This  method  insures  a rapid  charge 
>f  a battery  without  either  gassing  or  overheating.  For  this  method  the  line 
roltage,  if  too  high,  can  be  reduced  by  inserting  counter  e.m.f.  cells  in  series 
with  the  battery,  each  counter  e.m.f.  cell  reducing  the  voltage  by  approxi- 
nately  3 volts.  In  applying  this  method,  the  literature  of  the  battery  manu- 
acturers  should  be  consulted.  The  constant-potential  method  of  charge  is 
jarticularly  adapted  for  the  “boosting”  of  batteries. 

194.  Fires,  or  flames  must  not  be  permitted  in  battery  rooms, 
inless  the  rooms  are  well  ventilated;  they  must  especially  be  prohibited 
rhen  cells  are  gassing.  Never  bring  a flame  near  a scaled-type  cell. 

19fl.  The  usual  troubles  to  which  a storage  battery  is  subjected 
esult  either  from  overcharge  or  undercharge,  or  from  allowing  short-circuits 
o occur  in  cells.  If  the  trouble  has  not  been  of  too  long  duration,  in  practi- 
ally  all  cases  the  battery  can  be  brought  into  good  condition  by  proper 
•barge,  presuming  that,  with  the  short-circuited  cells,  the  shorts  first  have 
>een  removed  and  the  separators  put  in  good  condition.  Plant^-plate 
latteries  which  have  become  sulphated  should  have  their  remedial  charge 
tarted  at  about  twice  the  8-hr.  or  normal  rate,  which  is  to  be  reduced 
o normal  when  vigorous  gassing  ensues.  Any  of  the  methods  of  “rejuve- 
lating”  battery  plates  should  not  be  carried  out  without  having  obtained  the 
dvice  of  the  battery  manufacturer  or  a qualified  storage-battery  expert. 
The  methods  which  nave  been  proposed  for  charging  the  battery  in  electro- 
vte  containing  sodium,  potassium  or  magnesium  sulphate,  are  to  be  con- 
temned as  impracticable,  excepting  on  an  experimental  scale. 

Iff.  The  initial  or  developing  charge  should  be  very  carefully  carried 
lit  in  aooordance  with  the  directions  of  the  manufacturer  of  the  battery. 
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Practice  varies  considerably  in  this  regard,  and  the  manufacturor  wiD  not 
accept  responsibility  for  injury  to  the  battery  if  his  directions  hsre  not  bees 
followed.  Points  which  should  receive  consideration  are  the  following:  , 

(a)  Be  sure  that  the  positive  pole  of  the  battery  is  connected  to  the  positive 
pole  of  the  charging  source. 

(b)  Always,  in  pouring  electrolyte  into  cells  containing  dry  pistes,  theft 
is  a certain  amount  of  chemical  reaction  between  the  sad  and  the  plates, 
especially  the  negatives.  If  the  electrolyte  becomes  warm,  it  » well  te 
allow  sufficient  time,  before  starting  the  initial  charge,  for  the  cells  to  red 
down.  A few  hours,  also,  are  required  for  the  absorption  of  electrolyte  by 
the  pores  of  the  plate. 

(c)  With  Plants -plate  batteries,  the  current  at  beginning  of  chirp 

should  be  well  above  the  normal  rate,  and  should  be  reduced  to  the  norm 
rate  when  vigorous  gassing  takes  place  at  the  positive.  With  pasted  plat* 
lower  rates  are  employed.  _ „ 

(d)  If  the  cells  reach  a temperature  of  from  103  to  105  deg.  Fahr , tte 
charging  current  must  be  interrupted  and  the  oells  allowed  to  cool  If  n a 
found  necessary  thus  to  interrupt  the  charging  current,  tbs  number  of  ampere 
hours  of  initial  charge  must  be  increased. 

(•)  The  initial  or  developing  charge  is  to  be  considered  complete  <®7 
when  both  positives  and  negatives  are  gassing  uniformly  in  all  theeelh.jw 
when  there  naa  been  no  increase  in  voltage  or  specific  gravity  of  e*ectroQj* 
(the  latter  corrected  for  temperature)  for  a period  of  5 or  6 hr.  Tw 
battery  should  then  be  open-circuited  for  an  hour  or  so  and.  subseqTKfltfr. 
the  current  applied  again;  in  this  charge,  the  cells  should  begin  to  gas  tree 
both  positives  and  negatives  within  a minute  or  two. 

(f)  The  battery  should  not  be  allowed  to  discharge  until  it  has  beenbBy 
developed  as  above.  The  color  of  the  positives  should  be  a very  deep  brows, 
and  the  negatives  a light  lead  oolor. 

197.  Placing  batteries  out  of  commission.  If  a battery  is  not  to  be 
used  for  several  months  it  should  receive  a very  thorough  charge  be** 
allowing  it  to  stand  idle.  It  is  desirable,  though  not  absolutely  necessr* 
to  giveit  a freshening  charge  of  an  hour  or  so  once  a month,  u glswi? 
batteries  are  to  be  left  over  winter  and  low  temperatures  win  be  met  * 
may  be  necessary  to  remove  the  acid,  see  Par.  9S.  , 

If  a battery  is  to  remain  out  of  service  an  indefinitely  wng  time,  it  «- 
be  advisable  to  remove  the  acid.  Before  doing  this,  it  should  be  giwro ‘ 
thorough  overcharge.  If  the  plates  are  to  remain  in  the  cells,  syphon « 
acid  and  remove  the  wood  separators.  Watch  cells  carefully  and  wbeotw 
negatives  become  hot  sprinkle  with  water.  If  the  plates  are  to  be  renOT™ 
from  the  cells,  keep  the  positives  apart  and  simply  let  them  dry  oat. 
not  rinse  in  water.  The  negative  plates  must  be  carefully  kept  spirt,  ww 
sprinkled  with  water  as  soon  as  they  become  hot. 


DEPRECIATION  AND  MAINTENANCE  OF  LEAD 
STORAGE  BATTERIES 

8TATIOHAXT  BATTBWXS 

1M.  General  considerations.  As  with  generating  machinery,  ohw 

lcscence,  due  principally  to  changes  in  service  requirements,  is  twifflgj 
factor  in  depreciation.  A stationary  battery  may  be  maintained  tndel^w 
by  replacing  worn-out  parts,  but  a renewal  of  tanks  or  the  repiaremen 
a battery-room  flooris  a considerable  item  of  expense.  In  these 
frequently  be  advisable  to  reconsider  the  entire  installation.  Many  noanw 
batteries  on  interurban  lines  have  given  ten  to  twelve  years  of 
a single  renewal  of  positive  plates.  The  same  result  has  often  been  oot*®*0 
with  regulating  batteries. 

199.  Actual  maintenance  oosts.  A case  of  five  large  railway 
batteries  which  are  oalled  upon  daily,  excepting  Sundays,  for  peas^ 
chargee  each  morning  and  afternoon,  the  ampere-hours  of 
aggregating  approximately  the  equivalent  of  one  8-hr.  discharge  per* 
may  bo  cited.  A blanket  contract  to  furnish  and  install  all  the 
material  required  to  maintain  the  five  batteries  in  efficient 
dition  for  a second  term  of  10  years  was  entered  into,  the  contractor, 
taking  to  do  this  for  approximately  8 per  cent,  per  annum  of  the  uuuai 
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>f  the  installation.  The  foregoing  are  among  the  hardest-worked  batteries 
detailed  in  the  United  States.  Stand-by  batteries  can  be  maintained  for  a 
eriod  of  10  to  15  years  at  from  3 to  4 per  .cent,  per  annum  of  the  cost  of 
installation. 

800.  Life  of  plates.  Plants  positive  plates  in  regulating  or  line  batteries 
dll  hare  lives  of  from  7 to  12  or  more  years  if  they  are  in  hard  service,  and 
hould  last  longer  in  light  service.  Plants  negative  plates  should  outlast 
wo  sets  of  positives  within  a period  of  12  to  14  years.  Box  negatives  (74) 
hould  have  a longer  life,  probably  20  years,  if  used  with  pure  lead  Plants 
positives.  Paste  positives  in  stand-by  service  show  every  indication  of 
>eing  good  for  15  years  of  service,  negatives  being  good  for  a somewhat 
onger  period.  The  scrap  lead  of  plates,  to  be  replaced,  has  a considerable 
'alue  and  the  cost  of  plate  replacements  should  be  credited  with  this  value. 
Manufacturers  will  usually  guarantee  a minimum  life  of  plates  if  they  know 
he  service  conditions. 

Ml.  Life  of  tanka.  Gjass  jars  are  good  until  broken,  and  a few  jars, 
specially  in  the  larger  sixes,  will  break  from  time  to  time  outside  of 
accidental  causes.  This  breakage  is  usually  a consequence  of  imperfect 
tnnealing  of  such  jars,  and  should  not  aggregate  more  than  6 to  7 per  cent 
>f  the  total  number.  The  life  of  lead-lined  tanks  will  depend  on  the  care 
with  which  the  insulation  is  maintained,  and  on  whether  the  wood  is  kept 
>rotected  from  acid.  The  chief  cause  of  the  depreciation  of  tanks  is  pitting 
>f  the  lead  linings  by  electrolysis.  Tanks  should  last  20  years  or  more  pro- 
dded they  are  kept  covered,  gassing  due  to  excessive  overcharged  prevented, 
hey  are  occasionally  oiled  or  painted,  and  the  insulators  are  kept  clean. 

SOI.  Acid  and  water.  These  are  small  items  and  properly  come  under 
he  head  of  operating  expense. 

SOS.  Wooden  separators.  Wooden  separators  of  poplar  have  a life  of 
rom  2 to  5 years,  depending  largely  on  the  amount  of  gassing  to  which  a 
>attery  is  subjected  from  overcharge.  They  rapidly  lose  their  strength  after 
retaliation,  but  if  it  is  not  necessary  to  disturb  them  when  removing  plates 
or  straightening  or  for  other  causes,  they  will  act  as  efficient  diaphragms 
or  the  number  of  gears  mentioned  above. 

504.  Other  parts.  Glass  covers  will  be  broken  from  time  to  time;  the 
lumber  will  depend  entirely  on  the  rare  of  the  attendant.  Glass  support 
>latee  will  be  broken  occasionally  but  the  number  should  be  small.  Busbars 
md  copper  should  not  require  renewal  during  the  life  of  the  battery.  Wooden 
and  trays  will  require  renewal  at  intervals  depending  on  the  care  with 
which  they  are  kept  dry  and  free  from  acid  when  filling  cells  with  water. 

505.  Sediment  removal.  Modern  practice  is  to  install  tanks  with  a 
iber&l  space  below  the  plates  for  sediment  accumulation.  The  cost  of 
'leaning  between  intervals  of  plate  renewals  is  great  enough  to  war  rent  the 
light  extra  cost  of  a battery  installation  when  such  space  is  provided.  The 
njury  to  the  battery  insulation  and  battery-room  floor  from  slopping  of 
uad  is  another  justification  for  deep  tanks. 

VEHICLE  BATTERIES 

504.  General  considerations.  Batteries  in  pleasure  vehicles,  on  account 
>f  the  limited  use  to  which  they  are  subjected,  frequently  last  2 to  3 
k’cars.  Batteries  in  truck  service  should  last  at  least  1 year  if  of  the  thin- 
jlate  type  and  longer  with  thicker  plates. 

107.  Life  of  plates.  Thin-plate  batteries  of  the  better  makes  in  com- 
mercial service  should  give  12  to  15  months  of  service.  Thick-plate 
lotteries  should  have  a plate  life  of  16  to  24  -montus,  the  vehicle  supposedly 
n operation  each  week  day.  Batteries  with  iron-clad  plates  (see  far.  7f) 
ihould  have  a life  of  to  3 years.  Plate  life  will  be  increased  by  avoiding 
overcharge  especially  at  hign  rates,  also  by  employing  as  wide  a plate  separa- 
ion  as  possible  to  avoid  the  necessity  of  strong  acid.  Edison  type  A 
lotteries  should  have  a life  of  about  5 years. 

505.  Life  of  wooden  separators.  If  the  acid  strength  is  not  excessive 
md  overcharge  is  avoided,  wood  separators  should  last  during  the  life  of  the 
dates.  With  thick-plate  batteries  it  may  in  some  coses  be  necessary  to 
©place  them  once. 

SOS.  Life  of  jars  and  hard-rubber  sheets.  The  compound  of  the 
uual  jar  and  perforated  ebect  is  not  rich  in  rubber,  and  its  constituents 
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harden  with  ace.  They  become  especially  brittle  if  the  battery  b pennittd 
to  overheat  on  charge.  Unless  jars  are  of  good  material  a large  number  vi 
be  broken  when  plates  are  renewed. 

S10.  Life  of  other  parts.  * Battery  crates  usually  require  renewal  wfeo 
the  plates  wear  out.  If  the  crates  are  kept  dry  however  they  will  freqnestl? 
be  in  good  enough  condition  to  warrant  their  use  with  a new  set  of  pbfet. 
Negati  ve  crate  terminals  will  in  most  cases  be  intact  but  the  positive  teriaiah 
if  not  kept  well  covered  with  vaseline  will  require  renewal  when  piste*  ire 
replaoed.  Hard-rubber  covers  for  cells  will  usually  be  in  good  coodiuo*. 
but  a few  will  be  broken  in  removing  sealing  compound.  Soft-rubber  vn» 
plugs  depreciate  considerably,  but  these  are  quite  inexpensive.  OH  m I 
nectors  and  straps  have  a high  scrap  value  and  it  will  usually  be  ebesper 
replace  old  vent  plugs  by  new  ones  when  overhauling  a celL 

T&AUf-XJOHTIH  O BATTOUK8 

til.  Effect  of  overcharge.  The  maintenance  of  train-hghting  battens 
has  varied  widely  under  different  operating  conditions.  Some  of  the  safer 
batteries  were  serviceable  for  fl  or  10  years  with  negligible  replscemmi 
The  best  results  have  been  obtained  with  batteries  which  w ere  oot<w«- 
charged.  Overcharging  requires  the  frequent  addition  of  water  sad  if  w 
is  not  done  carefully  the  insulation  of  the  tanks  is  injured.  Overcharge  aw 
results  in  a greater  deposition  of  sediment  from  the  positive  piste*  aad 
shortens  the  life  of  the  battery.  The  present  tendency'  is  to  design  *ik 
lighting  equipments  to  maintain  practically  constant- voltage  chsrgu*  ad- 
ditions. Constant-voltage  charging  causes  little  gaaing  and  ranks  in  > 
longer  life  of  the  batteries. 

Sit.  Frequency  of  cleaning.  Train-lighting  batteries  which  *» 
properly  charged  can  be  kept  in  operating  condition  for  3 year*  ritho* 
being  opened  up  for  cleaning.  After  cleaning  the  first  time  such  batter* 
should. be  cleaned  at  intervals  of  2 years.  With  many  railroad*  tb 
practice  is  to  make  the  first  cleaning  2 years  after  placing  in  service,  win 
subsequent  intervals  of  1 year  between  cleanings. 

ALKALINE  STORAGE  BATTERIES 

SIS.  Classification.  There  are  but  two  practical  types  of  alkaline  itorv 
batteries  in  commercial  use:  one  is  the  Hubbeil,  used  in  the  miners*  lamp* * 
the  Portable  Electric  Safety  Light  Co. ; the  other  is  the  Edison  storage  batten 

214.  The  Hubbeil  battery  differs  from  the  Edison  in  principle  oely  * 
using  a negative  plate  of  cadmium  instead  of  the  iron  of  the  Edison  batter? 
Hubbeil  apparently  was  the  first  to  use  nickel  threads  incorporated  is  ti 
nickel-oxide  active  material,  and  this  is  one  of  the  essential  steps  in  the  pro 
duction  of  a practicable  battery  plate  with,  this  active  material.  Theticfe 
oxide  of  the  original  Edison  battery  contained  flake  graphite  to  inovsse  tit 
conductivity;  the  graphite  was  seriously  affected  by  electrolyte  action. 
these  plates  were  short-lived.  In  the  present  type  of  Edison  battery 
nickel  replaces  the  graphite  of  the  earlier  type.  In  December,  1914,  the  s1* 
few  of  these  batteries  nad  completed  5 years  of  service. 

Ilf.  Theory  of  the  Edison  battery.  The  active  materials  of  tfe 
Edison  battery  consist  of  nickel  peroxide  for  the  positive  plate  and 
divided  iron  for  the  negative  plate.  The  electrolyte  is  a 21  per  cent.  •olatKs 
of  potassium  hydrate  in  water  to  which  is  added  a small  amount  of  bthren> 
hydrate.  To  overcome  the  passivity  of  iron  a certain  amount  of  merrurr  » 
incorporated  with  the  iron  of  the  negative  plate;  a suitable  compos** 
also  incorporated  with  the  nickel  hydrate  which  is  the  salt  from  which  tfe 
nickel  peroxide  is  electrolytieally  formed.  The  nickel  oxide  is  a retitrw 
poor  electrical  conductor,  and,  for  this  reason,  layers  of  flake  nieW 
added  to  the  mass  to  increase  its  conductivity.  The  theory  ri™ 
Edison  Storage  Battery  Company  for  the  chief  chemical  reactions  vfeio 
take  place  in  their  cell  after  the  first  charge  is: 

3Fe  + 80H«Fe*04  + 4H*0  (Negative  Piste)  ( J 

6NiO*+8K  H-4H*0  ■■  2NiiO«  + 8KOH  (Positive  Piste)  \U 

8KOH+6NiO*  + 3Fe-MHf0-Fes0«  + 2NT*O«+4H*0+8K,0H  (Both  Pfe» 
8NiO,+3Fe  4 2NbO.  'lJ 

* 1888 
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A probably  more  correct  theory  is  given  by  Dr.  Frit*  Foerster,  Elektro- 
lcmie  Wasseriger  Losungen,  p.  227,  1915,  as  follows: 

c+NiK>a-1.2H^)  + 1.8H«0^8cc1J"*ee“>Fe(0H),+2Ni(0H)*  (Both  Plates) 

NiOs  is  first  formed  on  charge  but  decomposes  into  the  lower  oxide,  NijOa, 
‘cording  to  the  equation,  4NiO*  — 2NiiOi  4*  Ot,  giving  off  oxygen.  This 
^composition  accounts  for  the  continual  gasing  which  takes  place  during 
targe  and  also  for  a considerable  length  of  time  after  the  charging  is  dis- 
mtinued.  If  a cell  is  allowed  to  stand  idle  after  charge,  it  will  take 
om  1 to  2 days  for  the  higher  oxide  to  completely  decompose  to  NijOa. 
his  reduction  is  much  hastened  by  discharge  since  any  NiOs  existing  in 
te  positive  plate  will  be  used  up  first.  This  rapid  reduction  on  discharge 
: any  NiOa  which  may  be  present  probably  accounts  for  the  marked  drop 
i voltage  at  the  beginning  of  the  discharge  of  a fresnly  charged  cell.  Due 
> the  presence  of  the  higher  oxide  in  the  positive  plate  of  a freshly  charged 
ill,  the  voltage  of  such  a cell  is  somewhat  higher  than  the  voltage  of  one 
sat  has  been  allowed  to  stand  before  discharge. 

Foerster's  equation  shows  that,  although  the  potassium  does  not  enter 
its  the  chemical  reactions,  the  water  of  the  electrolyte  does  and  that  there 
i an  increase  in  the  density  of  the  electrolyte  from  the  charged  to  discharged 
tate.  This  change  is  opposite  to  the  change  which  takes  place  in  the  dens- 
y of  the  electrolyte  of  the  ordinary  lead  accumulator.  Although  there  is  a 
ecrease  in  the  density  of  the  electrolyte  of  an  Edison  cell  during  charge, 
hi s change  cannot  be  used  to  determine  the  state  of  charge  of  the  cell  on 
ccount  of  the  uncertainty  of  the  amount  of  water  lost  by  gasing  during 
barge. 


Fiq.  51. — Edison  positive  plate. 


Fia.  52. — Edison  negative  plate. 


316.  Positive-plate  construction.  The  positive  plate  consists  of  a 
ttckel-plated  steel  frame  into  which  are  pressed  perforated  tubes  filled  with 
Jternate  layers  of  nickel  hydrate  and  metallic  nickel  in  very  thin  flakes. 
?he  tube  is  formed  from  a thin  sheet  of  steel,  nickel  plated  and  perforated, 
nd  has  a spirally  lapped  joint.  The  active  material  is  tamped  into  the  tubes, 
lickel  hydrate  and  nickel  flake  being  fed  alternately  and  the  tubes  when 
lied  have  their  ends  pressed  together  in  such  a way  to  permit  them  to  be 
counted  in  the  frames.  The  tubes  have  small  steel  bands  slipped  over  them 
o prevent  expansion  away  from  the  active  material.  Such  a plate  is  shown 
a Fig.  51. 
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SIS.  Negative-plate  constructiim.  Be 

negative  plate  comprises  a grid  of  nickeled  stad 
with  oblong  openings  into  which  are  placed  per- 
forated steel  boxes  or  pockets  containing  fedy 
divided  iron  with  mercury.  See  Fig.  52.  Tfiee 


Fiq.  63. — Edison  cell  construction 

boxes  are  assembled  in  the  grid  and  subjects  » 
pressure  to  weld  the  joints  and  to  eomif*1 
their  surfaces.  The  iron  is  precipitated  w* 
chemical  compound,  and  the  nickel  hydrate adj 

A 


Fia.  64. — Crate  mounting- 
this  iron  compound  are  converted  electrolfar 
ally  to  niokel peroxide  and  metallic  iron  rtf?*' 
tively,  in  the  forming  of  platc«. 

Sit.  The  assembly  of  the  cell  Usbcvtr 
Fig.  63.  The  platee  are  supported  on  k«ir 
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oloer  spacing  and  insulating  pieces.  The  lugs  of  the  plates  are  punched  and 
» mounted  upon  a steel  pin  with  a terminal  post.  The  ends  of  the  pins 
9 threaded  and  the  plates,  separated  by  washers,  are  held  together  by 
*et  nuts.  The  elements  are  contained  in  a nickel-plated  sheet-steel  case, 
3 walls  of  which  are  corrugated  to  add  stiffness  and  also  to  assist  in  cool- 
C the  cells  in  action.  The  cover  also  is  of  nickel-plated  sheet  steel  with 
•ee  openings,  two  for  the  terminal  bushings,  which  are  provided  with 
i fling  boxes,  and  the  third  for  the  gas  vent  and  for  the  filling  of  the  cell 
tH  water. 

The  cells  are  assembled  in  wooden  crates  as  shown  in  Fig.  54,  usually 
th  the  bottom  left  open  to  secure  a circulation  of  air  sufficient  to  keep 
e cells  cool. 

The  normal  rates  of  charge  and  discharge  for  Edison  cells  with  A-  and 
type  plates  are  respectively  7 and  5 hours.  The  G-type  plates  are  thinner 
an  the  A and  B types  and  are  for  higher  discharge  rates.  Cells  of  ap- 
oximately  the  same  dimensions  with  A-  and  G-type  plates  have  the  same 
ipere-hour  capacity,  but  for  a fixed  voltage  drop  on  discharge  those  with 
e G-type  plates  may  be  discharged  at  the  higher  rate.  The  normal  rates 
charge  and  discharge  forlcells  with  G-type  plates  are  respectively  4|  and 
hours. 

The  numerals  following  the  type  designations  in  Table  114  indicate  the 
imber  of  positive  plates.  Each  type- A positive  plate  has  30  tubes  1 in. 

diameter  and  is  capable  of  giving  7.5  amp.  for  5 hr.  The  type-B 
witive  plates  have  half  as  many  i-in.  tubes  and  give  3.75  amp.  for  5 hr. 
?lls  with  A-type  plates  are  standard  for  electric  commercial  vehicles, 
ucks,  locomotives,  etc. 

220.  Charge  and  discharge  curves.  The  characteristic  normal  charge 
id  discharge  curves  for  an  Edison  battery  are  given  in  Fig.  55.  It  will  be 
>ted  that  the  average  voltage  on  discharge  is  approximately  1.2  volts;  the 
itial  open-circuit  voltage  is  approximately  1.5  volts,  and  the  final  voltage 
the  end  of  discharge  is  approximately  I volt.  The  first  part  of  charge 
ows  a characteristic  voltage  rise,  and  there  is  a subsequent  decrease  in, 
>ltage  with  continued  charge,  followed  by  another  rise.  There  is  no  ex-’ 
emely  sharp  rise  in  the  final  voltage  of  the  Edison  cell,  and  it  is  therefore 
mewhat  difficult  to  determine  the  end  of  charge.  If  an  Edison  cell  is 


Fia.  55. — Normal  charge  and  discharge  curves. 


Qown  to  have  been  considerably  discharged,  it  is  always  well  to  continue 
ic  charging  current  for  the  full  7-hr.  period,  as  the  battery  is  not  injured 
y overcharge  unless  the  temperature  passes  a critical  point, 
ttl,  Charging  curvet.  Maximum  and  average  voltages  of  charge  as 
fiuenced  by  charging  rate,  are  shown  in  Fig.  56.  In  these  curves,  the  cell  is 
wumed  to  nave  a constant  temperature  of  95  dog.  Fahr.  and  the  duration 
charge  is  7 hr.  The  voltage  on  charge  decreases  considerably  with 
creasing  temperatures. 

SS2.  Characteristic  discharge  curves.  Characteristic  discharge 
irves  for  Edison  type  “A”  cells  are  given  in  Fig.  57.  It  will  be  noted 
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[ an  Edison  cell  does  not  suffer  very  grtijr 
f the  terminal  voltage  be  earned  low  *®*P- 
, the  last  portion  of  the  discharge  d ay 
use  of  its  great  falling  off  from  the  qptt- 

circuit  voltage. 


Times  Normal  Charge  Rate 

Fiq.  60. — Temperature  influence  on  charging  voltage. 


that  the  ampere-hour  capacity  of 
from  increasing  discharge  rates,  u 
For  practical  purposes,  however 
rates  would  have  no  value  beca 


Fiq.  57. — Typical  discharge  curves,  type  “A"  cells. 


Fiq.  58. — Loss  of  capacity. 

SIS.  Standing  discharged.  No  injury  is  done  to  the  Edison  »-jj 
it  is  completely  discharged  and  allowed  to  stand  in  this  condition-  . 
one  of  tne  principal  distinguishing  features  of  the  Edison  ceil.  * ' 
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owever,  loses  in  capacity  by  standing  as  shown  in  Fig.  58,  and  is  most 
isily  brought  back  to  its  condition  of  full  capacity  by  giving  it  a very  oon- 
derable  overcharge.  The  usual  practioe  is  to  ship  the  Edison  battery  in 
discharged  condition,  and  it  requires  several  cycles  of  charge  and  discharge 
> bring  it  to  its  full  capacity. 

tS4.  Overcharge.  The  Edison  battery  is  not  injured  by  overcharging 
nless  its  temperature  exceeds  105  to  110  deg.  Fahr.  High  temperatures 
triously  affect  the  capacity  and  life  of  Edison  negative  plates,  and  the 
lanufacturer’s  guarantee  does  not  hold  for  overheating  from  this  cause. 

continuance  of  overcharge  increases  the  capacity  on  the  subsequent 
ischarge,  but  this  increase  in  capacity  is  obtained  at  the  expense  of  efficiency, 
he  effect  of  continued  overcharge  is  shown  in  Fig.  59. 

H0.  Effect  of  temperature.  There  is  a marked  falling  off  in  capacity 
f the  Edison  battery  with  low  temperature,  especially  at  high  discharge 
ites.  There  appears  to  be  a fairly  well  defined  temperature  for  any  given 
ischarge  rate  below  which  the  capacity  becomes  quite  suddenly  reduced. 
See  W.  E.  Holland,  Elec.  Vehicle  Assoc.,  Oct.  10,  1911.)  For  this  reason 
tie  battery  compartments  of  electrio  vehicles  using  Edison  cells  must  be 
arefully  insulated  against  cold,  if  low  temperatures  are  to  be  met.  If  the 
•attery  has  attained  a low  temperature  from  long  standing,  it  will  tend  to 
eat  up  on  discharge,  because  of  the  high  internal  resistance,  and  if  this  heat 
i retained  by  the  insulation,  a fairly  oomplete  discharge  can  be  obtained. 


Hours  of  Charge 

Fig.  59. — Influence  of  overcharge. 

116.  Deterioration  of  electrolyte.  Water  must  be  frequently  added  to 
le  electrolyte  of  an  Edison  battery,  to  replace  that  lost  by  decomposition 
ad  evaporation.  The  amount  of  water  required  for  this  purpose  is  con- 
derably  greater  than  with  a lead  battery,  because  of  the  poor  ampere-hour 
ficiency  (due  principally  to  the  continuous  gassing  during  charge)  and  the 
igher  temperatures  reached  on  charge.  Distilled  water  must  be  used  for 
us  purpose,  but  even  with  its  use,  the  electrolyte  becomes  gradually  con- 
ned to  potassium  carbonate  through  the  absorption  of  carbon  dioxide 
cm  the  air.  For  this  reason  also,  it  is  preferable  to  u$e  water  which  has 
een  freshly  distilled.  As  the  electrolyte  deteriorates  from  the  above- 
entioned  cause,  the  capacity  of  the  battery  falls  off,  and,  after  about 
>0  cycles  of  charge  and  discharge,  the  electrolyte  should  be  renewed, 
fter  each  electrolyte  renewal  there  is  a temporary  increase  in  capacity  as 
lown  in  Fig.  60. 

817.  Testing.  Tests  on  Edison  batteries  should  be  carried  out  as 
ascribed  in  Par.  103  to  107,  with  certain  obvious  changes.  There  is  no 
>preciable  variation  of  electrolyte  density,  and  the  end  point  of  charge  is 
so  determined  with  greater  difficulty  than  with  the  lead  battery.  A 
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suitable  neutral  or  test  electrolyte  for  an  Edison  battery  b a nickd-onae 
tube,  such  as  those  used  in* the  standard  positive  plates. 

118.  Application.  The  "B"  type  cells  are  used  for  ignition  and Eghta* 
of  gasoline  motor  oars;  they  are  not  commercially  used  for  motor  startug 
on  account  of  the  high  internal  resistance.  The  vehicle-type  edh  are  v*A 
for  electric  vehicle  propulsion,  storage  battery  street  cars,  mining  locomohws 
andinduetrial  trucks;  they  are  not  used  for  load  regulation  on  sccoont  of  tie 
heavy  drop  in  voltage  at  high  discharge  rates  and  the  high  initial  cost,  tine 
factors  also  limiting  their  use  in  other  power  applications. 
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339.  Operation.  The  life  of  the  Edison  battery  is  guaranteed  scar 
certain  restrictions  as  to  its  operation.  The  operating  instructions  of  w 
Edison  Storage  Battery  Co.  should  be  carefully  followed  if  the  batv? 
company  is  to  be  held  to  its  guarantee.  A temperature  of  115  deg  Fd. 
should  not  be  exceeded  under  any  circumstances,  as  high  temperatures  «i 
seriously  injure  the  negative  plates. 

tSO.  Initial  or  first  charge.  Edison  batteries  are  usually  shipped  it* 
discharged  condition.  Before  placing  them  in  service  they  should  rwffl 
a continued  charge  at  the  normal  or  5-hr.  rate,  for  a period  of  12  hr.  or  &r- 

131.  Regular  charge.  If  the  battery  has  received  a complete  dbdvr- 
the  charge  should  be  started  at  the  normal  rate  and  continued  for  s pev 
of  7 hr.,  or  until  each  cell,  under  normal  temperature  conditions,  has  reaetb 
a voltage  of  at  least  1,8  volts  per  cell.  The  ampere-hours  of  charge  ako* 
exceed  the  ampere-hours  of  discharge  by  approximately  40  per  cent.,  and  ts 
battery  should  receive  in  addition,  an  overcharge  of  several  hours  at  the  e® 
of  each  month  of  service. 

133.  Replacing  evaporation.  The  electrolyte  must  be  kept  well  abcn 
the  platee  by  adding  water  whenever  necessary,  to  maintain  the  l*1** 
Always  use  distilled  water  for  this  purpose. 

133.  The  outside  of  the  cells  and  the  trays  must  be  kept  clean 
dry.  Dampness  under  certain  conditions  will  cause  the  containers  to  & 
under  electrolytic  action. 

334.  Standing  idle.  If  an  Edison  battery  is  to  be  placed  out  of  tear 
mission  it  need  not  receive  any  special  attention,  other  than  to  see  that  r* 
electrolyte  is  brought  to  the  proper  level.  The  battery  can  stand  erthtf 
charged  or  discharged  equally  well.  To  obtain  the  full  capacity,  howevw 
after  a long  period  of  standing  it  is  necessary  to  overcharge  the  battery 

330.  Life  of  Edison  battery.  A log  of  a life  test  as  published  bjr  t ht 
Edison  Storage  Battery  Co.  is  shown  in  Fig.  60.  The  statement  is  made  ths. 
the  conditions  of  the  test  were  harder  than  would  normally  be  met  in  aernct 

The  battery  is  more  durable  than  the  vehicle  type  of  lead  battery-  « * 
doubtful  if  it  approaches  the  durability  of  the  heavy  Plants  type  « ** 
cells. 
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DEFINITIONS 


1'.  The  scope  of  this  section  is  confined  to  the  needs  of  electrical  engi- 
neers who  encounter  telephone  or  telegraph  problems  only  in  the  seme  of  an 
adjunct  to  a major  operation,  or  subsidiary  to  the  main  work  in  hand 
Therefore  the  section  deals  exclusively  with  those  applications  of  telephony 
and  telegraphy  which  may  be  termed  private -line  system s,  as  found  in  con- 
nection with  steam  and  electrio  railways,  transmission  and  distribution  sys- 
tems, industrial  plants,  etc. 

S.  Telephone  systems  may  be  classified,  according  to  their  commercial 
follows; 

f Exchange 
[ Public  f 


Telephone  Sy items  1 


, Toll 


Private 


S.  Public  telephone  systems  are  those  operated  for  commercial  profit 
under  some  fixed  schedule  of  tariffs  or  rates.  Such  systems  must  serve  *! 
who  apply,  and  are  usually’subject  to  some  form  of  regulation  as  to  rates  asi 
service  by  the  public  authorities.  Any  public  system  might  be  broadly 
defined  R9  a common  carrier  of  intelligence  or  communication. 

4.  Telegraph  systems  may  be  classified,  according  to  their  uses,  as  fel- 
lows: 


[Public 

Telegraph  Systems  j pl0^*arm 
[ Private 


5.  Public  telegraph  systems  may  be  defined  in  general  the  same  as 
public  telephone  systems,  in  Par.  3,  with  the  exception  that  the  mode  of 
communication  of  course  is  different. 


6.  Private  telephone  and  telegraph  systems  are  those  operated  a* 

auxiliaries  to  some  other  form  of  business  or  enterprise  (Par.  1).  but  not  di- 
rectly for  commercial  profit.  Private  systems  are  sometimes  interconnected 
with  public  systems,  and  in  other  cases  are  completely  isolated.  Any  private 
system  which  is  operated  under  especially  hasardous  conditions,  such  as 
long  parallel  exposure  under  a high-tension  transmission  line  or  dose  prox- 
imity to  a single-phase  traction  system,  should  be  connected  to  a public 
system,  if  at  all,  only  through  efficient  protective  apparatus  designed  to 
reduce  to  an  absolute  minimum  the  probability  that  dangerous  potentials  or 
currents  will  penetrate  beyond  the  protection  to  any  part  of  ths  public  system 

7.  Private  systems  may  be  classified,  according  to  their  uses,  as  follow 

I Train  Dispatching 
Load  Dispatching 
Line  Patrol 

General  communication 
Intercommunicating 
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systems  are  those  employed  on  steam  or  eleetrio 
with  the  control  of  train  movements  by  one  or  more 


terns  are  those  employed  in  large  central  station 
sion  and  distribution  systems,  in  connection 
, the  distribution  system  by  one  or  more  load 


-i.s  are  used  in  connection  with  the  patrol  of  trans- 
atrolmen  to  communicate  quickly  with  headquarters; 
vlie  U.  S.  Life-Saving  Servioe. 

,emi  for  general  communication  have  numerous  and 
.cions  on  steam  and  electric  railways,  and  in  connection  with 
transmission  and  distribution  systems,  etc. 
.communicating  systems  are  designed  for  isolated  local 
.dually  without  attendance,  in  factories,  mills,  shops,  residences,  etc. 

STANDARD  TELEPHONE  INSTRUMENTS 

J.  Speech  is  transmitted  electrically  by  means  of  three  supplemen- 
•sry  elements,  termed  the  transmitter,  the  line,  and  the  receiver.  The 
sound  waves  of  the  voice  impinge  upon  the  diaphragm  of  the  transmitter 
and  cause  it  to  vibrate  in  substantial  synchronism  with  the  impressed  dis- 
turbance. The  diaphragm  forms  part  of  an  electromechanism  which 
establishes  in  the  line  circuit  an  alternating  current  of  variable  frequency, 
amplitude  and  wave  form,  but  substantially  proportional  at  any  instant  to 
the  pitch,  intensity  and  quality,  respectively,  of  tne  impressed  sound.  The 
line  current  in  its  passage  over  the  line  suffers  both  loss  of  intensity,  or 
attenuation,  and  change  of  wave  shape,  or  distortion.  If  not  too  greatly 
enfeebled  or  distorted  by  its  passage  over  the  line,  the  transmitted  energy 
enters  the  receiver  and  is  there  converted  again  into  sound  waves,  approach- 
ing in  pitch  and  quality  the  impressed  sound  waves  at  the  transmitter, 
rhe  receiver  is  an  electromechanism  whose  function  is  the  reverse  of  that 
performed  by  the  transmitter.  4 

' The  alternating  line  current,  in  certain  instances,  is  superimposed  on  a con- 
tinuous current,  the  resultant  being  a pulsating  current.  The  two  currents 
ire  separable  either  by  means  of  a transformer,  known  in  telephony  as  a 
repeating  coil,  or  by  a combination  of  reactanoe  (choke)  coils  and  con- 
densers, sometimes  termed  a selective  network. 

14.  Transmitters  of  the  variable-resistance,  granular-carbon  type  are 
almost  universally  employed.  This  type  consists  essentially  of  two  parallel 
circular  electrodes,  usually  of  carbon,  one  of  which  is  attached  to  the  dia- 
phragm, the  other  being  ngidly  mounted.  Between  the  electrodes  is  a loose 
mass  of  finely  granulated  carbon.  Vibration  of  the  diaphragm  causes  simul- 
taneous variations  of  pressure  on  the  granular  carbon,  with  accompanying 
changes  in  total  resistance  from  electrode  to  electrode;  the  resistance  de- 
creases with  increase  of  pressure,  and  vice  versa. 

15.  High-resistance  transmitters,  having  about  30  to  60  ohms  average . 
resistance,  are  ordinarily  employed  for  both  common-battery  and  locaJ- 
battery  (magneto)  eeta.  High  resistance  is  particularly  desirable  in  common- 
battery  sets,  with  central  energy  supply;  it  also  has  the  advantage,  in  local- 
battery  sets,  of  being  economical  in  energy  consumption. 

15.  Low-resistance  transmitters,  having  about  10  to  15  ohms  average 
msiatanee,  are  used  in  special  service  (local  battery)  where  the  transmission 
requirements  are  severe,  such  as  railway  train  dispatching.  Special  low- 
fcastance  transmitters  intended  to  operate  from  110-volt  direct-current  light- 
ing circuits  are  used  in  connection  with  loud-speaking  telephones  for  announc- 
ing trains,  paging  guests  in  hotels,  etc. 

. IT.  8olid-back  transmitter.  Fig.  1 shows  a cross-section  of  what 
{•  commonly  known  as  the  White  or  solid-back  transmitter.  In  this,  P is  the 
bridge  mounted  securely  at  its  ends  on  the  front.  F.  The  diaphragm,  D,  is 
of  aluminium,  with  its  edges  enclosed  in  a soft  rubber  ring,  e,  and  is  held  in 
plaoe  by  two  damping  springs, /.  W is  a heavy  block  of  brass,  hollowed  out 
to  receive  the  rear  electrode,  B,  which  is  of  carbon  secured  to  the  face  of  a 
metallic  disc,  a.  E is  the  front  electrode,  also  of  carbon,  carried  on  the  head 
of  a metal  stud,  6.  This  electrode  is  clamped  to  the  diaphragm  by  means  of  a 
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threaded  stud,  p,  and  the  thumb  nuts,  ttf.  Against  the  front  electrode  it 
clamped  a mica  waaher,  m,  which  serve*  to  close  the  front  opening  of  tte 
electrode  chamber,  and  thus  prevents  the  granular  carbon  from  fitting  mt. 
The  flexibility'  of  the  mica  washer  allows  the  front  electrode  to  vibrate  vhh 
respect  to  the  carbon  chamber.  The  interior  wall  of  the  chamber  h Sstd 
with  a paper  ring,  i,  for  insulation. 

Another  well-known  type  of  solid-back  transmitter  is  shown  in  Fig.  2 
The  hard-drawn  aluminum  diaphragm  contains  a recessed  chamber  or  cop 


Fig.  1. — Cross-section  and  exploded  view  of  solid-back  transmitter. 


which  holds  the  front  electrode,  the  granular  carbon  and  the  mica  auxiEfl? 
diaphragm.  The  rear  electrode  is  rigidly  mounted  on  the  bridge  or  sob- 
back  support.  A hard  aluminum  sealing  ring  is  riveted  over  the  sea 
auxiliary  diaphragm  to  render  the  carbon  chamber  both  dust  and  moists 
proof.  The  carbon  electrodes  are  each  copper  plated  on  one  face.  A gasls 
serves  to  cushion  the  diaphragm  against  the  casing  and  also  insulates  - 
electrically. 


Transmitters  are  sometimes  su* 
with  one  of  the  electrodes  electrics^ 
common  or  in  contact  with  the  went 
case  of  the  instrument,  but  it  is  prefe- 
able  to  have  both  electrodes  complete? 
insulated,  in  order  that  users  of  the  in- 
strument may  not  come  into  eootau" 
with  any  part  of  the  electrical  circuits. 

18.  Transmitter  batteries  in  loci 
battery  sets  are  very  generally  cost* 
posed  of  two  dryoells  (8ec.  20),  coaaro- 
ted  in  series.  Wet  ceils  were  foracri* 
used,  but  are  more  expensive,  less  esc- 
pact  and  clean,  and  more  difficult  t? 
handle.  Two  dry  cells  can  be  esrilj 
placed  in  the  battery  box  of  a wall  *e* 
making  the  set  self-contained.  Thro 
dry  cells  will  give  slightly  better  tran*- 
misaion,  usually,  than  two  cells.  Wherr 
the  use  is  very  severe.  Fuller  (wet)  ee& 
are  used  (Sec.  20),  not  less  than  tw 
nor  more  than  three  cells  being  Conner 
ted  in  series,  for  low-resistance  t nmr 
mitters.  The  latter  type  of  cell  is  thj 
well  adapted  for  heavy  local-battery  service.  At  magneto  switehboanh 
either  Fuller  or  Edison  primary  cells  are  suitable  for  supplying  the  opera- 
tors ’ transmitters,  when  storage  cells  are  not  available  or  economical. 

The  energy  supply  in  common-battery  systems  is  obtained  from  the  eentxd 
battery  at  the  switchboard,  the  current  flowing  from  the  switchboard  cvw 
tne  line  circuit  to  the  telephone  station  and  through  the  transmitter.  A 


Fig.  2. — Cross-section  of  solid- 
back  transmitter  with  recessed 
diaphragm. 


1698 

yCnOogre 


TELEPHONY  AND  TELEGRAPHY 


Sec.  21-19 


Fia.  3. — Cross-section  and  end  view  of 
induction  coil. 


torage  battery  (See.  20)  of  11  cells  is  usually  employed.  When  the  loudest 
osaible  transmission  is  desired,  low-resistance  transmitters  should  be  used, 
upplied  from  Fuller  or  Edison  oells;  storage  oells,  if  they  can  be  conveniently 
harged,  will  also  be  satisfactory. 

19.  Induction  coils,  when  used,  form  a portion  of  the  transmitting  cir- 
uit  and  perform  the  function  of  a step-up  transformer,  in  order  to  transmit 
o the  line  impulses  or  waves  of  higher  potential  than  those  produced  in  the 
ransmitter  circuit.  Induction  coils  are  always  used  with  local-batteiy 
Bt®,  but  not  with  all  makes  of  ccfm  mon-battery  sets  (see  Fig.  10).  It  is 
ery  important  to  use  the  particular  type  and  construction  of  induction 
oil  which  is  designed  for  the  transmitter  with  which  it  is  associated;  a 
iflferent  type  may  operate  with 
air  satisfaction,  but  not  with 
naximum  efficiency. 

The  general  construction  of  in- 
luction  coils  is  shown  in  Fig.  3. 
rhe  core  consists  of  a bundle  of 
mall  iron  wires;  some  manufact- 
urers employ  annealed  Norway 
ron.  One  manufacturer  recom- 
nends  a ratio  of  primary  to  sec- 
>ndary  turns,  for  local-battery 
ets,  of  one  to  four.  The  secondary  is  usually  wound  over  the  primary. 
Mmary  resistances  vary  from  a fraction  of  an  ohm  up  to  about  10  ohms; 
econdary  resistances  range  from  about  20  to  150  ohms.  Primary  windings 
ange  in  sise  from  No.  18  to  26  A.W.G.  and  secondary  windings  from  No. 
6 to  36.  The  diameter  of  the  iron  oore  is  usually  0.25  in.  minimum. 

10.  SeeeftTers  consist  essentially  of  three  elementary  parts,  a permanent 
orse-shoe  magnet,  a sheet-iron  diaphragm  assembled  in  front  of  the  magnet 
•oles.  and  a wihding  on  the  polar  extremity  of  each  leg  of  the  magnet.  The 
lorraal  tension  on  the  diaphragm  varies 
in  synchronism  with  the  current  travers- 
ing the  winding;  thus  when  the  winding 
i s energised  by  voice  currents,  the  dia- 
phragm sets  up  corresponding  voice 
rounds.  Such  an  instrument  is  also  re- 
versible and  may  be  used  as  a transmitter 
of  the  electromagnetic  type;  it  is  not  effi- 
cient, however,  and  is  used  for  this  pur- 
pose only  in  emergencies,  fot  example 
vhen  the  transmitter  battery  supply  fails, 
to  communicate  with  the  switchboard 
operator.  A modern  telephone  receiver 
i a shown  in  Fig.  4.  The  working  parts  of 
this  receiver  are  composed  of  two  bar 
nagnets  clamped  together  by  screws  pass- 
ing through  an  iron  tail  block,  6,  at  one 
end  and  through  a brass  block,  c,  at  the 
<*nd  nearest  the  magnet  coils.  The  magnet 
— Cro66-titxtion  of  receiver  unit,  in  one  type,  is  welded  to  avoid  the 
Ej  tide  view  of  magnets.  presence  of  joints.  The  pole  pieces  are 

KV  clamped  between  the  magnet  ends  and 

H?  * the  brass  block  and  on  their  outer  ends 

1^1  the  two  coils.  The  block  engages  a shoulder  in  the  hard  rubber  shell 
id  is  secured  in  place  by  screws,  thus  holding  the  working  parts  securely 
thin  the  shell.  The  diaphragm  is  clamped  between  the  ear  piece  and  the 
ain  body  of  the  shell.  The  terminals  of  the  coils  are  led  to  the  binding 
mts,  aa,  to  facilitate  connecting  the  receiver  in  the  external  circuit.  The 
rd  covering  is  secured  to  the  tail  block,  6,  so  as  to  relieve  the  cord  ter  mi- 
ls from  strain.  A type  similar  in  design  but  differing  in  that  the  dia- 
ragm,  coils  and  magnets  are  all  mounted  on  a separate  metallic  frame, 
iependently  of  the  enclosing  shell,  has  the  advantage  that  breakage  of  the 
3ll  does  not  necessarily  destroy  the  adjustment  of  the  instrument. 

Bipolar  receivers  are  also  made  in  the  so-called  “ watch-case  ’’  type.  This 
}«  is  attached  to  a head  band  and  almost  universally  employed  with  opera- 
’s' sets  for  switchboard  servioe. 
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tl.  BeoaAw  terminals.  Receivers  are  manufactured  with  both  expand 
and  conoealed  terminate.  The  type  with  concealed  and  insulated  termuub 
should  always  be  used,  in  order  that  the  user  cannot  come  into  contact  with 
any  portion  of  the  electrical  circuits. 

tl.  Contixiuous-current  receiver.  A type  of  receiver  in  which  the  yn- 
manent  magnet  is  replaced  by  an  iron  core,  solid  or  laminated,  is  used  ia 
some  instances  with  common-battery  seta.  The  receiver  winding  is  con- 
nected in  the  line  directly  in  series  with  the  transmitter,  and  the  magnet* 
are  energised  by  the  line  current.  This  eliminates  the  necessity  far  an  indse- 
tion  ooil  and  results  in  a less  expensive  set  for  local  or  intercommumcatiic 
aervioe.  (See  Fig.  10.) 

IS.  Receiver  resistance  and  impedaaea.  Receivers  are  wound  for  vw 
ious  reaistanoes  from  30  to  100  ohms.  A resistance  of  70  to  80  ohms  is  tut 
widely  used  for  standard  bipolar  receivers;  the  impedanee  to  voice  cumsu 
(equivalent  single  frequency,  about  800  cycles  per  sec.)  ia  about  300  oka* 
For  train -dispatching  circuits,  where  numerous  stations  may  be  brkb^ 
aoross  the  line  simultaneously,  it  is  desirable  to  use  receivers  of  higm 
Impedance  in  order  to  avoid  excessive  transmission  looses  by  losses  d 
low-impedance  bridges.  For  this  service,  one  manufacturer  winds  rsceiwn 
for  a resistance  of  600  ohms,  having  an  impedance  to  voice  currents  of  short 
2,600  ohms. 

M.  Polarized  bells  or  ringers  are  used  to  make  audible  announcemeotid 
incoming  calls  or  signals  at  telephone  station#.  A typical  form  of  riaprt 


Fig.  5. — Polarised  bell  or  ringer. 


shown  in  Fig.  6.  An  iron  armature  aa  is  pivoted  at  its  centre  and  carries » 
light  rod  b with  a clapper  at  ite  outer  end  arranged  to  strike  the  gongs  who 
set  in  vibration.  Electromagnets  cc  are  arranged  with  their  pole  peaces  <* 
in  position  to  attract  the  ends  of  the  armature  a;  the  magnetic  circuit  » 
completed  by  the  yoke  e.  A permanent  magnet  / serves  to  polarise  the  arm* 
ture  o.  The  air-gap  is  made  adjustable  by  means  of  the  screw  g.  The  «asr 
net  windings  are  connected  in  series.  . . u 

A oondenser  (Par.  80)  is  frequently  connected  in  series  with  a polarised  b* 
when  alternating  current  is  used  for  signalling,  and  almost  invariably  bee  w 
harmful  effect  on  the  efficiency  of  the  ringer  itself ; furthermore,  a «nsl 
denser  connected  in  series  with  the  ringer  increases  the  bridged  impedances* 
thus  improves  the  efficiency  of  signalling  on  heavily  loaded  party  tinea 


. 26.  The  resistances  of  polarised  belli  range  from  80  ohms,  fcrjwqf 
ringers,  to  3,600  ohms  for  bridging  sets  on  heavily  loaded  party  bo®*-, 
ringers  (80-ohm)  are  not  now  used  to  any  great  extent.  The  standard  -~*r 
snces  for  bridging  ringers  are  600, 1,000,  1,600,  2,000,  2,600  and  3,500  < 
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1, 000-ohm  ringers  are  standard  for  ordinary  lines,  while  the  higher  resistances 
are  used  for  party  lines. 

' li.  Magneto  generators  are  commonly  used  for  signalling  from  local- 
battery  (magneto!  stations  or  sets.  A typical  3-bar  magneto,  or  hand-gen- 
erator, is  shown  in  Fig.  6,  unmounted.  An  armature  of  the  Siemens  or  shut- 
tle type  is  arranged  to  revolve  in  the  magnetic  field  produced  by  permanent 


Fia.  6. — Magneto  generator. 


magnets,  being  driven  through  light  spur  gears  increasing  the  speed  in  ratio  of 
ibout  6 to  1.  Therefore  when  the  crank  is  revolved  at  200  rev.  per  min., 
the  frequency  will  be  about  17  cycles  per  sec.;  probably  the  average  fre- 
quency is  between  10  and  16  cycles. 

The  series  type{  for  series  seta  (Par.  36!,  must  be  provided  with  an  auto- 
matic short-circuiting  device  to  remove  it  from  circuit  when  not  in  use.  The 
ihunt  or  bridging  typo,  for  bridging  sets  (Par.  64),  raugt  be  provided  with 
in  automatio  circuit-opening  device  to  disconnect  it  from  circuit  when  not  in 
lse.  These  automatio  switches  are 
>pe rated  by  the  shaft  which  carries  the 
generator  handle  and  large  spur  gear. 

Fig.  7 shows  the  circuit  of  a Imaging 
generator;  the  shaft  b is  so  arranged 
.hat  it  will  advance  against  a coiled 
iprinp  and  engage  the  spring  c before 
■otating  the  spur  gear,  thus  closing  the 
dreuit  between  the  terminals  aa.  In 
>ne  make  of  generator,  a device  is  also 
>rovided  to  separately  short-circuit 
he  generator  armature  when  out  of 
use,  fn  order  to  proteot  it  from  light- 
ting  or  excessive  foreign  potentials. 

17.  Magneto  generator  windings 
ind  ratings.  The  output  of  these 
lenerators,  owing  to  their  small  sixe 
,nd  high  internal  impedance,  is  very 
imiteo.  The  lower  the  internal  impedance  and  the  larger  the  magnetic  fiux 
h rough  the  armature,  the  greater  will  be  the  output  for  a given  sixe  and 
peed.  The  windings  vary  in  resistance,  in  different  sixes  ana  makes,  from 
boat  100  to  500  ohms,  with  several  thousand  turns.  The  best  grade  of 
lagnet  steel  (Sec.  4),  with  maximum  retentivity  and  minimum  aging, 
bould  be  used.  Generators  for  light  service  are  usually  equipped  with 
hree  magnets,  and  are  known  as  the  3-bar  type;  four  bars  are  used  for  me* 
ium  servioe  and  five  for  heavy  service.  The  generated  effective  e.m.f.  at 
o load  and  1,000  r.p.m.  (armature  speed,  giving  16.7  cycles  per  see.) 
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Fia.  7. — Diagram  of  magneto 
generator  connections. 


Sec.  21-28  TELEPHONY  AND  TELEGRAPHY 


is  about  70  to  80  volts.  The  voltage  falls  very  rapidly  as  the  output  ia- 
creases;  the  maximum  output  is  of  the  order  of  only  a few  watts,  probably 
rarely  exceeding  5 watts. 

18.  Receiver  hook.  The  receiver  of  a telephone  set,  when  not  in  use.  is 
hung  on  a hook  which  is  termed  the  receiver  hook  or  switch  hook,  and  per- 
forms a very  important  function.  The  exposed  metal  portions  of  the  hook 
should  be  well  insulated  from  the  circuits  of  the  switch. 

19.  The  hook  switch,  which  is  actuated  by  the  hook,  serves  to  dose  the 
talking  circuits  when  the  receiver  is  removed  from  the  hook  for  use,  and  n 
addition  performs  several  auxiliary  functions.  The  other  functions  of  the 
hook  switch  will  be  made  dearer  by  reference  to  Figs.  8 to  13.  In  comma- 
battery  sets,  the  hook  switch  in  addition  serves  as  a means  for  signalling  Us 
switchboard  through  the  agency  of  line  relays  or  signals  which  cause  a props 
indication  to  be  displayed  before  the  operator. 

30.  Condensers  are  described  as  a whole  in  Sec.  5.  The  type  of  con- 
denser usually  employed  for  telephone  purposes  is  commonly  known  as  & 
“rolled  condenser,  made  of  tin-foil  and  paper  and  impregnated  with  psnSx 
the  whole  being  sealed  in  a moisture-proof  case. 

Telephone  condensers  are  usually  subjected  to  a test  of  500  volts,  coetu*- 
ous  e.m.f.  and  required  to  have  an  insulation  resistance  of  many  mtr 
ohms.  Special  condensers  are  constructed  to  withstand  pressures  s 
1,000  volts,  alternating.  Standard  condensers  are  made  in  a conskbrstv 
number  of  sixes,  ranging  from  0.05  to  2 mf.  Larger  sixes  can  be  made,  be 
it  is  common  practice  to  connect  a number  of  condensers  in  parallel  vba 
more  than  2 mf . is  needed.  The  capacity  of  paraffin  condensers  is  not  sci- 
ciently  constant  to  permit  them  to  be  used  as  standards  (Sec.  5).  Tfe 
impedance  of  a 1-mf . condenser  at  16.7  cycles  per  sec.  (2.000  alternations  p 
min.),  which  is  the  standard  ringing  frequency,  is  9,540  ohms;  at  800  cyr* 
per  sec.,  the  impedance  (neglecting  the  leakage  current  and  internal  lose 
is  199  ohms,  and  in  both  cases  this  impedance  is  wholly  capacity  reactas* 
(Sec.  2).  Condensers  are  used  very  extensively  in  telephone  apparsist 

31.  There  are  two  general  types  of  local  line  for  connecting  ter 
phone  stations  with  eacn  other,  or  with  a switchboard.  The  type  by  fr 
most  extensively  used  is  the  bridging  line,  to  which  the  stations  or  set*  * 
connected  in  the  familiar  shunt  or  bridging  relation,  like  incandescent  has 
in  a constant-potential  distribution  system.  The  other  type,  but  little  as* 
is  the  series  line,  to  which  the  stations  are  connected  in  series  or  loops 
relation,  like  arc  lamps  in  a constant-current  series  distribution  «jwa 

33.  Metallic  lines  are  those  composed  throughout  of  insulated  virw  » 
conductors,  and  may  be  of  the  bridging  or  the  series  type.  A bridge 
metallic  line  requires  two  wires,  often  termed  & pair,  at  every  point  Tb 
latter  type  is  the  preferable  one  for  nearly  every  kind  of  private  tekpbv* 
system,  exoept  possibly  for  small  interior  intercommunicating  systems. 

S3.  Grounded  lines  are  those  composed  in  part  of  insulated  wires  or  eo> 
ductore,  with  earth  or  ground  return,  and  may  be  of  the  bridging  or  the  seria 
type.  Grounded  lines  are  not  recommended,  because  of  the  insupenbh 
difficulties  from  cross-talk  and  other  disturbances,  so  frequently  present 

34.  Magneto  or  local-battery  bridging  sets  (Fig.  8)  have  bee; 
described  in  Par.  38. 

38.  Magneto  or  local-battery  series  sets  are  typified  by  the** 
depicted  in  Fig.  9 and  described  in  Par.  3T.  They  are  not  extensively  ased 

S3.  Bridging  seta  (Fig.  8)  are  those  adapted  for  use  on  bridging  Kw* 
(Par.  31).  The  receiver  ana  the  secondary  of  the  induction  coil  aw  i» 
series  relation  with  each  other,  and  bridged  across  the  line  through  the  con- 
tacts of  the  hook  switch,  the  latter  being  dosed  only  when  the  receiver  is  of 
the  hook,  as  shown  in  fig.  8.  The  ringer  is  separately  bridged  senes  ta 
line,  and  likewise  the  generator,  although  the  circuit  ol  the  Utter  stW 
only  when  i|  is  in  action.  The  local  battery  circuit  of  the  transmitter  > 
dosed  by  the  hook  switch,  only  when  the  receiver  is  off  the  hook.  The  m 
shown  in  Fig.  8 is  the  magneto  or  local-battery  type;  common-battery  brier 
lag  sets  are  shown  in  Figs.  10  to  13. 

87.  Series  sets  (Fig.  9)  are  those  adapted  for  use  on  series  fines  (Pit 
1 to  receiver  and  the  secondary  of  the  induction  ootl  are  in  series  reUtioe  vw 
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Mb  other,  and  connected  to  the  instrument  terminals  through  the  contacts 
f the  hook  switch,  the  latter  being  closed  only  when  the  receiver  is  off  the 
ook,  as  shown  in  Fig.  9.  The  ringer  and  the  generator  are  connected  in 
jries  with  each  other,  and  stand  normally  connected  to  the  instrument 


Fio.  10. — Circuit  diagram  of  typical  Fio.  11. — Circuit  diagram  of 
m mon-battery  bridging  set  without  typical  common-battery  bridging 
duction  cod.  set  with  induction  coil. 


eoeivers  of  the  permanent- magnet  or  polarised  type  must  be  properly 
tied,  so  that  the  transmitter  current  will  strengthen  their  magnets  instead 
weakening  them.  Continuous-current  receivers  (Par.  SS)  are  some- 
nea  used  in  this  type  of  set. 
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A similar  type  of  set,  modified  to  the  extent  of  emplopngan mdestrin 
coil  and  placing  the  reoeiver  in  a local  circuit,  is  shown  in  fig.  IX.  Th» 
Kellogg  Switchboard  and  Supply  Company’s  set  is  shown  in  Fig.  12.  Ia  tbs 
latter  type  the  transmitter  circuit  is  completed  through  a 25-ohm  retarda- 
tion coil  which  is  shunted  by  a circuit  composed  of  the  receiver  and  a con- 
denser in  series.  The  Western  Electric  Company’s  set  is  shown  in  fig.  13. 
These  types  are  representative  of  modern  practice;  other  methods  of  wins* 
can  be  obtained  from  manufacturers’  bulletins. 


Tram. 


Fxg.  12.— Circuit  diagram  of  Kel-  Fxo.  13. — Circuit  diagram  of  Wertn 
logg  common-battery  set.  Electric  common-battery  bridguf  » 


LOCAL-BATTBRT  MANUAL  SWITCHBOARDS 

St.  The  essential  elements  of  a manual  switchboard  are  tb»  fcs 
terminals  or  jacks,  the  line  signals  and  the  switching  mechanisms;  «h 
last  are  comprised  of  pairs  of  cords  and  plugs,  with  their  assocun 
talking  and  ringing  keys,  supervisory  signals,  and  the  operators’  Uiku 
sets.  In  very  small  manual  boards  tne  pairs  of  cords  and  plugs  are  nw 
times  replaced  by  keys,  so  arranged  and  wired  as  to  perform  the  darid 
switching  operations  at  will. 

40.  Non-multiple  switchboards  are  those  in  which  there  nbvl  s* 
terminal  or  lack  for  each  local  line.  Therefore  this  type  of  board  who** 
in  sise  by  the  fact  that  each  operator  at  the  board  must  be  able  toicsd 
every  line  terminal,  unless  local  or  transfer  trunks  are  provided  froa  m 
operator’s  position  to  another.  It  is  not  the  practioe  to  handle  any  con- 
siderable amount  of  traffic  by  means  of  transfer  trunks,  but  instead  £ 
resort  to  multiple  boards  (Par.  41).  The  limit  of  aise  of  a non-mslttpi 
board  is  usually  about  400  lines,  with  two  operator’s  positions;  000-tine  bowd 
with  three  positions  and  transfer  trunks  from  the  first  to  the  third  port* 
are  employed,  however. 

41.  Multiple  switchboards  are  those  in  which  there  are  two  or  no*» 
terminals  or  jacks  connected  in  multiple  to  each  line,  in  such  a manner*  * 
provide  for  each  line  at  least  one  jack  within  the  reach  of  each  operator.  Ft 
this  means  transfer  trunks  are  made  unnecessary  and  any  operator  csa  aw 
nect  together  any  pair  of  lines  in  the  switchboard.  Multiple  bosith  «* 
made  in  many  rises,  from  a few  hundred  lines  up  to  10,000  Hass.  Loeri 
battery  multiple  boards  are  not  now  employed  for  installations  of  more  the 
a few  hundred  lines,  because  of  the  greater  economy  of  commoo-bsttsQ 
multiple  boards. 

42.  Switchboard  line  signals  in  local-battery  or  magneto  systscss  ** 
usually  drops,  which  commonly  consist  of  an  iron-clad  electromagnet  rid 
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in  armature  arranged  to  disengage  a shutter  and  display  the  number  of  the 
Hilling  line,  when  the  drop  winding  is  energised  by  an  incoming  ringing 
nirrent.  The  drop  shutter  is  also  arranged  to  close  a pair  of  local  contacts 
(or  sounding  an  auxiliary  calling  signal  termed  the  “night  alarm."  Drops 


Flo.  14. — Circuit  diagram  of  line  jaolc  and  drop  in  non-multiple  magneto 
switchboard. 

are  made  in  some  oases  with  a restoring  coil  which  serves  to  return  the  shutter 
to  normal  position  when  the  operator  answers  the  call  by  inserting  a plug  in 
the  answering  Jack  (Par.  48) ; in  other  oases  the  drop  and  the  answering  jack 


ire  mounted  together  and  so  arranged  that  the  plug  restores  the  < 
nechanically  when  the  plug  enters  the  jack.  The  terminus  of  tl 
circuit  is  usually  wired  as  indicated  in  Fig.  14.  Drops  are  wound  of  i 


shutter 

«_  „ __  the  line 

:ircuit  is  usually  wired  as  indicated  in  Fig.  14.  Drops  are  wound  of  various 
esistances  from  80  ohms  to  1,000  or  1,200  ohms;  a resistance  of  600  to  600 
)hms  is  very  commonly  used. 

48.  Switchboard  line  Cond. 

acks  for  non-multiple  m ag- 
io to  boards  aie  usually  of  the 
ype  illustrated  in  Fig.  14. 
rhe  drop  is  disconnected  from 
>ne  side  of  the  line  by  the  in- 
ertion  of  the  plug  in  the  jack, 
rhe  night-alarm  contacts  are 
hown  just  below  the  drop 
vinding. 

44.  The  wiring  of  a cord 
drcult  with  ringing  keys,  lis- 
tening key  and  single  super- 
dsory  drop  is  given  in  Fig.  15. 
rhe  wires  of  the  through  talk- 
ng  circuit  are  shown  in  heavy  lines. 


Fio.  16.— -Circuit  diagram  of  eord-circult 
with  double  clearing-out  drops,  for  double 
supervision. 

m There  is  some  disadvantage  in  having 

mt  one  supervisory  drop,  since  it  is  not  possible  for  the  operator  to  prede- 
erraine  which  line  is  signalling  for  attention.  This  difficulty  is  overcome 
a the  cord  circuit  whien  appears  in  Fig.  16  (keys  not  shown),  inasmuch  ss 
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the  condensers  tend  to  shunt  the  low-frequency  ringing  current  throe# 
the  nearest  drop  instead  of  permitting  it  to  paaa  readily  along  the  esrd 
cirouit  to  the  other,  drop  or  any  other  bridged  apparatus. 

4S.  Bepeating-ooil  cord-circuits  are  employed  where  it  is  necessary  u> 
connect  metallic  lines  with  grounded  lines,  or  to  reduce  the  inductive  dis- 
turbances which  sometimes  occur  when  two  metallic  lines  are  connected 
together  by  a straight  oord-circuit  (Fig.  15).  A cord  circuit  with  a repeating 
oofl  is  shown  in  Fig.  17,  with  ringing  and  listening  keys  omitted  from  the 
diagram.  Sometimes  the  repeating  coil  is  connected  to  the  cord  cirrw 
through  the  contacts  of  a special  key,  so  that  the  coil  may  be  cut  into  cams 
at  will.  The  transmission  will  be  more  efficient  with  a straight  cord  tkc 
with  one  having  a repeating  coil  in  circuit,  and  therefore  such  coils  should  h 
used  only  when  necessary  to  reduoe  inductive  disturbances  or  line  noise 


Fio.  17. — Circuit  diagram  of  oord-circuit  with  repeating  coil  and  doobf 
supervisory  drops. 

46.  Commercial  dies  of  non- multiple  magneto  ivitehbwri 
are  usually  limited  to  not  more  than  600  lines,  arranged  and  equipped  U 
not  more  than  three  operators’  positions  The  following  rises  are  stand** 
with  the  Kellogg  8witcnboard  and  Supply  Co. 


Lines 

Operators' 

positions 

Pairs  of  cords 
per  position 

Lines 

Operators' 

positions 

Pairs  of  eni 

per  positke 

20 

(Wall  type) 

5 

250 

2 

12 

50 

1 

10 

300 

2 

15 

Mnjl 

1 | 

10 

350 

2 

15 

1 

15 

400 

2 

1 15 

Kn] 

1 

15 

450 

3 

1 15 

[ 200 

2 

10  to  15 

600 

3 

i ll — 

47.  Transfer  trunks  for  the  purpose  of  transferring  or  trunking  «*- 
nections  from  one  position  to  another,  are  not  only  convenient,  but  ofcr 
necessary  in  these  small  boards,  especially  those  arranged  for  three  operator? 
positions. 

4S.  Multiple  Jacks  (Par.  41)  are  sometimes  employed  in  boards  of  400 
line  rise  and  are  very  common  in  boards  of  600  lines.  The  purpose  of  mul- 
tiple jacks  is  to  avoid  the  necessity  of  transfer  trunks  ana  the  attendin', 
extra  labor  in  operation.  The  details  of  multiple  magneto  boards  are  beyond 
the  scope  of  this  section  and  the  reader  should  consult  the  authorities  sta- 
tioned in  the  Bibliography,  Par.  MS. 

49.  Distributing  frames  or  croes-oonnecting  racks  are  installed  » 
connection  with  switchboards  of  every  type,  and  are  intermediate  in  pop 
tion  between  the  incoming  lines  ana  the  switchboard.  This  frame  uk* 
various  forms,  but  is  usually  built  up  of  light  structural  iron  shapes,  os  ow 
ride  of  which  are  arranged  the  terminals  of  the  incoming  lines  and  the* 
associated  protectors,  and  on  the  other  ride  are  arranged  the  terminsk  fl 
all  the  lines  leading  to  the  switchboard.  By  means  of  jumpers  any  outad 
or  incoming  line  can  be  wired  to  any  switchboard  line,  thus  providing  tb 
necessary  flexibility  for  distributing  or  grouping  the  lines  in  the  switebbosn 
in  any  manner  desired. 

There  are  two  styles  of  distributing  frames,  known  as  the  mala  tns* 
and  the  Intermediate  frame.  The  former  is  the  one  described  just  show 
the  latter  is  used  only  in  connection  with  multiple  boards,  being  interned** 
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Fig.  18. — Circuit  diagram  of  cut-in  station 
or  looping  bridge. 


in  position  between  the  main  frame  and  the  board,  for  the  purpose  of  enabling 
any  answering  jack  to  be  associated  with  any  set  of  multiple  jacks. 

60.  Switchboard  wiring  is  usually  in  cable,  and  the  style  of  cable  is 
commonly  referred  to  as  switchboard  cable.  This  type  of  cable  is  made 
from  various  sises  of  tinned  annealed  copper  wire  (Sec.  4),  ranging  from  No. 
18  to  24  A.W.G.  The  insulation,  where  the  cable  is  for  usemary  places, 
usually  consists  of  two  wrappings  of  Bilk  and  one  of  cotton;  the  conductors 
are  twisted  into  pairs  or  triples, 

then  a wrapping  of  paper  is  B*u*or  Drop, 

applied  over  all,  next  a wrap- 
ping of  thin  metal  tape  (lead, 
antimony  and  tin),  and  fi- 
nally an  outside  cotton  braid 
saturated  with  beeswax.  The 
insulation  of  the  individual 
wires  ie  sometimes  varied,  using 
different  combinations  of 
enamel,  cotton  and  silk.  These 
cables  are  laid  up  in  round, 
oval  or  fiat  cross-sections  as 
desired,  in  twisted  pairs  or 
triples,  ranging  from  6 pairs 
to  100  pairs;  5,  10,  15,  20,  25, 

30,  40,  50  and  100  pairs  are 
approximately  standard  sises. 

A code,  color  scheme  is  em- 
ployed in  the  cotton  covering 
of  individual  wires,  for  the 

purpose  of  identifying  the  pairs  and  facilitating  splices  and  connections;  the 
manufacturers’  bulletins  give  the  codes  employed. 

Wool-insulated  cable  is  now  generally  employed  in  place  of  pot-head  wire 
(rubber  insulated)  for  connecting  underground  or  aerial  cable  terminals  with 
the  main  frame,  and  in  places  where  there  might  be  trouble  with  ordinary 
cotton  insulation  on  account  of  moisture. 

Lead-covered  interior  cable , insulated  with  double  silk  and  single  cotton 

saturated  with  beeswax, is  very 
useful  for  interior  wiring  in 
moist  or  damp  places.  It  is 
standard  in  sixes  of  5 to  40 
pairs,  by  steps  of  5,  and  50,  60, 
75,  100,  120,  150  and  200pairs, 
of  No.  22  A.W.G.  tinned  an- 
nealed oopper. 

Twisted  pairs  should  be 
used  invariably  for  all  talking 
circuits  in  order  to  avoid  cross- 
talk. The  length  of  one  com- 
plete twist  should  not  exceed 
4 or  5 in. 

51.  Wiring  of  a through 
line  is  shown  in  Fig.  18.  Ine 
middle  jack  is  so  wired  that  the 
operator  can  listen  to  determine 
whether  the  line  is  busy  before 
attempting  to  use  it.  Code 


n 

To  Ringing  Key 

T*p« 

Fig.  19. — Circuits  of  vibrating  pole 
changer  for  supplying  ringing  ourrent  from 
a battery  source. 


ringing  must  be  employed  on  a 
through  line  connected  in  this 
manner.  This  style  of  jack 
wiring  is  termed  a cut-in  sta- 
tion or  looping  bridge.  It 
can  also  be  arranged  with  keys 
instead  of  jacks,  and  mounted  in  a special  cabinet  if  desired. 

5S.  Ringing  energy  oan  be  obtained  in  three  ways:  (a)  from  a ringing 
dynamotor  (Sec.  9)  supplied  on  the  primary  side  from  a lighting  or 
motor  circuit,  or  from  a storage  battery  (in  common-battery  installations): 
(b)  from  a hand  generator  (Par.  If)  mounted  in  the  switchboard;  (c)  from  a 


igitl?cfl?GoOgIe 


SeC.  21-^53  TELEPHONY  AND  TBLBORAPHY 


vibrating  pole-changer  arranged  to  periodically  reverse  the  impwed  enf 
of  a battery,  usually  composed  of  dxy  cells.  In  small  installations  a pofc- 
chauger  ana  dry  battery  are  very  economical.  The  arrangement  of  a typical 
pole  changer  is  indicated  in  Fig.  19,  with  its  associated  apparatus.  Wb<» 
a dry  battery  is  employed  for  ringing,  it  is  customary  to  employ  about  75 
cells;  the  use  of  a transformer  as  shown  in  Fig.  19  then  becomes  unnecessary. 
Another  type  of  vibrator  employs  but  one  vibrating  contact,  and  requires  t«v 
groups  of  dry  cells,  about  75  cells  per  group,  connected  in  series  and  grounded 
at  the  centre;  the  vibrator  makes  alternate  connections  with  each  group. 
COMMON-BATTXRY  MANUAL  SWITCHBOARDS 
U.  The  central  battery  supplies  the  energy  for  both  talking  sal 
signalling,  at  the  stations  as  well  as  the  switchboard.  The  method  of  nr 
nailing  from  the  switchboard  to  the  stations  is  the  same  as  that  descflM 
under  “Local  Battery  Manual  Switchboards,”  Par.  39  to 51.  The  BMtkd 
of  signalling  from  the  stations  to  the  switchboard,  however,  consists  of  bo** 
ing  the  receiver  hook  up  and  down  to  interrupt  the  line  circuit  and  thss  in- 
terrupt the  flow  of  euntr. 
(Tip  mde)  from  the  oentral  batten 

— through  the  line  signal,  o«r 

the  line  to  the  station,  sad  re 
turn.  The  battery  is  eurtow 
arily  grounded  on  the  pcritm 
. _ side,  and  the  “tip”  aide  ci 

8 gjUmp  the  line  is  the  grounded  ride, 
-X  while  the  “ring*  or  “shew' 

side  is  the  battery  ride. 

54.  The  line  circuit  fora 
ing  the  terminus  of  a local  < 
station  line  in  a non-mulu; 
common-battery  board  : 
shown  i n Fig.  20.  The  line  s* 
nal  consists  of  alaxnp&asoeta^ 
with  the  linej&ck;  thislampbe 
comes  energised  when  the  n- 
cei veri8  remo  vedf  r om  t he  hoc* 
at  the  distant  station,  and  * 


(Bins  Side) 


Line  rvUjr 

r 

-5-  Betiecy 

Fia.  20. — Circuit  diagram  of  line  jack,  re- 
lay, and  lamp  in  non-multiple  common-bat- 
tery switchboard. 


de-energized  again  when  a plug  is  inserted  in  the  line  jack  in  response  to  a e 

55.  Commercial  sixes  of  non-multiple  common-battery  board: 

are  given  in  the  following  table,  representing  two  of  the  leading  makes. 


Lines 

Operators’ 

positions 

Pairs  of  cords  per 
position 

Transfer 

trunks 

Common 

battery” 

Local 

battery 

1 

Common  Com  bins-  I 

battery  tian 

75 

1 20 

1 

7 1 3 

8 

100 

10  

s 

120 

20 

10  5 

14 

160 

15  

14 

200 

20 

10  5 

14 

240 

1 

1 15  1 . 

* 14 

200 

50 

1 1 

io  ; 5 

10 

280 

20 

2 

11  4 

28 

320 

2 1 

15  

28 

400 

2 

15  

40 

440 



20 

2 

11  4 

28 

480 

2 

15  

28 

600 

1 

3 

15  I 

60  ; 

m: 1 

1 , 

The  Western  Electric  Company  manufactures  a sectional  unit  type  of 
central-battery  private  exchange  switchboard,  for  not  more  than  100  lines, 
which  comprises  a supporting  unit,  a cord  unit,  one  or  more  line  units  and  * 
top  unit.  This  equipment  is  very  flexible  and  adaptable  to  a variety  o' 

oinerent  local  requirements. 

56  Cord  circuits  are  arranged  in  several  ways,  according  to  the  toct ho- 
used for  supplying  transmitter  current  to  the  local  lines.  Fig.  21  Ulustrat© 
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Fio.  21. — Cord  circuit  for  non-multiple  common-battery  switchboard. 

and  will  be  lighted  whenever  the  receiver  hook  at  the  line  station  is  depressed. 
In  some  types  of  cord  circuit  a retardation  coil  is  employed  instead  of  a 
repeating  coil.  Combination  cord  circuits  are  those  specially  wired  for  the 
purpose  of  connecting  common-battery  lines  with  local-battery  lines. 

ST.  Retardation  and  repeating  coils  are  quite  similar  in  general  con- 
struction, but  differ  in  their  windings.  The  prin- 
cipal  types  of  simple  impedance  or  retardation  coils  _JVX 

are  shown  in  Figs.  22  to  24.  Soft  Norway  iron 

wire  is  commonly  used  in  r^Y  a-X 

core  construction;  the  tor- 
oidal coil  in  Fig.  24  is 


Fio.  22. — Impedance 
coil  with  open  magnetic 
circuit. 


Fio.  23. — Impedance 
coil  with  closed  mag- 
netic circuit. 


ir 

Fio.  24. — Toroidal 
type  of  impedance  ooil. 


usually  constructed  with  very  fine  iron  wire  covered  with  a very  thin  insula- 
tion of  cellulose  or  enamel  to  reduce  the  eddy-current  losses.  The  desired 
properties  of  the  iron  are  high  permeability,  high  resistivity  and  low  hysteresis 
loss.  Enamel  insulation  for  the  electrical  windings  is  the  most  economical 
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of  space,  although  cotton  and  silk  are  sometimes  employed.  The  wb&p 
should  be  vacuum  baked  and  impregnated. 

Commercial  repeating  ooila  are  made  in  various  types,  corresponding  to  the 
retardation  coils  above  described.  The  toroidal  type,  properly  constructed, 
is  one  of  the  most  efficient  coils  known.  A completely  balanced  toroids] 
coil  is  shown  in  Fig.  25.  The  terminals  l are  the  line  terminals  and  m are 
the  middle  tape.  A toroidal  type  of  coil  for  common-battery  cord  circuit! 
has  four  windings  of  21  ohms  each,  being  designed  for  high  efficiency  with 
talking  currents,  but  not  especially  efficient  for  ringing  (16-cycle,  alternating} 
currents.  A larger  ooil,  with  two  outer  windings  of  35  ohms  each  and  tw 
inner  windings  of  30  ohms  each,  has  high  efficiency  for  both  ringing  and  talk- 
ing, thus  suiting  it  for  phantom  ana  simplex  circuits.  Another  type  tf 

simplex  ooil  having  high  ringing  e§- 
ciency,  is  wound  with  two  inner  winding 
of  45  ohms  each  and  two  outer  winding 
of  36  ohms  each. 

When  repeating  coils  are  mounted 
close  to  each  other,  base  to  base,  c rose 
talk  from  one  coil  to  another  will  renh 
unless  they  have  closed  flftgnetic  cir- 
cuits and  are  enclosed  in  iron  cases  to  re- 
duce stray  fields. 

58.  Main  and  intermediate  dis- 
tributing frames  are  practically  ti» 
same  as  for  magneto  boards,  covered  it 
Par.  49.  Also  see  the  faibliogrsphj 
Par.  S6S. 

59.  Relay  racks  are  also  provided  u 
common-battery  installations  of  l arp 
sise,  for  mounting  (he  line  and  cut-of 
relays.  The  cord-cireui  t uppers  tusshouk 
be  mounted  if  possible  in  tneswitchboard 

50.  Power  plants  for  oommon-b&i- 
tery  switchboards  comprise  a source  a 
energy  for  the  talking  circuits,  relays  aw 
lamps,  and  a source  of  energyfar  signal 
Hng  or  ringing  purposes.  The  forme 
Sec.  ' source  usually  consists  of  a storage  bat 

Fig.  25. — Toroidal  type  of  repeat-  tery  (Sec.  20)  of  11  cells,  giving  sor- 
ing coil;  four  balanced  windings,  finally  22  volts;  in  some  cases  22  cdh  are 

used  to  meet  especially  severe  trans- 
mission requirements.  In  very  small  installations  primary  batteries  (Sec 
20)  are  sometimes  used,  if  no  source  of  primary  energy  is  accessible. 

51.  Battery-charging  generators  are  different  from  standard  direct- 
current  machines  (Sec.  8)  in  two  respects.  They  have  smooth-core  armaturee 
and  more  than  the  usual  number  of  commutator  segments,  in  order  to  supply 
as  nearly  as  possible  an  absolutely  continuous  current.  Otherwise  tic 
minute  but  very  rapid  pulsations  in  the  current,  caused  by  armature  core 
teeth  and  commutation,  will  give  rise  to  slight  pulsations  of  potential  at  the 
battery  terminals  and  make  the  telephone  lines  noisy  during  charging 

68.  Ringing  generators  for  supplying  both  alternating  and  pulsating 
current  at  various  fixed  frequencies  from  16  to  66  cycles  per  sec.  are  in 
general  covered  in  Sec.  9,  under  Dynamotors,  or  in  Sec.  7 and  8 under  Gen- 
erators. Machines  of  the  dynamotor  type  are  around  for  operation  from  22- 
volt,  115-volt  and  230-volt  direet-eurrent  sources,  and  deliver  from  75  to  100 
volts  alternating.  Ringing  dynamotors  are  standard  in  sises  rated  from 
about  25  watts,  suitable  for  small  offices,  up  to  about  1 h.p.  for  large  e»- 
changes.  Each  ringing  tap  is  fused  and  a lamp  resistance  is  connected  is 
aeries  in  order  to  prevent  excessive  currents  in  the  event  of  ringing  on  » 
short-circuited  line. 

65.  Prevention  of  battery  noise  in  oomraon-battery  installations, 
caused  by  the  small  but  very  rapid  pulsations  or  ripples  (Par.  81)  in  the 
current  delivered  by  the  charging  machine,  sometimes  requires  s circuit 
arrangement  which  is  illustrated  in  theory  in  Fig.  26.  The  function  of  the 
condenser  is  to  short-circuit  the  ripples  of  e.m.f.  from  the  generator,  which 
are  of  high  frequency,  while  the  impedance  coils  tend  to  suppress  the  car* 


TELEPHONY  AND  TELEGRAPHY  Sec.  21-64 


responding  ripples  of  current  in  the  battery  circuit.  In  large  installations, 
especially  with  large  batteries  (of  very  small  internal  impedance),  the  con* 
denser  is  seldom  required.  This  device  can  be  wholly  dispensed  with  when 
modern  charging  generators  (Par.  41)  are  employed. 


Field 


Fio.  26. — Method  of  suppressing  battery  noise  caused  by  generator  or  motor 
operation. 

automatic  switchboards 

•4.  Fundamental  features. ' There  are  two  general  types  of  automatic 
systems,  the  full  automatic  (Par.  45  to  72)  and  the  semi-automatic 
(Par.  71  to  75).  The  former  type  performs  all  switching  operations  by 
means  of  automatic  mechanisms  under  the  control  of  the  selector  dials  or 
csJJidjj  devices  at  the  telephone  stations;  the  latter  type  requires  switch- 
board operators,  as  in  the  manual  system,  but  the  dial  and  its  functions  are 
transferred  from  the  subscriber  to  the  operator. 

•5.  Numerous  systems  have  been  invented  and  reduced  to  commercial 
practice,  including  the  Strowger,  the  Lattig-Goodrum,  the  Lorimer,  the 
Bullard-Rorty  and  the  Clark  systems. 

These  systems  are  |dl  complicated  when 
viewed  in  their  entirety,  and  cannot  be 
described  in  the  space  here  permitted. 

The  following  description,  Par.  45  to  72, 
covers  the  system  of  the  Automatic  Elec- 
tric Co.  (Strowger)  as  developed  for  small 
retaliations  not  exceeding  100  lines. 

66.  Telephone  sets  for  automatic 
lervice  are  equipped  with  calling  de- 
rices, one  of  which  is  shown  attached 
to  a desk  stand  in  Fig.  27.  The  circuit 
diagram  of  this  set  is  given  in  Fig.  28. 

The  calling  device  consists  of  a dial  with 
;cn  holes,  which  are  numbered  with  the 
digits,  consecutively  from  1 to  0. 

!n  order  to  call  line  No.  73,  for  example, 

.he  person  calling  first  removes  the  re- 
ceiver from  the  hook  and  then,  placing 
da  finger  in  the  seventh  hole,  pulls  the 
tial  around  until  his  finger  engages  the 
top,  which  causes  seven  impulses  (which 
ire  really  interruptions  of  a steady  cur- 
ent)  to  pass  over  the  line  to  the  switch- 
yard; he  then  places  his  finger  in  the 
hird  hole  and  repeats  the  operation,  whereupon  the  automatic  switching 
nechamsms  connect  the  calling  line  with  line  No.  73  and  ring  the  station. 
Vhen  someone  answers  at  station  No.  73,  the  ringing  current  is  automatically 
ut  off  and  the  talking  circuits  are  clear. 

The  mechanism  of  the  calling  device  is  shown  in  Fig.  29.  The  dial  winds 


Fig.  27. — Derk  stand  equipped 
with  dial. 


nd  an  impulse,  so-called,  is  really  a brief  interruption  of  the  line  ourrent. 

67.  Lius  switch.  Each  line  terminates  at  the  central  office  in  a line 
witch,  whose  function  is  automatically  to  connect  the  line  to  an  idle  connector 
s soon  as  the  receiver  is  removed  from  the  hook.  For  the  sake  of  sim- 
Licity  the  line  switch  is  omitted  from  the  accompanying  illustrations.  The 
nee  are  also  multipled  to  the  connector  banks  (Par.  45).  Each  .line  might. 
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if  <Mrad,  Urminat*  in  a connector,  but  the  prorinon  of  fine  ■■Ueta'h 
more  economical  because  it  makes  possible  a reduction  in  the  number  cl 
connectors. 


Fio.  28. — Circuit  diagram  of  bricty-  Fio.  29. — Skeleton  diaaraa  < 
ing  common-battery  set  for  automatic  mechanism  of  calling  devise, 
system. 
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The  second  set  of  impulses  actuates  the  rotary  magnet  and  rotates  the 
shaft  until  the  wipers  rest  on  the  corresponding  set  of  oontacts,  which  would 
be  the  third  set  in  the  seventh  row,  in  the  case  of  a call  for  line  No.  73. 
During  this  second  set  of  impulses,  the  rotary-magnet  relay  (E)  has  been 
constantly  energised  and  has  maintained  the  rotary  magnet  circuit  even 
though^the  busy-test  relay  may  have 
opened  and  closed  its  contact  G.  Relay 
B also  holds  the  private  wiper  (PW) 
open  during  rotation. 

When  the  second  set  of  impulses 
ceases,  the  slow-relcase  relay  E falls 
back,  and  closes  the  private  wiper  cir- 
cuit. If  the  called  line  is  busy,  there 
will  be  a ground  on  the  private  bank 
contact,  so  that  the  wiper-closing  relay 
( WCR)  cannot  operate.  But  if  tne  line 
is  free,  current  will  flow  through  the 


125-ohm  winding  of  the  wiper-closing 
relay  and  the  cut-off  relay  (COR)  of  the 
called  line.  The  latter  clears  the  called 
line  of  attachments,  the  farmer  con- 
nects the  line  wipers  to  the  source  of  in- 
termittent ringing  current.  When  the 
called  station  answers,  the  ring  cut-off 
relay  stops  the  ringing  and  connects 
the  two  subscribers  together. 

when  the  receiver  at  the  calling  sta- 
tion is  returned  to  the  hook,  the  slow- 
acting  release  relay  (Pig.  32)  is  de-en- 
ergized by  the  line  relay  and  thus 
releasee  the  double-dog  (fig.  30)  and 
the  wiper  shaft  returns  to  normal,  clearing  the  connection. 


Fiq.  31. — Connector  switch. 


^ - The  off-nor- 

mal switch  serves  to  keep  open  the  circuit  of  the  release  magnet  unless  the 
wiper  shaft  is  in  action  or  use. 

For  the  sake  of  simplicity  certain  details  have  been  omitted,  but  the 
essential  principles  have  been  emphasised  as  fully  as  space  will  permit.  The 
busy  test,  which  is  not  shown,  is  so  arranged  that  a call  for  a busy  line  will 
not  be  completed,  and  the  usual  busy  signal  will  be  communicated  to  the 
calling  line.  For  further  details  see  the  references  below*  and  the  Bibli- 
ography (Par.  M3). 


70.  Mounting.  line  switch**  are  usually  mounted  in  groups  of  100 
each.  The  necessary  connectors  for  a group  of  100  lines  are  mounted  with 


•Campbell,  W.L.  *“A  Study  of  Multi-office  Automatic  Switchboard  Tele- 
phone Systems:”  Trans.  A.  I.  E.  E.,  Vol.  XXVII.  1908,  p.  603-541. 

Campbell*  W.  L.  ” A Modern  Automatic  Telephone  Apparatus;  ” Trans. 
A.  I.  E.  E.,  Vol.  XXIX,  1910,  p.  55-84. 

8mith,  A.  B.  and  Campbell,  W.  L.  “ Automatic  Telephony;”  McGraw- 
Hill  Book  Co.,  Inc.,  New  York,  1914. 

Smith,  A.  B.  "Applicability  of  Automatic  Switching  to  All  Classes  of 
Telephone  Service;”  Trans.  A.  I.  E.  E.,  Vol.  XXXVIII/1919,  p.  1567. 
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the  line  switches,  forming  a 100-iine  unit.  The  number  of  selectors  or 
connectors  required  for  each  100  lines  depends  upon  the  volume  of  trafce 
during  the  busiest  period. 

71.  Selector*.  When  there  are  more  than  100  lines,  H becomes  necessary 
to  employ  selectors.  The  first  selectors  are  connected  to  trunks  lading  to 
the  connectors.  The  first  group  of  impulse*  in  a number,  say  une  NoSZS, 
controls  the  vertical  movement  of  the  shaft  of  the  first  selector;  the  rotor? 
movement  of  the  shaft,  however,  is  automatic  and  continues  until  the  wipes 
rest  on  the  contacts  of  the  first  idle  trunk  to  the  connectors  in  the  aw 
group.  The  second  and  third  sets  of  impulses  respectively  step  up  the  shaft 
of  the  connector  to  the  second  row  of  contacts  and  rotate  the  shaft  to  tie 
eighth  set  of  contacts,  completing  the  connection  to  line  No.  528.  lnorde 
to  call  a number  containing  four  digits,  second  selectors  are  necessary: 
digits,  third  selectors,  etc. 

Tt.  Coats.  The  cost  per  line  of  the  central  office  equipment  (Strowfe 
automatic)  completely  installed  and  including  the  station  equipment,  usa- 
s tailed,  for  a private  automatic  exchange  of  200  lines,  is  approximately  »»  w 
f60  per  line. 

71.  Semi-automatic  systems  of  several  types  have  been  prodseet 
including  the  North  Electric  (Automanual)  and  the  Western  Eleetm 
tema.  The  general  features  of  semi-automatic  systems  have  been  dssenwa 
in  Par.  fi4. 

74  Clement  or  auto  manual  system.  In  this  system  the  stofcoc 
equipment  is  the  same  as  in  manual  common-battery  practice.  Whet 
the  receiver  is  removed  from  the  hook  at  the  calling  station,  the  tae  u 
automatically  connected  to  the  first  idle  primary  selector  (of  the  1004k 
type),  which  automatically  steps  in  the  rotary  and  vertical  motions  onto 
ito  test  brush  connects  with  the  calling  line  terminal.  The  test  bran, 
in  arresting  the  switch  in  connection  with  this  line  terminal,  also  energy 
the  cut-off  relay  of  the  calling  Line  and  establishes  an  electrical  bray 
guard  against  incoming  calls.  Simultaneously  an  idle  key-set  nwitcn 
Pine  type)  is  automatically  placed  in  operation,  and  this  switch  automaticsCy 
selects  the  occupied  primary  selector  and  conveys  the  call  to  the  first  sflr 
operator.  The  last  operation  lights  a key-set  line  lamp  and  the  opersta 
answers  by  pressing  the  answering  button,  which  places  her  in  conunuacs- 
tion  with  the  calling  station.  . 

Upon  receiving  the  desired  number,  the  operator  seta  up.  that  number  es 
the  key  set  ( which  is  similar  to  the  adding  machine)  and  if  a party-line  desses* 
tion  is  given,  a button  corresponding  thereto  is  also  pressed,  and  toe  aL 
is  then  completed  (so  far  as  the  operator  is  concerned)  by  pressing  the  startup 
button  of  the  key  set.  The  call  is  from  this  point  taken  up  by  the  key** 
switch,  which  controls  the  emanation  of  impulses  from  the  sending,  macks*, 
as  indicated  by  the  depressed  buttons  of  the  key  set.  The  first  senes  of  im- 
pulses being  in  the  thousands,  arc  directed  to  the  first  selector  which  » 
associated  with  the  primary  in  use.  This  first  selector  is  propelled  rotorfy 
by  the  impulses,  designated  in  the  thousand-row  buttons  in  the  key  set. « 
if  the  call  is  for  another  exchange,  to  the  row  of  contacts  on  which  toe 
trunks  between  the  exchanges  are  terminated  and  automatically  tests  up  toe 
row  in  the  vertical  position  until  its  brushes  are  connected  with  an  idle  trunt- 
This  trunk  connects  with  an  idle  second  selector  which  receives  the  im- 
pulses as  indicated  in  the  hundred  row  of  buttons  of  the  key  set  rotaniy  and 
automatically  tests  for  an  idle  connector  vertically.  . 

The  next  series  of  impulses  controlled  by  the  key-eet  nngmjc  buttonsseto 
ud  the  party-line  ringing  selector  associated  with  the  first  idle  connector 
(of  the  20-point  distributing  switch  type)  and  the  tens  and  unit  unpukfV* 
indicated  on  the  key  set.  are  directed  respectively. to  the  rotary  yerti«U 
movement  of  the  connector  switch  (of  the  100-point  type);  this  bnngsinto 
connection  the  test  relay,  which,  if  the  (tolled  line  is  busy,  wactuatedto 
connect  busy-back  tone  to  the  calling  subscriber  and  if  not  busy,  connect* 
the  ringing  current  to  the  called  line  and  actuates  the  cut-off  relay  « to* 
called  line,  making  this  line  busy  to  all  other  connectors.  At  this  point,  toe 
key-set  switch  releases  from  the  trunk  and  is  made  immediately  avmaWfn* 
connection  with  other  calling  primaries  and  the  connection  m then  cop trouso 
entirely  from  the  calling  ana  called  stations;  by  manipulating  the  recover 

hook  either  station  may  disconnect  for  immediate  recall. 
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TV.  Trunking  between  automatic  and  manual  twitchboarda  can 

be  readily  provided  by  means  of  appropriate  apparatus,  and  is  extensively 
employed.  For  details  of  such  trunking  in  exchange  systems  see  the  Bibli- 
ography (Par.  268). 

INTERCOMMUNICATING  SYSTEMS 

T6.  Intercommunicating  systems  comprise  relatively  compact  pri- 
vate telephone  systems,  in  most  cases  without  any  switchboard  or  operat- 
ing attendants,  for  the  purpose  of  internal  communication  in  factories, 
industrial  plants,  stores,  offices,  hospitals,  residences,  apartment  buildings, 
etc. 

77.  Equipment.  Each  station  is  equipped  with  a telephone  set  and 
a switching  device  mounted  in  a small  box  or  cabinet.  For  each  station 
there  is  a telephone  line  or  circuit  extending  to  all  other  stations,  and  so 
arranged  that  by  depressing  the  appropriate  switching  key  or  button  in  the 
switching  cabinet  at  any  other  station,  connection  can  be  established  with 
this  particular  line;  at  the  home  station  there  is  also  a calling  signal  or  bell 
(or  busser),  and  an  answering  key  arranged  to  connect  the  home  telephone 
set  with  the  line.  Thus  for  a 10-line  system  there  will  be  10  keys  or  buttonsin 
each  switching  cabinet  and  10  talking  circuits  in  a small  cable  multipled  to  all 
10  cabinets;  in  addition  to  the  10  line-circuits  there  is  another  pair  for  supply- 
ing  the  talking  current  (common  battery)  to  each  station,  and  still  another 
pair  for  supplying  ringing  current  to  each  station.  Direct-current  is  usually 
employed  for  ringing,  ana  dry  batteries  are  used  for  both  ringing  and  talking. 

The  keys  or  buttons  are  usually  so  arranged  that  when  depressed  as  far 
as  possible,  the  ringing  current  is  sent  out  on  the  line;  when  released,  the  key 
automatically  returns  to  an  intermediate  position,  where  it  is  held  by  a 
lock  or  detent,  and  thereupon  the  ringing  connection  is  broken  and  the  talking 
circuit  completed.  The  several  keys  in  any  individual  switching  cabinet 
are  usually  so  arranged  or  interlocked,  that  the  depression  of  one  key  auto- 
matically releases  or  restores  all  the  others. 

78.  The  operation  is  very  simple.  In  order  to  call  station  No.  7 from 
station  No.  3,  the  No.  7 button  at  station  No.  3 is  depressed  as  far  as  possible 
and  held  there  a moment  before  releasing  it,  and  meanwhile  the  bell  connected 
to  line  No.  7,  which  is  at  station  No.  7,  responds.  At  station  No.  7,  the 
home  button  is  depressed  and  the  receiver  taken  from  the  hook,  thus  estab- 
lishing communication.  The  ringing  connection  on  the  home  button  can  be 
omitted,  since  it  is  obviously  unnecessary. 

78.  Other  equipment  combinations  can  be  arranged  readily,  includ- 
ing master  stations  for  switching,  with  annunciator:  one-way  stations  for 
inward  calls  only;  non-eelective  code-ringing  party  lines,  etc.  The  manu- 
facturers offer  many  varieties  of  equipment  for  such  combinations,  which 
are  readily  understood  from  their  bulletins. 

80.  The  line  capacity  of  standard  equipments  varies  somewhat 
among  the  different  manufacturers,  but  not  to  any  great  extent.  One 
manufacturer  offers  complete  units  equipped  for  6,  12,  22  or  32  stations; 
another  offers  sets  for  11,  21  or  31  stations;  another,  6,  12,  16,  20  or  24 
stations,  etc.  These  equipments  are  usually  made  in  several  styles,  for 
desk  mounting,  wall  mounting,  or  the  flush  wall  type. 

PHANTOM  CIRCUITS 

81.  Two  types  of  phantom  circuits  are  in  use,  one  derived  by  means  of 
repeating  coils,  the  other  by  bridged  impedance  coils.  Both  types  are 
illustrated  in  theory  in  Fig.  33,  all  circuits  being  metallic. 

88.  The  repeating-coil  type  of  phantom  circuit  ia  shown  in  theory  in 
Fig.  33,  at  the  left  of  the  diagram,  where  RC  are  repeating  coils  tapped  at  the 
centres  of  the  line-side  windings  for  the  derived  or  phantom  circuit. 

88.  The  impedance-coil  type  of  phantom  circuit  also  appears  in 
Fig.  33,  at  the  right,  where  IC  are  retardation  or  impedance  coils  tapped  at 
the  centres  of  their  windings  for  the  derived  or  phantom  circuit.  This 
type  is  especially  suitable  for  station  circuits,  where  it  is  possible  to  economise 
in  line  wire  by  connecting  the  more  distant  stations  to  a phantom  circuit. 

this  case  grounded  signalling  oannot  be  employed.  The  side  circuits 
should  be  substantially  alike  in  all  particulars,  including  length. 
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This  ttpe  out  also  be  used  for  switchboard  or  office  instaDatioaa»mst«sd 
of  ropoating  inrun,  and  in  this  case  it  is  generally  the  practice  to  lasulla 
condenser  in  series  with  each  side  of  the  line,  between  the  coil  and  the  jack, 
as  in  a simplex  set  (Par.  116). 

S4.  Identical  side  cire tilts  should  always  be  employed  in  deriving 
metallic  phantom  circuits,  for  the  best  results.  This  is  necessary  for  the 
proper  electrical  balance  of  the  phantom.  Special  transpositions  are  aho 
required;  Bee  Par.  168  and  169. 

•6.  Grounded  phantoms,  or  half  phantoms,  can  be  obtained  br  oca 
nesting  repeating  or  impedance  coils  to  a metallic  circuit  and  eraployiw 
an  earth  return  for  one  side  of  the  phantom.  This  arrangement  is  open  c 
the  same  objections  which  apply  to  the  use  of  ground-return  circuits  a 
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Fia.  33. — Phantom  circuit. 

general — namely,  cross-talk  and  noise  caused  by  lack  of  transposition  and  bj 
earth  potentials. 

86.  Phantom  circuits  in  cable  require  specially  constructed  cables  d 
the  quadded  type,  described  in  Par.  160.  This  form  of  oonstruetioa  a 
nosrntinl  in  order  to  transpose  the  phantom  and  prevent  cross  talk 

It.  The  repeating  and  impedance  coils  for  phantom  circuits  shook 
be  carefully  balanced  electrically  in  order  to  prevent  croee-talk  betswc 
the  side  circuits  and  the  phantom.  The  windings  should  be  subdivided 
grouped  and  balanced  in  such  a way  that  the  currents  of  the  phasteo 
circuit  will  induce  (electromagnetically)  no  e.m.fs.  in  the  side  circuits  *» 
rice  versa,-  see  also  Par.  67.  The  torroidal  type  of  coil  with  two  tarn 
and  two  outer  windings,  36  ohms  per  winding,  is  extensively  used. 

STAND A&D  MANUAL  TELEGRAPH  SYSTEMS 

88.  The  manual  Morse  telegraph  system  comprises  a mesas  d 
transmitting  combinations  of  short  and  long  impulses  or  rignals  over  sc 
electrical  circuit  joining  two  or  more  points;  the  transmitting  mechsmwa 
consists  of  a hand-operated  key  and  the  receiver  consists  essentially. « 
an  electromagnet  with  a sound-amplifying  devioe  for  audibly  registering 
the  signals,  which  are  read  by  ear.  The  combinations  of  long  and  abort 
signals  are  so  arranged  as  to  form  a code  or  alphabet,  of  which  there  are  two 
in  common  use;  the  Morse  alphabet  is  universally  employed  in  America® 
practice  (except  wireless)  and  the  Continental  alphabet  in  Europe. 

89.  Morse  characters.  The  basic  element  of  the  Morse  alphabet  i* 
the  dot;  a dash  is  equal  in  duration  to  three  dots;  the  space  between  th* 
elements  of  a letter  equals  one  dot;  between  complete  letters  of  a word,  ttaw 
dote:  between  words,  six  dots.  The  26-letter  American  Morse  alphabet  fea* 
77  elements,  or  an  average  of  2.96  elements  per  letter;  the  Coatiaeaw 
alphabet  of  26  letters  has  82  elements,  or  3.15  elements  per  letter. 
average  five-letter  word  has  36.7  elements  or  dot-equivalents  in  Amamas 
Morse.  A speed  of  25  words  per  min.  in  American  Morse  correspond 
to  an  average  of  370  signals  per  min.,  or  between  6 aad  7 per  ssa 
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M.  Mom  and  Continental  Alphabets.  * 


W.  The  closed-circuit  Morse  system  (T If.  34)  is  almost  universally 
employed  in  this  country,  except  for  installations  of  automatic  printing 
systems,  some  of  whioh  employ  multiplex  or  high-speed  transmission.  The 
ordinary  eloeed-eirouit  Morse  system,  worked  simplex,  duplex,  or  qoadruplex, 
is  the  only  one  here  treated  in  any  detail. 

•1.  The  open-circuit  Morse  system  is  employed  extensively  in 
England  and  on  the  Continent,  but  has  never  found  favor  in  American 


• Appendix "C"  from  MoNiool’s,  “American  Telegraph  Practice,"  page  402. 
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praotioe.  For  the  details  of  this  system  consult  the  references  on  telegraphy 
given  in  the  Bibliography,  Par.  MS. 

M.  Simplex  or  single  working  is  indicated  in  Fig.  34,  which  sho«i 
the  theory  of  a circuit  with  two  terminals  and  one  intermediate  statioi. 
In  this  system  but  one  message  can  be  sent  at  one  time.  But  one  line  wire 
is  required,  with  earth  return.  The  station  equipment  consists  of  a miia- 
line  relay,  a local  sounder  and  battery,  and  a sending  kejr.  There  are  bat 
two  main-line  batteries,  one  at  each  terminal;  these  batteries  or  sources  of 
e.m.f.  should  be  of  equal  voltage  for  best  results,  and  the  terminals  ehooM 
have  substantially  equal  resistances.  The  terminal  resistances  should  ak 
be  as  »mall  as  practicable. 


.h3 

T-f  rU 


T 


L.B 

K 


l 


B. — Main-line  batteries. 

K.— Keys.  . 

R. — Main-line  relays. 

Fig.  34. — Closed-circuit  Morse  system. 


S. — Local  sounders. 
L.B. — Local  batteries 
L. — Line. 


•4.  Sources  of  energy  for  telegraph  working  are  usually  one  of  four 
types,  vis.,  gravity  batteries,  dry  batteries,  storage  batteries,  or  generator* 
For  details  on  batteries,  see  Sec.  20;  generators.  Sec.  8;  dynamotors,  See.  I 
Gravity  cells  are  now  employed  only  for  small  installations,  as  a rule,  work 
ing  a few  wires;  dry  cells  have  been  employed  to  a limited  extent,  for  workup 
individual  wires;  the  general  objections  to  such  batteries  are  high  in  terra 
resistance  and  high  cost  of  maintenance.  Storage  batteries  nave  bert 
used  in  large  installations  and  are  considered  fairly  satisfactory.  Generator! 
or  dynamotors  are  coming  into  quite  general  use  wherever  a source  of  dm; 
primary  energy  is  available.  Any  number  of  lines  can  be  operated  from  ca 
machine  of  adequate  output. 

91.  The  main-line  relay  consists  merely  of  a double-pole  electron**** 
with  a light  armature  and  retractile  spring,  provided  with  suitable  *d- 

Justments  and  arranged  with  local  contacts  for  closing  the  circuit  cf  » 
ocal  sounder.  The  standard  main-line  relay  is  wound  for  150  ohms  of 
resistance  and  should  be  operated  with  currents  of  40  to  50  milliaiaperw 
Relays  for  intermediate  offices  on  way  circuits  are  generally  wound  for  35 
ohms,  in  order  to  reduce  the  total  line-resistance  and  improve  the  operatit* 
efficiency;  the  operating  current  should  be  from  60  to  70  milliampere* cr 
more.  Pony  relays  for  short  lines  are  usually  wound  for  20  ohms.  Special 
relays  are  wound  as  high  as  300  ohms. 

96.  The  proper  relay  adjustment  depends  upon  the  condition  cf  the 
line.  In  dear  weather,  with  high  insulation,  the  air  gap  may  be  small  aw 
the  spring  tension  high;  in  wet  weather,  with  low  insulation,  the  air-gap 
should  be  lengthened  and  the  spring  tension  reduced,  because  the  margin  <* 
operating  current  caused  by  the  opening  and  closing  pf  a distant  key,  » 
much  reduced.  An  ordinary  150-ohm  relay,  operating  on  0.050  amp.. 
not  release  at  commercial  weed  on  much  more  than  75  per  cent  of  the  not- 
mal  current,  or  at  about  0.0375  amp.  The  armature  play  should  be  ss  con- 
fined as  possible,  in  order  to  shorten  the  stroke. 

97.  Sounders  are  necessary  because  the  ordinary  line  relay  has  iamff* 
dent  power  to  make  audible  signals  for  easy  reading  of  Morse  character* 
Bounders  are  usually  wound  for  4 ohms  or  20  ohms  resistance;  in  the  latter 
ease  the  sounder  may  practically  serve  in  place  of  a pony  relay  for  short 
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99.  The  operating  currents  required  in  dosed^circuit  Morse  working 
vary  according  to  the  system  of  working  and  the  sensitiveness  of  the  relays. 
The  usual  current  with  150-ohm  relays,  line-circuit  closed,  is  about  0.040  to 
0.050  amp.;  with  35-ohm  relays,  0.060  to  0.075  amp.;  for  20-ohm  pony 
relays,  about  0.100  amp.;  for  local  sounders,  0.100  to  0.250  amp. 

99.  The  polar  duplex  is  illustrated  in  theory  in  Fig.  35,  which  shows  but 
one  terminal  of  the  line,  since  the  other  is  identical.  The  polar  relay,  as  its 
name  indicates,  is  polarised,  and  responds  to  currents  in  one  direction  but 
not  the  other.  In  order  that  the  armature  may  be  under  a slight  normal 
attraction  when  no  signals 
are  passing,  it  is  given  a 
slight  bias,  or  so  adjusted 
that  it  is  nearer  one  pole- 
piece,  than  the  other.  The 
polar  relay,  being  differen- 
tially wound,  is  neutral  to 
outgoing  currents  from  the 
home  key,  if  the  artificial 
and  the  real  line-circuits 
are  electrically  balanced. 

When  the  distant  key  is 
closed  the  line  current  in 
the  upper  limb  of  the  polar 
relay  becomes  (theoreti- 
cally, with  a perfectly  in- 
sulated line)  double  that  in 
the  lower  limb  and  actuates  Fio.  35. — Theory  of  differential  polar  duplex, 
the  local  sounder;  if  the 

home  key  is  next  dosed,  the 

relay  is  not  affected.  If  the  home  key  is  closed,  while  the  distant  key  is 
normal,  the  home  relay  will  also  be  unaffected,  as  can  be  seen  from  considera- 
tion of  the  relative  strengths  and  directions  of  the  currents  in  the  two  limbs. 

100.  The  bridge  duplex  is  shown  theoretically  in  Fig.  36,  where  RiRt 
are  two  equal  resistances,  or  equal  windings  of  an  impedance  coil.  The 
relay  is  a plain  non-polarised  type.  The  compensating  resistance  should 
be  equal  to  the  internal  resistance  of  the  battery,  in  order  not  to  upset  the 
adjustment  of  the  artificial  line. 

101.  The  bridge  polar  duplex*  is  similar  to  Fig.  36,  except  that  the 

battery  and  key  are  dis- 
Un'  placed  by  die  generators 
and  key  in  Fig.  35,  and  a 
polar  relay  is  required. 

101.  The  bridge  quad- 
ruple! of  the  western 
Union  type  developed  by 
Atheamfisshown  in  theory 
in  Fig.  37.  The  function 
of  the  holding  coil  H on 
the  neutral  relay  is  to  hold 
down  the  armature  of  the 
relay  during  reversals  on 
the  polar  side.  The  extra 
current  condenser  E.C.  has 
a capacitance  of  about 
0.25  mf.  and  is  in  series  with 
Fio.  36. — Theory  of  bridge  duplex.  a 20-ohm  resistor.  The 

impedance  coils  U have  a 
total  resistance  of  1,000  ohms,  or  500  ohms  per  side.  The  operating  cur- 
rents are  about  0.020  amp.  for  the  polar  side  and  0.060  for  the  neutral  or 
common  side.  This  type  of  quad  is  very  efficient  and  less  subject  to  inter- 
ference from  inductive  disturbances  on  the  line  than  the  differential  quad. 

* Telegraph  and  Telephone  Age,  Dec.  1,  1912,  p.  802  and  Dec.  16,  1012,  p. 
835. 

t Telegraph  and  Telephone  Age , Mar.  16,  1911,  p.  226:  also  see  issue  of 
Nov.  1,  1910,  p.  722. 
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The  polar  aide  is  virtually  a bridge  polar  duplex,  working  on  current  rever- 
sals, and  the  neutral  side  is  a Stearns  duplex,  working  on  a current  mama 
of  about  one  to  three.  The  Field  key  system  used  with  the  transmitter  for 
the  neutral  or  common  side  is  next  described.  The  pole-changer  and  the 
transmitter  lor  the  common  side  are  both  worked  from  separate  keys  in 
local  circuits. 


Lin* 


D. — Dynamos. 

P.C. — Poleehanger. 

Tr. — Transmitter 
A.R. — Added  Resistance. 
L.R. — Leak  resistance 
8.C. — Spark  condenser. 
L. — Resistance  lamps. 


U. — Retardation  coil. 

P.R. — Polar  Relay. 

N.R. — Neutral  Relay 
H.C. — Holding  condenser. 
H. — Holding  coil  on  N.R. 
A.L. — Artificial  line. 

E.C. — “Extra  current**  eo 


Fig.  37. — Theoretical  circuits  of  Athearn  (Western  Union)  improved  qusd- 
ruplex. 


tOt.  The  Field  key  system  is  very  useful  in  quadruples  warksag 
where  generators  or  dynamotora  are  employed  as  sources  of  e.oi.  Tkw 
system  requires  but  one  source  of  e.m.f.  at  each  terminal,  giving  the  full  vohagr 
required  for  the  neutral  side.  The  circuits  of  the  system  are  given  is  Fig. 
38,  which  shows  the  transmitter  for  the  neutral  aide,  with  the  pole-chanyiag 

transmitter  omitted;  I ■ 
the  protective  resistor,  sad 
A and  B are  respectirdr 
the  “ added  ” resistance  sad 
the  “leak  resistance."  H 
the  ratio  of  long  to  short 
voltage,  for  neutral  work- 
ing. is  «,  the  values  of  i 
and  B are: 

A -L(»  — 1)  and  A* 
i(^I)  (ohm,)  0) 

where  all  resistances  axs 
expressed  in  ohms. 

104.  The  Postal  Un- 
proved quadruples  is  of 
the  differential  type,  bet 
is  equipped  with  a special  system  of  condensive  shunts.  For  a description 
of  the  system,  Bee  Skirrow,  J.  F.  “Postal-Telegraph  Cable  Company* 
Improved  Multiplex  Apparatus,"  Telegraph  and  Telephone  Apt,  Dec.  1, 

1012,  p.  761. 
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MS.  The  irtifloUI  line  most  be  adjustable,  both  in  resistance  and  capaci- 
tance, in  order  to  establish  readily  a balance  with  the  real  line.  When  adjust- 
ing for  a balance  the  distant  battery  or  generator  should  be  cut  out,  and 
a connection  made  to  ground  in  its  place,  through  an  equivalent  resistance. 

MS.  Single-line  repo  a tors  designed  to  repeat  signals  from  one  Morse 
circuit  to  another,  with  single  working,  are  of  various  types,  including  the 
Milliken,  Toye,  Weiny-Pnillips,  Ghegan,  Atkinson,  Neilson,  Horton, 
d'Humy  and  others.  Only  one  of  these  types  will  be  shown;  for  descrip- 
tions ox  others  see  the  references  in  Par.  SeS.  Every  repeater  embraces, 
for  each  line,  a receiving  relay,  a transmitter  and  a holding  device;  these 
elements,  in  duplicate,  are  common  to  every  type.  The  principal  differ- 
ences among  the  various  types  relate  to  the  form  of  holding  device. 

107.  The  Millikan  single-line  repeater  ie  shown  in  Fig.  39.  where 
RR'  are  the  main-line  relavs,  TT'  are  the  transmitters,  and  EM,  EM'  are  the 
extra  magnets  or  holding  devices.  When  the  circuit  opens  on  the  west,  relay 
R is  released,  opening  tne  local  circuit  of  transmitter  T and  in  turn  discon- 


t l 

Fxo.  39.— Circuits  of  the  Milliken  single-line  repeat er. 

necting  the  battery  of  the  line  east;  simultaneously  the  magnet  EM*  is 
released  and  its  armature  falls  back  on  the  armature  of  relay  Jr,  holding  it 
closed  and  thus  protecting  the  transmitter  T’.  The  other  operations  will 
be  evident  from  this  description  and  the  circuits  in  Fig.  39. 

108.  Duplex  and  quadruple!  repeaters*  are  very  simple,  it  being 
neoeas&ry  only  to  place  the  pole-changer  of  the  east  line  under  control  of  the 
polar  relay  on  the  west  line,  and  the  transmitter  (common  side)  of  the  east 
fine  under  control  of  the  neutral  relay  on  the  west  line,  with  corresponding 
connections  for  working  from  east  to  west. 

108.  Half-set  repeaters  consist  of  one  relay  and  one  transmitter  for 
connecting  a duplexed  line  with  a single  line,  or  one  side  of  a quad  with  a 
single  line. 

110.  The  phantoplex  is  a system  for  superimposing  an  alternating-cur- 
rent telegraph  on  an  ordinary  single,  duplex  or  quadruple!  circuit. f It 


*"  Western  Union  Bridge  Duplex.**  Telegraph  and  Telephone  Age;  Jan. 
16,  1913,  p.  64;  Feb.  1,  1913,  p.  84. 

f McNicol,  D.  “American  Telegraph  Practioe;’’  McGraw-Hill  Book 
Co.,  Inc.,  New  York,  1913;  Chap.  XIX. 
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operates  at  from  60  to  120  cycles,  being  linked  to  the  line  through  eerie* 
transformers.  The  phantoplex  can  be  duplexed,  and,  when  superimposed 
on  a polar  duplex,  provides  a Quad.  It  has  been  used  to  some  extent  by  tbs 
Postal  Telegraph-Cable  Co.  The  phantoplex  should  not  be  used  an  com- 
posited telephone  circuits,  and  may  give  rise  to  inductive  disturbances  is 
parallel  telephone  circuits. 


111.  The  phonoplex  is  a system  for  superimposing  a high-frequency 
alternating-current  telegraph  on  a morse  circuit  of  the  usual  type.* 

112.  Telegraphing  to  moving  trains  has  been  successfully  accomplished 
by  means  of  inductively  related  circuits  situated  on  the  trains  and  peraBa1 
to  the  track.  The  Edison  system  of  inductive  telegraphy  from  a station ary 
wire  along  the  road,  to  moving  trains,  operated  by  electrostatic  induction 
the  Phelps  system  operated  by  electromagnetic  induction.  The  most 
cessful  method  of  communication  for  such  service,  however,  is  wireless  or 
radiotelegraphv  (Sec.  21),  which  has  been  given  extensive  trials  on  th? 
Delaware,  Lackawanna  and  Western  Railroad. 


1 f 


112.  Telegraph  switchboards  are  of  three  principal  type*,  the  sarij 

peg  switchboard,  tic 

Lins  Un«  spring-jack  and  wedp 

type,  and  the  tele- 
phone-jack and  phg 
type.  The  first  type 
is  still  used  in  mil! 
offices;  the  second  asd 
third  are  both  in  exten- 
sive use.  The  eossec- 
tions  of  looping  uk 
test  jacks,  in  the  thirc 
type,  are  shown  is  Fig 


U 


Fio.  40. — Circuits  of  looping  and  test  jacks. 


40,  where  L L are  looping  jacks  for  cutting  into  the  line  with  m< 

T T are  test  jacks  tor  Tine  patching  and  testing,  using  cords  and  pings. 
When  the  last  type  is  equipped  only  with  test  jacks,  it  is  termed  a ted 
panel.  Composite  and  simplex  sets  are  often  mounted  near  the  svitrb- 
board  and  their  terminals  brought  to  cords  and  plugs,  or  to  jacks,  in  t hr 
board. 


114.  The  telautograph, 

tem  of  telegraphy  which  __ 
produces  long-hand  writing  or 
any  other  figures  or  characters 
desired.  Fig  41  shows  the 
principle  of  the  writing  part  of 
the  apparatus.  A is  the  send- 
ing station  and  B the  receiving 
station;  the  operator  writes  on 
a tablet  (not  shown  in  sketch), 
with  pencil  1,  which  is  so  linked 
to  arms  2 of  rheostats  3.  that 
the  motions  are  split  into  two 
components  and  the  resistances 
varied  in  proportion  to  these 
components.  Each  of  the  rheo- 
stats is  situated  in  a separate 
line-circuit,  at  the  receiving  end 
of  which  is  connected  a magnet 
coil,  4,  the  coil  being  located  in 
ma^neticfield  of  constant  value. 
Variations  in  the  current  value 
in  coils  4 cause  corresponding 

: _ • .1 it  _ 


„ an  invention  of  the  late  Elisha  Gray,  is  a *y> 
re- 


Fio.  41. — Theory  of  the  telautograph 


variations  in  the  pull  acting  between  the  coil  and  the  constant  field;  coil*  4 an 
connected  meohanically  to  arms  5,  the  pull  being  opposed  by  springs  6.  It  u 
easy  to  see  that  pen-point  7 will  follow  the  movements  of  pencil  1 and  repro- 
duce any  motions  which  the  latter  may  make.  This  system  requires  two liftt 
wires,  in  order  to  transmit  two  independent  currents  of  varying  strangth. 


* Maver.  Wm.  Jr.,  “American  Telegraphy  and  the  Encyclopedia  of  th« 
Telegraph,”  New  York,  1909. 
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The  telautograph  is  extensively  used  in  railway  terminals,  hotels,  clubs, 
factories,  etc.,  for  local  intercommunication.  See  Dixon,  J.  "The  Telauto- 
graph;” JYoiw.  A.  I.  E.  E..  1904.  Vol.  XXIII,  p.  645. 

SIMPLEX  AND  COMPOSITE  SETS 

115.  Simultaneous  telephony  and  telegraphy  over  the  same  wires  is 
obtained  commercially  by  means  of  two  different  systems,  known  as  the 
simplex  and  the  composite. 

116.  Simplex  seta  operate  on  precisely  the  theory  of  a grounded  or  half 

phantom,  employing  either 
an  i mpe dance  coil  or  a re- 
peating ' coil.  The  tele- 

phone circuit  corresponds 
to  the  side  circuit  of  the 
half-phantom  (Par.  86)  m 

and  the  telegraph  circuit  Telephone 
corresponds  to  the  phantom  jack 

circuit.  An  impedance-coil 
simplex  setis  illustrated  in 
theory  in  Fig.  42.  Bat- 

tery, relay  and  key  are  con-  Morse  Leg 
nected  to  the  morse  leg  in  Fig.  42. — Impedance-coil  type  of  simplex  set. 
the  familiar  manner.  This 

system  permits  only  one  telegraph  circuit  (with  earth  return)  to  be  derived 
from  a metallic  pair  or  physical  circuit. 

117.  Composite  sets  permit  the  use  of  both  sides  of  a metallic  pair  for 
telegraphy,  thus  deriving  two  telegraph  circuits,  or  one  circuit  per  wire, 
with  earth  return.  A composite  set  for  a single- wire  grounded  telephone 
circuit  is  indicated  in  theory  in  Fig.  43.  The  combination  of  6-mf.  condenser 
and  50-ohm  impe<fonoe  coil  is  for  the  purpose  of  retarding  the  rise  of  current 
and  e.m.f.  in  the  line  when  the  key  is  closed.  Without  such  retardation  the 
very  sharp  rise  of  current  and  e.m.f.  would  produoe  a marked  sound  or  click 
in  the  telephone  receiver  and  make  communication  impossible  during  the 

Dlflerenttal!?i 

Connected 

Impedance 


Line 


Fig.  43. — Composite  set  for  grounded  lines. 

sending  of  telegraph  signals.  The  effect  of  the  coil  and  condenser,  is  so  to 
round  off  the  morse  impulses  that  they  are  almost  entirely  inaudible  in  the 
telephone  receiver,  and  when  heard  are  usually  so  soft  as  to  constitute  prac- 
tically no  impediment  to  speech  transmission.  The  size  of  the  condenser  is 
usually  regulated  to  some  extent  by  the  battery  voltage;  6 mf.  is  usually 
adequate  for  any  voltage  up  to  125  volts  at  each  terminal.  The  2-mf. 
condenser  is  obviously  for  the  purpose  of  preventing  the  morse  currents  from 
shunting  or  leaking  to  ground  through  tne  telephone  set;  a condenser  of  1 
mf.  is  sometimes  used.  When  the  impedance  coil  is  connected  serially  for 
maximum  impedance,  instead  of  differentially  as  shown,  the  6-mf.  condenser 
can  be  replaced  by  a considerably  smaller  capacitance,  or  about  1 mf.  The 
coil  and  condenser  combination  always  retards  the  speed  of  morse  signalling 
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to  some  extent,  although  the  drag  i s not  usu aBy  serious  unless  the  sefi 
impedance  and  the  capacitance  are  too  large. 

A full  composite  set  for  metallic  circuits  is  indicated  in  Fk  44.  The 
set  is  comprised  of  two  sets  of  the  type  in  Fig.  43,  with  the  addition  of  tie 
©oils  m and  condensers  dd.  The  60-ohm  differential  coals  so,  the  6-ml 
condensers  6b  and  the  2-mf.  condensers  cc  perform  the  same  functions  as  is 
the  half-set  in  Fig.  43.  The  2-mf.  condensers  dd  and  the  serially  connected 
80-ohm  ooals  w are  for  the  purpose  of  shunting  to  ground  the  Morse  im- 
pulses passing  through  the  condensers  cc,  which  otherwise  would  fie* 
through  the  telephone  circuit  and  result  in  cross- writing  between  the  t*i 
morse  legs. 


Flo.  44. — Full  composite  set  for  metallic  circuits. 


118.  Duplex  working  through  composite  sots  requires  the  ooaneetaoa 
of  a dummy  composite  set  in  the  artificial  line  at  each  terminal,  in  enter  a 
establish  a oalanoe  with  the  sets  in  the  main  line.  It  is  also  feasible  te  am 
nect  a grounded  shunt  condenser  and  serial  impedance  coil  between  the  pole- 
ohanging  transmitter  and  the  polar  relay,  in  order  to  further  subdue  tb 
sharpness  of  the  impulses  when  transmitting  morse. 

119.  Composite  ringers.  It  is  not  permissible  to  signal  over  composted 
telephone  circuits  with  the  usual  16-cycle  ringing  current,  since  it  will  ebsttff 
the  morse  relays.  A high-frequency  ringing  system  is  in  use  which  open* 
with  relatively  weak  currents  and  does  not  interfere  with  simultasseoi 
morse  transmission.  * 

DISPATCHING  AND  PATHOL  SYSTEMS 

199.  Train  dispatching  systems  on  steam  railroads  were  formerly 
operated  by  Morse  telegraph  exclusively,  but  the  telephone  has  ealeurveb 
superseded  the  telegraph  during  the  last  12  to  15  years.  Dispatching  *y*- 
tems  on  electric  interurban  railways  have  been  operated  by  telephone 
almost  without  exoeption  since  the  earliest  days  of  such  systems.  A trais- 
dis patching  system  comprises  in  brief  a master  sending  or  transrmtdai 
station,  with  means  for  selectively  signalling  all  other  stations,  a be 
circuit,  and  a plurality  of  way  stations  equipped  primarily  for  meirisc- 
Dispatching  systems  vary  in  detail,  but  nearly  all  embrace  the  same  funda- 
mental features,  t Dispatching  equipment  is  manufactured  by  nesrij 
all  of  the  leading  makers  of  telephone  equipment,  and  the  details  of  each 
system  are  too  extensive  to  reproduce  here.  Only  the  leading  feateuw 
will  be  described. 

121.  Direct-current  selector  systems.  The  direct-current  type  of 
selector,  one  of  which  is  shown  schematically  in  Fig.  45,  represents  the  esrSsg 
form  of  selective  calling  device  employed  in  dispatching  systems  and  ieftiD 
in  extensive  use.  Normally  the  battery  circuits  are  open.  The  automsbe 
calling-key  is  operated  by  clockwork,  there  being  a separate  key  for  cause 
each  station.  The  particular  key  shown  will  send  a combination  ofin* 

• Kissel,  N.  C.  "The  Composite  Ringer;’’  Telegraph  and  Tdrpkeat  A$t, 
May  1,  1910,  p.  818. 

t Brown,  G.  "Some  Recent  Developments  in  Railway  Telephony;”  Treat. 
Amer.  Inst,  of  Elec.  Eng.,  1911,  Vol.  XXX,  p.  1007. 

Clapp,  M.  H.  "A  Comparison  of  the  Telephone  with  the  Telegraph 
Means  of  Communication  in  8 team  Railroad  Operation;”  Proc.  A.  I . & 
Mar.,  1914. 
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pulses  to  line  represented  by  3-1-2-1.  The  object  of  the  retardation  eoila 
and  condensers  at  the  dispatcher’s  station  is  to  make  the  signals  inaudible  in 
the  telephone  receivers  which  may  be  connected  to  line  (Par.  117).  Each 
way  station  is  equipped  with  retardation  coils  to  minimise  the  shunting 

Way  Station 


Calling  Key 

Flo.  45. — -Theoretical  circuit  of  Kellogg  selective  signalling  system  using 
Gill  selector,  for  train  dispatching. 

effect  on  voice  currents,  and  also  has  an  adjustable  (tapering)  resistance 
designed  to  equalise  the  line  currents  in  all  the  selectors  to  about  0.008  amp. 
each.  A Gill  selector  is  employed  at  each  station,  which  is  so  arranged 
that  a combination  of  impulses,  with  intermediate  intervals,  will  rotate  a 
wheel  and  at  a certain  point  in  its  travel  cloee  a local  bell  circuit.  The  bell 
may  be  operated  by  local  battery  or  from  the  main  line,  and  the  dispatcher 
receives  a signal  in  his  own  receiver  which  gives  a positive  indication  that 
the  bell  is  ringing.  The  dispatcher  can  also  prolong  the  ringing  as  long  as 
he  desires,  by  means  of  a special  key. 


Flo.  46. — Schematic  circuit  diagram  of  alternating-current  selector  system. 

1SS.  Alternating-current  selector  systems  are  the  latest  development 
and  possess  several  advantages  over  the  direct-current  system.  The  way- 
station  selector  is  a simple  polarised  mechanism,  similar  in  principle  to  a 
polarised  bell,  equipped  with  a step-bv-atep  device  which  actuates  a rotary 
circuit-closing  member  and  controls  the  local  bell  circuit.  Each  selector  is 
adjusted  to  operate  on  a predetermined  number  of  electrical  impulses  that 
are  sent  out  from  the  calling  station  by  means  of  an  appropriate  selector  key. 
The  usual  answer-back  feature  is  also  provided.  Alternating-current  selec- 
tors permit  the  introduction  of  condensers  in  the  bridging  circuits  at  the 
way  stations,  operate  on  less  energy  and  as  a whole  have  greater  range  and 
flexibility  than  the  direct-current  type.  The  tapering  resistance  is  also  dis- 
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penned  with  in  certain  makee  of  equipment.  Fig.  46  shows  schematically 
the  circuits  of  one  make  of  equipment  of  thin  type,  equipped  with  s super- 
imposed simplex  telegraph  for  through  service. 

lit.  Intercommunicating  features  can  be  provided  in  dispatching 
systems  if  desired.  One  method  is  to  install  the  complete  master  statics 
equipment  at  every  station  from  which  it  is  desired  to  call  other  stations 
Another  method  is  to  simplex  the  line  at  the  dispatcher's  office,  with  & 
grounded  battery  and  a relay,  and  install  special  grounding  keys  at  each 
station;  the  relay  can  be  used  to  control  the  selective  transmitter  and  thus 
call  any  station  desired. 

114.  Message  telephone  circuits  can  also  be  equipped  with  eelectiv* 
signalling  equipment  like  that  described  above  for  telephone  dispatching 
circuits. 

111.  Train  order  semaphore  signals  can  be  controlled  by  means  « 
selective  signalling  systems  like  those  employed  in  train  dispatching  circuit 
so  that  the  dispatcher  may  set  semaphore  signals  (Sec.  16)  against  oncomiat 
trains  at  any  one  or  more  of  numerous  locations  along  the  permanent  way 
There  are  several  such  systems  on  the  market,  including  the  Blake,  th 
Stromberg-Carlaon  and  the  Hall  Switch  and  Signal  Co.*s  systems. 

lit.  The  railway  composite  system  is  designed  for  operation  on  ord> 
nary  morse  telegraph  circuits  and  comprises  a grounded  composite  system  iv 
simultaneous  telephony  and  telegraphy  (Par.  117).  The  telephone  sets  ar* 
usually  of  the  bridging  type.  High-frequency  alternating  current  is  use: 
for  signalling,  with  a howler  for  announcing  incoming  calls.  These  ground*, 
circuits  are  so  noisy  that  it  is  necessary  to  connect  a low-resistance  inductir« 
shunt  across  the  receiver  terminals. 

1ST.  Iron-box  sets  of  the  weather-proof  type  are  often  employed  for 
mounting  on  poles  or  other  out-door  structures.  The  line  circuit  is  often 
arranged  to  be  under  control  of  switches  automatically  dosed  by  the  opera- 
tion of  opening  the  door;  the  set  is  totally  disconnected  when  the  door  i> 
dosed.  In  some  instances  these  sets  are  protected  with  insulating  trans- 
formers or  repeating  ooils  mounted  inside  of  the  case. 

ItS.  Sets  installed  in  booths  are  quite  common  practice  on  interurbai 
electric  roads.  The  booths  are  usually  constructed  of  wood  and  pad-locked 
so  as  to  be  accessible  to  trainmen  or  employees  only.  These  booths  ar 
generally  located  at  turnouts  or  sidings.  The  equipment  consists  of  * 
wall  set,  line  switch,  protector,  and  train  register.  The  line  switch  is  after 
arranged  so  that  it  is  automatically  operated  by  the  door  of  the  booth. 

ltf . Portable  sets  are  made  for  numerous  purposes,  and  are  frequently 
very  useful  in  emergencies.  Semi-portable  sets  are  carried  extensively  oo 
trains  for  emergency  use,  connection  with  the  telephone  line  being  secured 
by  the  use  of  a fish  pole  or  a jack  box  and  plug.  Such  sets  weigh  from  15  tc 
30  lb.  The  transmitter  and  the  receiver  are  often  mounted  on  a combination 
handle,  so  that  both  can  be  held  in  position  for  use  by  one  hand. 

ISO.  Jack  boxes  for  connection  with  portable  train  sets  are  usually  in- 
stalled at  intervals  of  ) mile  along  the  right-of-way,  mounted  on  the 
poles  and  connected  (bridged)  to  the  line  circuit  through  protectors.  The 
portable  sets  are  equipped  with  suitable  extension  cords  ana  plugs. 

181.  Line  poles  or  fish  poles  for  connecting  portable  sets  with  the  wire* 
on  a pole  line  are  made  of  hickory  or  maple,  in  sections  about  6 ft.  long,  with 
telescoping  or  socket  joints.  Flexible  cords  are  also  provided,  and  suitable 
connectors  for  making  contact  with  the  wires. 

188.  Linemens’  test  sets  formerly  consisted  merely  of  a hand  generator, 
a polarised  busier  and  a telephone  receiver,  with  a switch  for  signalling  and 
talking.  The  modern  sets  are  somewhat  more  elaborately  equipped;  one 
manufacturer  produces  a set  weighing  8 lb.,  equipped  with  2-bar  generator, 
buzzer,  transmitter,  receiver  and  cord,  induction  coil,  flashlight  dry-battery 
and  switch,  the  whole  set  being  capable  of  ringing  through  a 2,506-ohm 
non-inductive  resistance.  In  another  type  of  set  a 1,006-ohm  befl  is  used  in 
place  of  the  buszer,  and  a condenser  in  series  with  the  talking  circuit  if 
needed. 

188.  Load  dispatching  is  a comparatively  modern  development  and 
involves  the  use  of  similar  means  of  communication  between  a main  generating 
station  and  the  substations  in  a comprehensive  electrical  distribution  system 
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or  network,  for  directing  the  distribution  of  electrical  energy,  that  have  bo* 
come  familiar  in  railroad  practice  for  directing  train  movements.  The  load 
dispatcher  is  situated  at  the  main  switching  centre  and  direote  the  switching 
operations  on  the  whole  system,  including  all  the  substations  and  any  auxil- 
iary generating  stations;  he  also  directs  the  starting  and  stopping  of  generat- 
ing units,  in  response  to  changes  in  the  system  demand.  The  telephone 
equipment  for  such  service  is  not  as  a whole  distinguished  by  any  unusual 
or  radical  features,  and  needs  no  further  elaboration.  It  is  quite  essential, 
in  electric  trunk  line  operation,  to  provide  ready  communication 'between  the 
train  dispatchers  and  the  load  dispatcher. 

114.  Patrol  systems  may  be  defined  as  embracing  telephone  lines 
extending  along  routes  covered  by  patrolmen  or  inspectors,  provided  with 
means  at  intervals  of  1 mile  or  so  tor  connecting  portable  sets  and  estab- 
lishing temporary  communication  with  headquarters.  In  the  place  of 
portable  sets,  there  may  be  booths  or  boxes  at  fixed  locations,  with  telephones 
therein.  Patrol  systems  are  in  use  along  railroad  rights  of  way  and  along  the 
routes  of  transmission  and  distribution  lines.  In  the  case  of  high-tension 
lines,  it  is  desirable  where  possible  to  have  the  telephone  line  on  separate 
poles  or  supports  at  some  distance  away;  this  not  only  reduces  the  induction 
on  the  telephone  line,  but  also  renders  it  safer  and  tends  to  make  it  more 
dependable  in  emergencies,  when  it  is  moat  needed. 

TCU  AND  POLICE  ALARM  SYSTEMS 

1S6.  Tire  alarm  systems  consist  essentially  of  signal  boxes  distributed 
over  the  area  to  be  protected,  a series  line  circuit  looping  through  the  boxes, 


and  a central  station  at  the  engine  house  or  fire  headquarters  where  signals 
from  the  boxes  will  be  registered  as  received  and  the  alarm  given.  The  simple 
elements  of  such  a system  are  shown  in  Fig.  47.  Lack  of  space  prevents 
more  than  brief  description  of 
the  characteristic  details;  fur- 
ther information  should  be 
sought  in  the  references  given 
in  the  bibliography.  Par.  16S. 

IN.  The  line  circuit  is 
normally  dosed,  as  shown  in 
Fig.  48.  If  an  alarm  is  turned 
in  at  signal  box  12.  the  circuit 
will  be  interrupted  once,  then 
after  a pause,  twice,  this  signal 
being  repeated  each  time  the  Fio.  48.— Elementary  line  circuit 
wheel  revolves;  and  each  time 

the  line  relay  R becomes  de-energised,  the  bell  relay  B causes  the  bell  to  be 
struck  once. 

1M.  Non-interfering  box.  If  two  or  more  alarms  should  be  turned  in 
simultaneously  on  the  same  line,  they  would  interfere  with  each  other  and 
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the  bell  signals  would  be  oonfused.  In  order  to  avoid  such  oscurrenom,  tbs 
fire-alarm  boxes  are  each  provided  with  non-interfering  equipment,  ao  that 
two  simultaneous  alarms  would  be  transmitted  in  sequence,  without  infer* 
ference. 

118.  The  central  station  equipment  comprises  the  receiving  mechanism 
for  indicating  the  particular  box  from  which  an  alarm  is  sent;  the  register  for 
keeping  record  of  the  alarms  reoeived,  as  to  date,  time  and  location;  the  visum! 
ana  audible  alarms;  and  in  some  cases  there  are  included  means  for  repeating 
the  alarms  to  other  points.  Small  systems  having  but  one  or  two  circuits  are 
frequently  automatic  in  their  operation;  but  large  systems  having  many 
lines,  as  in  cities,  are  usually  non-automatic  and  require  attendance  in  order 
that  alarms  reoeived  at  headquarters  may  be  transmitted  to  the  engine 
houses.  Large  systems  are  usually  provided,  however,  with  numerous 
automatic  or  semi-automatic  features,  which  may  be  switched  in  or  out  of 
service  at  will.  Many  details  are  described  in  Maver’s  "American  Tsie- 
graphy." 

iff.  Thermostat  systems.  Factory  buildings  are  very  often  equipped 
with  automatic  fire  alarms,  which  can  either  be  used  to  give  an  alarm  in  the 
central  office  of  the  works  or  to  communicate  it  to  the  public  fire  department 
Such  alarms  are  actuated  by  some  form  of  thermostat,  which  closes  a drees 
when  a given  temperature  is  reached. 

140.  Police  alarm  systems  are  similar  in  a general  way  to  fire-alar® 
systems,  but  usually  employ  the  telephone  as  an  auxiliary,  for  direct  com- 
munication. Patrolmen  on  beat  turn  in  signals  from  the  boxes,  in  rotation,  m 
they  reach  them.  These  signal!  are  recorded  by  the  register,  at  police  bead- 
quarters  or  the  local  police  station,  showing  the  date,  time  and  box  number. 
For  details  see  Maver’s  "American  Telegraphy." 

141.  Plash-lamp  police  systems  are  now  employed  to  a oonsiderablt 
extent  for  sending  out  calls  from  headquarters  to  patrolmen  on  beat  Thh 
system  employs  a lamp  signal,  usually  red,  at  each  patrol  box;  the  signals  ate 
under  control  from  headquarters  ana  code  signals  can  be  arranged  is  various 
ways  to  convey  different  orders.  Sometimes  audible  signals  or  bells  are 
employed  in  addition  to  the  visual  signals. 

TBLXPHONB  CABLES 

141.  Oonducton  for  telephone  cables  are  almost  without  exception  made 
of  annealed  copper  wire;  this  is  always  tinned  if  it  is  to  be  insulated  wit! 
rubber  or  any  material  containing  ingredients  tending  to  corrode  copper. 

141.  Insulation  is  usually  composed  of  dry  paper  tape  wrapped  spirally 
about  each  conductor.  In  the  case  of  single  wrapping,  the  paper  » overlapped 
ao  as  to  provide  double  thickness;  when  double  wrapping  is  employed,  th« 
second  layer  is  applied  in  reverse  direction  with  respect  to  the  first. 

Other  insulations  are  employed,  such  as  cotton,  silk,  wool  and  enamel  for 
interior  cables,  and  impregnated  paper,  rubber  compounds  and  gutta  perdu 
for  submarine  cables. 

144.  Twisted  pairs  are  formed  by  twisting  together  two  paper-insulated 
conductors,  the  length  of  one  complete  twist  ranging  as  follows:  3 in.  for 
No.  22  A.W.G.,  3 in.  to  5 in.  for  No.  19  and  No.  16,  4 in.  to  6 in.  for  No.  13 
and  6 in.  to  8 in.  for  No.  10  A.W.G.  The  purpose  of  twisting  th#  paiis  is 
to  prevent  cross-talk  and  secure  electrical  balance  of  the  two  conductors 
oomposing  a metallic  circuit. 

144.  Laying  up  the  core.  The  twisted  pairs  are  laid  up  in  consecutive 
spiral  layers,  with  adjacent  layers  spiralled  in  reverse  directions  (concentric 
lay).  Tne  numbers  of  pairs  composing  the  layers  are  as  follows,  in  prugreanre 
order:  1,  6,  12,  18,  24,  30,  36,  42,  etc.  This  rule  of  oourse  applies  only  where 
the  pairs  are  all  of  the  same  sise. 

144.  Cable  sheaths  were  formerly  made  almost  universally  of  a lead-th 
alloy,  with  97  per  cent,  of  lead  and  3 per  cent,  of  tin.  The  purpose  of  the  tii 
is  to  give  increased  strength  and  hardness  to  the  lead.  A modern  develop- 
ment is  the  use  of  a lead-antimony  alloy  containing  about  1 per  cent,  w 
antimony,  which  is  said  to  be  less  susceptible  to  injury  or  cracking  fro® 
vibration,  and  effects  a small  saving  in  cost. 
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147.  Aerial  and  underground  lead-covered  paper-insulated  oable 
(Western  Electrio  Co.) 


No  of 
pairs 

No.  22  A.W.G. 

No.  19  A.W.G.  ] 

Thickness 
of  sheath 

(in.) 

Approx, 
weight 
per  ft. 

(lb.) 

Conven- 
ient 
no.  of 
feet  on 
reel 

Thickness 
of  sheath 
(in.) 

Approx, 
weight 
per  ft. 
(lb.) 

Conven- 
ient 
no.  of 
feet  on 
reel 

n 

A 

0.530 

2500 

A 

0.640 

2500 

m 

A 

0.640 

2500 

A 

0.850 

2500 

m 

A 

0.745 

2500 

A 

0.970 

2500 

20 

A 

0.849 

2600 

A 

1.138 

2000 

25 

A 

0.970 

2500 

A 

1.264 

2000 

30 

A 

1.019 

2500 

A 

1.390 

1500 

4© 

A 

1.189 

2000 

A 

1.643 

1500  ' 

50 

A 

1.319 

2000 

A 

1.995 

1500 

55 

A 

1.370 

1500 

A 

2.130 

1200 

6© 

A 

1.449 

1500 

2.220 

1200 

75 

A 

1.645 

1500 

A 

2.584 

1200 

■Trim 

A 

1.831 

1500 

X 

2.810 

1200 

2.120 

1500 

i 

3.738 

1000 

110 

jC 

2.250 

1200 

1 

3.949 

1000 

120 

X 

2.480 

1200 

| 

4.221 

1000 

A 

2.740 

1200 

1 

4.865 

1000 

■ KW 

A 

3.039 

1200 

I 

5.439 

1000 

Pjnl 

4.058 

1000 

i 

5.808 

800 

220 

1 

4.257 

1000 

I 

6.168 

800 

mzim 

| 

4.474 

1000 

1 

6.594 

800 

ill!! 

1 

5.163 

800 

1 

7.587 

700 

330 

I 

5.460 

800 

KTjjm 

1 

5.853 

800 

1 

6.212 

700 

440 

1 

6.654 

700 

480 

I 

6.920 

700 

• 

7.360 

500 

These  cables  have  the  following  constants  per  mile: 


No.  22  No.  19 

Average  mutual  capacity  (mf.) 0.070  0.074 

Average  grounded  capacity  (mf.) 0. 105  0.111 

Insolation  resistance  (megohm-miles) 500  500 


Lead-antimony  alloy  (Par.  144)  is  employed  for  the  sheaths.  There  is  but 
one  application  of  paper  insulation;  this  is  so  laid  on,  however,  as  to  provide 
two  thicknesses  of  paper  over  each  conductor. 

148.  Aerial  lead-covered  paper-insulated  cable,  is  made  in  sixes 
from  5 to  400  pairs  of  No.  22  A.W.G.  with  either  double  or  single  wrapping 
of  paper,  and  pure  lead  sheaths.  Such  cable  has  a mutual  capacitance  of 
0.08  mf.  and  a grounded  capacitance  of  0.12  mf.  per  mile,  with  a minimum 
insulation  resistance  of  500  megohm-miles.  On  account  of  the  higher 
capacitance  it  is  somewhat  more  compact  and  lighter  than  No.  22  cable  of 
0.070  mf.  per  mile. 

148.  Composite  cable  is  the  term  applied  to  cable  which  is  made  up  of 
pain  of  more  than  one  gage  or  diameter,  as  for  example.  No.  22,  No.  19 
and  No.  14  A. W.G.  Such  an  arrangement  is  often  economical  for  trunk 
cables  where  several  different  transmission  requirements  must  be  met. 

180.  Phantom  circuits  in  cable  are  made  possible  by  twisting  together 
two  similar  metallic  pairs,  constituting  a “qugd,  and  laying  up  such  quadB  in 
reversed  helical  layers,  after  the  manner  of  an  ordinary  cable.  In  order  to 
economise  in  the  use  of  space  within  the  sheath,  however,  it  is  customary 
to  add  as  many  single  pairs  as  space  will  permit. 

151.  Electrolysis  of  lead  oable  sheaths  from  stray  or  foreign  ourrents  is 
covered  as  a whole  by  the  article  in  Sec.  16. 
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182.  Protection  of  telephone  and  telegraph  equipment  against  foreifn 
currents  of  a haiardous  character  is  necessary  for  two  purposes:  first,  the 
protection  of  the  lives  and  persons  of  the  users  of  the  apparatus;  second,  the 
protection  of  the  apparatus  itself. 

198.  The  general  practice  in  protection  is  baaed  on  the  assumption  that 
under  ordinary  conditions  of  construction  and  operation  it  is  not  practicable 
to  use  protective  devices  which  are  adequate  to  cope  with  potentials  or  ener- 
gies larger  than  those  met  in  ordinary  central  station  distribution,  or  say  not 
above  4,000  volts  approximately.  Such  devices  are  also  counted  upon  v> 
divert  ordinary  discharges  of  induoed  lightning,  or  distant  strokes  directly 
striking  the  kne.  Where  the  conditions  of  construction  and  operation 
unavoidably  involve  haiardous  exposure  to  high-potential  circuits  of  higi 
energy,  it  becomes  necessary  to  adopt  stronger  types  of  construction  designed 
to  prevent  accidental  contact  of  the  two  systems,  or  to  employ  more  effidesi 
protectors  designed  to  handle  such  potentials  and  energies,  or  both.  Ii 
is  considered  safe  by  some  authorities,  however,  to  depend  upon  the  standan 
forma  of  protectors  for  exposures  to  circuits  operating  at  not  more  than  5,001 
volts,  constant  potential,  alternating*  5,000  volts,  series,  alternating  current 
7,500  volts,  Berios,  direct  current;  and  1,000  volts,  railway  trolleys  or  feeden 
direct  current.  * 

184.  Standard  telephone  protectors,  so-called,  consist  of  fuses  ii 
series  with  the  line,  and  nigh-potential  cut-outs  or  lightning  arresters  bridge 


Fio.  49. — Standard  telephone  protector. 


from  line  to  ground.  The  customary  arrangement  is  shown  in  Fig.  49,  wfari 
illustrates  the  protection  for  a single  wire.  In  the  case  of  nmfcettraircuits  tfe 
equipment  is  provided  for  each  wire.  yr 

158.  Fuses  are  depended  upon  for  protection  fronr^xeessive  currents  ak 
are  employed  in  various  ratings  from  1 amp.  to  about  15  amp.  A ratii* 
very  extensively  used  is  7 amp. ; ratings  of  10  and  12  amp.  are  also  uses 
Fusee  of  the  enclosed  type  are  almost  invariably  used,  vertically  mounted,  i 
the  enclosing  tubes  are  slotted  to  permit  escape  of  hot  gases,  the  slots  shout 
be  turned  toward  the  wall,  and  the  latter  protected  with  an  asbestos  mat. 

188.  Arresters  or  open-space  cut-outs  are  manufactured  in  variou 
types.  Two  carbon  blocks  separated  by  a perforated  or  slotted  sheet  b 
thin  mica  form  one  of  the  very  common  types;  in  some  cases  one  of  th 
carbon  blocks  is  recessed  and  filled  with  fusible  metal,  to  melt  and  pet 
mancntly  ground  the  line  under  heavy  discharge.  Such  an  arrester  is  usual 
adjusted  to  break  down  at  about  3o0  volts  continuous  current;  this  bre&l; 
down  value  is,  however,  somewhat  uncertain  and  not  subject  to  close  contrc 
A type  of  open-space  cut-out.  arranged  with  copper  or  non-arcing  meta 
blocks  separated  by  a thin  mica,  is  also  used  where  there  is  no  attendant  nea 
to  keep  the  arresters  clean,  and  overcomes  the  objectionable  tendency  of  tli 
carbon  type  to  clog  with  carbon  dust  as  the  result  of  discharges  in  actio: 

157.  Vacuum  arresters.  This  type  of  arrester,  which  consists  esse: 
tially  of  a spark-gap  placed  in  a rarefied  atmosphere,  was  developed  for  tl 
purpose  of  overcoming  the  uncertain  discharge  characteristic  of  the  opet 
space  carbon  cut-out  and  similar  types  of  arresters.  Among  its  advantajti 
are  relatively  wider  gap,  larger  electrodes,  greater  sensitiveness  to  hu 
frequencies  and  less  fusing  and  grounding  of  electrodes.  It  is  also  comps: 

• Clapp,  M.  H.  "Protection  against  Lightning  and  High  Currents  fc 
Telegraph  and  Telephone  Equipment;"  Annual  Procttdingt , Association  < 
Hallway  Telegraph  Supts.,  1913. 
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and  readily  mounted.  Among  ite  disadvantages  are  the  lack  of  visual 
indication  of  the  state  of  rarefaction  and  possible  ohange  of  discharge  char* 
acteristio  due  to  volatilisation  of  electrodes. 

168.  Ground  wires  from  arresters  to  earth  form  a most  important  link  in 
the  system  of  protection.  The  conductor  should  be  not  smaller  than 
No.  14  A.W.G.  and  should  pass  by  the  nearest  accessible  route  to  a sub* 
stantial  ground  plate,  rod,  or  ooil,  or  to  a water  pipe;  gas  pipes  should  never 
be  used  for  this  purpose.  Too  much  care  cannot  be  given  to  securing  good 
electrical  connection  with  the  earth,  of  a substantial  and  reliable  character. 

When  a WTought-iron  or  steel  water  pipe  (service  connection)  is  not 
available,  a fairly  efficient  earth  connection  can  be  made  by  driving  an  iron 
or  steel  pipe  or  rod  into  the  ground,  in  a moist  location,  to  a depth  of  5 or 
6 ft.  Bee  Hayden,  J.  L.  R.  “Notes  on  the  Resistance  of  Gas-pipe  Grounds;’' 
Trans.  A.  I.  E.  E.f  1907,  Vol.  XXVI,  p.  1209. 

189.  Heat  eoils  or  sneak-curreQt  arresters  are.  in  reality,  fuses  of  special 
construction,  designed  to  overcome  the  unreliability  of  ordinary  fusee  for 
very  small  currents.  For  example,  a heat  coil  can  be  constructed  to  operate 
on  a current  of  0.2  amp.  in  30  sec.,  or  a variety  of  other  ratings.  This 
device  comprises  a small  winding  of  fine  wire,  which  develops  sufficient  heat 
to  melt  a small  piece  of  fusible  metal  and  release  a spring  which  grounds 
the  line  circuit;  the  resistance  of  the  winding  usually  amounts  to  several  oh  ms, 
at  least.  The  function  of  heat  ooils  is  to  protect  telephone  apparatus  wound 
with  fine  wire  (relays,  drops,  etc.),  such  that  injury  might  result  from  foreign 
currents  insufficient  to  blow  the  fuses.  The  proper  location  for  the  heat 
coils  is  between  the  protectors  and  the  apparatus,  but  not  in  the  talking 
circuit  if  avoidable. 

180.  Protective  or  insulating  transformers  are  employed  to  protect 
telephone  Bets,  switchboards  or  terminals  connected  to  lines  which  are  ex- 
posed in  a hasardous  manner  to  high-tension  high-energy  transmission  lines, 
such  as  those  erected  on  the  same  poles  or  structures  with  a transmission 
circuit.  An  insulating  transformer  of  this  character*  made  by  one  of  the 
leading  manufacturers  is  built  to  withstand  a 25,000-volt  test  between  wind- 
ings for  1 min.,  and  requires  a magnetising  current  equal  to  about  half 
the  current  taken  by  a 1,000-ohm  polarised  bell.  The  transformer  is  mounted 
in  a weatherproof  case  for  out-door  mounting;  the  casing  should  always  be 
thoroughly  grounded.  It  should  be  observea  that  such  transformers  intro- 
duce additional  loesM  in  both  transmission  and  ringing,  which  should  be  taken 
into  account  in  arrahging  circuit  layouts. 

181.  Special  protectors  are  usually  employed  with  these  insulating 
transformers,  located  between  the  line  and  the  transformer.  The  protector 
consists  of  extra  long  fuses^in  the  line  circuit,  with  spark-gaps  bridged  to 
ground;  sometimes  the  fuses  are  so  mounted  as  to  be  integral  with  an  air- 
break  disconnecting  switch.  See  Sec.  11. 

18S.  Insulating  stools  are  often  used  in  conjunction  with  telephones 
connected  to  hazardously  exposed  lines,  as  in  the  case  of  patrol  circuits  on 
transmission  lines,  so  that  the  attendants  may  be  thoroughly  insulated  from 
earth  while  telephoning.  An  ordinary  four-legged  hardwood  stool,  with  the 
legs  inserted  in  inverted  porcelain  line  insulators,  will  serve  very  well. 
Insulating  mats  are  sometimes  used,  in  dry  interior  locations,  in  place  of 
stools,  but  in  general  are  not  as  efficacious. 

168.  Extra  insulation  of  telephone  sets  used  in  connection  with 
haxardously  exposed  lines  is  very  desirable.  Exposed  terminals  or  connec- 
tions and  uninsulated  exposed  parts  should  be  particularly  avoided  in  select- 
ing equipment  for  suen  servioe.  The  hook  switch  should  also  be  very 
thoroughly  insulated. 

OBOSS-TALX  AND  INDUCTIVE  DISTURBANCES 

164.  Induction  between  parallel  aerial  wires  is  due  to  a combination 

of  electrostatic  and  electromagnetic  induction.  Such  induction  is  the 
cause  not  only  of  cross-talk  between  parallel  aerial  telephone  circuits,  but 
also  the  inductive  disturbances  in  aerial  telephone  lines  situated  in  parallel 
exposure  to  aerial  distribution  circuits  (Sec  12)  or  high-tension  transmission 
circuits  (Sec.  11).  The  general  means  of  eliminating  such  induction  is  by 
interchanging  or  transposing  the  wires  of  each  circuit  at  suitable  locations,  in 

•'*  Insulating  Transformer  for  Telephone  Lines;’’  Telephony,  June  5,  1909, 

Vol.  xvii,  pTfidfi. 
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accordance  with  a predetermined  system.  In  severe  eases  it  if  neeeaasry  to 
resort  to  further  measures  of  protection.  The  subject  has  been  treated  at 
considerable  length  in  different  papers,  a short  bibliography  of  which  is  grrea 
below.  * 

165.  Gross- talk  between  parallel  grounded  circnfta  cannot  hr 

eliminated  by  transposition  because  it  is  physically  impossible  to  transpose  a 
circuit  consisting  of  only  one  wire,  except  by  inserting  repeating  coils  and  this 
method  has  never  developed  into  a practical  system. 

156.  Cross-talk  between  parallel  metallic  circuits  can  be  eliminated 
by  a system  of  transpositions,  as  shown  >n  Fig.  50. 


i 

U 8 Miles -*! 

! 1 

Fio.  50. — Eight  mile  transposition  section  for  twenty  wires. 


157.  A typioal  transposition  system  is  shown  in  Fig.  50.  which 
illustrates  an  8-mile  section  for  20  wires  or  10  circuits.  This  section  com- 
prises a unit  which  is  applied  successively,  and  the  last  section,  if  not  exactly 
8 miles,  is  taken  care  of  by  stretching  or  shortening  the  unit  section  to  suit 
the  case. 

168.  Phantom  circuits  impose  additional  transposition  requirements. 
Each  side  circuit  must  be  transposed,  or  the  phantom  will  be  entirely  inopera- 

• Fowle,  F.  F.  “The  Transposition  of  Electrical  Conductors;*’  Trans 
A.  I.  E.  E.,  Vol.  XXIII,  1004,  p.  650.  “ The  Transposition  of  Farmer 

Lines;’’  American  Telephone  Journal  (now  Telephony),  Vol.  XVII,  May  2, 
1008,  pp.  382  to  384.  " Making  Reid  Reports  on  Inductive  Interfer- 
ence -'r  Telephony,  Vol.  LXI,  Sept.  2,  1911,  pp.  276  to  278. 

Cohen,  L.  “Inductive  Disturbances  in  Telephone  Lines;’’  Trans.  A.  I.  E.  E., 
Vol.  XXVI,  1007,  pp.  1155  to  1167. 

Taylor,  J.  B.  “Telegraph  and  Telephone  Systems  as  Affected  by  Alter- 
nating-current Lines;’’  Trane.  A.  I.  E.  E.,  Vol.  XXVIII,  1000,  pp.  1160  to 
1215. 

Howe,  P.  J.  “Inductive  Disturbances  as  Affecting  Telephone  sne 
Telegraph  Lines;’’  Annual  Proceedings,  Association  of  Railway  Telegraph 
Sup  ts . , 1013. 

Report  of  the  Engineering  Data  Sub-Committee;  Proe.  A.  I.  E.  £.,  Oct., 
1014,  pp.  1447-1523. 

Report  6f  the  California  Joint  Committee  on  Inductive  Interference 
R.  R.  Comm,  of  California,  1016. 
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ve.  The  phantom  itself  must  be  transposed,  with  respect  both  to  its  side 
ircuits  and  to  other  physical  and  phantom  circuits. 

169.  Phantom  transpositions  make  it  necessary  to  modify  the  details 
1 Fig.  50  quite  materially ; changes  are  necessary  at  one-half  the  total  number 
f transposition  poles  and  only  the  “A"  poles  remain  as  they  were.  An 
-mile  section,  arranged  for  phantom  circuits,  is  given  in  Fig.  51.  It  is 
Iso  feasible  to  transpose  pairs  5-6  and  15-16  to  make  a fifth  phantom 
ircuit.  A more-efficient  type  of  section  having  64  transposition  points, 
latead  of  32,  is  given  in  the  ‘'Report  of  the  California  Joint  Committee  on 
nductive  Interference." 
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?*iq.  51. — Eight-mile  transposition  section  for  twenty  wires  with  phantom 
circuits. 


170.  Balancing  coils,  Fia.  52,  are  sometimes  employed  to  improve  the 
balance  of  metallic  circuits  and  diminish  the  intensity  of  inductive  interferences 
rom  high-energy  circuits.  Such  coils  interfere,  however,  with  phantom, 
composite  or  simplex  operation,  unless  installed  in  the  drop  side  or  leg. 

171.  Drainage  coils,  Fig.  53,  are  useful  in  preventing  excessive  rise  of 
Mtential  on  telephone  lines  from 
leavy  inductive  disturbances  caused  Llno* 

>y  parallel  high-tension  high-energy 
:ircuits.  The  installation  of  these 
mils  at  intervals  along  the  circuit 
establishes  local  circuits  through 


Line 


'AW/ 


Line 


’io.  52. — Balancing  coil  for  metallic  Fio.  53. — Drainage  coil  for  metallic 
circuit.  circuit. 


earth  for  the  flow  of  induced  currents  and  thus  prevents  the  cumulative  rise 
rf  potential  which  otherwise  might  occur. 

171.  Inductive  disturbances  may  be  minimised  by  certain  eiTange- 
ment  of  phase  wires,  as  indicated  in  the  “Report  of  the  California  Joint 
Committee  on  Inductive  Interference.”  The  phase  wires  constituting  any 
.ndividual  circuit  should  be  grouped  as  close  to  each  other  as  feasible.  Senes 
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circuits  should  be  laid  out  on  the  cloeed-loop  system  (Sec.  12)  end  in  bobs 
esses  the  lamps  should  be  connected  alternately  in  each  side  of  the  loop,  to 
electrostatic  balance. 

ITS.  Special  transpositions  for  the  elimination  of  foreign  Indncttsa 
are  usually  effective,  but  frequently  require  rearrangement  of  the  whole 
transposition  system  within  the  section  of  exposure  and  sometimes  for  a 
distance  beyond.  The  general  principles  governing  the  location  of  raeh 
transpositions  have  been  covered  in  the  author’s  paper,  “Transposition  of 
Electrical  Conductors,”  Trans.  A.  I.  E.  E.,  VoL  XXIII,  1904,  p.  659,  ati 
also  in  the  California  Joint  Report  before  mentioned. 

174.  Transmission  and  distribution  lines  may  be  transposed  wb« 
they  give  rise  to  serious  inductive  troubles.  See  Sec.  11  for  details.  Tbt 
best  location  of  the  transpositions  is  governed  by  local  conditions. 

17C.  Single-phase  traction  systems  have  given  rise  to  the  most  serious 
inductive  disturbances  ever  encountered  in  telephone  and  telegraph  prac- 
tice, Various  remedies  have  been  tried  and  found  partially  successful,  in- 
cluding the  use  of  special  compensating  transformers,  connected  in  this 
telephone  system,  sectionalisms  the  trolley  system,  three-wire  trolley  system 
where  two  or  four  trolley  wires  are  employed,  special  track  transformers,  et- 
For  discussion  of  these  devices  see  the  references  in  Par.  144  and  tht 
bibliography,  Par.  MS;  also  see  Electrical  World , Vol.  LX  III,  1914,  p.  984. 

TXLKFHONI  TRANSMISSION 

174.  Theory.  Telephone  transmission  cannot  be  treated  wholly  from  tb* 
standpoint  of  analytical  theory,  but  must  be  handled  in  part  from  an  ta 
pineal  standpoint.  One  telephone  line  can  be  compared  with  another 
when  the  high-frequency  constants  are  known,  on  the  basis  of  the  math* 
matical  theory  of  electrical  energy  transmission  over  a linear  circuit  poairm 
ing  distributed  resistance,  reactance,  capacitance  and  leakance.  The  onlj 
satisfactory  method  of  comparing  one  telephone  set  with  another,  ho* 
ever,  is  by  means  of  comparative  tests  and  empirical  standards  of  speed 
transmission. 

ITT.  Transmission  equivalents  are  usually  stated  in  terms  of  t h* 
lengths  of  No.  19  A.W.Q.  standard  cable  (88  ohms  per  mile,  metallic;  ar: 
0.054  mf.  per  mile,  mutual,  at  800  cycles  per  sec.)  which  give  the  same  tou 
transmission  losses  as  the  lines  or  equipment  in  question. 

ITS.  Kmpirical  standards  of  transmission  are  usually  stated  in  tern? 
of  the  transmission  over  a certain  mileage  of  standard  No.  19  A.W.G.  cable 
with  certain  types  of  telephones  connected  to  each  terminal  and  equipped 
in  a certain  specific  manner.  Such  a definition  serves  to  fix  the  standard 
volume  of  transmission,  but  not  the  quality.  A standard  equal  to  80  miles 
of  cable  has  been  used  for  long-haul  transmission,  whereas  standards  equal 
to  20  miles  or  better  have  been  considered  in  local  service. 

ITt.  The  range  of  frequencies  which  needs  to  be  considered  in  tele- 
phone transmission  is  from  about  80  to  3,000  cycles  per  sec.  For  many 
purposes  the  use  of  a single  equivalent  frequency  of  750  or  800  cycle*  it 
sufficient. 

180.  The  properties  of  conductors  are  treated  as  a whole  in  Sec.  4 
In  telephone  transmission  calculations  the  constants  of  the  circuit  should  be 
those  determined  by  actual  test  with  sine- wave  currents  and  e.mJa.  at 
750  to  800  cycles  per  sec.  The  skin  effect  is  important  to  consider;  in  small 
copper  wires  it  is  negligible,  while  in  copper-clad  steel  wires  it  increases  the 
effective  resistance  a few  per  cent,  over  the  ohmic  or  real  resistance,  say  3 to  6 
per  cent.,  and  in  iron  or  steel  wires  it  increases  the  effective  resistance  from 
25  to  75  per  cent.  The  skin  effect  also  diminishes  the  effective  inductance 
The  permeability  of  iron  wire  at  high  frequencies  and  low  current-denmtie* 
is  about  70,  and  at  power  frequencies  it  is  about  100  to  125.  The  energy  lost 
in  the  dielectric  of  insulated  conductors  is  also  appreciable,  aa  a rule,  ant 
shows  itself  as  an  increase  in  the  effective  leakage  conductance. 

181.  The  analytical  theory  of  transmission  is  given  in  Sec.  2.  It  cat 
be  shown  from  the  fundamental  equations  there  given,  and  their  solution, 
that  the  rate  of  attenuation  on  a very  long  uniform  circuit  is 

Propagation  Constant  — (2) 
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where  « U the  base  of  Naperian  logarithms,  0 is  the  attenuation  constant  and 
a is  the  wave-length  constant.  In  a line  of  length  l,  the  total  attenuation  is 
/a*  -«“0I(cos  af-j  sin  al)  (3) 

The  quantity  is  the  numerical  magnitude  of  the  attenuation  and  the 
quantity  within  the  bracket  is  the  directive  or  vector  portion;  the  latter 
has  always  a numerical  magnitude  of  unity,  and  is  merely  a unit  vector 
expressed  in  terms  of  complex  imaginary  quantities.  It  follows  that  when 
two  dissimilar  lines  give  equal  transmission, 

0ih  -0«f»  (4) 

IBS.  The  attenuation  constant  is  given  by  the  expression 

0- + {RG-<**LO\  (5) 

where  R is  the  effective  resistance  in  ohms  per  mile,  L is  the  effective  induo- 
tance  in  henries  per  mile,  G is  the  effective  leakage  conductance  in  mhos  per 
mile,  C is  the  effective  cap&citanoe  in  farads  per  mile,  and  o>  — 2*f,  where/ 
is  the  frequency  in  cycles  per  sec. 

183.  The  wave-length  constant  is  given  by  a similar  expression,  which 
is 

a-Vk[V -(RG-  u*LO\  («) 

where  the  symbols  have  the  same  meaning  as  in  the  preceding  paragraph. 

184.  The  wave  length  is  X — 2v/a,  where  X is  the  length  of  one  complete 
wave,  a is  the  wave-length  constant  and  v-  3.1416.  If  the  line  constants 
are  taken  per  mile,  as  customary,  X will  be  in  miles. 

188.  The  velocity  of  propagation  is  F-/X,  where  V ■■  the  velocity,  X 
is  the  wave  length  and  / is  the  frequency.  If  X is  in  mile  units,  V will  be 
in  miles  per  sec. 


188.  The  U law,  which  is  strictly  applicable  only  to  cables,  can  be  ob- 
tained  by  substituting  L « 0 and  G — 0 in  Eq.  5.  This  will  give  0 — VTfrCW 2. 
Therefore  two  dissimilar  cables,  neglecting  the  dielectric  locses,  will  give 
equal  transmission  when 


h x/RtCt 
lt~  V RiCi 


(7) 


where  ft  and  It  are  the  respective  lengths,  Ri  and  Rt  the  respective  resistances 
per  mile  and  Ci  and  Ct  the  respective  capacitances  per  mile.  The  term  KR 
law  comes  from  the  use  of  the  symbol  K for  capacitance;  it  might  also  be 
called  the  CR  law. 


187.  The  line  impedance  at  the  sending  end  is  given  by  the  formula 


Z-  \/R±juL  (8) 

V G+jvC 

The  surge  impedance  is  equal  to  %/ R/G.  For  example  the  line  impedance 
of  9 A.W.G.  open  copper  metallic  circuit  at  800  cycles  is  about  690  ohms; 
for  No.  9 copper  clad,  of  47  per  cent,  conductivity,  it  is  about  830  ohms;  and 
for  a sample  of  No.  9 A.W.G.  iron  it  was  1,640  ohms. 

188.  Wave  reflection,  or  reflection  loss,  occurs  at  the  junction  of  dissimi- 
lar impedances,  such  as  the  jilnction  of  open-wire  line  and  cable,  or  more  par- 
ticularly at  the  junction  of  a loaded  circuit  with  a non-loaded  circuit. 

188.  Transmission  tests  are  usually  made  under  talking  conditions  by 
comparing  one  instrument  with  another,  or  one  line  circuit  with  another,  ana 
introducing  extra  cable  in  the  more  efficient  circuit  until  the  two  are  alike  in 
talking  volume  as  nearly  as  can  be  determined.  The  amount  of  extra  cable 
measures  the  loss,  which  is  expressed  in  so-called  cable  equivalent.  For 
this  work  it  is  very  convenient  to  have  a portable  artificial  cable. 

190.  Artificial  cable  for  transmission  tests  can  be  made  in  very  com- 
pact portable  form.  A 32-mile  artificial  cable,  equivalent  to  32  miles  of  No. 
19  A.W.G.  metallic  copper  cable,  88  ohms  loop  resistance  and  0.054  mf. 
(at  800  cycles  per  sec.)  mutual  electrostatic  capacity. a convenient  sise; 
the  whole  cable  is  subdivided  into  two  1-mile,  one  one  4-mile,  one  8- 

mile  and  one  16-mile  sections. 
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1M.  Inductance  loading  or  Pupin  colls*  are  now  used  extenrively  tc 
improve  transmission,  although  in  America  the  art  of  loading  is  still  a virtual 
monopoly  undo1  the  patents  which  are  held  by  the  Bell  system.  Loadug 
coils  are  made  in  torroidal  form  and  inserted  in  the  line  as  shown  in  Fig. 
54,  at  intervals  of  about  8 miles  in  open  wire  and  from  1 to  2.5  miles  a 
cable.  Such  coils  are  also  applicable,  when  properly  wound,  to  phantoa 
circuits.  The  transmission  gains  cannot  be  secured  with  very  short  lines^r 
4 or  5 miles  of  No.  19  A.  W.G.  cable,  or  roughly  75  miles  of  No.  12  N.B.8.G. 
open  hopper  wire.  For  further  details  see  the  literature  in  the  bibliography 
Par. 


Fio.  54. — Method  of  oonnecticfe  loading  coils  into  a telephone  line. 

194.  Experimental  value*  of  transmission*  equivalent*  for  various 
types  of  telephone  circuits  have  been  determined  by  different  investigators 
and  are  fairly  well  established.  Tables  of  such  values  are  given  in  Far.  191 

and  192. 

195.  Transmission  equivalents  of  equipment  sad  apparatus  vary 
greatly  according  to  the  type  and  construction.  The  loss  due  to  a bridgec 
relay  or  drop,  wound  to  500  ohms,  varies  from  0l2  to  0.5  mile  of  standmrt 
No.  19  cable;  if  an  efficient  impedance  coil  be  connected  in  series  with  th< 
drop,  the  loss  can  be  reduced  to  practically  sero.  A 1,000-ohm  bridging 
bell  has  a loss  of  lees  than  0.1  mile.  The  loss  due  to  series  2-mf.  condenser 
is  about  0.2  mile  each.  When  an  operator’s  set  is  bridged  across  a coni 
circuit  the  loss  will  vary  from  0.5  to  4 or  6 mile*. 

The  loss  due  to  a repeating  coil  ranges  from  0.5  to  about  4 or  5 miles;  effi- 
cient phantom  coils  have  a loss  as  low  as  0.05  to  0.16  mile  each  on  the  phan 
tom  leg  and  0.25  to  2 miles  on  the  side  circuits.  Telegraph  composite  sen 
have  a loss  of  about  0.75  mile  per  set. 

It®,  Reflection  losses  between  non-loaded  open  wires  of  different  sises 
or  side  circuits  and  phantoms,  or  open  wires  and  cables,  are  usually  but  t 
fraction  of  a mile  of  cable.  In  the  case  of  a loaded  open-wire  circuit  con- 
nected to  an  open-wire  non-loaded  circuit  the  reflection  lose  may  become 
equal  to  3 or  4 miles  of  standard  cable. 

197.  Cost  balance  between  open-wire  line  and  cable.  When  a 

through  line  between  two  given  points  is  comprised  of  a section  of  open  wire 
connected  to  a section  of  cable,  there  is  a certain  site  of  open  wire  and  a cer- 
tain sise  of  cable  conductor  which  will  provide  the  required  standard  of 
transmission  (expressed  as  a certain  fixed  number  of  miles  of  standard  cable) 
for  the  lowest  annual  cost,  and  any  other  combination  of  wire  or  conductor 
sixes,  giving  the  same  total  transmission,  will  cost  more. 

199.  Telephone  repeaters  of  the  audion  or  vacuum  type  are  now  in 
quite  general  use  on  the  long  lines  of  the  Bell  system,  with  excellent  results. 
This  type  of  repeater  is  by  far  the  most  successful  yet  developed.  An  ex- 
tended description  will  be  fouiftL  in  the  paper  on  “ Telephone  Repeater*,”  by 
B.  Gherardi  and  F.  B.  Jewett,  TVons,  A.  I.  E.  E.,  VoL  AXXVlfl.  pp.  128  > 
1345.  By  means  of  this  repeater  the  commercial  range  of  telephone  transmit-  , 
aion  has  been  extended  to  more'than  3,000  miles  and  the  use  of  long  cable 
circuits  has  been  greatly  extended. 


• Pupin.  M.  I.  “Propagation  of  Long  Electrical  Waves,”  Tran*.  A.  J.  E. 
E.,  1899,  Vol.  XVI,  p.  93;  “Wave  Transmission  Over  Non-uniform  Cables 
and  Long-distance  Air-lines,  1900,  Vol.  XVII,  p.  445. 

Hayes,  H.  V.  “Loaded  Telephone  Lines  in  Practice;”  Tran*.  Int.  Eiec 
Congress,  St.  Louis.  1904,  Vol.  Hi,  Section  G,  p.  538. 

Gherardi,  B.  “The  Commercial  Loading  of  Telephone  Circuits  in  the  Bell 
System;”  Tran*.  A.  I.  E.  E.,  Vol.  XXX,  1911,  pp.  1743  to  1773. 
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TILS  GRAPH  TRANSMISSION 

Iff.  The  theory  of  telegraph  transmission  bos  been  developed  from  a 
Dumber  of  standpoints.  Herbert*  has  treated  it  empirically  for  English 
(open-circuit)  practice,  while  Kennellyf  has  handled  it  from  the  purely 
analytical  standpoint,  regarding  morse  impulses  as  nearly  the  equivalent 
of  a low  uniform  frequency  (Par.  89).  The  author  has  applied  the  leakage 
theory  to  uniform  open-wire  lines,  for  American  practice,  with  results  given 
in  Par.  SOI.  None  of  these  theories  is  perhaps  satisfactory  from  the  stand- 
point of  every  type  or  condition  of  line  met  in  practice,  but  collectively  they 
form  a fairly  reliable  guide. 

500.  The  leakage  theory  as  applied  to  uniform  aerial  (low-capacitance) 
ines.  derived  from  the  theory  of  the  distribution  of  continuous  currents  in  the 
iteady  state,  has  been  extensively  studied  by  the  author,  t and  appears  to  be 
applicable  to  open-wire  lines  of  tne  closed-circuit  type,  if  there  are  no  consid- 
orable  lengths  of  cable  in  circuit. 

501.  Commercial  operative  limits  of  transmission,  with  given  line 
resistances  and  an  assumed  leakage  conductance  of  4 micromhos  per  mile, 
have  been  tabulated  in  Par.  209,  under  the  further  assumptions  next  stated: 
single  working,  150-ohm  main-line  relays,  300  ohms  total  resistance  at  each 
terminal,  and  a ratio  of  releasing  to  operating  current  equal  to  0.75;  differ- 
ential polar  duplex,  800-ohm  polar  relays,  and  a 800  ohm  protective  resistor 
at  each  terminal;  differential  quadruples,  400-ohra  polar  relays,  800-ohm 
neutral  relays,  an  e.m.f.  of  90  volts  on  the  short  (polar)  side,  ratio  of  long  to 
short  voltages  equal  to  3.5  and  a 600-ohm  protective  resistor  at  each 
terminal. 

80S.  Table  of  commercial  operative  limits,  with  closed-circuit 
single,  duplex  and  quadruples  Morse  working 


(Based  on  a leakage  conductance  of  4 micromhos  per  mile) 


Resistance 

Maximum  permissible  length  of  line{  (miles) 

Tier  mile 
(ohms) 

Duplex 

(two  sides)  | 

Simplex 
or  single 

Quadruple! 
(four  sides) 

2 

783 

597 

531 

3 

658 

510 

442 

4 

580 

450 

386 

6 

485 

376 

313 

8 

425 

331 

268 

10 

384 

299 

236 

15 

318 

248 

186 

20 

278 

217 

156 

25 

250 

195 

135 

30 

229 

179 

120 

40 

200 

156 

98.7 

50 

180 

140 

84.3 

80S.  The  KR  law  of  transmission  as  developed  by  Herbert  (see  foot- 
note of  Par.  199)  can  be  stated  as  follows: 


(9) 


where  W is  the  maximum  commercial'  speed  in  words  per  min.,  K is  the 
total  capacitance  and  R is  the  total  resistance  of  the  line;  A is  a constant 
having  a value  of  10,000,000  for  open- wire  lines  of  iron,  12,000,000  for  open- 


• Herbert,  T.  E.  "Telegraphy;”  Whittaker  and  Co.,  London,  1906, 
Chap.  XVII. 

f Kennelly,  A.  E.  "The  Application  of  Hyperbolic  Functions  to  Electri- 
cal Engineering  Problems;”  The  University  of  London  Press,  1912. 

IFowle,  F.  F.  "Telegraph  Transmission;”  Tran*.  A.  I.  E.  E.,  Vol. 
XXX.  1911,  pp.  1683  to  1741:  A Study  of  Telegraphic  Transmission, 
Telephone  Engineer,  Vol.  IV,  Oct.,  1910,  p.  171,  continued  to  Vol.  VI,  July, 
1911,  p.  49. 

| No  intermediate  stations. 
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wire  lines  of  copper,  and  18,000,000  for  cables  of  the  submarine  type  viti 
gutta-percha  insulation.  The  assumed  working  conditions  are  8 mill- 
amperes  of  line  current,  not  less  than  100  volte  impressed  c-m.f.  Iron.  t 
source  whose  internal  resistance  does  not  exceed  3 ohms  per  volt,  and  i 
shunted  condenser  at  the  receiving  end.  For  a speed  of  400  words  permit. 
Herbert  gives  the  following  limits  of  distance: 


Miles  | Km 


150-lb.  aerial  copper  line 590  I 950 

100-lb.  aerial  copper  line.  i 490  j 785 

450-lb.  aerial  iron  line 360  j 580 

400-lb.  aerial  iron  line 1 290  i 465 

Gutta-percha  underground  cable S3  I 134 

Screened  paper  cable.  40-lb | 128  | 210 


204.  Intermediate  stations  on  the  line  (in  single  working)  increase  th* 
total  resistance  of  the  line  and  decrease  the  transmission  efficiency.  If  the 
stations  are  about  uniformly  spaced,  every  few  miles,  the  effect  can  be  equate*, 
by  adding  the  resistances  of  the  intermediate  stations  to  the  resistance  of  tb* 
line  wire.  It  is  good  practice  to  employ  35-ohm  main-line  relays  for  waj 
circuits,  with  a line  current  of  at  least  GO  miUiamperea. 

206.  Effect  of  varying  leakage  on  single  (simplex)  working,  with  i 
line  measuring  10  ohms  per  mile 


(No  intermediate  stations) 


Insulation  resistance 

leakage  conductance 

Operative  limit 

(megohm-miles) 

(micromhos  per  mile) 

(miles) 

1.000 

1.0 

624 

0 . 500 

2.0 

433 

0.250 

4.0 

299 

0.  125 

8.0 

204 

106.  The  use  of  automatic  repeaters  becomes  necessary  when  the  ton 
distance  between  the  line  terminals  exceeds  the  operative  mileage  limit  of  th< 
line  wire  under  the  most  adverse  weather  conditions  (maximum  leakage' 
In  providing  for  through  telegraph  transmission  over  long  distances  it  i : 
uneconomical  to  employ  line  wires  having  more  than  the  necessary  tensile 
strength,  * because  one  or  more  sets  of  repeaters  can  readily  be  installed  in 
such  a manner  as  to  subdivide  the  line  electrically  into  sections  sni table  for 
the  electrical  characteristics  of  the  line  wire.  Repeaters  are  installed  about 
once  in  every  450  to  500  miles  with  No.  9 A.W.Q.  copper  wire,  and  at  shorter 
intervals  with  wires  of  lower  efficiency. 

CONSTRUCTION 

16T.  The  type*  of  outside  construction  are  open  wire,  aerial  cable,  as <1 
underground  cable.  These  types  are  briefly  described  in  the  following 
paragraphs.  Also  see  “National  Electrical  Safety  Code”  lor  minimum 
strength  requirements. 

108.  Pole  lines  oompriae  poles,  cross-arms,  guy  stubs,  braces,  guy*, 
anchors,  and  the  right  of  way.  The  aerial  wire  or  cable  construction  is  not 
usually  included  under  the  definition  of  pole  lines,  but  classed  by  itself. 

109.  Poles.  The  timber  used  most  extensively  is  oedar.  and  next  in  order 
come  chestnut,  oak,  pine,  and  cypress. t Poles  es  they  come  from  the  stump 
require  peeling,  roofing  and  gaming  before  they  are  ready  for  use;  in  addi- 
tion the  poles  for  certain  classes  of  construction  require  shaving,  stepping 
and  painting.  The  sites  of  poles  used  in  tins  construction  are  regulated  by 
the  loads  they  will  ultimately  be  required  to  carry.  A number  of  the  larger 
telephone  companies  classify  their  oedar  poles  as  follows; 


* Fowle,  F.  F.  “Economical  Spacing  of  Telegraph  Repeaters;"  Telephone 
Engineer,  Vol.  VI,  Sept.,  1911,  p.  147. 

f See  reports  of  the  U.  S.  Forest  Service,  Dept,  of  Agriculture. 
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Circumference  (in.) 

Length 
in  ft. 

Class 

A 

Class 

B 

Class 

C 

Class 

D 

Class 

E 

Class 

F 

Class 

G 

Top 

6 ft. 
from 
butt 

1 6 ft. 
Top  from 
butt 

' 6 ft. 
Top  from 
butt 

Top 

Top 

Top 

Top 

20 

15.5 

12.5 

22 

15.5 

15.5 

12.5 

25 

18.81  30 

18.8 

17.3 

15.5 

12.5 

30 

24 

40 

22  32  j 

22  36  | 

| 

18.8  33 

18.8 

18.8 

| 

18.8 

35 

24 

1 43 

22  38 

18. 8|  36 

18.8 

18.8 

18.8 

40 

24 

I 47 

22  43 

18. 81  40 

18.8  : 

18.8 

18.8 



50 

24 

53 

22  50 

18.8  46 

22.0 

22.0 

1 18.8 

Class  A polos  are  used  in  lines  carrying  50  to  80  wires;  Class  B poles  for  40- 
wire  lines;  Class  C poles  for  20-wire  lines;  Class  E for  10-wire  linos;  Classes  F 
and  G for  light  farmer  lines  and  bracket  lines.  Also  see  Sec.  4,  on  timber. 


210.  Pole  setting.  The  depth  of  poles  in  the  ground  should  be  as 
follows,  for  ordinary  soil  or  for  solid  rock. 


Length 
of  pole 
(«-> 

Dopth  in  the  ground 

Length 
of  pole 
(ft.) 

Depth  in  tho  ground 

Earth 

(ft.) 

Rock 

(ft.) 

Earth 

(ft.) 

Rock 

(ft.) 

20 

4.0 

3.0 

50 

7.0 

4.5 

25 

5.0 

3.0 

55 

7.5 

5.0 

30 

5.5 

3.5 

60 

8.0 

5.0 

35 

6.0 

4.0 

65 

8.5 

6.0 

40 

6.0 

4.0 

70 

9.0 

6.0 

45 

1 

65  i 

4.5 

75 

1 1 

9.5 

6.0 

Also  see  requirements  of  "Nat.  Elec.  Safety  Code.” 


211.  Reinforced  concrete  poles  have  been  used  to  a limited  extent, 
largely  on  an  experimental  basis.  They  aro  not  in  sufficient  use  to  warrant 
any  considerable  description  here;  see  Still,  A.  "Over-head  Electric  Power 
Transmission,”  New  York,  1913.  Coombs,  R.  D.  and  Slocum,  C.  L.  "Re- 
inforced Concrete  Poles;”  Universal  Portland  Cement  Co.,  1910. 

SIS.  Preservative  treatment  of  poles  to  prevent  decay,  especially  below 
the  ground  line,  is  constantly  becoming  more  common.  Among  the  preserva- 
tives employed  are  creosote,  carbolineum  avenarius,  creolin,  spirittine,  ooal 


Fio.  66. — Measurement  of  ''pun”  on  pole-line  curve  or  turn. 

tar,  sine  chloride  and  others.  There  are  three  methods  of  treatment,  closed- 
tank  process  (treating  entire  pole),  open-tank  process  and  brush  treatment. 
The  open-tank  method,  for  treating  the  butts  (only)  with  coal-tar  creosote,  is 
recommended  as  superior  to  the  brush  treatment.  See  publications  of  the 
Forest  Service,  U.  S.  Dept,  of  Agriculture,  Washington,  D.  C. 

211.  Spans.  On  level  straight  sections  the  spans  should  be  about  as 
follows:  40-wire  lines,  130  ft.;  20-wirelines,  130  to  160  ft.;  10-wirelines,  150 

1741 
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to  200  ft.  A span  of  132  ft.  corresponds  to  40  poles  per  mile;  the  r umber  of 
polos  por  mile  is  seldom  less  than  30  and  in  some  cases,  for  heavy  lines  or  h 
exposed  locations,  may  be  as  high  aa  50  or  60  pier  mile.  Od  curves  or  turns  the 
spans  are  regulated  by  the  “pull,”  which  is  defined  in  Fig.  55.  The  followini 
table  shows  the  lengths  of  span  for  different  pulls. 


Pull 

(ft.) 

10-wire 

lino 

(span  in  ft.) 

20- wire 
line 

(span  in  ft.)  , 

■ ■> 

40- wire 
line 

(span  in  ft.) 

1-5 

150-175 

130-150 

130 

6-10 

140-160 

120-140 

120 

11-15 

130-145 

115-130 

110 

16-20 

120-135 

110-120 

100 

21-25 

115-125 

105-115 

90 

26-30 

110-120 

100-110 

75 

214.  Pole  gains  aro  usually  24  in.  betwooD  centres,  with  the  uppermost 
gain  12  in.  from  the  pole  top.  The  ^ains  for  the  ultimate  number  of  cros* 
arms  are  usually  cut  before  the  polo  is  erected. 

210.  Approximate  weights  and  dimensions  of  standard  Washington 
fir  cross-arms 


Sire  3J  in.  by  41  in.,  bored  for  lj-in.  pins,  |-in.  through  bolt  and  two  f-in 
brace  bolts;  unpainted 


Length 

ft. 

Pins 

Between 
side  pins 

(in.) 

Spacings 

Between 
pole  pins 

(in.) 

I End  1 
| (»n.) 

Weight 

(lb.) 

3 

1 2 

28 

4 

10 

4 

4 

1 12 

16 

4 

13 

5 

4 

17 

18 

, 4 

17 

6 

4 

i 21 

22 

! 4 

20 

6 

6 

12 

16 

4 

20 

8 

6 

171 

18 

4 

27 

8 

8 

12 

16 

4 

27 

10 

10 

12 

16 

4 

34 

Tighter  cross-arms,  2f  in.  by  31  in.,  are  sometimes  used. 


216.  Approximate  weights  and  dimensions  of  yellow  pine  cross- 
arms.  The  dimensions  of  yellow  pine  cross-arms  are  the  same  as  fir  ctok> 
arms  given  in  Par.  215,  ana  the  respective  weights  are  approximately  6.  7. 
10,  16,  21  and  25  lb.  each.  Those  arms  aro  usually  painted  (red)  to  increase 
their  life. 

S17.  Cross-arms  on  adjacent  poles  face  in  opposite  directions,  except  on 
steep  hills  or  grades,  when  they  taoe  up-grade;  on  curve*  they  should  face 
toward  the  centrs  of  the  curve.  In  general  they  should  be  so  faced  that  the 
stresses  pull  them  against  the  pole.  Double  arms  are  often  used  at  long  spans 
and  railroad  crossings. 

*18.  Pole  and  cross-arm  construction  is  shown  in  Fig.  56.  Croee- 
arm  braces  (24  in.  or  26  in.  long)  should  be  attached  as  shown  in  the  figure. 
For  further  details  on  construction  see  McMeen,  S.  G.  and  M-ller.  fv.  B. 
"Telephony;”  Amer.  School  of  Correspondence.  Chicago,  1912:  also  Thieee, 
J.  B.  and  Joy,  G.  A.  “Toll  Telephone  Practice;’*  D.  Van  Nostrand  Co.. 
New  York,  1912. 

219.  Pins  are  made  of  locust,  hedge,  oak,  maple  and  elm*  the  preferable 
wood  is  locust.  The  standard  sise  is  If  in.  by  9 in.  For  hght  erose-arxne 
the  pins  are  1 i in.  by  8 in. 

*20.  Guying  or  reinforcement  of  a pole-line  is  necessary  on  curves  and  at 
corners  or  abrupt  turns.  This  is  usually  done  by  means  of  steel  guy  strand 
attached  near  the  top  of  the  pole  or  at  the  load  centre,  and  anchored  to  a 
buried  log  or  plank,  or  some  form  of  patent  anchor.  Methods  of  gaying  srs 
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» 

show*  in  Figs.  57  and  6ft;  in  tome  onset  it  is  desirable  also  to  guy  from  the  top 
of  pole  1 to  the  butt  of  pole  2,  and  from  the  top  of  pole  4 to  the  butt  of  pole 
3.  Back-braces  are  required  on  cross-arms  on  corner  poles. 

SSI.  Guy  strand  consists  of  a galvanised  seven- wire  strand  (or  concentric- 
lajy  cable)  and  is  usually  obtainable  in  four  standard  sixes  having  ultimate  ten- 


H In.  x H io. Drive  Screw 


Fia.  56. — Standard  pole  top  and  cross  arm. 


SSS.  Wire  used  in  aerial  construction  ranges  in  sise  from  No.  8 B.W.G. 
(485  lb.  per  mile)  to  No.  14&W.G.  (1021b.  per  mile)  in  hard-drawn  copper 
and  from  No.  6 B.W.G.  (573  lb.  per  mile)  to  No.  14  B.W.G.  (96  lb.  per 
mile)  in  galvanised  annealed  iron  and  steel.  The  independent  telephone  com- 
panies employ  No.  6 to  No.  12  A.W.G.  copper,  while  tne  Bell  companies  have 


Flos.  57  and  58. — Methods  of  guying  at  a corner. 


standardised  No.  8 B.W.G.  and  No.  12  and  No.  14  S.W.G.  copper.  For  the 
properties  of  wire  see  See.  4. 

Insulated  open  wire  is  usually  covered  with  two  ooAton  braids  saturated 


with  weather-proof  compound;  this  is  known  as  ordinary  weather-proof 
wire.  Twisted  pairs  are  insulated  with  a covering  of  rubber  compound  and 
a braid  over  each  conductor.  For  Weights  of  insulated  wire  sot  Boo.  12  and 
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OafM,  dluMtin  and  vilfhti  of  hard-drawn 

WiTM 

(Also  Me  wire  tables  in  Sec.  4) 


tslephom 


8 

B.W.G. 

6 

A.W.G. 

8 

S.W.G. 

9 

B.W.G. 

7 

A.W.G. 

9 

S.W.G. 

10 

B.W.G. 

8 

A.W.G. 

10 

S.W.G. 

11 

B.W.G. 

11 

S.W.G. 

9 A.W.G. 
12  B.W.G. 

12  S.W.G. 

10  A.W.G. 

13  B.W.G. 
IS  S.W.G. 

11  A.W.G. 

14  B.W.G. 

12  A.W.G. 
14  S.W.G. 


A. W.G.  “ American  (Brown  A Sharpe)  wire  gage. 

B. W.G.  — Birmingham  wire  gage. 

S.W.G.  — Standard  (British)  wire  gage. 

SSI.  Line- wire  Joints  in  the  ease  of  hard-drawn  copper  should  be  made 
with  connecting  sleeves,  also  known  as  Mclntiro  sleeves.  Lineman's  con- 
nectors should  always  be  used  in  twisting  the  sleeves  to  make  a joint.  Joint* 
in  iron  line  wires  are  usually  made  with  a Western  Union  Joint,  as  illus- 
trated in  Fig.  69;  it  is  very  essential  to  solder  every  joint  of  this  type  it 
order  to  prevent  premature  corrosion  and  preserve  satisfactory  electrical  con- 
nection. Also  see  Rashman,  C.  T.  " Some  Tests  on  Splioes  in  Galvasised 
Iron  Wire;”  Electrical  World , Nov.  17,  1910,  p.  1187. 

124.  Tie  wires  should  be  of  the  same  rise  and  material  as  the  line  wire 
ezoept  that  they  should  be  annealed  or  soft. 


Fiq.  59. — Western  Union  style  of  joint 
for  iron  wire. 
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222.  TMt  eonneetors  are  usually  installed  at  intervals  alone  a pole  line, 
in  order  to  provide  facilities  for  opening  the  linee  for  test  without  cutting  the 
wires.  A pole  thus  equipped  with  test  oonnectors  is  termed  a test  pole.  The 
location  of  test  poles  is  varieddn  different  installations  to  suit  convenience. 

trr.  Line  insulators  are  ordinarily  made  of  glass,  in  one  of  the  patterns 
shown  in  Figs.  61  to  63.  Poroelain  is  used  to  a limited  extent  in  plaoe  of 
glass,  especially  to  secure  the  high  insulation  necessary  on  loaded  circuits,  but 
is  more  expensive.  Poroelain  is  used  to  a much  greater  extent' in  Europe 
than  in  this  country. 

SS8.  Bag  table  for  hard-drawn  bare  copper  line  wire  consisting  of  No., 
12  8. W.Q.  (0. 104  in.  diam.)  is  as  follows.  Tne  sags  are  given  in  inches. 


Temp. 

(deg. 

fahr.) 

Length  of  span  (ft.) 

75 

100 

115 

130 

150 

175 

200 

250 

300 

-30 

1.0 

2.0 

2.5 

3.5 

4,5 

6.0 

8.0 

14.0 

22.0 

-10 

1.6 

2.5 

3.0 

4.0 

5.0 

7.0 

9.0 

16.0 

26  0 

+ 10 

1.5 

3.0 

3.5 

4.5 

6.0 

8.0 

11.0 

19.0 

30.0 

30 

2.0 

3.5 

4.0 

5.5 

7.0 

10.0 

12.0 

21.0 

33.0 

60 

2.5 

4.5 

5.5 

7.0 

9.0 

12.0 

16.0 

27.0 

43.0 

80 

3.0 

5.5 

7.0 

8.5 

11.5 

15.0 

19.0 

31.0 

49.0 

100 

4.6 

7.0 

9.0 

11.0 

14.0 

18.0 

23.0 

30.0 

55.0 

The  sags  for  No.  14  3.W.G.  (0.080  in.  diam.)  hard-drawn  bare  copper 
under  like  conditions,  should  be  at  least  2 in.  greater  than  the  above  values 
for  No.  12. 

229.  Transpositions  are  now  usually  made  with  an  iron  bracket  or 
hanger  mounted  on  the  cross-arm  in  such  manner  that  it  supports  the  insu- 
lator which  carries  one  of  the  wires  below  the  arm,  while  the  other  wire  is 
supported  in  the  usual  manner  above  the  arm.  Special  insulators  known 
aa  transposition  insulators  were  formerly  standard  and  are  still  used  to  some 


extent.  These  insulators*  arc  made  sometimes  in  one  piece  with  double 
grooves,  and  sometimes  in  two  pieces,  with  one  groove  in  each.  In  former 
practice  the  single-pin  transposition  was  used  very  extensively,  but  is  now 
superseded  by  the  bracket  type. 

290.  Phantom  transpositions  are  made  by  means  of  upright  iron  brack- 
eta  attached  to  the  cross-arms;  these  brackets  may  support  either  transposi- 
tion insulators  or  standard  insulators,  as  designed. 

221.  Stresses  in  pole  lines  and  wire  spans  are  covered  in  Sec.  11  and 
Sec.  12.*  In  territories  subject  to  sleet  storms,  the  maximum  stresses  occur 
with  combined  sleet  and  wind  loads.  The  maximum  loads  now  usually 
assumed  are  those  specified  as  “Heavy,’*  “Medium,”  or  "Light,”  in  the 
“National  Electrical  Safety  Code,”  promulgated  by  the  Bureau  of  Standards. 
Those  three  grades  of  loading  apply  respectively  in  three  different  sones  into 
which  the  Bureau  has  subdivided  the  United  States  as  a whole. 


* Also  see  Report  of  Committee  on  Overhead  Line  Construction;  N.  E.  L 
A.,  1911  to  1921. 

Thomas,  P.  H.  *'Sag<?alcu!ations  for  Suspended  Wires;”  Trans . A.  I.  E.  E , 
VoL  XXX,  1911,  p.  2229. 

Still,  A.  “Overhead  Electric  Power  Transmission;”  McGraw-Hill  Book 
Company,  Inc.,  New  York,  1913. 
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2 ft.  Onrhiid  wire  clearances  vary  acoordins  to  local  oraAttov  sad 
the  statute  requirements.  At  railroad  crossings  the  minimum  clearance  ■ 
usually  prescribed  by  law,  but  this  varies  somewhat,  beangin  tbe  ncmity  d 


24  ft.;  the  local  statute  should  always  be  looked  up  and  followed. 

IS*  High-tension  crossings,  or  crossings  between  telephone  and  tab* 
araoh  lines  and  high-tension  (over  5,000  volts)  high-energy  lines  should  be 
Znaaallv  constructed  to  minimise  the  hasard  of  accidental  contact  or  elec- 
trical conduction  between  the  two  systems.  The  high-tension  line  is  van sBf 
t k*  und  should,  for  that  reason,  croee  over  the  low-energy  line  Wbm 


tension  line  is  usually 
w-energy  line.  Where 


of  the  wires  or  structure  of  the  lower  line.  If  the  span  cannot  be  sbarteaid 
the  construction  of  the  high-tension  line  should  be  amply  strong.  Cradle? 
or  baskets  suspended  beneath  the  high-tension  wires  are  not  recommended 
For  further  details  see  the  reference  given  in  Par.  SSI  and  in  the  Bibhography. 
Par.  tU. 

224  Joint  oonstru c tioq.  with  electrical  distribution  (central 

atation)  systems  is  now  quits  common  in  congested  districts.  Certain 
» restrictions  should  be  strictly  observed  in 

* — this  class  of  construction;  see  N ation&l 
Electrical  Safety  Code.  The  proper 
L arrangement  is  with  the  distribution 

/ d lines  on  the  upper  cross  arms  and  the 

J Messenger  telephone  wires  below. 

■img  i r wHas— i uuJLbjm  SSI.  Aerial  cable  construction  i* 

n LSL1 [1 — . indicated  in  a general  way  in  Fig.  & 

d []  JJ  k which  shows  a single  cable  and  mcmew 

j j ^x^Oable''  ger  supported  from  a pole.  Another 

J Hanger  cable  can  be  supported  on  the  oppoatx 

side  of  the  pole  in  the  same  manner 
When  several  cables  are  to  be  supported 
an  angle-iron  cross-arm  is  attached  to  lb 
^ ^ — v pole  and  the  messengers  are  suspend** 

s — ^ 1 therefrom. 

Throagh  I If  6.  Messengers  are  usuallv  made  d 

j Bolt\  seven-wire  concen trio-lay  cable,  esc! 


seven- wire  concentric-lay  cable,  esc! 
wire  being  of  galvanised  steel;  such  > 
cable  is  also  known  as  a seven-straw: 
cable.  Messenger  cables  have  beer 
standardised  to  a considerable  extent, 
employing  three  different  sixes  haring 


ultimate  tensile  strengths  of  6,000  lb . 
10,000  lb.  and  16,0001b.,  respectively 


n.n  ait  — A«rial  cable  susDension*  10,000  lb.  and  16,0001b.,  respectively 
Fio.  65.  Aenal  caDie  suspension.  further  det&Ua  Gf  galvanised  strand 

see  Sec  4 For  spans  not  exceeding  200  f t.  the  following  rules  are  used  to  « 
considerable  extent  in  determining  the  standard  sise  of  messenger  to  employ 
0-100  pr.  No,  22.  or  O-50  pr.  No.  19  cable  6.000  lb 


10O-2CK)  pr.  No.  22.  or  50-100  pr.  No  19  cable  10,000  jh 

Over  200  pr.  No.  22,  or  over  100  pr.  No.  19  cable, 16,000  Ih 


Over  200  pr.  No.  22,  or  over  100  pr.  No.  19  cable 16,000  la 

2|2  Stresses  in  messenger  spans  are  computed  from  the  known  or 
assumed  loads  as  in  the  case  of  wire  spans  (Par.  BS1;  also  see  8ec.  11 

g€'°'  l2)  2S8.  Table  of  Messenger  Bags 

(Bell  Telephone  Companies) 


Span  (ft.)  Sag  (in).  Span  (ft.) 


Span  (ft.)  Sag  (In) 


small  cables,  not  larger  yproximately 
be  reduced  about  one-third. 


than  25-pair  No.  10,  tbs 
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SS9.  Cable  rings  (galvanised)  attached  to  the  messenger  are  now  exten- 
sively employed  for  supporting  the  cable.  Rings  should  be  spaoed  from  15 
to  20  in.  apart. 

S40.  Continuous  cable  lengths  in  aerial  construction  are  limited  by  the 
amount  of  cable  which  can  be  pulled  into  plaoe  in  one  operation  without 
injury.  Except  with  very  small  cables,  the  continuous  lengths  do  not 
ordinarily  exceed  1,000  to  1,200  ft. 

241.  Cable  splices.  A straight  splioe  is  shown  in  Fig.  66.  The  con- 
ductors are  twisted  together  in  pig-tail  fashion  and  folded  back  so  that  a 


Strips  of  Mailin 

Fia.  66.— -Cable  splice. 


paper  tube  or  sleeve  may  be  slipped  over  the  joint  to  insulate  it.  These  indi- 
vidual joints  are  staggered  as  shown  in  Fig.  66  and  the  whole  is  covered  with  a 
load  sleeve  made  water-tight  by  means  of  wiped  joints.  A number  of  forms 
of  patented  construction  for  Buch  joints  are 
also  od  the  market.  8urface  of 

242.  Twistedpairs  in  rings,  the  latter  sup- 
:>or ted  from  a messenger  (perhaps  carrying  a 
able  also){  constitute  a form  of  construction 
iow  extensively  used  in  reaching  drops  from  a 
•able  terminal  or  box. 

242.  The  messenger  should  be  bonded  to 
he  cable  and  grounded  aa  a means  of  pro 
ection  against  foreign  currents  and  lightning. 

244.  Grounds  may  be  made  by  means  of  a 
oil  of  messenger  or  guy  strand  buried  in  coke, 
it  a depth  of  5 to  6 ft.  in  the  ground,  or  by 
oeans  of  an  iron  pipe  (about  6 to  8 ft.  long 
,nd  1.5  in.  diam.)  driven  into  the  ground, 
rhe  first  method  is  preferable.  See  Par.  1B8. 

240.  Underground  conduit  construction 
o deists  of  a system  of  ducts  laid  from  2 to  4 
t.  below  ground,  with  intercepting  manholes 
t intervals  of  300  to  700  ft.  (Fig.  68). 


240.  Ducts  are  made  of  vitrified  day  tile,  Fia.  67. — Section  of  four- 
rooeoted  wood,  concrete,  impregnated  fibre,  duct  underground  conduit, 
r iron  pipe.  The  material  most  used  is  vitri-  showing  cover, 
ad  tile;  tnis  is  made  in  both  single  duct  and 

tultiple  duct,  the  latter  including  two-duct,  three-duct,  four-duot,  six-duct, 
od  nine-duct  combinations  in  one  piece.  Thelength  of  a single  piece  of  duct  is 
om  1.5  ft.  to  3 ft.,  and  the  duct  opening  about  21,  3|  or  3|  in.  in  diameter. 


^8urfsc«  of  8trcet| 


I 
I 

k 25  ft,'  ** 


Conduit^ 


o.  68. — Section  of  underground  conduit  showing  method  of  grading  for 
drainage  of  ducts. 


247.  Standard  conduit  construction  consists  of  some  one  of  the  above 
stationed  materials  laid  in  a properly  graded  trench  on  a bed  of  Portland 
ment  concrete  and  covered  with  an  envelope  on  the  top  and  sides,  of  the 
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ammo  material.  (See  Figs.  67  and  68.)  There  are  many  modification,  d 
this  type  of  construction.  . . . 

•48  Manholes  (Fig.  69)  may  be  constructed  of  eewer  bncUwdJ 

tSS "f  th^  Manhole  should  have  sufficient  strength  to  support  an  y .traffic MP»- 
in? overhead  The  cast-iron  cover  and  supporting  framework  aho^Wlb*  ■« 
\ ore  vent  corrosion.  The  sewer  connection,  if  one  la  provided 
S<J?id ha vet  trepto  prevent  the  rise  of  sewer  gas  Ventilation,  by  perform 
Uoi  in  the  ^verris  desirable  to  release  foul  or  explosive  gases. 


m 

1 

Cable 
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T 
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1 

Kscki 
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Ducts  P 
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i 2.1-2 

LL 

Bump 


Fia.  69. — Brick  manhole. 

349  Cable  length,  are  ordered  from  the  manufacturer  to  fit  the  distanca 
from  manhole  to  manhole. 

•gn  Pulling  in  the  cable  is  effected  by  means  of  short  jointed  condor 
rod.  which  are  used  to  pull  in  rope  and  the  latter  in 

ilTthe  cable  with  a hand  or  power  capstan,  or  winch.  About  600  to  700  ft 
of  cabled  as  much  as  can  be  drawn  in  safely  or  convemently  in  one  lengtk 

til  Cable  splice,  are  made  in  each  manhole  and  the  cables  are  trainei 
along  the  Bides  of  the  manholes  on  the  racks  provided  for  the  purpose. 

TMTUfO 

us.  Two  general  classes  of  testing  are  necessary  in  telephone  andtrir 
graph  practice;  the  first  comprises  those  tests  made  to  detw-mine  whsOr 
fines  or  equipment  are  in  normal  operative  condition  and,  if  not.  *°  "<***“* 
the  character  and  location  of  the  trouble;  the  second  comprises  those  tea 
made  to  determine  the  properties  of  circuits,  including  resistance,  inductaar* 
eapacitance  and  inaulation. 

IBS  Trouble  location  in  ordinary  maintenance  work  can  be  said  u 
include  tests  for  the  following  conditions:  (a) 

circuits;  (c)  crossed  circuits;  (d)  grounded  circuits,  (e)  noise  or  induction;, 
(0  apparatus  adjustment.  ...  . .... 

884  Continuity  teat,  can  be  made  with  direct  or  alternating  C™***®^ 
current  Where  available,  an  ordinary  moree  relay,  sounder,  key  and 
S2?Tb»ttery  are  extremely  uaeful;  thi.  method  of  tee  tin*  continuity! u 
universal  in  telegraph  practice.  In  telephone  work  great  use  is  made  of  • 
magDeto  test,  next  described.  ..  ..  . 

888.  The  magneto  test  set,  used  very  extensively  in  contonmty 
is  a very  simple  apparatus  consisting  merely  of  a hand-^ven  magneto  ge«» 
tor  and  a b?sser  or  polarised  bell,  connec^msenes  with  eachotbw 
with  the  free  terminals  brought  out  to  a pair  of  binding  poets.  See  Pir.  W 
and  17. 


^Mi^The  location  of  an  "open”  is  not  usually  difficult  in  the  case 
cable  conductors,  and  the  capacity  tat  n a iTKES 

natented  devices  are  also  on  the  market  for  finding  the  location  of  a break 
a cable  conductor.  In  the  case  of  aerial  opeD  wire  it  is  not  alway^eaay 
find  the  location  by  means  of  a test;  experienced  wire  chiefs  *f^a»ie  to  use  t 
listening  test  to  good  advantage,  judging  the  location  by  the  noise  on  t 
circuit. 


circuit.  location  of  a cron  is  usually  a rather  simple  operation  if 
Wheatstone  bridge  (Sec.  3)  is  at  haad,  with  which  to  1 J 

magneto  or  a morse  set  can  be  used  to  determine,  fiwt.  which  conductor*  ** 
crossed.  The  Varley  and  Murray  loop  testa  can  also  be  need  to  locate  crowd 
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SM.  The  loetUon  of  a ground  usually  require*  the  use  of  the  Varley 
loop  test  or  the  Murray  loop  test,  next  described. 

SM.  The  Varley  loop  test,  Fig.  70,  is  frequently  employed.  When  the 
bridge  is  balanced, 

d RiRo — RtR  . , . .... 

A*  - (ohms)  (10) 

Ao-A,+  A,+A*  (ohms)  (11) 

Equation  (10)  expresses  the  resistance  of  the  grounded  conductor  from  the 
bridge  to  the  fault  and  (11)  expresses  the  loop  resistance  of  both  conductors. 
Assuming  the  conductors  to  be  uniform,  it  is  a simple  matter  to  calculate  the 
distance  to  the  fault.  If  desired,  the  resistance  R can  be  connected  in  series 
with  the  other  conductor,  and  in  that  case  the  formula  giren  above  (Eq. 


R*  i Ry 


h 


Re  ! 


As 


Flo.  70. — Varley  loop  test. 


fl 


Rx  iRv 

ZZT> 


Fiq.  71. — Murray  loop  test. 


Rc  \Rz 

4*- 


10)  no  longer  holds  true,  and  instead  becomes,  R»  — Ai(A  + Ao)/(Ai  -f  As). 
This  test  is  especially  useful  because  it  is  not  affected  by  the  resistance  of  the 
fault. 


M0.  The  Murray  loop  tost,  Fig.  71,  is  quite  similar  to  the  Varley  test. 
The  resistance  of  the  defective  conductor  from  the  bridge  to  the  fault  is  given 
by  this  formula,  assuming  the  bridge  to  be  balanced. 


Rx 


RiRo 
Ri  +Ai 


(ohms)  (12) 


Ml.  Insulation  resistance  comes  under  the  class  of  high-resistance 
measurements  (Sec.  3).  A simple  method  in  extensive  use  for  measuring 
insulation  resistance  is  the  so- 
called  voltmeter  method. 

Fig.  72.  The  insulation  resist- 
ance in  megohm-miles  is 

fi  — Jr.(®  -l)l0'*  (13) 


where  B — potential  in  volts  of 
the  battery;  V — voltmeter 
reading  when  connected  to  line: 
r»  ■■  voltmeter  resistance  in 
ohms;  1 * length  of  line  in 
miles.  8ee  discussion  of  this  Fio.  72. — Voltmeter  test  for  insulation 
method,  and  a modification  of  resistance, 

it,  by  the  author  in  the  Elec- 
trical World , Feb.  6, 1904  and  Mar.  9,  1912.  The  reciprocal  of  insulation  re- 
sistance is  termed  leakance,  and  is  a conductance  expressible  in  mhos  or 
micromhoe. 


MS.  Quantitative  measurements  of  telephone  or  telegraph  circuits 
to  determine  resistance,  inductance,  reactance,  capacitance  ana  leakance, 
either  to  continuous  or  alternating  currents,  are  covered  as  a whole  in 
See.  3. 
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Radio  Engineers 

HIOH-ntBQUENCY  OSCILLATIONS 
164.  High-frequency  circuits.  All  high-frequency  circuits  consist  of 
inductance  and  capacity.  Fig.  73  shows  a dosed  circuit  consisting  of  a spark 
gap,  inductance  and  condenser.  Fig.  74  shows  a Hertsian  oscillator  in 
whioh  the  capacity  is  concentrated  ia  the  two  spheres  and  the  inductance 
is  distributed  throughout  the  straight  wires.  The  power  in  watte  taken  up 
by  such  oscillatory  syB terns  is  equal  to 

. »■-,=?  <■«  I 

where  C is  the  capacity  in  microfarads,  V the  maximum  voltage  in  volte  to 
which  the  condenser  is  charged,  and  N the  number  of  times  tbe  spark  n saw  ns 
per  sec.  At  each  spark  the  charge  in  the  condenser  oscillates  back  and 
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forth  until  the  energy  is  consumed  either  in  the  form  of  heat  in  the  circuit 
itself,  or  through  radiation  of  electrical  waves.  The*  number  of  times  the 
charge  surges  back  and  forth  before  it  is  dissipated  and  the  discharge  across 
the  spark  gap  ceases  depends  on  the  equivalent  resistance  of  the  various 
sources  of  energy  loss  in  the  circuit. 


Fxo.  73. — Closed  oscillatory  circuit.  Flo.  74. — Hertsian  oscillator. 

S68.  Damped  oscillations.  Gradually  decreasing  oscillations  of  this 
kind  are  called  damped  oscillations  and  obey  the  law  that  each  succeeding 
amplitude  is  a given  fraction  of  the  one  before  it.  The  constant  difference 
between  the  natural  logarithms  of  the  successive  amplitudes  is  known  as  the 

logarithmic  decrement. 

S6S.  Spark.  In  the  slimiest  form  of  sending  set,  the  spark  is  placed 
directly  in  the  antenna  (see  Figs.  74  and  78).  but  m order  to  use  any  except 
the  smallest  power  (since  the  antenna  capacity  is  in  all  ordinary  cases  small), 
a high  voltage  must  be  applied  to  the  antenna.  This  necessitates  the  use  of  a 
long  spark,  which  in  turn  introduces  a high  resistance  into  the  antenna  circuit, 
thus  limiting  the  antenna  current  obtainable. 

SiT.  Coupled  circuits.  In  order  to  get  rid  of  this  objectionable  spark 
resistance,  it  is  customary  to  excite  the  antenna  circuit  by  means  of  a step-up 
transformer  either  inductively  connected  (Fig.  75)  or  direotly  connected 
(Fig.  76),  the  antenna  circuit  and  the  cloeed  circuit  containing  the  spark-gap 


Fio.  75. — Inductive  coupling.  Fio.  76. — Direct  coupling. 


being  tuned  to  resonance.  Two  circuits  are  in  resonance,  or  the  elec  trio 
charges  oscillate  with  the  same  frequency,  when  the  product  Of  the  inductance 
and  capacity  in  one  circuit  is  equal  to  the  product  of  the  inductance  and  ca- 
pacity in  the  other.  A certain  portion  of  tne  energy  oscillating  in  the  antenna 
& returned  and  is  lost  in  the  spark  circuit;  that  is,  the  presence  of  the  spark 
circuit  is  equivalent  to  a definite  resistance  introduced  inihe  antenna.  The 
amount  of  this  equivalent  reeistance  can  be  regulated  by  varying  the 
mutual  inductance  between  the  antenna  and  spark  circuit. 

The  fact  that  the  spark  length  and  the  capacity  in  the  spark  circuit  can 
be  varied,  provided  the  conditions  of  resonanoe  are  maintained,  makes  the 
double-circuit  sending  system  far  more  flexible  and  capable  of  producing 
much  higher  currents  in  the  antenna  than  the  simple  system  shown  in  Fig. 
78.  The  only  disadvantage  of  the  double-circuit  system  is  that  in  general 
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the  two  circuits  must.be  adjusted  separately,  thus  adding  to  the  oompfies- 
tion  of  making  rapid  ohanges  in  wave  length. 

THE  ANTENNA 

MS.  The  antenna  in  radiotelegraphy  may  be  considered  to  be  s specul 
case  of  the  Hertsian  oscillator  (Fig.  74)  in  which  the  lower  half  is  replaced  by 
a conduct! nonane,  the  earth,  to  which  it  is  connected  (Fig.  77).  Such  m 
oscillator,  if  the  earth  be  a perfect  conductor,  will  have  the  same  electric  field 
distribution  as  a complete  oscillator  in  free  space,  the  lower  half  being  indi- 
cated in  the  figure  by  the  dotted  lines. 


Fig.  77. — Antenna  and  image  Pig.  78. — Simple  antenna 

(earthed  oscillator).  (Marconi). 

S69.  The  intensity  of  the  electric  field  due  to  the  radiation  of  such  aa 
oscillator  (Par.  MS)  in  its  equatorial  plane  and  at  a distance  of  several  ware 
lengths  from  the  oscillator  may  be  expressed  by  the  equation.  * 

B - 2.  (-—)  3X 10*  (abvolu)  (!3) 

where  l equals  the  length  of  the  oscillator.  I,  the  current  in  the  wire  connect- 
ing the  oscillator  capacity  spheres,  and  d the  distance  from  the  oscillator  to 
the  point  in  question.  In  transforming  this  equation  to  appl£  to  the  earthed 
antenna,  the  length  of  the  equivalent  oscillator  must  be  taken  as  twice 
the  height  of  the  antenna.  Bearing  this  in  mind  and  changing  to  practical 
units, 

E - 377  — (volts  per  meter)  (16) 

where  J,  is  in  amperes  and  h , X and  d are  in  meters. 

170.  Antenna  types.  In  practice  the  capacity  sphere  of  the  Hertsian 


Fig.  79. — Flat-top  antenna. 


Fig.  80. — Alexanderson  antenna 


oscillator  is  replaced  by  the  various  systems  of  wires  of  the  antennas  ahown  in 
Figs.  78,  79  and  80.  Fig.  78  shows  the  original  single  wire  antenna  of 
Marconi.  Fig.  79  is  the  flat-top  or  ship’s  antenna  connsting  of  a number  of 


* J.  Zenneck.  “Lehrbuch  d.  drahtl.  Telegr.,"  1913,  p.  46. 

Digitized  by  GSSfele 


RADIOTELEGRAPH  Y 


Sec.  21-271 


parallel  wires  separated  by  spreaders  and  supported  by  two  masts.  Fig.  80 
is  an  Alexanderson  multiple  tuned  transmitting  antenna.  This  consists  of 
a long  flat-top  antenna  with  a number  of  tuned-down  leads  to  one  of  which 
the  generator  is  coupled.  This  gives  a very  low  ground  resistance.  The 
leads  are  so  tuned  that  their  respective  currents  are  in  phase  and  the  sum  of 
these  currents  is  the  effective  current  of  the  antenna  svstem.  Another  type 
is  the  platform  antenna  which  is  the  one  used  in  the  high-power  stations  of 
the  United  States  Navy.  In  this,  the  antenna  is  supported  by  three  or  more 
towers  and  may  consist  of  a system  of  wires  supported  on  spreaders  or  simply 
a network  of  wires  between  towers.  All  of  these  forms  of  antenna  in  prac- 
tical use  are  subject  to  various  modifications  which  cannot  be  entered  into 
here.  The  effective  height  of  the  antenna  is  measured  to  the  geometric 
centre  of  capacity  of  the  wire  system,  if  the  ground  is  perfect  (salt  water) 
and  there  are  no  elevated  masses  of  metal  (steel  supporting  towers)  close  to 
the  antenna.  In  land  stations  the  actual  effective  height  is  from  50  to  90 
per  cent,  of  the  measured  height.  That  the  height  may  be  made  as 
great  as  possible,  it  is  desirable  to  increase  the  capacity  of  the  upper  portion, 
and  to  diminish  the  capacity  of  the  leading-down  wires,  keeping  them 
bunched  together  and  using  only  enough  to  supply  proper  conductivity. 

ST1.  The  amount  of  power  which  can  be  introduoed  into  an  an- 
tenna (Eq.  14)  is  proportional  to  its  capacity,  the  square  of  its  maximum 
voltage,  and  the  number  of  times  it  is  charged  per  sec.;  i.e.,  the  spark  fre- 
quency. The  voltage  is  limited  by  the  insulation  and  on  shipboard  should 
not  exceed  70,000  volts  maximum.  The  fact  that  the  power  for  a given 
voltage  is  proportional  to  the  spark  frequency  shows  the  great  advantage  of 
making  the  latter  large,  and  explains  why  60-cycle  apparatus  will  not  deliver 
a large  amount  of  power. 


STS.  Antenna  capacity  required  per  kilowatt  of  antenna  power 


Maximum  antenna 
potential 

1,000  sparks  per  sec. 

120  sparks  per  sec. 

50.000  (volts) 

71.000 

100,000 

0.0008  (mf.  per  kw.) 
0.0004 

0.0002 

0.0067  (mf.  per  kw.) 
0.0033 

0.0017 

STS.  Power  in  antenna  of  0.001  microfarad  capacity  at  00,000 
volts  maximum  potential* 


Sparks  per  second 

Kilowatts 

Antenna  currentf 

120 

0 15 

5 . 0 amp. 

240 

0.30 

7 . 1 amp. 

500 

0.625 

10.2  amp. 

1,000 

1.25 

14.3  amp. 

174.  Capacity  required  per  kw.  at  1,000  sparks  per  sec.  and  various 
voltages 


Volts,  (max.) 

Mf.  per  kw. 

| Volts,  (max.) 

Mf.  per  kw. 

14,500 

0.010 

j 25,000 

0.003 

17,700 

0.006 

1 31,400  | 

0.002 

22,400 

0.004 

ST0.  Calculation  of  antenna  capacity.  The  capacity  excluding  leads 
of  ail  antennas  having  their  wires  not  too  widely  spaced  can  be  very  approxi- 
mately represented  by  the  formula 

C - (4y/a  4-  0.88a/A)(l  + 0.015J/6)  X 10“*  (17) 

where  e is  the  oapacity,  a the  area,  h the  mean  height,  l the  length  and  b the 
breadth  in  microfarads  and  meters.  The  elongation  factor  (1  + 0.015//6) 
may  be  neglected  when  the  length  l is  less  than  eight  times  the  breadth  b. 

• Journal  of  the  Washington  Academy;  1911,  Vol.  I,  p.  6. 
t Antenna  resistance  assumed  to  be  6 ohms. 
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With  parallel-wire  antennas  of  medium  dimensions,  a spacing  of  one  meter 
will  generally  insure  over  90  per  cent,  of  the  possible  capacity. 

ST6.  Radiation  resistance.  The  process  of  radiation  withdraws  es- 
srgy  from  the  antenna  and  it  is  customary  to  speak  of  radiation  resistance, 
meaning  the  equivalent  resistance  whioh  would  consume  the  same  energy  u 
that  withdrawn  from  the  antenna  by  radiation.  If  the  heiaht  from  the  earth 
to  the  centre  of  capacity  of  the  antenna  system  is  A,  and  if  X is  the  wstv 
length,  the  radiation  resistance  * is  approximately 

R - 1,600  ~ (ohms)  (1$ 

ITT.  Table  of  antenna  radiation  resistances  (ohms) 


(A  — height  to  center  of  capacity  of  conducting  system) 


Wave 

length 

(meters) 

A = 40 
ft. 

A - 60  1 
ft.  j 

I 

A « 80 
ft. 

A - 100 
ft. 

! A — 120 

1 ft- 

A - 160 

300 

6 0 

13  4 

24.0 

: 

400 

16 

3.4 

6.0 

9 3 

13.4 



600 

0.66 

1.5 

2.7 

4. 1 

6.0 

10  6 

1000 

0.24 

0 54 

0.95 

15 

2. 1 

3 8 

2000 

• 

0 134 

0.24 

0 37 

0 54 

0.95 

3000 

0. 106 

0.  17 

0.24 

0.42 

4000 

0.060 

0.003 

0.134 

0 24 

Wave 

A — 200 

A - 250 

A - 300 

A « 450 

A «=  600 

A - 1,200 

length 

(meters) 

ft. 

ft 

ft. 

ft. 

ft. 

ft 

600 

16  4 

I 

i 

1000 

6 0 

9.3 

13.5 

1 

2000 

1.5 

2.3 

3.4 

7 5 

13.4 

3000 

0.66 

1.03 

1.5 

3.4 

6.0 

24.0 

4000 

0.37 

0.58 

0.84 

1.9 

3.4 

13  4 

6000 

0.16 

0.26 

0 37 

0.84 

149  I 

6.0 

The  above  table  is  calculated  on  the  assumption  that  the  antenna  represent* 
a Hertsian  oscillator  (Fig.  77).  On  account  of  the  shapes  of  the  antenna* 
actually  used,  and  the  fact  that  the  earth  in  most  cases  is  not  an  ideal  con- 
ductor, the  radiation  resistances  actually  observed  are  in  general  from  25  to 
90  per  cent,  of  the  values  given  in  the  table. 

STS.  Antenna  ground  connection!.  The  outward  and  inward  move- 
ment of  the  lines  of  electric  force  during  the  oscillations  in  the  antenna  ghr* 
rise  to  earth  currents.  These  earth  currents  are  most  intense  in  the  imme- 
diate neighborhood  of  the  antenna,  and  if  the  earth  is  a poor  conductor  b 
large  waste  of  energy  ensues.  To  guard  against  this  loss,  a radiating  net- 
work of  wire  is  placed  beneath  and  around  the  antenna.  In  the  case  of  s 
flat-top  antenna,  the  radius  of  this  wire  net  should  not  be  less  than  the  length 
of  the  horisontal  portion  of  the  antenna.  In  addition,  if  ground  water  a 
easily  reached,  copper  plates  connected  to  the  wire  net  are  buried  so  as  to 
reach  the  water.  Actual  contact  with  the  water  is  of  less  importance  however 
than  the  proper  arrangement  of  the  wire  net.  On  shipboaid,  the  good  con- 
ductivity of  salt  water  and  the  conducting  hull  of  the  ship  ensure  a good 
ground  if  proper  connection  to  the  hull  is  made. 

179.  Directive  antennas.  There  are  many  types  of  antennas  whirl 
have  directive  characteristics,  among  the  most  important  being  the  long  k>* 
antenna,  the  loop  antenna  and  the  ground  antenna. 

130.  The  loop  antenna.  This  type  of  antenna  is  widely  used  for  direc- 
tion finding  and  in  connection  with  stray  reducing  circuits.  It  is  made  up 
of  one  or  more  turns  of  wire  generally  wound  on  a form  rectangular  in  shape 
The  number  of  turns  which  are  used  for  any  given  wave  length  is  determine*, 

• Ruedenberg,  R.  Ann.  d.  Phys.;  Vol.  XXV,  p.  400;  1908. 
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by  the  length  and  height  of  the  loop,  the  type  of  detector  used  and  the  spacing 
of  the  turns.  The  loop  is  generally  wound  so  that  its  length  and  height  are 
several  times  its  width.  The  vertical  wires  of  an  ordinary  multi-loop  may 
be  considered  as  antennas  having  heights  equal  to  the  vertical  height  of  the 
loop  wires.  If  it  were  possible  to  completely  shield  one  end  of  the  loop,  then 
the  other  end  would  be  in  effect  equivalent  to  an  antenna  having  a height 
equal  to  the  vertical  height  of  the  loop  times  the  number  of  turns  in  the 
loop,  but  since  it  is  impossible  to  completely  shield  one  end  of  the  loop,  the 
combined  effect  of  the  loop  with  respect  to  any  point  P will  be  that  of  two 
antennas  having  heights  equal  to  the  vertical  height  of  the  loop  times  the 
number  of  turns  in  the  loop,  and  having  currents  out  of  phase  by  the  amount 


2 tI  cos  a 


where  l is  the  length  of  the  loop,  a the  angle  between  the  plane  of 


the  loop  and  the  point  P,  and  X the  wave  length  corresponding  to  the  fre- 
quency of  the  current  in  the  loop.  The  solid  line,  Fig.  81,  shows  graphically 
the  directive  characteristic  of  a loop  antenna.  No 
current  flows  in  the  loop  when  its  plane  is  at  right 
angles  to  the  direction  of  the  transmitting  station,  the 
currents  induced  in  the  vertical  wire  at  one  end  of  the 
loop  being  equal  and  opposite  to  those  at  the  other 
ena.  The  ordinary  antenna  is  practically  non-direc- 
tional  and  has  a characteristic  such  as  is  shown  by 
the  dotted  line  in  Fig.  81.  If  the  effects  of  both 
antenna  and  loop  are  combined  on  the  receiver,  the 
resulting  characteristic  is  that  shown  by  the  dash  line 
in  Fig.  81.  When  the  effect  of  the  antenna  on  the 
receiver  is  properly  adjusted,  the  combination  of  loop 
and  antenna  will  be  sensitive  to  signals  from  one 
direction  in  the  plane  of  the  loop  and  will  be  prac- 
tically shielded  in  the  opposite  direction.  This  effect 
may  be  shifted  180  deg.  Dy  reversing  either  the  loop 
or  antenna  and  ground  leads.  This  shielding  effect 
of  a loop  antenna  combination  is  made  use  of  in  elimi- 
nating the  directional  type  of  static  when  such  static 
comes  from  a direction  other  than  the  direction  of  the  transmitting  station. 

181.  The  flat  top  antenna  may  be  thought  of  as  a combination  of  loop 
and  antenna,  the  loop  being  a single  turn  made  up  of  the  antenna  lead,  the 
antenna,  a vertical  return  by  displacement  currents  at  about  half  the  nori- 
sontal  length  of  the  antenna,  and  the  ground.  In  order  that  such  a flat  top 
antenna  be  directive,  it  must  be  of  such  dimensions  for  a given  wave  length 
that  it  will  have  a loop  effect  which  is  comparable  with  the  antenna  effect. 
This  condition  is  realised  only  in  an  antenna  having  a length  much  greater 
than  its  height. 


Fia.  81. 


181.  Wave  length.  If  no  inductance  coil  is  introduced  into  the  antenna, 
it  oscillates  with  a period  corresponding  to  the  distributed  inductance  and 
capacity  of  the  antenna  wires,  ana  the  wave  length  produced  is  called  the  fun- 
damental wave  length  of  the  antenna.  If  it  is  desired  to  increase  this  wave 
length,  inductance  coils  are  plaoed  in  series  between  the  antenna  and  the 
earth,  and  if  it  is  desired  to  decrease  it,  a condenser  is  placed  between  the 
antenna  and  the  earth.  In  the  case  of  the  excitation  of  the  antenna  by 
the  closed  circuit,  it  is  of  course  necessary  to  have  a certain  amount  of  induc- 
tance in  the  antenna  for  the  purpose  of  coupling. 


METHODS  07  EXCITING  THE  ANTENNA 

188.  The  antenna,  in  the  ease  of  damped  wave  transmission,  is 
usually  excited  by  a closed  circuit  composed  of  a spark  gap,  inductance, 
and  capacity  to  which  it  is  coupled  either  inductively  or  directly  (Figs.  75 
and  76).  If  the  mutual  inductance  between  the  two  circuits  is  large,  they 
are  said  to  be  closely  coupled;  if  small,  they  are  loosely  coupled.  The  coup- 
ling is  defined  as  K » M/y/LiLn.  In  the  case  of  dose  coupling,  owing  to 
the  mutual  reactions  between  the  circuits,  oscillations  of  two  wave  lengths 
are  produced  in  each  circuit,  even  though  the  two  circuits  singly  are  tuned  to 
resonance  with  each  other.  As  the  coupling  is  loosened,  the  two  wave  lengths 
approach  each  other  and  eventually  merge.  It  was  formerly  customary  to 
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employ  dose  coupling,  but  modern  practice  finds  that  the  greatest  range  is 
attained  with  a coupling  loose  enough  to  cause  the  antenna  to  radiate  waves 
of  a single  frequency  except  when  quenched  gape  are  used. 

*84.  Types  of  spark  gap.  Practically  all  spark  sets  make  use  of  some  fees 
of  quenched  gap,  rotary  gap,  or  impulse  gap.  For  small  sets  or  for  emergency 
use  the  fixed  gap,  such  as  that  found  on  a spark  coil,  is  sometimes  used. 

Ml.  The  rotary  gap  (Fig  82)  usually  oonaists  of  two  stationary  she 
trodee  with  a rotating  disc  provided  with  projecting  metal  spokes  or  kaobi 
which  form  the  movable  electrodes.  The  disc  is  usually  attached  to  tha 
shaft  of  the  alternator  and  insulated  from  it,  and  is  so  adjusted  that  the  mss* 
mum  potential  in  the  circuit  is  reached  just  before  the  movable  electroda 
come  opposite  the  stationary  electrodes.  This  ensures  the  regular  passaged 
the  spark,  and  the  rapid  motion  produce*  sufficient  cooling  to  prevent  the 
formation  of  an  arc.  When  used  with  a 500-cycle  alternator,  a purs  musical 
note  of  1,000  vibrations  per  sec.  is  produced  in  the  receiving  telephones 
This  high-pitched  musical  note  is  particularly  advantageous  in  telephonic 
reception,  being  easily  read  through  the  atmospheric  disturbances. 


*86.  The  quenched  gap  (Fig.  83)  consists  of  a number  of  plates  iosa- 
lated  from  each  other  ana  separated  by  spaces  of  a fraction  of  a millimeter- 
It  is  in  reality  a number  of  gape  in  series. . On  account  of  the  spark  beiag 
divided  up  into  many  parts  in  close  proximity  to  large  surfaces  of  metal,  the 
cooling  is  very  rapid.  This,  in  addition  to  the  rapid  flow  of  energy  from  the 
dosed  circuit  into  the  antenna,  causes  the  spark  to  go  out  after  four  or  five 
complete  oscillations,  and  before  a sufficient  time  has  elapsed  for  any  of  the 
energy  transferred  to  the  antenna  to  return  to  the  closed  circuit.  By  adjust- 
ing the  mutual  inductance  between  the  two  circuits  it  is  possible  to  make  this 
quenching  take  place  at  the  exact  moment  when  practically  all  the  energy  a 
In  the  antenna.  The  fact  that  no  energy  can  flow  back  into  the  closed  dreuk 
does  away  with  the  complicated  reactions  of  ordinary  double-circuit  sending, 
and  ensures  that  the  radiated  oscillations  shall  be  of  only  one  wave  length 
This  gap  is  slightly  more  efficient  in  transferring  energy  to  the  antenna  than 
the  rotary  gap. 

UNDAMPED  OSCILLATIONS 

*87.  Advantages  of  undamped  oscillations.  Oscillations  produced  from 
the  electric  spark  form  damped  wave  trains  with  intervals  between  in  whiefe 
no  energy  is  given  off.  If,  instead  of  supplying  energy  merely  at  the  begin- 
ning of  the  wave  train,  a constant  source  of  supply  can  be  obtained,  the  oscilla- 
tions will  continue  indefinitely  and  with  equal  amplitude.  The  use  of  such 
undamped  oscillations  in  radio  communication  has  a number  of  advantages; 
first,  if  the  energy  is  divided  among  a great  number  of  waves  of  equal  ampli- 
tude, instead  of  being  concentrated  in  a few  wave  trains,  the  maximum  voltages 
required  for  a given  amount  of  power  are  very  much  Iras  than  in  the  case  of 
damped  waves,  and  consequently  the  insulation  of  the  apparatus  is  much  less 
difficult,  and  much  larger  amounts  of  energy  can  be  sent  out  from  mode- 
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rate  used  antennas.  Second,  undamped  oscillations  allow  a greater  sharpness 
of  tuning  and  enable  a looseness  of  coupling  to  be  used  at  the  receiving  station 
between  the  antenna  and  secondary  which  greatly  reduces  the  danger  of  inter- 
ference and  disturbance  from  atmospheric  discharges. 

SSI.  Production  of  undamped  oscillations.  High-power  undamped 
wave  transmitting  stations  usually  employ  either  the  arc  generator  or  some 
form  of  high  frequency  machine  such  as  those  designed  by  Alexanderson,  * 
Goldschmidt, t Arco.t  and  others.  Arc  generators  of  1000  kw.  and  high 
frequency  machines  of  500  kw.  have  been  built.  Vacuum-tube  undamped 
transmitting  sets  of  50-kw.  capacity  are  now  in  use  and  sets  of  much  larger 
capacity  are  being  developed. 

Mi.  The  arc  method  of  producing  oscillations  was  discovered  by 
Elihu  Thomson  in  1892  and  has  been  developed  by  V.  Poulsen,  R.  A.  Fes* 
senden  and  others.  In  this  method  a circuit  containing  suitable  inductance 
and  capacity  is  placed  around  the  arc  as  shown  in  Fig.  88.  Choke  coils  and 
resistance  are  placed  in  the  main  dynamo  circuit  to  control  the  voltage  and  to 
prevent  the  oecillations  from  running  back  into  the  dynamo.  When  the 
shunt  condenser  circuit  is  closed  around  the  arc  a part  of  the  current  flows 
into  the  condenser  thus  robbing  the  arc  of  a portion  of  its  current.  But 
since  the  arc  has  the  characteristic  that  the  potential  across  the  arc  increases 
as  the  current  decreases,  this  decrease  in  current  increases  the  potential  differ- 
ence and  the  condenser  continues  to  charge.  At  the  next  instant,  however, 
the  condenser  commences  to  discharge,  increasing  the  direct  aro  current 
until  it  is  entirely  discharged.  Then  the  prooess  repeats  itself.  For  the 
best  results  it  is  necessary  that  the  direct -current  voltage  be  500  volts  or 
more,  and  that  the  positive  electrode  be  capable  of  conducting  heat  rapidly 
away. 


Antenna 


190.  Poulsen  arc.  In  the  Poulsen  arc,  the  positive  electrode  is  copper 
and  the  negative  oar  bon,  and  the  arc  is  formed  in  a chamber  filled  with  hydro- 
gen or  a hydrocarbon  gas  or  vapor.  Hydrogen  being  an  oxcellent  conductor 
of  heat  assists  materially  in  the  rapid  cooling.  A common  method  of  produo- 
ng  a hydrocarbon  vapor  is  to  allow  aloohol  to  fall  drop  by  drop  into  the 
Seated  arc  chamber.  To  still  further  increase  the 
mergy  of  the  oecillations  in  the  Poulsen  apparatus 
he  arc  is  formed  in  a strong  magnetic  fiold  at  right 
ingles  to  its  length.  This  is  the  type  of  arc  which 
s used  at  high-power  arc  transmitting  stations. 

191.  The  arc  circuit.  When  the  arc  is  used 
or  producing  oscillations  in  & r&diotelegraphio 
intenna,  it  is  customary,  when  the  antenna  is  of 
ufficient  capacity,  to  place  the  arc  directly  in  it 
Fig.  85),  thus  doing  away  with  the  necessity  of 

fieilttuci 


ining  two  separate  circuits,  the  inductance  and  capacity  of  the  antenna 
iking  the  {dace  of  the  closed-circuit  inductance  and  capacity  of  Fig. 


• Alexanderson,  Proc.  I.  R.  E.,  Vol.  VII,  PP-  303—390. 
t Zenneck  Wireless  Telegraphy. 
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IIS.  General  principles.  As  loos  ea  continuous  oscillations  are  of  tb* 
same  intensity,  tney  produce  no  sound  in  the  telephones  attached  to  « 
ordinary  radio  receiver.  If,  however,  a microphone  transmitter  be  plsm! 
in  the  sending  cirouit,  any  words  spoken  into  the  transmitter  are  fsitkfsfir 
reproduced  in  the  telephones  of  the  receiver. 

Iff.  The  range  of  telephonic  transmission  is  becoming  more  ted 
more  extended  with  the  development  of  high-power  vacuum  tubes.  Seta- 
factory  speech  transmission  over  distances  of  600  miles  is  not  uneon>ff>o&. 
while  under  the  most  favorable  conditions  distances  of  3.000  mites  hew 
been  covered. 

294.  Applications.  The  radio  telephone  has  been  developed  to  a state 
where  it  u very  useful  in  military  operations,  especially  in  connection  witk 
the  air  service.  Telephone  communication  is  possible  between  planet  la 
flight  and  between  planes  and  ordinary  radio  stations.  Conversations  haw 
been  carried  on  between  the  pilots  of  two  machines  in  flight  when  the  dis- 
tance between  the  planes  was  more  than  fifty  miles.  The  radio  telephone  a 
also  used  for  entertainment  purposes. 

TRANSMISSION  07  WAVES  FROM  THE  SENDING  TO  THE  II- 
C SITING  ANTENNAS 


295.  Day  transmission. — The  radiation  from  a radiotclegraphic  antenna 
may  be  conceived  to  consist  of  lines  of  electrostatic  force  with  their  euk 
terminating  in  positive  and  negative  electric  chargee  at  the  earth’s  surface 
somewhat  as  shown  in  Fig.  86.  At  moderate  distances  the  strength  of  tie 
electric  field  is  represented  by  Eq.  16  For  distanoee  of  more  than  100 
miles,  over  sea  water,  and  for  stillshorter  distances  over  land,  an  absorption  cA 
energy  appears  which  modifies  the  results  of  Eq.  16.  This  absorption  is  d* 
in  part,  at  least,  to  the  resistance  of  the  earth  to  the  passage  of  the  positaw 
ana  negative  eleetric  charges  at  the  base  of  the  electrical  wave.  At  pat 

distances  the  bottom  of  the  ware  e 
so  much  retarded  that  the  wave  from 
becomes  bent  forward.  Wber 
brought  into  t his  position  the  electm 
field  can  be  divided  into  two  com 
ponents,  one  at  right  angles  to  th< 
earth’s  surface  and  the  other  parnlle 
to  it.  The  latter  produces  oscilh 
tory  earth  currents  which,  while  they 
withdraw  energy  rapidly  from  the 
wave,  make  possible  the  reception  cf 
signals  by  means  of  long  hormonal 
antennas,  on  or  in  the  around.  Ex- 
periments by  the  U.  8.  Navy  De 
part  men t extending  up  to  a distance 


\ 


' \ ' 
\ » • 


Fio.  86. — Earthed  electric  waves. 


of  2,000  miles  have  given  results  for  flat-top  antennas  which  may  be  repre- 
sented by  the  following  empirical  formula* 


0.00114 

j — 377  hihtlt  ^ (amp.)  (19' 

R AdR\/l+£ 

where  IR  represents  the  current  in  the  receiving  antenna,  f.  the  current  in 

sending  antenna,  R the  reoeiving  resistance,  d the  distance,  X the  war* 
length,  and  hiht  the  height  to  the  centre  of  capacity  of  the  sending  and 
reoeiving  antennas,  respectively,  the  currents  being  given  in  amp.  and  all 
lengths  In  km.  The  formula  applies  to  day  signals  with  transmission  en- 
tirely over  salt  water.  A similar  formula  will  probably  apply  to  land  trans- 
mission except  that  the  absorption  coefficient  (0.0015)  is  much  large* 
and  depends  on  the  character  of  the  ground  over  which  the  waves  pass  and 
also  on  the  season  of  the  y«*r.  It  is  found  for  example,  that  the  absorption 
between  New  York  and  Washington  at  a wave  length  of  1,000  meters,  n 
approximately  three  times  as  great  in  summer  as  in  winter.  The  formula 

• Austin  L.  W.  Bulletin  Bureau  of  Standards,  Vol.  VII,  p.  3d2  (reprint 
160).  1011,  and  Vol  XI,  p.  69  (Reprint  226),  1014. 
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indicates  that  for  abort  distances  stronger  signals  may  be  obtained  by  the 
use  of  short  wave  lengths,  while  for  great  distances  longer  wave  lengths, 
from  3,000  to  25,000  meters,  are  used.  Over  land  for  distances  greater 
than  150  miles,  wave  lengths  of  more  than  2,000  meters  are  generally 
desirable. 

296.  Calculated  relation  between  antenna  current  and  distance  for 
two  ships  with  antenna  heights  of  130  ft.,  using  damped  waves 
and  crystal  detectors 


X = 1 000  m. 


Antenna  current 
/. 

Working  distance 

Extreme  distance  of 
audibility 

(Day) 

(Day) 

1 amp. 

75  miles 

200  miles 

2 

135 

300 

3 

180 

375 

5 

235 

475 

7 

280 

550 

10 

345 

630 

15 

420 

725 

20 

475 

790 

25 

525 

840 

30 

565 

900 

40 

630 

970 

50 

685 

1.025 

60 

725 

1,150 

297.  Oood  working  distance  and  sending  current  for  two  stations 
with  flat- top  antennas  450  ft.  high 


Nautical  miles 

X- 1.000  m. 

X — 2,500  m. 

X=  3,750  in. 

X —6,000  m. 

. 1,000 

15  amp. 

13.5  atnp. 

15  amp. 

17  amp. 

1.250 

38 

27 

27 

30 

1,500 

91 

49 

44 

46 

1,750 

200 

95 

77 

74 

2.000 

490 

I 155 

122 

105 

2,250 

245 

200 

160 

2,500 

2,750 

l 470 

314 

500 

235 

335 

3,000 

775 

500 

Bulletin  of  Bureau  of  Standards;  Vol.  VII,  p.  315;  1911. 


Working  distances  of  3,000  miles  are  covered  by  undamped  wave  stations 
with  antennas  approximately  600  ft.  high  and  antenna  currents  of  about  300 
*mperes. 

298.  Might  transmission.  While  day  transmission  of  radiotelegraphic 
signals  is  comparatively  regular,  night  transmission  is  subject  to  very  great 
fluctuations.  At  times  night  signals  between  two  stations  will  be  no  stronger 
than  those  observed  in  the  day  time,  while  at  other  times  sending  sets  of  very 
moderate  power  and  efficiency  have  been  known  to  transmit  signals  several 
thousand  miles.  During  the  colder  months  of  the  year,  night  transmission 
;an  be  depended  upon  to  be  considerably  superior  to  day,  with  a fair  degree 
>f  regularity.  The  cause  of  the  increased  night  range  is  not  definitely  known, 
ft  has  been  thought  by  some  authorities  that  it  is  dfue  to  a clearing  up  of  the 
Absorption  supposed  to  exist  in  the  upper  atmosphere  caused  by  tne  shorter 
ight  waves,  ana  possibly  cathode  rays  from  the  sun.  Another  explanation  is 
jhat  the  absorption  is  fairly  constant  and  that  the  increased  received  energy 
a due  to  reflection  from  the  upper  conducting  layers  of  the  atmosphere.  This 
ast  view  is  supported  by  certain  interference  phenomena  which  cannot  be 
entered  into  here,  and  by  the  fact  that  the  abnormally  strong  night  signals 
Appear  to  pass  over  land  almost  as  freely  as  over  salt  water,  although  the 
Absorption  id  the  day  time  is  many  times  greater  over  land.  That  the  normal 
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energy  is  at  times  augmented  in  long-range  night  communication  is  sbowabj 
the  fact  that  in  many  oases  the  received  signals  are  stronger  than  would  la 
expected  from  the  geometric  diminution  of  intensity  with  the  distance,  tar- 
ing absorption  entirely  out  of  account.  It  must  also  not  be  forgotten  inths 
particular  that  observations  show  that  the  day  condition  is  the  stable  on 
while  the  longer  ranges  covered  at  night  show  the  irregularities  which  migta 
be  expected  to  come  from  irregular  conditions  of  reflection. 


RECEIVING  CIRCUITS 


Iff.  Receiving  antenna.  The  ordinary  antenna  may  be  used  for  re- 
ceiving but  for  mitigating  interference  and  static,  some  form  erf  loop  or  loop 
antenna  combination  is  used.  (See  Par.  180).  When  an  electric  field  ot 
intensity  S (Par.  SSf)  is  produced  on  the  ordinary  antenna,  there  is  an  efec- 
tromotive  force  in  the  antenna  equal  to  Eht  where  A»  is  the  height  of  the 
receiving  antenna  from  the  earth  to  its  center  of  capacity.  For  a edl 

antenna  the  equivalent  height  At  — — **,  where  A is  the  ceil  area,  * 

the  number  of  coil  turns,  a the  angle  between  plane  erf  coil  and  direction 
propagation  and  X the  wave  length. 


S00.  Received  antenna  current.  When  tuned  to  resonance  with  the 
incoming  waves,  the  received  antenna  current  is  from  Eq.  16  (Par.  M§), 


IR~^  (amp.)  (*) 

where  R is  the  high-frequency  resistance  of  the  antenna  system.  Thw  is 
strictly  true  only  for  incoming  undamped  oscillations.  If  the  oscillations  m 
damped,  the  expression  becomes 

E>"  (amp.)  (21) 

it 

where  8i  and  As  are  the  logarithmic  decrements  of  the  sending  and  receiving 
systems. 


SOI.  Energy  in  the  detector.  Since  most  detectors  used  in  radio- 
telegraphy are  of  high  resistance,  they  are  nearly  always  placed  in  separate 
circuits  coupled  directly  or  inductively  to  the  antenna.  The  reason  for  plac 
ing  them  in  separate  circuits  is  practically  the  same  as  that  for  removing  tb« 
spark  from  the  antenna  in  the  case  of  sending,  since  by  varying  the  coupling 
the  amount  of  energy  consumed  by  the  detector  can  be  varied.  When  cot- 
pled  so  as  to  give  the  strongest  response  in  the  detector,  approximately  oat- 
half  of  the  total  received  energy  is  in  the  detector  circuit ; that  is,  the  equiva- 
lent resistance  added  to  the  antenna  circuit  by  coupling  the  detector  circuit 
to  it  is  approximately  equal  to  the  total  original  resistance  (sum  of  radiatiox, 
ohmio  and  ground)  of  the  antenna,  with  the  detector  circuit  removed. 


80t.  Types  of  receiving  circuits.  Figs.  87  and  88  show  types  of  reoeivJ 
ing  circuits  frequently  used.  The  placing  of  a variable  condenser  in  senaj 


Fio.  87. 


as  in  (Fig.  87)  shortens  the  wavelength  to  which  the  antenna  is  tuned  a» 
enables  it  to  be  used  for  wave  lengths  shorter  than  its  own  naturalperiod 
Placing  a condenser  in  parallel  with  the  antenna  inductance,  as  in  f Fig.  881 
increases  the  period  of  the  antenna  without  adding  additional  inductance 
In  the  above  circuits  the  secondary  circuit  is  tuned  to  the  antenna  and  to  th 
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.coming  signal.  (Fig.  87)  with  oontact  detector  is  used  for  damped  wave 
oeption,  while  (Fig.  88)  with  vacuum-tube  detector  is  used  for  both  damped 
id  undamped  waves. 

DETECTORS 

SOS.  Types  of  detectors.  A very  large  variety  of  detectors,  coherer, 
agnatic,  vacuum  valve,  and  others,  nave  been  used  in  wireless  telegraphy, 
it  at  present,  for  damped-wave  telegraphy  at  least,  the  only  detectors 
morally  employed  in  the  better  types  of  apparatus  are  various  kinds  of 
ctifying  contacts  and  vacuum  detectors. 

SOS.  Contact  rectifiers.  The  rectifiers  most  frequently  oonsist  of  a 
mtact  between  a fine  wire  and  some  variety  of  mineral.  Among  the  min- 
als  frequently  used  are  iron  pyrites,  galena,  silicon,  and  molybdenite.  In 
her  forms,  two  crystals  are  used  in  contact,  such  as  sinkite  with  chalco- 
lite or  bornite,  or  silicon  with  metallic  arsenic. 

The  exact  nature  of  the  action  of  the  contact  rectifiers  is  not  known, 
hey  behave  in  general  like  high  resistance  thermoelements  (though  it  is 
utain  that  they  are  not  thermoelements  in  the  ordinary  sense),  the  rectified 
irrent  pulses  produced  by  each  wave-train  being  very  approximately 
roportional  to  the  square  of  the  oscillatory  current  passing  through  the 
9 tec tor. 

For  detecting  the  direct-current  pulses,  head  telephones  of  from  1,000 
> 3,000  ohms  resistance  are  ordinarily  used.  These  are  placed  in  shunt  across 
le  stopping  condenser  K (Fig.  83)  of  from  0.01  to  0.02  mf .,  which  permits  the 
urillatory  currents  to  pass  freely  through  it  but  stores  up  the  direct- current 
olsee  and  discharge  them  through  the  telephone.  If  the  spark  at  the  send- 
ig  station  is  regular,  the  sound  produced  in  the  telephone  is  a pure  musical 
Dte.  As  a rough  method  of  measuring  the  strength  of  signal,  a resistance 
ax  is  frequently  placed  across  the  telephones  and  the  resistance  reduced 
atil  the  signals  j ust  remain  audible.  The  relative  strength  of  the  telephone 
irrent  at  various  times  can  thus  be  determined  from  the  law  of  shunts, 
or  laboratory  purposes  a galvanometer  is  frequently  used  in  place  of  the 
»lephonee. 


THE  RECEIVING  OF  CONTINUOUS  OSCILLATIONS 
80S.  Except  where  the  oscillations  are  broken  up  into  wave  trains 
i the  sending  station,  beat  methods  of  reception  are  almost  univer- 
dly  used  in  radio  telegraphy.  For  this  purpose  local  oscillations  differing 
igntly  from  the  frequency  of  the  incoming  oscillations  are  produced  in  the 
Kjeiving  circuit  and  the  beat  note  resulting  from  ths  two  sets  of  waves  is 
iceived  in  the  telephones.  The  pitch  of  the  note  is  determined  by  the  dif- 
trence  in  frequency  between  the  two  sets  of  oscillations. 

808.  Heterodyne  reception.  In  this  method  the  local  oscillations  are 
roduoed  in  the  receiving  circuit  by  coupling  it  to  an  oscillating  vacuum-tube 
rcuit.  (See  Fig.  90.)  In  this  case  the  detector  of  the  receiving  circuit  may 
9 either  a contact  detector  or  a non-oscillating  vacuum  tube. 

807.  Autodyne  reception.  Fig.  88  shows  an  autodyne  receiving  circuit 
which  the  detecting  bulb  itself  produces  the  oscillations.  This  method 
reception  has  the  same  sensitiveness  as  the 

jtcroayne  method  and  has  the  advantage  of 
»ing  leas  complicated.  The  secondary  cir- 
ut  is  thrown  out  of  resonance  with  the  in- 
lining  signals  by  an  amount  necessary  to  pro- 
ice the  desired  beat  note  in  the  telephones. 

808.  The  three- electrode  vacuum  tube 

used  as  an  amplifier,  detector  or  oscillation 

inerator.  The  three  electrodes  are  the  fila- 
ent,  grid,  and  plate.  The  important  feature 

' its  operation  is  the  control  which  the  grid  , 

>ltage  exerts  upon  the  electron  current  from  Gr‘®  X 

te  hot  filament  to  the  plate.  This  is  shown  P 

the  following  grid  voltage-plate  current 
laracteristio  curve. 

808.  When  used  as  an  amplifier  (see  Par.  808)  an  alternating  voltage 
applied  between  the  grid  ana  filament  electrodes,  which  produces  corre- 
tonaing  variations  in  the  plate  current,  or,  in  effect,  superimposes  an  alter- 
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the  end  _ . 

an  amount  of  power  many  times  that  supplied  to  the  grid.  By  men*  i 
transformer  or  resistance  in  the  plate  circuit  of  the  tube,  an  alternating  ut 
age  a number  of  times  greater  than  the  original  voltage  can  be  obtains!  tc 
applied  tqv  the  grid  circuit  of  a second  tube.  A number  of  tubes  used  i 
cascade  in' this  manner  constitute  an  amplifier  and  can  be  designed  to  pv? 


powerful  amplification  of  either  radio  or  audio  frequency  oscillations.  In 
stage  audio  frequency  amplifiers  with  transformer  coupling  can  increw* 


stage  audio  frequency  amplifiers  with  transformer  coupling  can  increw*  *1 
audibility  of  a signal  two  hundred  to  nine  hundred  times. 


810.  As  a simple  detector  the  tube  (Par.  SOS)  is  ordinarily  operated 
the  lower  bend  of  the  characteristic.  In  this  case  the  alternating-curr' 
plate  current  is  distorted,  the  positive  half  of  the  wave  having  a grp*', 
amplitude  than  the  negative.  Hence  each  wave  train  from  a spark  trv 
mitter  acting  upon  the  grid  of  the  tube  will  produce  an  increase  in  the  arm 
plate  current  or  a current  pulse.  If,  as  is  customary,  the  spark  of  t 
transmitter  has  a musical  frequency,  the  current  pulses  will  have  the  s 
frequency  and  telephones  included  in  the  plate  circuit  will  respond, 
sensitiveness  the  simple  vacuum  tube  detector  is  about  equal  to  the  b< 
crystal  detectors  but  with  the  added  advantage  of  stability. 

311.  Whan  ussd  as  an  oscillator  (see  Par.  308)  a circuit  such  as  thar 
Fig.  90  is  employed  in  which  a coil  L'  in  the  plate  circuit  is  coupled  beck 

the  grid  circuit  L/C.  If  the  coopbef 
is  sufficiently  close  and  of  the  right  si 
then  any  accidental  oecillatioa  in  i 
circuit  LC,  no  matter  how  feeble,  will  i 
reinforced  by  the  EMF  fed  back  into  u 
circuit  by  tne  coil  L ' and  the  ascilbti 
will  build  up  to  some  constant  axnpbto 
determined  by  the  tube  and  circait  « 
at  ants.  The  frequency  of  the  ascillau 
will  depend  primarily  upon  the  nata 
period  of  theLC  circuit  and  can  be  van 
from  less  than  one  per  second  toft 
million  or  more  per  second.  At  l 
present  time  tubes  have  been  derrlop 
for  radio  transmission  which  are  capable  of  supplying  power  of  the  order 
a kilowatt  apiece  to  the  antenna. 


Fio.  90. 


ATMOSPHX&IC  DISTUBBAHCEft  (STATIC) 

811.  The  reoeption  of  signals  is  often  interfered  with  by  no nm 

the  telephones  arising  from  electrical  discharges  and  readjustment  of  poa 
tial  in  the  atmosphere.  These  disturbances  sometimes  entirely  prevent  4 
reception  of  messages.  They  are  especially  severe  on  the  longer  « 
lengths,  above  6,000  meters.  A vast  number  of  experiments  have  be 
carried  on  in  the  past,  in  the  hope  of  finding  a remedy  for  this  difficulty,  b 
with  only  slight  success.  It  has  recently  been  discovered  that  the  major 
of  the  most  troublesome  disturbances  observed  in  the  eastern  part  of  a 
United  States  comes  from  the  southwest  and  can  be  largely  eliminated  1 
unidirectional  receiving  systems  like  the  antenna  loop  combination 
tioned  in  Par.  830.  In  addition  to  this  directive  type  there  are  ne*^ 
always  local  disturbances  which  at  times  become  very  severe. 

XHQH-FRSQUBM OT  MUJUBIMIHTS 

818.  Measurement  of  current.  When  it  is  desired  to  measure  big 
frequency  currents  quantitatively,  shunted  instruments  in  general  are  a 
satisfactory,  since  tne  value  of  the  shunt  ordinarily  changes  with  the  f 
quency.  A form  of  hot-wire  ammeter  has  been  devised  by  Hartmann 
Braun  in  which  the  current  is  carried  by  a system  of  wires  or  bands  symro 
rically  placed  in  squirrel-cage  arrangement  so  as  to  ensure  a uniform  dirt 
bution  of  current  among  the  bands.  Each  of  the  bands  is  of  such  dimensx 
that  its  high-frequency  resistance  does  not  differ  from  that  for  direct  curre 
The  indicating  mechanism  is  attached  to  one  of  the  bands.  These  inst 
ments  have  been  made  with  current-carrying  capacities  up  to  300  ampar 
They  are  especially  useful  in  the  sending  antenna  when  it  is  desired  to  km 
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nth  accuracy  the  amount  of  energy  radiated.  For  the  measurement  of  very 
mall  currents  thermoelements  are  generally  used.  * 

814.  Wave  meters.  For  determining  the  wave  length  of  high-frequenoy 
ireuits  wave  meters  art  employed  (Fig.  91).  These  consist  essentially  of  a 
ircuit  containing  known  inductance  and  capacity,  one  or  both  of  which  are 
rariable,  and  an  indicating  device  suoh  as  a sensitive  hot-wire  milliwatt- 
neter  which  indicates  by  a maximum  deflection  when  the  wave  meter  is 
•rought  into  resonance  with 
he  high-frequency  circuit  un- 
ler  examination.  The  variable 
apacity  in  the  wave  meter 
usually  consists  of  a semicircu- 
lar plate  air  condenser  which 
s varied  until  the  point  of 
esonance  is  obtainod.  Fig.  92 
hows  a so-called  retonanoe 
surre  giving  the  relation  be- 
tween the  hot-wire  miliiwatt- 
neter  deflection  and  the  de- 
crees on  the  condenser.  As 
ir as  mentioned  in  Par.  247, 
when  the  wave  meter  is  in 
esonance  with  the  circuit 
mder  examination  the  product 
>f  the  inductance  and  capacity 
n the  wave  meter  circuit  is 
>qual  to  the  product  of  the  in- 
luctance  and  capacity  in  the 
>ther.  For  the  case  of  an 


?xa.  91. — Wave  meter  circuit.  Fia.  92.- 


- Resonance  curve  taken  with 
wave  meter. 


intenna  having  distributed  inductance  and  capacity,  f The  wave  length* 
corresponding  to  various  wave-meter  readings  are  either  indicated  on  the 
condenser  scale  or  given  in  a table. 


218.  Formula  for  wave  length.  Since  the  time  of  oscillation  of  the 
charge  is  


T~2jrVLC 

(sec.) 

(21) 

tnd  * — nX  and  T — 1/n,  then  the  wave  length  is 

X — *2  wy/LC  or 

X-  1.885 VlCX  10* 

(meters) 

(22) 

where  t is  the  velocity  of  light,  L the  inductance  and  C the  capacity,  all  ex- 
pressed in  eleotromagnetio  amts.  In  place  of  the  milliammeter  a thermo- 
dement  and  galvanometer  or  some  other  indicating  device  is  sometimes  used 
to  indicate  the  current  strength  in  the  wave  meter. 

In  order  that  the  wave  moter  may  be  used  for  exciting  receiving  and  other 
urcuits  at  definite  wavo  lengths,  it  is  often  connected  to  a busier  circuit 
ihown  in  Fig.  93.  When  the  current  from  the  coll  * flowing  through  the  in- 
ductance of  the  wavo  meter  is  broken  at  the  vibrator  of  tne  busier  B,  the 
nduoed  electromotive  force  charges  the  condenser  of  the  wave  meter.  This 
oharge  oscillates  back  and  forth  through  the  inductance  and  condenser  until 


• For  their  construction  and  calibration,  see  Bulletin  of  Standards,  Vol. 
VII,  p.  304;  1911.  Reprint.  158. 

t See  J.  M.  Miller,  Scientific  Paper  No.  326  of  the  Bureau  of  Standards. 
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the  energy  ie  dissipated  in  best  or  radiation.  As  there  is  little  resistance;: 
the  wave  meter  circuit  the  oscillations  produced  in  this  way  are  very  fotb ij 
damped.  *lf  greater  damping  is  desired,  fine- wire  resistance  is  UtrodwM 
into  the  circuit  at  r.  Id  order  to  eliminate  the  disturbing  effects  of  the  bang 


spark,  a oondenaer  K,  of  a few  tenths  of  a microfarad,  is  plaoed  srousd 
the  coil  of  the  busier.  As  the  intensity  of  the  oscillatory  current  in  the  wan 
meter  depends  on  the  magnitude  of  the  direct  current  through  the  buss. 

this  last  should  be  of  low  reuuot 
K about  two  or  three  ohms.  Where  gr « 

_T“  steadiness  of  high  frequency  eurreet  i 

P-^h  desired  for  measurement  purposes,  bo- 

I £ I sera  specially  built  for  this  work  havk) 

, a tuning  fork  vibrator  are  sattsfieton 

I **■-- 2r~  When  it  is  possible  the  osdlUh&i 

S ft  vacuum-tube  is  used  as  an  exciter aae 

K > __L__  it  produoes  an  undamped  sinnsoidi 

Li  C=±±Z  w s current. 


SIC.  Measurement  of  logarithm! 
decrement.  This  measurement  u c 


-Busser-driven  wave 
meter. 


great  importance  since  it  makes  powibi 
the  determination  of  the  equivaki 


mew‘  resistance  of  the  circuits  undo*  consider 

atioo,  and  also  gives  information  cm 
oerning  the  lengths  of  the  wave  trains.  The  value  of  the  sum  of  the  dem 
meats  of  two  circuits  may  be  obtained  from  their  resonance  curve  (Fig  921 
According  to  the  theory  of  coupled  circuits,  * 


*!  + *,-»- 


.-C  / /« 


where  li  is  the  decrement  of  the  unknown  circuit,  81  that  of  the  wave  meta 
Cm  the  reading  of  the  wave  meter  oondenaer  for  resonance,  and  C any  otbe 


condenser  setting.  Im  is  the  corresponding  current  in  the  wave  meter  fa 
resonance  and  /Tor  the  setting  C.  It  great  accuracy  in  the  determination i 
not  desired,  the  formula  becomes  much  simplified  if  instead  of  plotting  a com 


piste  resonance  curve,  the  setting  C of  the  condenser  is  so  chosen  that 
/ *— O.fi/V  The  quantity  under  the  radical  becomes  equal  to  unity  and 


If  the  decrement  of  the  wave-meter  circuit  is  known  or  can  be  calculated  free 
the  formula  S — R/2nL , the  decrement  of  the  other  circuit  is  at  once  obtained 


SIT.  Logarithmic  decrement  (8)  of  wave  train  and  the  approxim 
number  of  waves  (N.)  in  the  train  before  the  amplitude  falls 
to  one-tenth  of  the  maximum 


Good  tuning  is  cot  possible  with  less  than  fifteen  waves  in  the  train. 


SIS.  The  high-frequency  resistance  of  a circuit  can  be  obtained  tn 
using  a sour  cool  undamped  oscillations  as  a power  supply  and  reducing  thi 
current  by  known  resistance.  This  method  makes  use  of  the  fact  that  whe 
the  applied  e.m.f.  remains  constant  and  an  additional  resistance  is  ineerta 
in  the  circuit,  the  current  is  reduced  by  an  amount  depending  on  the  valw 
of  the  inserted  resistance,  or  if  I is  the  value  of  the  current  flowing  in  tb 
circuit  before  inserting  a known  resistance  Ri  and  It  is  the  current  vale 


• Fleming,  J.  “Principles  of  Electric  Wave  Telegraphy,"  p.  212.,  1919. 
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if  ter  the  resistance  R\  is  inserted,  then  the  circuit  high  frequency  resistance 
L n R i 
s given  by  S ■ j • 

r-1 

tit.  For  the  determination  of  small  equivalent  resistances  in  high- 
requency  circuits,  a method  of  substitution  is  frequently  more  satisfactory 
,han  the  decrement  method  just  mentioned.  For  instance,  the  equivalent 
esistance  of  a Leyden  jar*  is  best  obtained  by  substituting  for  the  Leyden 
>ar  an  air  condenser  theoretically  free  from  resistance  and  of  the  same  capao- 
ty  as  the  jar,  with  sufficient  known  fine-wire  resistance  in  series  with  it  so 
hat  the  current  in  the  circuit  is  the  same  as  when  the  Leyden  jar  was  used. 
The  limiting  sises  of  resistance  wire  for  which  the  high-frequency  resistance 
s the  same  *s  the  direct-current  resistance  are  given  in  Par.  ISO.  If  the 
ligh-frequency  resistance  of  an  inductance  is  desired,  the  reduced  current 
method  is  used. 


SSO.  Table  of  wire  sises 

For  which  the  high-frequency  resistance  will  be  leas  than  1 per 
cent,  greater  than  direct-current  resistance 


Wave 

length 

(m.) 

Constantan  or 
advance  wire 

Manganin 

diameter 

(mm.) 

Platinum 

diameter 

(mm.) 

Copper 

diameter 

(mm.) 

Diameter 

(mm.) 

Maximum 

current 

(amp.) 

100 

0.30 

3.5 

0.29 

0.13 

0.006 

200 

0.46 

4.5 

0.40 

0.20 

0.045 

300 

0.57 

5.5 

0.50 

0.27 

0.09 

400 

0.66 

7.0 

0.60 

0.30 

0.10 

600 

0.83 

8.0 

0.75 

0.37 

0.15 

800 

0.98 

10.0 

0.88 

0.42 

0.20 

1,000 

1.10 

11.5 

0.99 

0.50 

0.21 

1,200 

1.20 

12.5 

1.10 

0.57 

0.22 

1,500 

1.30 

14.0 

1.21 

0.63 

0.26 

2.000 

1.52 

17.0 

1.38 

0.73 

0.30 

3.000 

1.80 

24.0 

1.62 

0.80 

0.33 

Joum.  Wash.  Acad.,  Yol.  11,  p.  112;  1012. 


SSI.  High -frequency  voltage.  If  the  root-mean-square  voltage  is 
iesired  a static  voltmeter  is  employed.  The  voltage  which  is  ordinarily 
‘equired  is  however  the  maximum  voltage,  since  it  is  on  this  that  the  necea- 
tary  insulation  depends.  This  is  best  obtained  bjr  measuring  the  sparking 
listance  between  needle  points  or  spheres  placed  m parallel  with  the  part  of 
he  apparatus  over  which  the  voltage  is  desired.  The  table  in  Par.  SIS  shows 
,he  relation  between  sparking  distance  and  maximum  volts  for  brass  spheres 
\ cm.  in  diameter. 


[12.  Spark  voltage  between  brass  spheres  1 centimeters  In  diame- 
ter,  for  various  spark  lengths • 


Spark  length  (in  cm.) 

Spark 

voltage 

Spark  length  (in  cm.) 

Spark 

voltage 

0.1 

4,700 

8,100 

11.400 

14.500 

17.500 

20.400 
23.250 
26,100 
28,800 

1 

31.300 

40.300 
47,400 
53,000 
57,500 
61,100 

64.200 

67.200 
69,800 

0.2 

1 5 

0.3 

2 

0.4 

2.5 

0.5 

3 

0.6 

3.5 

0 7 

4 

0.8 

4.5 

0 9 

5 

* Bulletin  of  the  Bureau  of  Standards,  Vol.  IX,  p.  73;  1912.  Reprint  190. 


DlJKfity  Google 


Sec.  21-323 


RA  DIOTRLBORAPH  Y 


BIBLIOGRAPHY 

SIS.  For  the  complete  theory  of  radiotelegraphy  the  reader  ia  referred 
to  the  following: 

Fleming,  J.  A. — “ Principle*  of  Electric  Wave  Telegraphy.”  4th  Edition, 
1919. 

Stanijct,  R. — “Text  Book  on  Wireleee  Telegraphy.”  (2  volumes) , 1919. 

Lacer  A Bbown. — “Radio  Engineering  Principles.”  1920,  McGraw-Hill 
Book  Co.,  New  York. 

Zenneck,  J. — “Textbook  of  Wireless  Telegraphy.”  Translated  from  the 
German.,  1915,  McGraw-Hill  Book  Co.,  New  York. 

Pierce,  G.  W. — "Electric  Oscillations  and  Electric  Waves."  1920, 
McGraw-Hill  Book  Co.,  New  York. 

Bureau  of  Standards. — Circular  74.  "Radio  Instruments  and  Measure- 
ments.” Government  Printing  Office,  Washington. 

Bureau  of  Standards.  “Principles  Underlying  Radio  Communication." 
Government  Printing  Office,  Washington. 

Ebbkimr-MtjbrayTJ. — “A  Handbook  of  Wireless  Telegraphy.”  Oth  Edi- 
tion, 1918. 

Rein,  H. — Radiotelegraphischee  Praktikum.  Revised  1919. 

Petit  A Bouthillon. — l4La  Telegraphic  sans  Fil.”  4th  Edition,  1919. 

Van  Der  Bul,  H.  J. — “Thermionic  Vacuum  Tube.”  McGraw-Hill 
Book  Co.,  1920. 

Moorcboft,  J.  H. — “Principles  of  Radio  Confmunioatioti."  John  Wiley 
and  Sons,  1921. 


Ran 

Elec 

Ek*c 

Ehee 

Ai 

Tha 

Mar 

He 
Wu 
Oac 
Rat 
1 


/ 


1766 


Digitized  by  Google 


SECTION  22 


MISCELLANEOUS  APPLICATIONS 
OF  ELECTRICITY 


CONTENTS 

(Numbers  rcjer  to  Paragraphs) 


»auflcitatioD  1 

ectric  Heating  and  Cooking  II 

ectrio  Welding  40 

ectrical  Equipment  for  Gas 
A.  uto  mobiles  70 

tawing  Water  Pipes  04 

arine  Applications  98 

eo tricity  in  the  U.  S.  Army  130 

ectricity  and  Plant  Growth  151 

indmill  Electric  Plants  162 

tone  Production  178 

ulioactivity  and  the  Electron 

Theory  198 


Roentgen  Rays 
Lightning  Rods 
Electrostatic  Machines 
Electric  Piano  Players 
Telegraph  one 
Tel  harmonium 
Train  Lighting  Systems 
Compasses 

Static  Electricity  in  Industrial 
Equipment 

Engineering  Specifications  and 
Contracts 


221 

240 

252 

205 

271 

282 

287 

294 

317 

328 


\ 


1707 

Digitized  by  VjOOQ LC 


JfISC|£JitfK)U&  t 


SECTION  22 


OltUTlTBAl^ 


MISCELLANEOUS  APPLICATIONS  OF  ELECTRICITY 


ELECTRIC  SHOCK  AND  RESUSCITATION 


1.  Report  of  Commission  on  Resuscitation  from  Electric  Shock. 

The  rules  for  resuscitation  of  victims  of  electric  shock,  as  set  forth  in  Par.  I, 

3 and  4,  were  recommended  in  1912  by  the  Commission  on  Resuscitation 
from  Electric  Shook,  in  the  report  tendered  to  the  National  Electric  Light 
Association.  This  commission,  under  the  chairmanship  of  Dr.  W.  B. 

Cannon  of  Harvard  University,  represented  the  American  Medical  Associa- 
tion, the  American  Institute  of  Electrical  Engineers  and  the  National 
Electric  Light  Association.  The  rules  are  here  reproduced  verbatim  in 
Par.  2,  3 and  4 by  permission  of  the  latter  organization;  copies  of  the  rules 
can  be  had  ut  a very  nominal  cost  by  application  to  the  Secretary,  29  We#t 
39  St.,  New  York.  Also  see  " Report  of  Committee  on  Accident  Prevention,-" 

Trans.  N.  E.  L.  A.,  June,  1914,  Thirty-seventh  Convention;  pp.  630-654. 

An  important  note  accompanying  the  rules  states  that  the  prone-prsssun 
method  of  artificial  respiration  described  (See.  Ill  below ) is  equally  applicabh 
after  clearing  the  mouth  of  froth,  to  resuscitation  of  the  drowned,  and  also  to 
cases  of  suspended  respiration  due  to  inhalation  of  gases  qr  to  other  causes. 

2.  Treatment  for  electric  shock.*  An  accidental  electric  shod 
usually  does  not  kill  at  once,  but  may  only  stun  the  victim  and  for  a while 
stop  his  breathing. 

The  shock  is  not  likely  to  be  immediately  fatal,  because: 

(a)  The  conductors  may  make  only  a brief  and  imperfect  contact  with  tb* 

body. 

(b)  The  skin,  unless  it  is  wet,  offers  high  resistance  to  the  current. 

Hope  of  restoring  the  victim  lies  in  prompt  and  continued  use  of  artificial 

respiration.  The  reasons  for  this  statement  are: 

(a)  The  body  continuously  depends  on  an  exchange  of  air,  as  shown  by 
the  fact  that  we  must  breathe  in  and  out  about  fifteen  times  a minute. 

(b)  If  the  body  is  not  thus  repeatedly  supplied  with  air,  suffocation  occurs 

(c)  Persons  whose  breathing  has  been  stopped  by  electric  shock  have  beet, 
reported  restored  after  artificial  respiration  has  been  continued  for  approxi- 
mately 2 hr. 

The  Schaefer  or  “prone  pressure”  method  of  artificial  respiration 

slightly  modified,  is  illustrated  and  described  in  the  following  resuscitation 
rules.  The  advantages  of  this  method  are: 

(a)  Easy  performance;  little  muscular  exertion  is  required. 

(b)  Larger  ventilation  of  the  lungs  than  by  the  supine  method. 

(c)  Simplicity;  the  operator  makes  no  complex  motions  and  readily  learns 
the  method  on  first  trial. 

(d)  No  trouble  from  the  tongue  falling  back  into  the  air  passage. 

(e)  No  risk  of  injury  to  the  liver  or  ribs  if  the  method  is  executed  w\tb 

proper  care. 

Aid  can  be  rendered  best  by  one  who  has  studied  the  rules  and.  learnei 

\hem  by  practice  on  a volunteer  subject. 

3.  Instructions  for  resuscitation.  Follow  these  instructio 
if  victim  appears  dead. 


(s)  Use  a dry  cost,  t tope,  * 

ion-conductor  to  nuw  eitkaei  U»  v\ctj 
tricai  contact.  Bttiwof  using  mtii 
bose  clothing,  U dry,  my  bnwli 
•s  heels  of  hia  shoes  while  “*tetnai 
(b)  If  the  body  must  Vrothw 
with  rubber  glom, 
iry  board  or  on  some  otka«t  dry 
t hand. 

If  the  victim  is  condna^tini  t\ 
clutching  the  live  conductor,  it  n 
ng  him  than  by  hying  ha  out 

(cl  Open  the  nearest  «a ^itch, 

drevit 

id*  It  neceeeuy  to  cut  ea  live* 
handle,  or  property  iasu\^**d  p 


R.-4TOP  VO 

This  should  be  done  w"3Aho 
occurs,  and  while  the  riefc-im 

m.— ATrraour« 

(s)  As  soon  la  V\a 
v - finger  in  hia  umlh  *u 
false  teeth,  etc.)  Then 
begin  artificial  Twyiru 
lion  at  once.  Do  not 
stop  to  loosen  the  pv 
ti-nt’i  clothing;  every  iro- 
TTvmt  of  delay  vs  eerier 
Cb)  Lay  the  *ub\ecton 
bis  belly,  with  anm  tx, 
t*  T,ded  ns  straight 
ward  ns  posnole,  nai 
w.th  face  to  one  ada,  i 
t .at  the  nose  and.  tu^ 
n.T«  tree  toe  breathing, 
Ftg.  \y  Let  an  aim 
draw  forward  the 
iect’e  tongue. 

If  poasxAe,  xvc 
upon. 

"Do  not  pernv 
f.c'l  Kneel  at 


I.— BREAK  THE  CIRCUIT  IMMEDIATELY 

(a)  With  a single  quick  motion  separate  the  victim  from  the  live  conductor 
In  so  doing  avoid  receiving  a shock  yourself.  Many  have,  by  their 
lessness,  received  injury  in  trying  to  disconnect  victims  of  shock  from  li 

conductors. 


*a- 


• Copyright  by  National 
permission  (Par.  2 to  4). 


Electric  Light  Association;  reproduced 
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OBSERVE  THE  FOLLOWING  PRECAUTIONS 

(a)  Uae  a dry  ooat,  a dry  rope,  a dry  stick  or  board,  or  any  other  dry 
um-oonduetor  to  'move  either  the  victim  or  the  wire,  so  as  to  break  the  elec- 
trical contact.  Beware  of  using  metal  or  any  moist  material.  The  victim's 
ooee  clothing,  if  dry,  may  be  used  to  pull  him  away;  do  not  touch  the  solee 
m heels  of  his  shoes  while  he  remains  in  contact — the  nails  are  dangerous. 

(b)  If  the  body  must  be  touohed  by  your  hands,  be  sure  to  cover  them 
rith  rubber  gloves,  mackintosh,  rubber  sheeting  or  dry  cloth;  or  stand  on  a 
lry  board  or  on  some  other  dry  insulating  surface.  If  possible,  use  only 
me  hand. 

If  the  victim  is  conducting  the  current  to  ground,  and  is  convulsively 
slutching  the  live  conductor,  it  may  be  easier  to  shut  off  the  current  by  lift- 
ng  him  than  by  laying  him  on  the  ground  and  trying  to  break  his  grasp. 

(c)  Open  the  nearest  switch,  if  that  is  the  quickest  way  to  break  the 
nrcuit. 

(d>  If  necessary  to  cut  a live  wire,  use  an  az  or  a hatchet  with  a dry  wooden 
aandle,  or  properly  insulated  pliers. 


U. — BIND  FOB  THB  NEAREST  DOOTOB 

This  should  be  done  without  a moment’s  delay,  as  soon  as  the  accident 
kjcuts,  and  while  the  victim  is  being  removed  from  the  conductor. 


HI.— ATTEND  INSTANTLY  TO  VICTIM'S  BREATHING 


(a)  As  soon  as  the  victim  is  clear  of  the  live  conductor,  quickly  feel  with 
rour  finger  in  his  mouth  and  throat  and  remove  any  foreign  body  (tobacco, 
also  teeth,  etc.).  Then 
>egin  artificial  respira- 
ion  at  once.  Do  not 
top  to  loosen  the  pa- 
ient’a  clothing;  every  mo- 
nent  of  delay  »«  serious., 

(b)  Lay  the  subject  on 
lis  belly,  with  arms  ex- 
ended  as  straight  for- 
vard  as  possible,  and 
vith  face  to  one  side,  so 
hat  the  nose  and  mouth 
ire  free  for  breathing  (see 

**ig.  1).  Let  an  assistant  _ _ _ 

lraw  forward  the  sub-  Fio.  I- — Inspiration;  pressure  off. 

ect’s  tongue. 

If  possible,  avoid  so  laying  the  subject  that  any  burned  places  are  pressed 
ipon. 

Do  not  permit  bystanders  to  crowd  about  and  shut  off  fresh  air. 

(c)  Kneel  straddling  the  subject’s  thighs  and  facing  his  head;  put  the 

palms  of  your  hands  on 
the  loins  (on  the  muscles 
of  the  small  of  the  back), 
with  thumbs  nearly 
touching  each  other,  and 
with  fingers  spread  over 
the  lowest  ribs  (see 
Fig.  1). 

(d)  With  arms  held 
straight,  swing  forward 
slowly  so  that  the  weight 
of  your  body  is  gradually 
brought  to  bear  upon  the 
subject  (see  Fig.  2).  This 
operation,  which  should 
ehke  from  two  to  three  seconds,  mutt  not  be  violent — internal  organs  may 
e injured.  The  lower  part  of  the  chest  and  also  the  abdomen  are  thus 
om pressed,  and  air  is  forced  out  of  the  lungs. 

(e)  Now  immediately  swing  backward  so  as  to  remove  the  pressure,  but 
>ave  your  hands  in  place,  thus  returning  to  the  position  shown  in  Fig.  1 


Fio.  2. — Expiration ; pressure  on. 


See.  28-4 
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Through  thflir  elasticity,  the  ebect  walla  expand  and  the  hmfi  tie  th 
supplied  with  fresh  air. 

(f)  After  2 sec.  swing  forward  again.  Thus  repeat*  <Wiber*Wr 
twelve  to  fifteen  times  a minute  the  double  movement  of  compreanoo  d 
release — a complete  respiration  in  4 or  5 sec.  If  a watch  or  a 
clock  is  not  visible,  follow  the  natural  rate  of  your  own  deep  breathicr— 
swinging  forward  with  each  expiration,  and  backward  with  each  inspirits*. 

While  this  is  being  done,  an  assistant  should  loosen  any  tight  doth* 
about  the  subject’s  neck,  chest,  or  waist.  | 

(g)  Continue  artificial  respiration  (if  necessary,  2 hr.  or  loate'. 
without  interruption,  until  natural  breathing  is  restored,  or  until  s pbyems 
arrives.  Even  after  natural  breathing  begins,  carefully  watch  that  it  «* 
tinuea.  If  it  stops,  start  artificial  respiration  again. 

During  the  period  of  operation,  keep  the  subject  warm  by  applying  > 
proper  covering  and  by  laying  beside  his  body  bottles  or  rubber  bap  fifri 
witn  worm  (not  hot)  water.  The  attention  to  keeping  the  subject  w^n: 
should  be  given  by  an  assistant  or  assistants. 

(h)  Do  not  give  any  liquid*  whatever  by  mouth  until  the  eubjtd  u /w3; 
eonecioue. 

4.  First  cars  of  burns.  When  natural  respiration  has  been  restore 
burns,  if  serious,  should  be  attended  to  until  a doctor  comes. 

A raw  or  blistered  surface  should  be  protected  from  the  air.  If  elothia 
■ticks,  do  not  peel  it  off — cut  around  it.  The  adherent  cloth,  or  a dressy 
of  cotton  or  other  soft  material  applied  to  the  burned  surface,  should  b- 
saturated  with  picric  acid  (0.5  per  cent.).  If  this  is  not  at  hand,  we  i 
solution  of  baking  soda  (one  teaspoonful  to  a pint  of  water),  or  the  wocsf 
may  be  coated  with  a paste  of  flour  and  water.  Or  it  may  be  protect  | 
with  a heavy  oil,  such  as  machine  oil,  transformer  oil.  vaseline,  linseed,  esrrx 
or  olive  oil.  Cover  the  dreading  with  cotton,  gause,  lint,  clean  waste,  de^ 
handkerchiefs,  or  other  soft  cloth,  held  lightly  in  place  by  a bandage. 

The  same  coverings  should  be  lightly  bandaged  over  a dry,  charred  burs, 
but  without  wetting  the  burned  region  or  applying  oil  to  it. 

Do  not  open  blisters. 

•.  Physiology.  Victims  of  severe  electric  shock  may  suffer  from  a com* 
tion  of  natural  breathing  or  from  an  impairment  of  their  heart  action.  I 
cases  where  the  latter  condition  amounts  to  a complete  stoppage  of  the  rtgj 
lar  expansion  and  contraction  of  the  heart,  and  where  the  organ  merd: 
fibrillates  or  quivers  there  appears  at  present  to  be  no  adequate  relief,  ao*- 
death  follows  speedily.  It  is,  however,  extremely  difficult  to  discrimiiu^ 
accurately  between  the  fibrill&ting  heart  and  one  in  which  the  action  has  ben 
greatly  diminished;  in  the  latter  case  some  method  of  artificial  respiration 
may  prove  successful,  hence  the  correct  assumption  in  all  cases  should  both? 
safe  one,  and  alleviatory  measures  should  be  undertaken. 

Artificial  respiration  may  be  successful  in  cases  of  suspended  respiration 
and  also  in  cases  of  impaired  heart  action.  The  weakened  heart  detrsru 
from  an  already  impaired  respiration  and  may  completely  annul  it.  It 
turn,  the  absence  of  breathing  reacts  upon  the  heart  and  completely  qw& 
its  feeble  beating.  If,  through  any  combination  of  these  two  factors,  th* 
brain  cells  are  deprived  of  oxygen  for  longer  than  10  min.,  recovery  it 
impossible  in  almost  all  cases,  hence  the  neoessity  for  speedy  action. 

4.  Choics  of  Schaefer  method  of  artificial  respiration.  The  Schaefer 
method  was  chosen  as  a result  of  experiments  which  were  perform*: 
upon  living  subjects  and  upon  completely  cururised  animals.  To  appron- 
raate  the  toneless  condition  of  unconscious  persons,  the  test  subjects  were  pot 
in  a state  of  apnesa  following  a 'period  of  enforced  breaihtng  which  lasted 
several  minutes.  Experiments  to  determine  the  elasticity  of  the  to  ode* 
body  were  made  upon  cadavers.  It  was  also  found  that  the  Schaefer  method 
is  greatly  improved  by  the  extension  of  the  subjects'  arms  forward. 

7.  Mechanical  respiratory  devices  now  upon  the  market,  operate  by 
oxygen  pressure,  the  inspiration  being  made  under  pressure  and  the  expire- 
tion  being  accomplished  by  suction.  The  inspiratory  gas  may  be  either  pun 
oxygen  or  a mixture  of  oxygen  and  air. 

8.  The  pulmotor*  differs  from  other  types  of  commercial  apparatus  in 

• Report  of  Committee  on  Resuscitation  from  Mine  Oases;  Technics] 
Paper  77,  U.  8.  Bureau  of  Mines,  1914. 
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hat  the  reversals  of  respiratory  flow  are  controlled  by  the  mechanism  of  the 
nstrument.  It  consists  of  a closely  fitting  face  mask,  a source  of  oxygen 
rod  the  reversing  mechanism.  It  is  so  constructed  that  inspiration  ceases 
irhen  the  entering  gas  encounters  sufficient  resistance  to  cause  the  mecnanism 

0 reverse  and  expiration  to  begin.  This  reversal  is  intended  to  result  from 
.he  resistance  due  to  completely  filled  organs  of  respiration. 

Records  of  cases  in  which  the  pulmotor  has  been  used  are  not  convincing 
.hat  itis  superior  to  or  even  the  peer  of  the  Schaefer  method,  properly  applied, 
[t  is  claimed  that  two  factors  interfere  with  its  successful  use.  # In  tne  first 
dace,  as  the  reversal  of  respiratory  flow  is  controlled  automatically,  there 
s no  assurance  that  inspiration  may  not  be  changed  to  expiration  too  soon, 
is  the  result  of  obstructions  in  the  air  passages  whioh  act  upon  the  reversing 
nechanism  before  a complete  ventilation  has  taken  place.  It  is  possible  to 
>vercome  this  defect  by  manually  controlling  the  operating  mechanism  and 
,hus  extending  the  inspiration  to  the  proper  limit.  The  second  factor 
s observed  in  connection  with  expiration  by  suction.  The  finer  bronchi- 
>les  are  provided  with  no  cartilages  to  stiffen  them,  and  when  air  is 
lucked  from  the  trachea  and  from  tne  larger  bronchi,  these  bronchioles  are 
ikelv  to  close  before  air  can  be  drawn  through  them  from  the  alveoli. 
Furthermore,  during  the  process  of  suction,  the  walls  of  the  bronchioles  and 
Uveoli  may  collapse  and  stick  together,  rendering  the  subsequent  inspiration 
mors  difficult,  and  further  decreasing  the  ventilation.  Tne  escape  of  air 
nto  the  stomach  has  been  observed  to  cause  movements  of  the  thorax  which 
Blosely  simulate  respiration,  while  actually  no  air  enters  or  leaves  the 
bronchial  tree. 

•.  Pharyngeal  insufflation*  is  a method  of  mechanically  applied 
artificial  respiration  which  has  been  recommended  by  the  Commission  on 
Resuscitation  as  a satisfactory  supplement  to  the  prone-pressure  (Schaefer) 
method  in  cases  of  suspended  respiration.  Inspiratory  air  enters  through  a 
tube  inserted  in  the  pharynx,  and  so  constructed  as  to  conform  to  the  human 
inatomy  in  order  to  prevent  the  escape  of  air  through  the  mouth  and  nasal 
massages.  An  oxygen  tank  or  a pair  of  foot  bellows  supplies  the  necessary 
pressure,  and  reversals  of  respiration  are  controlled  by  the  operation  of  a 
•eapiratory  valve,  which  can  be  conveniently  held  and  operated  with  ona 
land.  This  valve  is  essentially  a three-way  cock  which,  when  the  valve 
s in  one  position,  will  furnish  communication  between  the  source  of  pressure 
ind  the  pharyngeal  tube,  and  when  in  another  position,  will  allow  a free 
expiration  to  the  atmosphere  while  the  pressure  lead  is  shut.  In  case  a 
ipecially  constructed  pharyngeal  tube  is  not  available,  it  is  possible  to  use  a 
dose-fitting  mask,  provided  with  a tube  for  connection  to  the  valve.  Air 
is  prevented  from  entering  the  stomach  by  placing  a heavy  weight  upon  the 
abdomen;  this  may  be  reinforced  by  a belt,  though  a belt  alone  should  not  be 
depended  upon.  A weight  upon  the  abdomen  may  likewise  render  good 
service  to  a failing  circulation  by  increase  of  blood  pressure.  In  cases  where 
t is  found  impracticable  to  use  weights,  ths  air  may  be  drained  from  the 

1 to  mac  h through  a tube  which  furnishes  communication  between  the  stomach 
rod  the  outside  air.  This  stomach  tube  passes  through  the  pharyngeal 
tube,  but  interferes  in  no  way  with  the  process  of  insufflation.  This  machine 
• light  snd  can  be  constructed  at  relatively  small  expense. 

10.  Ourrant  tolerance  of  the  human  body.  It  was  announced  many 
rears  ago  by  Tesla.  ElihuThompson  and  D' Arsonval,  that  alternating  currents 
>f  high  frequency  produced  little  sensation  when  passed  through  tne  human 
body,  compared  with  alternating  currents  of  low  frequency  and  equal 
itrength.  Tests  have  been  made  to  determine  the  " tolerance  current7*  of 
various  individuals  at  several  frequencies.  The  tolerance  current  was 
arbitrarily  assumed  as  the  limiting  current  strength  which  the  subject  could 
iake  through  his  arms  and  body,  without  marked  discomfort  or  distress. 

It  was  found  that  for  each  individual,  there  is  a marked  increase  of  current 
itrength  which  may  be  tolerated,  as  the  frequency  is  increased  from  11,000 
*>  100,000  cycles  per  sec.  A man  can  tolerate  only  about  30  milliamperes 
at  11,000  cycles  per  sec.  but  can  tolerate  nearly  half  an  ampere  at  100,000 
cycles  per  sec.t  Although  the  toleraooe  current  was  found  to  increase 


• 8ee  Journal  of  American  Medical  Association,  1913,  Vol.  LX,  d.  1407. 
t Kennelly,  A.  E.  and  Alexanderson,  E.  F.  W.  " The  Physiological  Toler- 
ance of  Alternating-current  Strengths;"  Electrical  World , 1910,  Vol.  LVI, 
164.  s’  V T 
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very  rapidly  above  11,000  cycle*  per  sec.,  the  increase  between  60  cycle 
and  11,000  cycles  was  much  leas  rapid,  ranging  from  about  5 miDiamperw 
at  00  cydee  to  30  milliampere*  at  1 1,000  cycle*. 

ELECTRIC  HEATING  AND  COOKING 

BT  B.  If.  LI OHTFOOT 

Electric  Heating  Engineer , Member , Xmmcon  Institute  of  Electrical  Engineer^ 
Engineer, 'Cutler- H ammer  Mfg.  Co.,  New  York 
11.  Sources  of  electric  heat.  Some  part  of  the  energy  in  any  eleetnr 
circuit  is  converted  into  heat.  All  of  the  electrical  energy  may  be  convert ec 
Into  heat  by  means  of  the  electrical  heater.  As  electrical  energy  is  a tran- 
sient form  of  energy,  the  operation  of  an  electric  heater  implies  the  simul- 
taneous conversion  of  a primary  form  of  energy  into  electricity.  The  usual 

Srimary  forms  of  energy  or  sources  of  electricity  are  (1)  the  energy  contained 
i fuel  and  (2)  the  energy  of  falling  water.  The  development  of  heat  in  as 
electric  heater  necessitates,  under  usual  conditions,  the  consumption  of  fuel 
or  the  use  of  water  power,  at  practically  the  same  moment  that  the  heater 
is  in  operation. 

It.  Comparison  with  fuels.  The  characteristics  of  electric  heating 
which  distinguish  it  from  other  methods  of  heating,  and  from  which  all  a 
its  advantages  arise,  are  that  the  heat  may  be  developed  (a)  at  a locatiaa 
remote  from  the  point  at  which  combustion  takes  place;  (6)  at  any  desired 
temperature  best  suited  to  the  work,  i.e.,  independent  of  the  temperature 
of  combustion,  (c)  at  a high  efficiency,  or  economy  of  heat  units,  and  U) 
at  a high  degree  of  concentration,  i.e.,  at  a high  energy  density.  Fuel  may 
be  burned,  but  instead  of  being  burned  inefficiently  and  locally  at  each  point 
where  heat  is  developed,  it  is  burned  efficiently  and  in  bulk  at  a central 
station  where  the  various  problems  and  disadvantages  involved  in  the  sup- 
ply and  combustion  of  fuel  and  disposal  of  ashes,  dirt  and  combustion  gssn 
can  be  handled  best.  The  product  of  the  central  station,  electrical  energy, 
may  be  looked  upon  from  the  heating  standpoint  as  a perfectly  refined  had 
100  per  cent.  heat. 

Tne  direct  use  of  solid  fuel  or  liquid  fuel  is  usually  justified  where  low  cot 
of  raw  fuel  is  the  predominant  factor,  as  in  large  scale  industrial  processes 
and  in  heating  buildings.  Gas  fuel  has  gone  through  a process  of  re6usg 
which  adds  to  its  cost  per  heat  unit  and  improves  its  efficiency  of  applica- 
tion. It  still  retains  all  disadvantages  inherent  in  the  combustion  proem, 
such  as  high  temperature,  fire  risk,  and  vitiation  of  the  atmosphere. 

It.  Advantages  of  electric  heating.  Electric  heating  definite!; 
removes  all  limitations  due  to  the  presence  of  combustion  at  the  point  where 
heat  is  desired.  The  presence  of  combustion  is  detrimental  rather  thsa 
helpful  in  practically  all  of  the  innumerable  heating  applications  in  industry 
ana  in  the  home.  Electric  heating  permits  development  of  the  heat  st  am 
temperature  required  or  best  suited  to  the  wqyk.  from  the  lowest  tempers- 
tures  encountered,  up  to  approximately  2,000  deg.  fahr.  for  heaters  employ- 
ing metallic  resistors,  and  to  higher  temperatures  for  heaters  employing 
non- metallic  resistors,  or  the  electric  arc.  Its  freedom  from  oombustios 
limitations,  its  ability  to  produce  any  temperature  required  and  its  higfc 
efficiency  of  application,  make  electric  heating  the  logical  means  of  beatisc 
where  the  following  conditions  exist: 

1.  Where  the  cost  of  electrical  energy  is  less  than  the  cost  of  fuel,  due 
the  greater  efficiency  of  application  of  the  electric  heater: — Soldering  took 
glue  pots,  chocolate  warmers,  plate  warmers,  packaging  machines,  fiat  irons, 
heating  pump  and  valve  houses. 

2.  Where  other  items  of  cost  such  as  labor  of  attendance,  invest  meet 
charges,  decreased  waste  or  spoilage,  make  the  overall  cost  of  the  operatioc 
less: — Japanning  ovens,  linotype  pots,  metal  melting  and  heating  furnaces, 
matrix  presses. 

3.  Where  increased  rate  of  production  makes  the  cost  pa*  unit  of  produc- 
tion less: — Core  ovens,  bread  ovens,  packaging  machines,  heating  pipe  lines, 
soldering  tools,  printing  presses. 

4.  Where  improvement  in  quality  of  the  product  warrants  the  increase 
in  cost  .-—Japanning  ovens,  embossing  presses,  impregnating  tanks,  moulding 
presses,  drying  boxes. 
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5.  Where  sufficient  collateral  advantages  are  realised,  such  as  decreased 
fire  hasard,  greater  safety,  improved  working  conditions,  etc.: — Celluloid 
heaters,  paper  embossing,  glue  pots,  soldering  irons,  sterilisers,  urns,  water 
heaters,  japanning  ovens,  blue  print  driers. 

6.  Where  electric  heating  is  so  peculiarly  well  suited  to  the  work  that 
comparison  of  costs  need  not  be  considered,  or  where  the  use  of  fuel  is  inap- 
propriate, impracticable  or  impossible: — Automobile  and  air  plane  engines, 
incubating  rooms,  crane  cabs,  sprinkler  systems,  drying  electrical  machinery 
and  apparatus,  pipe  organs,  lightning  arrestors,  seed  sprouting. 

14.  Heat  contents  of  fuels  and  of  electricity. 

1 lb.  of  coal  contains  approximately  12,000  B.t.u. 

1 lb.  of  wood  contains  approximately  7,000  B.t.u. 

1 lb.  of  gasoline  contains  approximately  20,000  B.t.u. 

1 lb.  of  steam  contains  approximately  1,000  B.t.u. 

1 cu.  ft.  of  natural  gas  oontains  approximately  1,000  B.t.u. 

1 cu.  ft.  of  producer  gas  contains  approximately  140  B;t.u. 

1 cu.  ft.  of  manufactured  fas  contains  approximately  600  B.t.u. 

1 kwh.  of  electricity  contains  approximately  3,412  B.t.u. 

If.  Efficiency  of  application.  The  above  figures  represent  approxi- 
mately the  potential  heat  energy  in  the  fuel.  The  useful  heat  secured 
depends  upon  the  efficiency  of  application,  which  is  lowest  with  solid  fuels 
and  highest  with  electricity.  The  efficiency  of  the  household  range  has 
been  found  as  low  as  2 per  oent.  The  efficiency  of  translation  of  electricity' 
into  heat  is  100  per  cent.;  the  efficiency  of  application  of  electric  heating  is 
variable  but  always  higher  than  the  efficiency  of  combustion  heating  ana  in 
some  cases  approaches  close  to  100  per  cent.  Where  the  cost  of  electricity 
is  higher  than  the  cost  of  fuel  for  a given  application,  it  is  usually  due  to  the 
losses  encountered  in  the  process  of  securing  electricity  from  fuel  (i.e.  to  the 
low  efficiency  of  the  steam  engine  or  turbine)  causing  a high  cost  per  heat 
unit  or  kwh. 

If.  Comparisons  between  Manufactured  Gas  and  Electricity 


Application 

Watt  hours 
of  electricity 
equivalent  to 

1 cu.  ft.  of  gas 
containing 
600  B.t.u.  or 
176  watt-hr. 

Relative 
efficiency 
in  favor  of 
electricity 

Approximate 
rate  per  kwh. 
at  which  coot 
of  electrical 
energy  equals 
cost  of  gas 
at  f 1.00  per 
1,000  cu.  ft.* 
cents 

40.0 

4 . 4 to  1 

2.5 

Baking  oven 

25.2 

7.0  to  1 

4.0 

Water  heating 

12.6 

1.4  to  1 

0.8 

Household  range 

f 30.5 

1 to 

f 2.9  to  1 
( to 

f 1.67 

1 to 

Fireless  cooker 

l 61.0 

14.3 

l 5.8  to  1 
12.3  to  1 

1 3.3 

7.0 

Type  metal  melting  (lino- 
type pot) 

40.0 

4 . 4 to  1 

2.5 

Industrial  ovens,  baking, 

| drying,  japanning,  etc. . . 

[ 50.0 
{ to 

110.0 

-[  1 .0  to  1 
to 

l 3.5  to  1 

f 0.9 
to 

2.0 

• Note  that  these  rates  are  based  upon  fuel  cost  only  and  do  not  take  into 
consideration  the  advantages  of  electric  heating  which  at  higher  rates  may 
itill  be  more  economical  or  preferable  for  other  reasons. 

The  data  given  in  the  above  table  are  compiled  from  various  sources 
which  are  not  always  in  agreement,  and  therefore  can  not  be  accepted  as 
iccurate  nor  applicable  to  all  conditions,  but  are  considered  as  being  approxi- 
nately  correct  under  average  conditions  for  the  purpose  of  making  com- 
>arisons  upon  a fuel  cost  basis. 
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IT.  llMiitfimiBt  of  hoot  quantities.  Quantity  of  beat  » ssuUy 
measured  by  the  British  thermal  heat  unit,  denned  as  the  amount  of  hot 
absorbed  by  one  pound  of  water  when  it  increases  in  temperature  one  dsgra 
fahrepheit.  In  electric  heating  problems  it  is  usually  more  convenient  te 
use  electrical  terms  and  measure  quantities  of  heat  in  watt-hours,  and  the 
rate  at  which  beat  is  produced,  in  watts. 

Quantity. — One  watt-hour  — 3.412  B.t.u.,  or  is  equivalent  to  ran* 
the  temperature  of  3.412  lb.  of  water  through  1 deg.  fahr. 

Rate. — One  watt  — 3.412  B.t.u.  per  hour,  or  is  equivalent  to  bead* 
water  at  the  rate  of  8.412  pounds  one  deg.  fahr.,  per  hour. 
Where  there  is  a well-established  art,  and  constants  and  reference  tables  u* 
based  on  B.t.u.  measurements,  as  in  heating  buildings,  the  calculations  ms? 
be  carried  through  on  the  B.t.u.  basis  and  translated  iqto  electrical  term;  as 
above.  See  Par.  on  room  heating. 

18.  Analysis  of  heat  requirement#.  The  total  heat  requirements  of  so? 
application  may  be  analysed  into  the  following  five  factors:  (I)  Rsdistioa 
(II)  convection,  (III;  conduction,  (IV)  absorption,  and  (V)  change  of  state 
It.  Radiation  of  heat  is  similar  to  the  radiation  of  light.  It  is  projected 
from  the  surface  of  a body  through  any  medium  that  is  transparent  to  it, 
such  ss  clear  air.  When  it  meets  a body  that  is  opaque  to  it,  it  is  psrtJy 
absorbed  by  the  opaque  body,  and  the  absorbed  radiation  appears  as  bo? 
upon  the  surface  of  that  body.  The  rate  of  radiation  u proportional  .** 
T * — t 4 (8tefan-Boltsman  Law),  where  T is  the  absolute  temperature  of  tb 
sending  surface  and  t is  the  absolute  temperature  of  the  receiving  surf** 
The  rate  at  which  a black  body  surface  radiates  heat  into  rooms  at  68  dtf 
fahr.  is  given  in  Fig.  3.  Most  surfaces  radiate  less  heat  than  black  bod: 


'Fia.  3. — Connection  losses  from  horisontal  and  vertical  surfaces,  andbbd! 
body  radiation. 

surfaces.  Par.  Si  gives  ths  watts  radiated  by  typical  surfaces  expressed  a 
■per  cent,  lemissivity  constant)  of  the  watts  radiated  by  a black  body  m- 
'tace.  Radiation  increases  as  the  fourth  power  of  the  absolute  temperate*; 
at  therefore  becomes  relatively  enormous  at  high  temperatures,  ana  perm® 
extremely  high  ratings  in  watts  per  sq.  in.  of  radiating  surface,  for  such  cos 
struct ionsf  as  bare  nickel-chromium  resistors  operating  at  1,000  to  2,000  del 
fahr.  and  radiating  directly  from  the  resistor  surface.  Such  heaters  at 
therefore  termed  radiant  heaters. 


10.  Convection.  The  surface  of  a heated  body  in  contact  with  air  I 
other  gases  or  liquid),  heats  the  air  in  immediate  contact  with  it.  T 
film  of  air,  in  heating,  expands  to  a lower  specific  gravity  than  the  cooler 
around  it  and  therefore  tends  to  rise.  Thus  a natural  circulation  is  set  t 
the  warm  air  rising  from  the  area  of  contact  with  the  hot  surface  and  be 
displaced  by  the  cool  air  flowing  in  from  below.  The  rate  at  which  heal 
carried  off  by  convection  in  air  is  shown  in  curves.  Fig.  3,  for  flat  surfaces 
three  positions,  (.4)  upper  horisontal  surface  of  the  heated  body,  (Jt)  vertii 
furfaoee  and  (C;  lower  surface. 
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In  heating  water  advantage  is  taken  of  convection  by  applying  the  heat 
near  the  bottom  of  the  body  of  water,  thus  distributing  the  heat  throughout 
the  mass  by  oonvection.  Similarly  in  heating  rooms,  ovens,  etc.,  heaters 
1 placed  near  the  floor,  will  diffuse  the  heat  more  uniformly.  As  convection 
currents  always  carry  heat  upward,  not  downward,  the  heater  must  be 
placed  lower  than  the  body  or  sone  which  is  to  be  heated  by  convection. 
Enforced  movement  of  air  or  water  will  considerably  increase  the  amount 
>f  beat  carried  off  by  convection. 


11.  Relative  Radiating  Power  or  Kmlaslvity  of  Various  Surfaces 


Surfaoe 

Emissivity 
constant  *V 
in  per  cent, 
of  radiation 
from  a 
black  body 
surface 

Surface 

Emissivity 
constant  ' V 
in  per  cent, 
of 'radiation 
from  a 
black  body 
surface 

Blaek  body 

Lampblack 

Water 

Glass 

Copper,  oxidised 

Cast  iron,  oxidised. . 
Aluminum  paint  on 

cast  iron 

Lead,  tarnished 

Cast  iron,  polished.  . 

100  (j) 

100  (hk) 
100  (h) 

90  [hk) 

72  (J) 

62  (J) 

60  \J) 

45  (k) 

25  (hk) 

Wrought  iron,  polished. 

Mercury 

Cast  iron,  bright 

Zinc,  poliidied 

Lead,  clean 

8teel,  polished 

Copper,  natural  surface. 
Brass,  highly  polished.  . 
Silver,  highly  polished.  . 

23  (hk) 

23  (h) 

22  (j) 

19  (hk) 

19  Ik) 

17  (h) 

12  ( k ) 

7 (hk) 

3 (hjk) 

Authorities. — (j)  Langmuir.  ( h ) Kent's  Mechanical  Engineers  Pocket 
Book,  (k)  Frederick  Dye,  “A  Practical  Treatise  on  Steam  Heating." 
published  by  Spon,  London,  1901. 

IS.  Conduction,  flow  of  heat  and  heat  potential.  Conduction 
ipplies  to  the  transfer  of  heat,  molecule  to  molecule,  through  a body,  and, is 
analogous  to  the  conduction  of  electricity.  Heat  flows  by  conduction  from 
i point  of  high  temperature  to  a point  of  low  temperature.  Temperature 
s neat  potential,  analogous  to  electrical  potential.  Temperature  difference, 
>r  gradient,  is  analogous  to  electrical  voltage.  The  rate  of  heat  flow  is  pro- 
portional to  the  thermal  conductance  and  inversely  proportional  to  the  ther- 
mal resistance  of  the  path  through  which  heat  flows. 

Heat  flow  in  watts  — Temperature  Gradient  X thermal  conductance,  or 

Heat  flow  in  watts  — Temperature  Gradient/thermal  resistance. 

The  table.  Par.  14,  gives  for  various  materials,  the  thermal  conductivity 
>r  heat  flo4r  expressed  in  watts  (column  2,  watts  per  square  inch;  column 
1,  watts  per  square  foot)  through  one  inch  thickness  of  that  material  for 
a temperature  gradient  of  one  deg.  fahr.  The  reciprocals  will  give  thermal 
esistivity  expressed  in  deg.  fahr.  gradient  per  watt  of  heat  flow.  The  total 
hermal  resistance  of  a path  is  the  sum  of  the  individual  resistances  of  the 
ections  of  the  path  that  are  in  series. 

11.  Heat  insulators;  construction  of  insulating  walls.  Materials 
vhich  are  such  poor  conductors  of  heat  that  they  are  used  to  impede  the 
low  of  heat  are  termed  heat  insulators.  Their  effectiveness  is  relatively 
nuch  less  than  the  effectiveness  of  electrical  insulators  and  the  best  of  heat 
nsulators  will  transmit  an  appreciable  amount  of  heat.  This  indicates  the 
importance  of  providing  proper  heat  insulation,  particularly  where  energy 
osts  are  high,  and  also  the  necessity  of  allowing  for  the  neat  conducted 
hrough  the  insulation.  In  designing  walls  for  such  structures  as  ovens, 
natenals  of  the  lowest  possible  thermal  conductivity  should  be  used.  Walls 
•f  ordinary  brick  sacrifice  thermal  insulation  for  structural  strength,  but 
bey  conduct  heat  at  such  a high  rate  that  for  prevailing  energy  costs  they 
re  not  economical  structures.  A preferred  wall  construction  consists  of 
he  best  heat  insulators  retained  between  two  sheets  of  metal.  The  walls 
bould  be  so  constructed  as  to  present  the  least  possible  section  of  through 
aetsd,  that  is,  metal  which  extends  through  from  the  hot  sone  to  the  cold 
one.  The  effect  of  through  metal  may  be  appreciated  by  the  fact  that  a 
bolt  will  transmit  approximately  as  much  heat  as  a square  foot  of 
ood  he»t  insulating  material. 
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1C.  Sffeet  of  joints.  The  figures  given  in  Par.  14  are  for  materials  that 
are  continuous.  A joint  between  materials  will  add  thermal  resistance,  usu- 
ally a very  considerable  amount,  to  the  flow  of  heat  across  it.  Thermal 
resistance  at  the  joint  may  be  reduced  by  machining  the  surfaces  and  by 
pressure,  by  making  the  mechanical  contact  more  intimate. 

1C.  Absorption.  Materials  have  capacity  for  heat.  They  absorb  heat 
when  increasing  in  temperature,  and  deliver  heat  when  decreasing  in  tem- 
perature, but  the  amount  of  heat  contained  by  them  is  constant  when  the 
temperature  is  constant,  unless  there  is  a change  of  state  as  noted  below. 
Therefore  the  tendency  of  absorption  is  to  retard  heating  and  to  retard  cool- 
ing. Absorption  is  particularly  important  during  the  period  of  heating  up 
from  room  temperature  to  working  temperature,  and  in  conveyor  processes, 
where  the  material  or  work  passing  through  absorbs  a large  amount  of  heat 
per  hour.  To  decrease  the  time  of  heating  up  from  room  temperature  to 
working  temperature  a higher  wattage  may  be  applied  until  working  tem- 
perature is  reached,  whereupon  the  wattage  is  reduced.  See  Par.  If. 

17.  Change  of  state.  Change  of  state  from  solid  to  liquid  requires 
supplying  the  latent  heat  of  fusion.  Similarly  change  of  state  from  liquid 
to  gaa  or  vapor  requires  supplying  the  latent  heat  of  evaporation.  See  Par. 
11.  If  a liquid  is  exposed  to  air  so  that  evaporation  takes  place,  the  latent 
heat  of  evaporation  must  be  supplied.  Barker,  in  “Heating  and  Ventila- 
tion/’ gives  the  following  data  on  rate  of  evaporation  and  total  heat  loss 
from  each  square  foot  of  exposed  water  surface  in  quiet  air  at  52  deg.  fahr. 
and  86  per  cent,  humidity. 

At  135  deg.  fahr.,  0.5  lb.  per  hr.,  total  heat  loss  750  B.t.u.  per  hr.  or  220 

watte. 

At  157  deg.  fahr.,  1.0  lb.  per  hr.,  total  heat  loss  1,350  B.t.u.  per  hr.  or 
306  watts. 

At  180  deg.  fahr.,  2.0  lb.  per  hr.,  total  heat  loss  2,450  B.t.u.  per  hr.  or  720 

watts. 
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Fio.  4. — Methods  of  regulating  heat. 

18.  Limits  in  temperature;  energy  density.  The  temperature  at 
which  essential  parts  of  the  heater  deteriorate  and  lose  their  effectiveness 
(as  by  oxidation  of  the  resistor,  or  dehydration  of  mica  insulation)  deter- 
mines the  limit  in  safe  operating  temperature.  The  temperature  of  the 
heater  rises  above  the  temperature  of  its  environment  (room  temperature, 
metal  temperature,  temperature  of  machine  or  apparatus  to  which  heater 
s applied)  until  it  establishes  a temperature  gradient  that  will  deliver  heat 
to  tne  environment  at  a rate  measured  by  the  watts  absorbed  by  the  resistor. 
Fhe  permissible  temperature  of  the  process  can  be  raised  or  the  temperature 
yf  the  heater  can  be  lowered  by  reducing  the  temperature  gradient  In  either 
yf  two  ways:  (1)  Decreasing  the  thermal  resistance  within  the  heater  and 
between  the  heater  and  the  work  or  (2)  by  increasing  the  effective  heater 
ires  so  as  to  operate  at  a lower  energy  density,  at  less  watts  per  sq.  in. 
>f  active  heater  surface. 
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50.  Hoot  boloneo;  flnol  temperature.  When  current  flows  through 

he  resistor  of  on  electric  heater,  heat  is  developed  immediately  in  the  resistor 
it  a rote  measurable  in  watts.  The  temperature  of  the  resistor  increases, 
et&blishing  a temperature  gradient  above  the  surrounding  parts,  which 
rradient  causes  heat  to  flow  from  the  resistor  to  these  parts.  Each  point 
hroughout  the  structure  receives  heat  from  points  of  higher  temperature, 
ibsorbe  some  of  the  heat  energy  in  increasing  its  own  temperature  and  con* 
lucta  the  heat  to  adjacent  points  of  lower  temperature.  When  the  surface 
if  the  heater  rises  in  temperature  it  dissipates  heat  into  the  atmosphere  or 

0 the  surrounding  materials.  The  surface  at  first  cannot  dissipate  all  the 
leat  that  reaches  it  from  the  interior.  Therefore  its  temperature  rises  and 
toncurrently  its  ability  to  dissipate  heat  into  the  atmosphere  increases^ 
The  surface  temperature  continues  to  rise  until  the  rate  at  which  it  dissipates 
leat  into  the  atmosphere  equals  the  rate  at  which  it  is  receiving  heat.  While 
he  heater  rises  in  temperature  it  is  abeorbing  heat  energy.  When  the 
leater  temperature  stops  rising  and  becomes  constant,  it  is  thermally  bal- 
meed.  To  estimate  the  wattage  required  to  produce  a constant  tempera*- 
:ure,  the  heat  losses  at  that  temperature  should  be  calculated.  The  total 
leat  requirements  analysed  into  the  five  factors  as  above  and  measured  id 
watts  will  give  the  required  heater  rating  in  watts. 

fl.  Heater  construction.  The  requirement  for  all  materials  is  con* 
linuous  life  at  operating  temperatures.  Nickel-chromium  alloy  resistors 
ire  the  most  widely  used  of  the  metallic  resistors  because  of  their  resistance 
to  deterioration  at  high  operating  temperatures.  They  are  capable  of  with*- 
standing  temperatures  up  to  approximately  2,000  deg.  fahr.,  but  usually 
operate  at  lower  temperatures  because  of  limitations  in  other  parts  of  the 
structure. 

The  insulation  for  most  heater  applications  is  mica.  Mica  dehydrates 
md  loses  its  insulating  value  at  temperatures  that  limit  the  external  heater 
temperature  to  about  800  to  1,100  deg.  fahr.  For  higher  temperatures 
>ther  insulating  materials  are  coming  into  use.  In  order  to  realise  the  full 
temperature  possibilities  of  nickel-chromium  alloy  resistors,  moulded-block 
lupports  are  used,  permitting  radiation  direct  from  the  resistor  material. 

Terminal  requirements  for  temperatures  higher  than  for  water  heating 
ire  quite  different  from  requirements  for  electrical  terminals  at  low  tempera- 
tures. Copper  may  oxidise,  and  if  brass  is  used,  the  sine  may  volatuisa 
Therefore  steel  is  largely  used  for  terminal  parts  and  for  bus  bars,  as  in 
spanning  ovens. 

51.  Methods  of  regulating  heat.  Regulation  of  watt  consumption 
may  be  required  (1)  to  neat  up  rapidly  from  room  temperature  to  operating 
temperature;  i.e.,  to  supply  the  heat  of  absorption  and  latent  heat;  or  (2) 
to  provide  for  changes  in  operating  temperature;  or  (3)  to  provide  for  operas 
tion  at  uniform  temperature  where  the  heat  requirements  vary  during 
operation.  Such  regulation  may  be  accomplished  as  follows:  (1)  By  change 
ng  the  fine  voltage  impressed  upon  the  heater  (see  Fig.  4).  The  watts  wnll 
irary  approximately  as  the  square  of  the  voltage;  (2)  by  dividing  the  heater 
nto  sections,  and  changing  the  voltage  impressed  on  each  section  by  coni- 
looting  the  sections  in  different  combinations;  (3)  by  dividing  the  neatef 
nto  sections  each  designed  for  line  voltage,  and  providing  each  section  with 

1 switch;  (4)  by  the  use  of  a series  rheostat,  which  gives  closer  regulation 
han  methods  (1)  and  (3)  and  docs  not  complicate  the  heater  by  sectionalis*- 
ng  it;  rheostatic  control  is  particularly  well  suited  to  heaters  with  small 
nratt  rates;  (5)  by  using  a resistor  having  a high  temperature-coefficient  of 
-esistance,  the  increased  resistance  at  higher  temperatures  reducing  the 
vatt  consumption  automatically  and  exerting  a steadying  influence  on  the 
emperature;  (0)  by  connecting  the  heater  intermittently  to  the  line,  <^*en- 
ng  the  circuit  when  the  maximum  operating  temperature  is  reached,  and 
closing  the  circuit  when  minimum  operating  temperature  is  reached,  which 
s the  method  generally  employed  in  automatic  temperature  control;  a 
hermostat  or  other  temperature-responsive  device  is  used  and  for  low  watt 
ates  opens  and  closes  the  circuit  directly,  or  for  higher  watt  rates  actuates 
i suit  sole  magnet  switch;  (7)  by  a time  switch  for  connecting  and  disoon* 
lecting  the  heater  at  p re-determined  times. 

Heater  ratings.  The  correct  heater  rating  for  any  given  case  is 
ietermined  by:  (1)  The  best  temperature  for  the  process,  or  service  rating; 
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) the  temperature  limits  imposed  by  possibility  of  contact  with  infltm- 
able  materials,  or  of  burning  operators;  (3)  the  safe  life  temperature  of  tin 
later,  or  life  rating.  Heaters  employing  nickel-chromium  resistor*  and 
iea  insulation  in  metal  casings  are  typical  of  the  structures  used  for  most 
duttrial  electric  heating  applications  below  red  heat  or  about  1,000  deg 
hr.  The  following  energy  density  ratines  in  watts  per  square  inch  of 
fective  heater  surface  hare  been  successfully  used.  These  ratings  are  in* 
oative  of  the  maximum  permissible  life  ratings,  assuming  correct  heater 
ttign  and  oorrect  application  to  the  work.  Considerations  (1)  and  (2) 
>ov«  may  require  lower  operating  temperatures  and  lower  ratings. 


Application 

Conditions 

Maximum  rating  in 
watts  per  sq.  in.  of 
effective  heater  area 

Room  heating 

Low  temperature 
ovens,  such  as 
plate  warmers  and 
drying  ovens. 

High  temperature 
ovens  suen  as  ja- 
panning ovens, 
core  baking  ovens 

Heaters  in  free  air  with 
good  ventilation. 

Heaters  in  bottom,  good 
air  circulation 

Heaters  in  bottom,  good 
air  circulation 

12  to  18  watts  per  sq.  in., 
both  sides 

10  to  16  watts  per  sq.  in., 
both  sides 

8 to  12  watts  per  sq.  in., 
both  sides 

Water  heating 

Oil  heating 

Wax,  asphaltum, 
etc. 

Immersion  type  heaters, 

surface  of  heater  free 
from  scale 

Immersion  type  heaters, 
surface  of  heater  clean 
Immersion  beaters,  sur- 
face of  heater  clean 

20  to  40  watts  per  sq.  ia* 

both  sides 

7 to  15  watts  pm  sq.  in., 
both  sides 

5 to  10  watts  per  sq.  in* 
both  sides 

Type  metals 

Maohine  applica- 
tions 

Machine  applica- 
tions 

Immersion  beaters,  sur- 

face of  heater  clean 
Clean,  flat  surface  of 
water  container  with 
well-fitted  heater 

Clean,  machined  surface, 

casting  or  other  good 
diffusing  body,  at  350 
deg.  fahr. 

5 to  10  watts  per  sq.  in* 

hoik  sides 

20  to  30  watts  per  sq.  in., 
one  side 

15  to  24  watts  per  sq.  in.. 
one  side 

Maohine  applica- 
tions 

Machine  applica- 
tions 

Machine  applica- 
tions 

1 Clean,  machined  surface, 
casting  or  other  good 
heat  diffusing  body,  at 
500  deg.  fahr. 

Good  surface  of  casting 
not  machined,  at  350 
deg.  fahr. 

Good  surface  of  casting 
not  machined,  at  500 
deg.  fahr. 

10  to  15  watts  per  sq.  in., 
one  side 

10  to  15  watts  per  sq.  in., 

< one  side 

8 to  12  watts  per  sq.  in.. 
one  side 
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14.  Room  heating.  To  determine  the  watts  required  to  maintain  a 
>m  at  a oonstant  temperature  rise  above  its  surroundings,  calculate  the 
st  losses  at  that  temperature.  Total  heat  losses  are  made  up  of:  (1) 
nduction  through  exposed  walls,  which  depends  upon  the  construction  of 
» walls  and  vanes  widely;  (2)  conduction  through  exposed  glass;  (3)  air 
luired  for  ventilation;  (4)  air  leakage  where  in  exoess  of  <4).  Such  eol- 
ation of  heat  transmission  or  losses  is  the  only  method  for  determining 
) heat  requirements  accurately.  In  the  abeenoe  of  complete  data,  the 
lowing  rules  may  be  used.  They  apply  with  fair  accuracy  to 
iditions  but  will  not  apply  to  extreme  conditions  of  sis 
operators  rise,  or  exposure. 
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Average 
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Adaptation  of  Mills  rule,  TO  dec.  fahr.  rise,  average  conditions* 

Allow  0 . 35  watts  per  cu.  ft.  of  air. 

Allow  3 . 5 watts  per  sq.  ft.  of  exposed  wall. 

Allow  35 . 0 watts  per  sq.  ft.  of  exposed  glass. 

Adaptation  of  Thompson  rule,  70  dsg.  fahr.  rise,  average  house* 

Allow  7.0  watts  per  sq.  ft.  of  exposed  wall. 

Allow  35.0  watts  per  sq.  ft.  of  exposed  glass. 

Adaptation  of  Barker  rule,  70  deg.  fahr.  rise 

Allow  21.0  watts  per  sq.  ft.  of  exposed  glass. 

Allow  5.0  watts  per  sq.  ft.  of  exposed  wall. 

Allow  7.0  watts  per  sq.  ft.  of  exposed  ceiling. 

Allow  2.0  watts  per  sq.  ft.  of  exposed  floor. 

Allow  0.38  watts  per  cu.  ft.  of  volume,  for  one  air  change  per  hr.;  1 to  3 

air  changes  per  hr.,  are  generally  provided  for. 

SB.  Watts  required  per  cu.  ft.  of  room  volume  are  given  in  the.  folio  w- 
K examples: 

Homes,  interior  rooms,  0.75  to  1.25  watts  per  cu.  ft. 

Homes,  exterior  rooms,  1.25  to  1.75  watts  per  cu.  ft. 

Homes,  exterior  rooms,  with  extra  glass  or  greater  exposure  1.75  to  3.0 
watts  per  ou.  ft. 

Small,  isolated,  exposed  rooms  2.5  to  5 watts  per  cu.  ft. 

Crane  cabs,  etc.,  sneet  metal  walls,  5 to  15  watts  per  cu.  ft. 

Valve  houses,  etc.  5 to  10  watts  per  cu.  ft. 

Street  railway  cars,  250  to  350  watts  per  ft.  of  car  length  with  heaters 
on  “high,”  the  lower  figures  for  city  cars,  the  higher  figures  for 
small  cars  and  high-speed  interurban  lines. 
rhere  a steam  or  hot-water  system  is  in  use  or  heating  requirements  have 
»en  figured  on  either  basis,  assume  that  70  watts  are  equivalent  to  1 sq.  ft. 

low-pressure  steam  radiation  (at  240  B.t.u.  per  sq.  ft.)  or  that  44  watts 
*e  equivalent  to  1 sq.  ft.  of  hot-water  radiation  (at  150  B.t.u.  per  sq.  ft.). 

0 heat  1 cu.  ft.  of  sjr  1 deg.  fahr.  requires  0.0054  watt-hours,  or  0.38  watt 
► heat  a supply  of  1 cu.  ft.  of  air  per  hour,  from  sero  to  70  deg.  fahr.  The 
lult  human  body  gives  off  heat  at  a rate  of  100  to  150  watts..  This  factor 
of  importance  in  reducing  considerably  the  heat  requirements  in  some  cases, 

1 in  car  heating. 

SB.  Household  ranges.  The  following  data  on  typical  range  loads, 
>mpiled  by  the  Society  for  Electrio  Development,  are  based  on  reports 


om  100  representative  Central  Stations  (from  the  '‘Electric  Range  Hand- 
ook,"  1919). 

Communities  served 1,802 

Population 11,760,489 

Residence  customers 1,101,275 

Number  of  ranges 26,180 

Kw.  load 118,182 

K w.  load,  per  range 4.75 

Average  demand  per  range 2.25 

Kw-hr.  per  range,  per  annum 1,496 

Kw-hr.  per  day 4.2 

Kw-hr.  per  day  per  person  (based  on  average 

of  4.2  persons  in  average  family) 1.0 

Effective  rate  in  cents 3.25 

79  central  stations  meet  artificial  gas  at  aver- 
age rate,  per  1,000  cu.  ft.  of $1.19 

21  central  stations  meet  natural  gas  at  average 
rate,  per  1,000  cu.  ft.,  of 0.375 


lie  diversity  factor  goes  as  low  as  10  per  cent,  for  large  installations; 
«.,  for  1,000  ranges  the  total  demand  is  only  10  per  cent,  of  the  sum  of  the 
kUvidual  range  demands.  Tests  made  show  an  efficiency  of  85  per  cent. 
»r  the  electric  range,  15  to  20  per  cent,  for  gas  ranges  and  2 per  oent.  for 
oal  ranges.  Shrinkage  of  meat  is  considerably  reduced  in  the  electric 
ven;  the  average  shrinkage,  in  coal  or  gas  ovens,  is  25  to  35  per  cent.,  in 
he  electrio  oven  11  to  18  per  cent.  Ranges  can  be  operated  more  economic- 
Uy  if  other  means  are  provided  for  heating  water  required  for  boiling,  stew- 
ag,  etc.  Use  of  the  electric  range  is  closely  related  to  heating  of  water  for 
ooking  and  for  general  purposes. 

* See  “Heat  Transmission,”  by  C.  B.  Thompson. 
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• Where  multiple  heat  or  automatic  control  is  used  the  average  consumption  will  be  lower,  usually  from  l to  1 of  the  values 
given  for  connected  watt  capa<”A" 


Sec.  28-38  miscellaneous  applications 


St.  Hou— hold  wtUr  heating.  The  average  use  of  water  is  from  20  to 
125  gallons  per  family  per  day;  temperature  104  deg.  fahr.  for  bath  purposes, 
150  deg.  fahr.  for  dish  washing.  If  water  is  heated  as  required  for  use,  s 
large  demand  (2  to  5 kw.)  is  created  for  a short  time,  and  under  usual  eoadi- 
tions  does  not  secure  a sufficiently  low  energy  rate  to  be  economical.  Tit 
rate  can  be  lowered  by  using  a lower  demand  (0.5  to  1.0  kw.)  over  a kmge 
time  or  continuously,  heating  the  water  in  advance  and  storing  it  ia  t 
suitable  heat-insulated  tank.  The  demand  can  also  be  lowered  by  arrange 
a double-throw  switch  to  permit  use  of  either  range  or  water  heater,  but  M 
both  at  same  time.  Effective  heat  insulation  on  the  tank,  to  reduce  be* 
lass  into  the  room,  is  required  where  water  is  stored.  Automatic  temperature 
control  aids  in  securing  constant  temperature  of  stored  water,  and  automat- 
ically adjusts  the  average  current  consumption  to  the  existing  hot-vat? 
requirements. 

29.  Table  Showing  Ifficiency  and  Gallons  per  24  Boors  of  Water 
Heated  to  104  Dog.  Fahr. 

(36-gal.  tank  covered  with  1-in.  hair-felt  insulation  on  tank  and  1-ia. 
magnesia  covering  circulation  piping.  Cold  water.  39  deg.  fahr.  Fane* 
dose  to  tank.) 

(Electric  Range  Handbook,  p.  185.) 


Kind  of  system 

Kind  of  equipment 

Watts 

Efficiency, 
per  cent. 

No.  gaL 
hot  water 
available  is t 
104  deg.  fahr  t 
per  24  how 

Storage 

Outside  circulation 

82 

wmtm 

Storage 

Outside  circulation 

1,000 

76 

Storage 

“Clamp-on1  * 

78 

Intermittent — 

Outside  circulation 

73 

Intermittent — 

Outside  circulation 

mm 3 

69 
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ELECTRIC  WELDING 

BT  OTIS  ALLKN  KENTON 

Engineer , Ray  D.  Lethbridge,  Inc.,  Member,  American  Institute  of  Electric s' 
Engineers,  Member  Society  Automotive  Engineers 

40.  There  are  three  distinct  processes  of  electric  welding.  (sJ 
the  incandescent  process;  (b)  the  carbon  arc  process;  (c)  the  metallic  sit 
process. 

THOMPSON  PROCESS 

41.  The  incandescent  process  (known  as  the  Thompson  proem? 

is  primarily  suited  for  manufacturing  operations  where  more  or  lees  standard 
welds  are  made.  The  principle  of  this  process  consists  in  connecting  th» 
joint  to  be  welded  in  a low-potential  alternating-current  circuit  and  appeyiaf 
a definite  mechanical  pressure  to  the  joint  while  the  metal  is  at  the  weldisf 
temperature.  The  heating  energy  may  be  taken  from  any  alternating* 
current  system.  # The  welding  machine  itself  consists  of  suitable  damp* 
for  holding  the  pieces  to  be  joined,  and  a means  of  applying  pressure.  Tm 
damps,  together  with  the  joint,  close  the  secondary  circuit  of  a transformer, 
and  these  terminals  are  usually  water  cooled.  Fig.  5 gives  the  avenge 
power  and  time  required  to  make  welds  of  iron  and  steel  by  the  incandescent 
process.  It  may  be  noted  that  the  power  in  kilowatts  and  the  time  is 
seconds  are  numerically  equal.  Herman  Lemp  states  that  the  energy  re 
quired  to  bring  iron  to  the  welding  temperature  is  approximately  7 h.p- 
min.  per  cu.  in.  of  metal. 

42.  Temperature  distribution.  In  making  incandescent  welds  it  is  im- 
portant that  the  temperature  distribution  over  the  face  of  the  joint  should  h* 
as  uniform  as  possible.  Alternating  current  assists  in  meeting  these  require- 
ments as,  on  account  of  slrin  effect,  the  current  density  is  greater  near  the 
surface  than  at  the  oenter,  which  tends  to  maintain  an  even  temperature 
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throughout  the  joint  in  spite  of  the  radiation  from  the  surface.  On  account 
I the  necessity  foi  uniform  temperature  distribution,  it  is  impracticable  .to 
>utt  weld  two  pieces  of  different  areas,  as  the  smaller  one  will  become  muoh 
lotter  than  the  large  one.  For  this  same  reason  it  is  also  impractical  to 
>utt-weld  large  surfaces,  as  the  current  will  not  distribute  itself  uniformly 
>ver  the  section. 

4 S.  Spot  welding.  To  overcome  the  difficulties  due  to  non-uniform 
•eraperature  distribution,  what  is  known  as  spot  welding  has  been  developed, 
[n  spot  welding  the  best  results  are  obtained  by  punching  the  surfaces  to  be 


Fig.  5. — Power  and  time  required  Fig.  6. — Power  and  time  required 

>o  butt-weld  iron  rod  by  incandescent  to  spot-weld  steel  plate  by  rncan- 
jroccea.  descent  process. 


velded  in  such  a way  that  a series  of  Joints  of  equal  and  definite  area  are 
made  between  the  two.  Fig.  6 gives  the  average  power  and  time  required 
,o  make  welds  by  the  spot- weld  process.  Fig.  7 shows  how  a disc  may  be 
nrelded  to  a surface  by  this  process;  also  how  two  flat  surfaces  may  be  welded 
ogether.  The  whole  object  of  the  spot-weld  process  is  to  reduce  the  welded 
oint  to  an  area  of  definite  and  uniform  dimensions. 


Sec M-B 


Fig.  7. — 8pot  welds. 


A modification  of  the  spot-weld  principle  is  shown  in  the  lower  left-hand 
orner  of  Fig.  7 where  instead  of  a series  of  spots  we  have  a V-shaped  depres- 
ion  in  one  of  the  plates  which  makes  an  edgo  contact  with  the  plate  to  whioh 
b is  welded.  The  current  is  then  passed  through  the  plate  by  means  of  a 
rheel  which  runs  in  the  grove  and  exerts  the  necessary  pressure  for  welding. 
Tie  ordinary  spot  welder  used  extensively  in  sheet-metal  work  relies  entirely 
n the  pressure  between  the  contact  points  to  confine  the  current  to  a definite 
rea. 


iH&fty  Google 


Sec.  22-44  miscellaneous  applications 


MIBCBLLANBOU8  APPLICATIONS  S«C.  22-49 


M.  The  earbon-ire  (Bernardos)  proem  has  been  in  use  about 
25  years.  In  this  process  the  heat  of  the  aro  is  utilised  to  bring 
•he  metals  to  be  joined  to  thefiwelding  temperature,  and  a melt  bar  of  the 
lame  material  as  the  parts  to  be  joined  is  introduced  in  the  joint  to  fill 
;he  space  between  the  pieces.  In  welding  with  a carbon  arc,  the  parts  to  be 
joined  are  connected  to  the  positive  side  of  the  circuit,  and  the  carbon  elec- 
trode to  the  negative  side.  A direct-current  generator  of  from  80  to  125 
volts  is  generally  used.  The  current  capacity  varies  with  the  nature  of  the 
nrork  from  15  to  600  amperes.  The  lowest  values  are  used  on  sheet-metal 
work,  and  with  non-ferrous  metals;  the  highest  values  are  used  on  massive 
castings.  The  carbon  aro,  exoept  for  low-current  values,  is  long  and  behaves 
very  much  like  a flame,  therefore,  it  is  necessary  to  manipulate  it  like  a 
Same  by  giving  it  a circular  motion,  such  as  is  done  with  the  oxyaoetylenu 
Same.  > 

47.  Application.  The  carbon-arc  process  is  suited  to  work  where  eithei' 
very  large  or  very  small  amounts  of  energy  are  to  be  developed,  such  as 
filling  holes  in  castings  and  melting  large  masses  of  metal  or  welding  thin 
metals  or  facing  non-ferrous  metals.  As  disadvantages  the  following  may 
be  mentioned:  the  likelihood  of  carbonisation  of  the  weld  with  consequent 
porousness  of  the  metal:  the  large  area  whieh  is  heated  by  the  arc;  the  neoes- 
rity  for  using  both  hands  on  high-power  arcs. 

48.  Stresses  due  to  temperature  changes.  On  account  of  the  large 
area  which  is  heated  by  the  aro  flame,  it  is  necessary  to  exercise  extreme 
care  in  order  to  avoid  stresses  and  distortion  due  to  temperature  changes. 
Therefore,  in  many  cases  it  is  necessary  to  preheat  with  a gas  flame  the 
objects  to  be  welded. 

48.  Protection  of  operator.  The  light  and  radiated  heat  of  the  aro 
arc  so  intense  that  the  skin  and  eyes  must  be  protected.  Therefore,  sinoe 
both  hands  are  required  to  do  the  welding,  it  is  necessary  to  provide  the 
operator  with  a helmet;  this  helmet  prevents  him  from  examining  the  work 
sarefully  as  it  progresses. 

50.  The  carbon  aro  may  be  used  for  cutting  steel,  suoh  as  sheet 
piling  and  structural  steel  of  bufldings,  bridges,  etc.;  which  have  to  be 
rieared  away.  It  can  also  be  used  for  cutting  oast  iron.  The  speed  of 
ratting  depends  on  the  current;  for  thicknesses  above  | in.  the  current  should 
cot  be  leas  than  200  amp. 

METALLIC  ABC  PROCESS 

51.  Prooees.  To  81awiano£T  is  given  the  credit  for  inventing  the  metallic 
arc  process  wherein  the  filler  rod  itself  is  made  an  sleotrode  and  fused  into 
the  joint  by  the  are  between  it  and  the  aurfaoe  of  the  joint.  The  metallic 
are  is  shorter  and  leae  stable  than  the  carbon  arc,  and  .therefore  requires 
better  control  of  the  elec  trio  current  for  good  results  than  the  carbon  arc 
process. 

SS.  The  arc  e.m.f.  varies  from  18  to  24  volts  but  can  be  taken  as  20 
volts  for  the  purpose  of  calculation.  Testa  indioats  that  the  e.m.f.  of  the 
iro  does  not  vary  with  the  current  through  the  aro  but  only  with  the  length 
>f  the  vapor  stream.  With  automatic  electrode  feeding,  suooeesful  welding 
Ins  been  done  with  a 12-volt  arc.  Therefore,  it  may  be  assumed  that  any 
i.m.f.  above  this  is  not  necessary  for  welding,  but  serves  simply  to  increase 
the  flexibility  of  the  are  and  thus  aid  the  operator  in  holding  the  are.  The 
longer  the  are  the  greater  the  superheating  of  the  metal,  and  the  neater 
the  exposure  to  the  atmosphere.  Therefore,  under  all  conditions  the  are 
ihould  be  as  short  as  the  operator  can  hold.  If  the  aro  is  held  too  short,  it 
leases  to  be  an  aro  and  becomes  a series  of  discharges.  It  is  easy  to  tea  by 
the  sound  whether  an  arc  is  too  short  or  too  long.  It  crackles  and  spits 
when  it  is  too  short,  and  when  it  is  too  long  it  fluctuates  violently.  When  it 
is  just  right  it  makes  a smooth  sound. 

SS.  The  arc  current  should  be  chosen  to  conform  to  the  type  of  joint  and 
the  rise  of  electrode.  Open  joints  where  the  entire  surface  is  easily  accessible 
to  the  aro,  can  be  successfully  welded  with  the  wide  range  of  current.  If 
the  joint  is  deep  or  narrow,  or  otherwise  inaccessible  to  the  cure,  it  is  necessary 
to  use  a current  large  enough  in  value  to  fuse  through  the  joint  at  all  points. 

54.  The  effect  of  electrode  fixe  on  the  current  is  independent  of  the 
joint.  The  rate  of  melting  is  determined  by  the  aro  ourrent.  Therefore, 
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the  higher  the  current  the  faster  the  melting  of  the  electrode.  It  isdesirir  • 
to  use  as  high  current  as  the  welder  can  handle.  A rough  guide  for  eurres: 
as  related  to  electrode  diameter  is  given  in  Par.  55. 

55.  Current  range  for  soft  steel  electrodes. 


Hand  welding 

Diameter, 

Amperes 

inches 

Low 

High 

Fusing 

0.062 

20 

40 

50 

0 094 

40 

65 

90 

0. 125 

105 

115 

140 

0.135 

120 

130 

160 

0.156 

140 

160 

200 

0.188 

190 

210 

260 

56.  Electrodes  have  received  a great  deal  of  study  but  little  real  progr^* 
has  been  made  when  judged  on  the  basis  of  results  in  welding.  It  ha*  r 
yet  been  proven  that  there  is  anything  better  than  the  bare  soft  steel  dr- 
trode.  Coated  electrodes  permit  the  use  of  inferior  metal  and  imp.r 
the  stability  of  the  are,  but  they  are  not  necessary  to  the  highest  Quality 
welding.  Good  electrodes  must  be  mechanically  perfect;  that  is*  fret  tr  ~ 
included  slag,  pipes  and  slivers. 

67.  Joints.  As  far  as  joints  are  concerned,  the  surfaces  of  the  parts 
be  joined  should  alw-ays  be  so  disposed  as  to  facilitate  to  a maximum  degrr 
the  playing  of  the  arc  on  all  parts,  and  yet  the  design  should  be  such  m ' 
avoid  unnecessary  volume  of  metal  in  the  weld.  Where  possible,  the  jou'. 
should  be  backed  up  with  metal  to  increase  the  heat  conductance,  and  per- 
mit the  use  of  high  currents. 

58.  In  manipulating  the  arc  the  electrode  should  be  pointed  slight  > 
toward  the  completed  weld,  and  the  arc  played  in  such  a way  as  to  advaaw 
the  crater  first  along  one  edge  of  the  joint,  then  pass  the  arc  back  and  acres 
the  weld  and  advance  along  the  other  edge  and  so  on.  executing  a series 
crescents  and  keeping  the  metal  always  along  the  trailing  side  of  the  eravr 
If  the  arc  is  broken  and  the  crater  is  not  on  the  very  tip  of  the  weld,  trouisk 
will  be  experienced  in  starting  the  weld  again,  in  such  a way  as  to  make  » 
sound  joint  between  the  old  crater  and  the  new  metal. 

59.  In  production  work  where  more  or  less  unskilled  labor  must  bee- 
ployed,  It  is  desirable  to  fix  as  many  factors  in  the  welding  process  as  poas- 
ble.  First  of  all.  the  joint  should  be  maintained  within  definite  limits,  ner. 
the  current  should  be  set  at  a predetermined  value  depending  upon  the  jotr 
and  the  site  of  electrode.  The  site  of  the  electrode  depends  in  this  class 
work  largely  upon  the  result  desired.  Small  electrodes  require  slower  wort 
on  the  one  hand;  while  on  the  other  hand  they  force  the  operator  to  cove- 
thoroughly  with  the  arc  the  surfaces  to  be  welded,  and  thus  produce  a high- 
quality  weld.  Large  electrodes  per  on  I faster  work  they  also  man  it  <w  i 
for  the  operator  to  execute  poor  welds  by  allowing  metal  to  flow  into  tW 
joint  outside  of  the  arc  crater.  However,  large  electrodes  and  high  cnm»a 
do  not  necessarily  mean  poor  welding.  It  simply  means  that  the  job  is  man 
dependent  on  the  operator  under  such  conditions. 

10.  Electric  energy  for  welding  may  be  supplied  from  any  suitable 
source,  both  alternating  current  and  direct  current  being  in  use  at  the  pres- 
ent time.  If  a constant-potential  generator  is  used,  some  provision  must  be 
made  for  stabilising  the  arc  circuit.  Usually,  this  involves  a ballast  resistor 
which  absorbs  at  least  two-thirds  of  the  energy  supplied  by  the  generator 
When  a fixed  resistor  is  used  80-volts  on  the  generator  gives  the  beet  all- 
around  results.  Several  different  types  of  differential  machines  are  used 
for  arc  welding  service.  These  are  all  single- arc  machines  and  all  use  * 
reactor  in  series  with  the  arc  to  stabilise  the  current  fluctuations.  Tfc* 
alternating-current  welding  transformers  have  a characteristic  similar  to 
the  differential  machines;  that  is,  the  e,m.f.  falls  with  rising  currant. 
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•1.  dc^d-eircnlt  series  system  of  supply.  For  production  work  the 
sloeed-circuit  series  system  which  was  used  on  the  liberty  engine  cylinders 
ins  advantages  over  the  single-arc  system s,  in  that  it  permits  the  use  of 
arger  machines  without  the  sacrifice  of  individual  control  of  the  various 

arcs.  In  this  system  the  gen- 
erator produces  a constant- 
current,  and  controllers  are 
connected  in  series  in  the 
line,  each  controller  serving 
one  arc.  The  purpose  of  the 
controller  is  to  maintain  the 
continuity  of  the  line  and  to 
limit  the  e.m.f.  across  the 
arc,  and  to  control  the  aro 
leads.  It  is  possible  to  pre- 
determine and  fix  the  cur- 
rent, and  the  arc  e.m.f..  and 
maintain  the  proper  welding 
values  independently  of  the 
operator. 

<S.  The  cost  of  metal- 
lio-arc  welding  includes  the 
following  factors:  welding 
electrodes,  fluxes  (when 
used),  labor,  energy  and 


Vertical 


Horizontal 


Downward 


Overhead 


Fio.  8. — Conventional  aro- welding  positions. 


Ixed  charges.  In  general  it  may  be  said  that  the  electrodes  and  fluxes 
ihould  be  about  the  same  in  a given  case  as  the  corresponding  expense  for 
;he  carbon-arc,  and  the  oxy-acetylene  processes.  In  all  three  cases  the 
abor  is  skilled,  and  is  paid  at  about  the  same  rate.  Therefore,  the  labor 
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Fia.  0. — Time  required  to  weld  seams  of  various  thicknesses  by  metallio-aro 
process. 


met  of  welding  depends  on  the  speed  (see  Fig.  9).  For  thin  plates,  the 
>xy-acctylene  process  is  faster  than  the  electric  arc.  However,  for  sisee 
ibove  0.125  in.  the  aro  is  faster,  therefore  the  labor  item  is  less.  The  cost 
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of  energy  depends  on  local  conditions  and  can  be  accurately  calculated  ft 
any  given  case  from  the  data  here  given.  In  comparing  arc-weldim*  o<*u 
with  oxy-aoetylene- welding  costa,  the  cost  of  electric  energy  is  hshnrwl 
against  that  of  oxygen  and  aoetylene. 

ft.  Advantages.  The  extreme  localisation  of  heat  in  the  metaffie-ef 
process  is  an  enormous  advantage,  especially  where  large  masses  of  nets 
are  concerned,  as  it  minimises  stresses  due  to  expansion  and  contractu 
with  the  practical  result  that  preheating  need  not  be  resorted  to  nor  mos 
the  joints  be  more  open  at  one  end  than  at  the  other  to  allow  for  expsswx. 
as  is  the  case  with  hot-flame  and  carbon-arc  processes.  Another  aaVastaii 
of  the  metallic  arc  is  that  the  operator  uses  only  one  hand  for  welding,  hir- 
ing the  other  free  to  manipulate  a glass  screen.  This  he  holds  before  hit  face 
when  the  arc  is  on,  and  lowers  each  time  the  arc  breaks  in  order  that  he  ntj 
examine  the  work  and  closely  control  its  quality. 

•4.  Strength  of  weld.  Experience  shows  that  with  a metallic  arc,  weidi 
can  be  made  in  which  the  strength  of  the  joint  is  the  same  as  that  of  the  met* 
itself  and  even  greater.  However,  on  account  of  inferior  work  that  has  beta 
done  by  unskilled  welders,  engineers  are  inclined  to  avoid  arc  welding  execri 
In  eases  where  it  can  be  subjected  to  test  before  putting  it  into  service.  I 
some  method  of  inspection  could  be  developed  whereby  tbe  quality  of  i 
finished  joint  could  be  determined  without  damaging  it,  welding  woe ii 
undoubtedly  displace  riveting  in  a great  many  structures,  arid  thus  aa  esor- 
mo  us  saving  in  labor  and  materials  be  accomplished. 

99.  Porosity  test.  Wherever  the  character  of  a joint  is  suitable,  to 
porousness  may  be  tested  by  applying  kerosene  to  one  side.  Kerosene  rl 
penetrate  a porous  joint  that  is  so  tight  that  water  under  high  pressure  couid 
not  penetrate  it.  In  this  way  the  soundness  of  welds  may  be  tested  ufi 
really  unsound  weld  will  reveal  itself  under  a few  minutes'  application  d 
kerosene. 

•4.  Literature.  The  May,  1913,  Bulletin  of  the  New  York  Public  Librvj 
gives  a list  of  works  relating  to  electne  welding,  covering  tbe  period  better: 
1786  and  1912,  inclusive,  comprising  several  hundred  articles  and  book* a 
English  and  foreign  languages,  as  well  as  references  to  the  most  importssi 
patents. 

ELECTRICAL  EQUIPMENT  FOR  GAS  AUTOMOBILES 

BT  JOHN  C.  BOGLB 

Engineer,  Cook  Electric  Co.;  Associate,  Amer.  Inst.  Elec.  Engineers 

BATTBRIB8 

70.  Type  adaptable  to  requirement!.  It  is  standard  practice  to  er 
ploy  the  pasted-plate  lead  cell  for  gas-car  service.  The  advantage** 
features  of  this  type  of  cell  are:  economy  of  space  and  reduction  of  wsiffct 
together  with  a low  internal  resistance.  The  cardinal  feature  of  the  parted 
plate  cell  is  a high  short-time  amperage.  The  requirements  of  ekrtr* 
cranking  positively  demand  the  pasted-plate  type  as  the  only  practical  c*£ 
for  the  purpose. 

The  battery  should  be  of  rigid  construction,  capable  of  withstanding  tk 
severe  vibration  to  which  it  wifi  be  subjected  in  aervioe.  Jars  are  construct* 
of  hard  rubber  having  relatively  high  tensile  strength  and  some  flexibility. 

Separators  of  wood  or  hard  rubber  are  usually  inserted  between  adjacer 
plates;  these  should  be  perforated  or  otherwise  so  constructed  that  they  'r- 
interpoee  no  appreciable  increase  in  internal  resistance. 

71.  Methods  employed  In  charging.  On  pleasure  cars,  where  tk 
storage  battery  has  almost  universal  application,  the  charging  is  done  froa 
a generator  driven  by  the  gas  motor.  Charging  on  removal  from  the  c*r 
must  be  attended  with  precautions  observed  with  any  battery  (see  Sec.  201 
In  addition,  however,  separate  precautions  should  be  taken  in  case  tk« 
battery  is  to  be  left  out  of  service  for  anjr  considerable  length  of  time.  Und« 
these  conditions  it  should  receive  attention  and  charge  at  least  once  a month 
When  the  battery  is  to  be  put  back  into  service  it  should  first  receive  an  over 
charge  for  several  hours  at  the  normal  rate. 

7*.  Fressing.  Care  should  be  taken  in  cold  weather  to  prevent  th« 
electrolyte  from  freesing.  Following  is  a table  of  free  sing  temperature* 
(deg.  fahr.)  corresponding  to  various  specific  gravities.  For  reduction  cl 
battery  capacity  with  decreasing  temperatures,  see  8ec.  20. 
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Specific  gravity  - Condition  Temperature 


1,160  deg.  t charged 0 deg. 

1,125  deg.  Completely  discharged. . + 13  deg, 


73.  Ampere-hour  capacity.  Examples  of  capacities  common  with 
6-volt  systems  may  be  cited;  these  battery  sixes  range  from  80  to  160-amp- 
hr.,  figured  on  a 10-amp.  discharge  rate,  and  the  majority  of  installations 
range  -from  100  to  120  amp-hr.  capacity.  Such  batteries  are  sufficient  for 
electric  cranking  and  for  car  lighting  when  not  running. 

74.  Battery  discharge  rate  during  cranking.  From  the  curve  of 
Fig.  10,  * it  will  be  seen  that  if  a battery  is  discharged  at  the  20-min.  rate, 
an  amp-hr.  capacity  will  be  realised  with  an  approximate  value  only  30  per 
cent,  of  that  obtained  at  the  normal  8-hr.  discharge  rate.  This  mears  tost 
a battery  with  a normal  rating  of  120  amp-hr.  will  furnish  only  36  amp^hr* 
if  allowed  to  discharge  completely  in  20  min.,  and  the  current  will  be  in  the 
neighborhood  of  110  amp.  if  maintained  uniform  throughout  this  period. 
Compare  this  figure  with  the  result  of  a test,  shown  in  Par.  78. 

78.  Location  in  car.  The  most  desirable  location,  in  point  of  accessi- 
bility, is  upon  the  running  board.  Accessibility  is  highly  important; 
otherwise,  it  is  extremely  doubtful  whether  the  battery  will  receive  proper 
attention. 

XLECTRIC  8TABTBB8 

78.  Process  of  electric  cranking.  The  storting  of  gas-car  engines  by 
electric  motors,  depends  for  its  success  upon  the  possibilities  of  obtain- 
ing enormous  current  discharges  from  storage  batteries,  these  discharges 
necessarily  extending  over  as  short  a time  as  possible.  When  the  battery 
current  is  applied,  the  eleotric  motor  rotates  tne  crank  shaft,  thus  driving 
gas  into  the  cylinder,  in  turn  compressing  the  gas,  and  finally  exploding  it. 


Such  speeds  ore,  of  course,  180| r— — — ■ i—  -i r— — i — 

not  realised  if,  under  op- 
erating conditions,  the  bat-  120 — - ' 

tery  voltage  is  low.  ^ 

77.  The  cranking  cur-  k110 

rent  depends  upon  the  en-  / 

gine  dimensions,  the  degree  <PW  / 
of  compression,  the  number  / 

of  cylinders,  the  friction,  and  2 ~J 
upon  certain  exigencies  such,  | M / 
for  example,  as  obstruction  £ 80 
in  any  part  of  the  starting  * / 

mechanism.  The  cranking  «.  ~f 

current  with  6- volt  systems  9 / 

will  usually  be  about  80  amp.  £ 60  4 

for  the  lighter  core,  and  will  £ | 

not  greatly  exceed- 140  amp.  60  I — 

for  tne  heaviest.  The  proper  I 

value  of  cranking  current  40 1 

can  only  be  determined  ac-  I 

curately  as  the  result  of  ex^  80L—J 

haustive  tests,  which  take  5 10  15  20  26  80  85  40  45  6< 

into  consideration  all  possi-  Hour*  Discharge  Bate 

Seit*mly0  behi»ulJfeoS|a,m  R»'  10  — Ylriatio,Vf  "»P-hr-  capacity  with 
service  different  discharge  rates. 

78.  Typical  starting-test  data.f  Commercial  starter  turning  dead 
engine.  A 6-volt,  120-amp-hr.  (on  10-amp.  discharge  rate)  battery  was 

• Ths  Automobile,  Feb.  6,  1913:  page  421. 
f Vesta  Accumulator  Co.,  April,  1914. 


Typical  starting-test  data.f  Commercial  starter  turning  dead 
i.  A 6*volt,  120-amp-hr.  (on  10-amp.  discharge  rate)  battery  was 
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wed.  Car  had  been  run  about  2,000  miles,  and  engine  wai  warm  at  tin 
of  teat. 


hshbeskI 

Cranking 

current 

Rev.  per 
min. 

Specific 

gravity 

3:00  P.M.  2.00 

. 95 

120 

1300 

3:05  P.M.  1.99 

91 

116 

1295 

3:10  P.M.  1.96 

95 

116 

1280 

3:15  P.M.  1.93 

97 

116 

1280 

3:20  P.M.  1.88 

102 

112 

1275 

3:25  P.M.  1.84 

1 103 

112 

1270 

3:30  P.M.  1.80 

105 

112 

1265 

3:35  P.M.  1.72 

110 

112 

1255 

3:38  P.M.  1.52 

no 

100 

| 1250 

3:39  P.M 

Stopped 

Tt.  The  momentary  discharge  rate  at  the  instant  of  startinf  a 

dependent  on  the  breakaway  torque  of  the  engine,  which  consists  chiefly  d 
static  friction  and  inertia.  This  current  surge  seldom  exceeds  from  tir* 
to  four  times  the  cranking  current  measured  after  the  motor  has  attained 
full  cranking  speed  (Par.  78)  except  where  sleeve-type  engines  are  bet* 
started.  In  the  latter  case  the  momentary  discharge  will  possibly  be  it  * 
rate  of  eight  times  the  operating  cranking  current.  Momentary  diseharr 
rate  is  usually  not  the  determining  factor  in  the  choice  of  battery  capaot; 
when  all  things  are  considered. 

80.  Duration  of  the  cranking  period.  The  length  of  time  reqmtd 
for  starting  is  a function  of  the  efficiency  of  carburation,  the  engine  crav- 
ing speed,  the  number  of  cylinders,  and  the  general  good  repair  of  the  cc 
The  following  test  was  made  in  February,  1914,  by  the  Royal  Automobtf 
Club,  London,  on  a commercial  starter  operating  at  24  volt*. 

The  device  was  submitted  for  the  test  fitted  to  a 20-h.p.  Ford  car.  TV 
dimensions  of  the  engine  were  95  mm.  X 102  mm.  The  volume  swept  by  tV 
piston  was  723  cu.  cm.,  and  the  cubical  contents  of  the  compression  «ps* 
was  209  cu.  cm.  The  engine  of  the  car  was  started,  on  six  consecutive  dta 
two  hundred  and  fifty  times  per  day. 


Day 

No.  of  starts 

Total  time  taken  for  start* 

1 

250 

13  min.  18  sec. 

2 

250 

1 1 min.  22  sec. 

3 

250 

13  min.  32  sec. 

4 

250 

11  min.  41  see. 

5 

250 

1 1 min.  37  sec. 

f 

U 

250 

11  min.  3 sec. 

The  engine  was  switched  off  and  was  not  run  between  starts.  The  fc* 
•tart  each  day  (cold)  took  somewhat  longer  (a  maximum  of  14.4  see.)  tbul 
the  others,  which  were  practically  instantaneous.  At  the  dose  of  every 
the  car  was  run  for  half  an  hour  to  charge  the  battery. 

81.  Single-unit  and  two-unit  starter*.  Where  the  generator  w* 
for  charging  the  battery  is  combined  with  the  cranking  motor  to  form  a* 
machine,  the  resultant  arrangement  is  termed  a single-unit  system.  Where 
the  two  functions  are  divorced  the  starter  is  called  a two-unit  system.  Tw 
single-unit  maohine  is  somewhat  erroneously  named  a "motor-generatcr 
inasmuch  as  it  has  most  of  the  characteristics  of  a series  motor  when  us« 
for  starting  and  most  of  the  characteristics  of  a shunt  generator  when  it  * 
charging  the  battery.  The  motor-generator  is  at  all  times  in  gear  with 
power  plant  of  the  car.  The  motor  of  the  two-unit  system  is  only  in  me»a 
with  the  power  plant  during  the  process  of  starting.  A dutch  or  drive  a 
interposed  between  the  motor  and  the  power  plant.  When  the  gas  motor  a 
under  its  own  power,  the  accelerated  speed  of  the  formerly  driven  roembrf 
frees  the  power  plant  from  its  starting  motor.  On  the  other  hand,  the  grti 
orator  of  the  two-unit  system  always  revolves  with  the  engine  crank  shaft 
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81.  An  automatic  Cut-out  or  relay  is  provided  for  applying  charging 
urrent  to  the  battery  when  the  generator  speed  has  reached  the  charging 
alue,  and  for  disconnecting  the  generator  from  the  battery  when  the  speed 
ilia  below  this  value.  Automatic  cut-outs  are  usually  adjusted  to  operate 
t ear  speeds  of  from  12  to  15  miles  per  hr. 

The  device  is  simply  a reverse-current  relay,  taking  several  forms,  one 
eing  illustrated  in  Fig.  11.  The  potential  coil  of  this  relay  is  connected 


Fio.  11. — Typical  automatic  cut-out. 


permanently  across  the  generator  terminals,  and  when  the  generator  has 
eached  the  predetermined  voltage,  the  coil  is  sufficiently  energised  to  close 
he  relay  contacts?  Current  then  flows  through  the  series  winding  of  the 
elay  to  battery , strengthening  the  pull  due  to  the  potential  winding.  Should 
he  generator  slow  down  below  the  predetermined  charging  speed,  the  gen- 
irator  voltage  will  fall  below  the  battery  voltage  and  the  reversed  current 
n the  series  winding  of  the  automatic  cut-out  will  deenergise  the  core  and 
.How  the  armature  to  drop  away,  thereby  disconnecting  the  generator  from 
he  battery. 

The  cut-out  is  not  for  the  purpose  of  opening  the  circuit  when  the  battery 
s fuHy  charged  and  the  engine  still  continues  to  run.  Indeed,  in  the  opera- 
ion  of  gas  cars  it  will  not  be  necessary  to  provide  equipment  for  performing 
his  operation,  as  it  will  be  found  almost  impossible  to  charge  the  battery 
continuously  at  a high  rate,  because  the  oar  will  seldom  travel  at  high  speeds 
or  intervals  of  any  appreciable  duration. 


88.  Charging  control.  Irrespective  of  the  method  of  starting,  whether 
ringle-unit  or  two-unit,  some  provision  must  be  made  for  limiting  the  charg- 
ing currents  at  high  speeds.  This  provision  is  distinct  from  the  automatic 
rat-out,  whose  function  is  to  connect  the  generator  to  the  battery  when  the 
sngine  speed  exceeds  a fixed  value  and  to  disconnect  when  the  engine  speed 
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falls  below  this  value.  The  charging  generator  must  be  so  regulated  that 
high  speeds  the  charging  rate  is  kept  within  proper  bounds.  It  has  bn 
found  possible  to  design  generators  which  deliver  their  maximum  out  pc: 

. , the  predominating  speed  of  car  op 

n vja*2i <wa iVrtr  jrsuv**  ation,  and  which  will  deliver  leat  a 

' less  as  the  car  speed  is  inerean 
The  met  hods  of  securing  this  cod  a 
extremely  diverse,  having  beta  <1 
veloped  by  a host  of  experiment! 
working  independently.  Since  t 
application  of  the  starting  princj 
in  1913-1914,  the  development 
these  various  methods  has  proceed 
until  the  control  systems  of  today  a 
rugged,  positive  and  trustworthy 


Tail  Lamp 

04  Volt,  4 Condi*  Pov«r 

Fia.  14. — Lighting  system. 


Fio.  15. — Focusing  lamp. 
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LIGHTING 

84.  Reflectors  are  of  many  shapes,  and  perforin  the  same  function  as  the 
backing  of  any  ordinary  headlight.  It  is  essential  for  efficient  use  that  they 
focus  properly,  and  that  the  beam  have  proper  alignment  with  the  direction 
of  car  motion.  Some  lamps  are  provided  with  a mechanism  by  which  the 
bulb  may  be  either  advanced  or  retracted  until  the  proper  focus  is  obtained. 
Proper  alignment  is  secured  by  focusing  the  ray  to  a pencil  beam  and  then 
aligning  the  lamp  by  resetting  the  props.  A focusing  lamp  is  shown  in 
Fig.  15. 

88.  Wiring  for  lighting  systems  must  be  installed  with  a view  toward 
permanence  of  insulation  and  contact.  Oil  will  depreciate  rubber  insulation, 
hence  automobile  wire  is  cloth-covered.  If  a grounded, or  a one-wire  system 
is  used,  care  must  be  taken  to  secure  a perfect  and  lasting  ground  on  the 
metal  frame  of  the  car.  Simplicity  in  the  arrangement  of  leads  is  essential, 
for  repairs  are  likely  to  be  made  by  operators  absolutely  uninformed  regard- 
ing the  simplest  electrical  circuits. 

Lamps  are  usually  controlled  from  a multi-point  switch  located  within 
easy  reach  of  the  operator. 

88.  Candle-power  and  wattage  of  automobile  lamjps.  The  efficiency 
of  low-voltage  tungsten  lamps,  such  as  are  used  in  the  lighting  of  gas  cars, 
closely  approximates  1 watt  per  c-p.  The  following  table  will  show  the 
sixes  usually  adopted  for  automobile  lighting: 


Headlamps 15  to  21  c-p. 

Tail  lamps 2 to  4 c-p. 

8ide  lamps 0 c-p. 


15  watts  represent  the  power 'consumption  of  two  side  lamps  and  one  tail 
lamp. 

30  watts  represent  the  power  consumption  of  two  head  lamps  and  one  tail 
lamp. 

45  watts  represent  the  power  consumption  of  two  head  lamps,  two  side  lamps, 
and  one  tail  lamp. 

SO  watts  represent  the  power  consumption  of  two  head  lamps,  two  side  lamps, 
one  tail  lamp,  one  dome  lamp,  two  pillar  lamps,  and  one  gage  lamp. 

87.  Arrangement  of  lighting  units  is  suggested  by  the  preceding 

paragraph.  See  also  Figs.  12  ,13  and  14. 


IGNITION 

88.  Processes  involved  in  ignition.  Ignition  of  the  mixture  in  the 
cylinder  should  occur  in  such  manner  that  the  combustion  of  fas  takes  place 
when  the  piston  is  at  the  head  of  its  stroke.  There  is  a perceptible  lag  of  time 
From  the  commencement  of  the  process  of  sparking  until  the  charge  is  com- 
pletely fired.  This  interval  depends  upon  the  rate  of  gas  combustion,  the 
nductive  lag,  and  also  the  inertia  of  the  vibrator,  if  such  a device  be  used.  At 
ow  engine  speeds  the  travel  of  the  piston  during  this  interval  is  relatively 
ilight.  At  higher  speeds,  however,  the  effect  of  this  delay  is  to  retard  the  spark 
intil  the  piston  has  completed  a considerable  portion  of  its  downward  travel, 
ind  in  this  case  some  corrective  measure  is  almost  imperative.  See  Par.  88. 

Proper  starting  of  the  process  involved  in  firing  the  charge  necessitates 
; bat  an  electric  contact  be  made  and  then  broken  at  the  exact  instant 
equired. 

The  energy  source  is  either  a battery  or  a magneto.  Currents  of  a few 
nilliaraperes  are  caused  to  cross  an  air-gap  within  the  cylinder.  One  ter- 
ninal  of  this  air-gap  is  grounded  on  the  engine.  The  lead  from  the  other 
orminal  passes  through  an  insulating  and  gas-tight  bushing,  called  a spark 
?Ii|,  to  the  souroe  of  high-tension  energy. 

Tne  spark  points  are  separated  0.4  or  0.5  mm.  The  voltages  across  the 
gap  may  very  roughly  be  estimated  at  about  20,000  volts. 

89.  Variation  of  spark.  The  time  interval  or  lag  from  the  operation  of 
he  contact  breaker  to  the  complete  firing  of  the  charge  in  the  cylinder  is 
iractic&Uy  constant  at  all  speeds.  On  the  other  hand,  the  travel  of  the  pis- 
on  during  this  interval  is  proportionately  increased  as  the  speed  increases. 


1795 


Digitized  by  Google 


Sec.  22-90  MISCELL  A NEO  U8  APPUCA  TIONS 


The  process  of  ignition,  then,  must  be  commenced  at  a more  advanced  pa* 
tion  at  the  higher  speeds.  If  a high-tension  magneto  system  is  used,  u a 
desirable  that  the  primary  circuit  be  broken  when  the  current  is  at  its  aix« 
mum  value.  The  characteristice.m.f.  curve  of  a magneto,  particularly  at  k» 
speeds,  is  decidedly  pointed,  which  narrows  perceptibly  the  range  of  spin 
variation  which  maybe  profitably  accomplished.  This  difficulty,  ho  were 
may  be  obviated  by  rotating  the  field  magnets  to  correspond  with  the  cha&r 
in  the  point  of  break  at  the  contact  breaker.  Where  battery  ignitioc  i 
used  in  connection  with  the  single-spark  system,  a somewhat  wider  rangri 
spark  variation  may  be  realised. 

The  spark  variation  may  be  accomplished  manually,  or,  by  means  d i 
governing  apparatus,  the  process  may  be  made  automatic.  This  relieves  tb 
operator  of  the  care  ana  attention  bestowed  on  the  spark  lever,  aad.  - 
addition,  accurately  determines  the  proper  position  of  the  spark  for  si 
engine  speeds. 

90.  Multiple-vibrator  system  (Ford  ignition).  Where  there  v 
more  than  one  cylinder  it  is  possible,  by  supplying  duplicate  ignition  umr. 
(a  separate  unit  for  each  cylinder),  to  secure  firing  which  is  approximate*; 
synchronous.  In  Fig.  16 
may  be  seen  four  separate 
induction  coils,  each  sup- 
plied with  its  own  vibrator. 

The  primary  circuit  of  each 
one  of  these  coils  is  com- 
pleted by  a contact  maker, 
which  at  the  proper  time 
(here  indicated  by  the  posi- 
tion of  a cam),  closes  the 
primary  circuit  of  the  coil 
corresponding  to  the  cylin- 
der wnich  is  to  be  fired, 
and,  by  the  action  of  a 
vibrator,  causes  a spark  in 
that  cylinder.  Synchro- 
nised ignition  for  four  or 
more  cylinders  with  this 
method,  can  be  only  ap- 
proximate at  best.  It  is 
impossible  so  to  attune  the 
vibrators  that  they  will  respond  equally  to  the  action  of  the  timer.  The 
time  lag,  mentioned  in  Par.  II,  may  vary  for  each  of  the  several  eyhai* 
equipments.  The  effect  of  this  is  improperly  timed  firing,  and  the  smooth 
ness  and  economy  of  the  engine  as  a whole  is  greatly  reduced.  It  mdse* 
these  difficulties  that  multiple-vibrator  ignition  is  losing  in  favor,  and  »' 
present  appears  on  only  one  make  of  car,  where  it  is  employed  solely  is  dr 
interest  of  economy. 

•1.  Magneto  and  battery  ignition.  Prior  to  the  universal  identic 
of  electric  starting  and  lighting  systems,  the  magneto  was  decidedly  £ 
public  favor.  Except  for  a scattering  of  cars  equipped  with  storage  hatter 
ignition,  alternative  recourse  was  had  only  to  dry  cells  as  a source  of  enerp 
With  the  later  developments  in  the  starting-lighting  field  it  was  found  possi- 
ble to  secure  single-9park  ignition  from  a battery  and  a coil,  similar  to  tk 
single-spark  ignition  derived  from  a magneto.  In  the  interest  of  aimpHdt? 
there  has  been  a great  movement  away  from  magneto  ignition  for  pleas®? 
cars  to  battery  ignition.  On  trucks,  however,  the  magneto  has  many  deckW 
advantages.  Comparatively  few  trucks  are  equipped  with  electric  start** 
hence  the  storage-battery  is  not  essential  and  the  magneto  is  used  by  virt^ 
of  its  dependability. 

Single-spark  battery  ignition  greatly  resembles  magneto  ignition.  Fa« 
system  includes  a distributor,  which  is  a single-pole  multi-point  switch  f<* 
applying  a high-potential  discharge  to  each  spark  plug  in  turn.  Each  ha*  i 
mutual  induction  coil  whose  primary'  is  opened  ana  closed  by  a switch  driwa 
from  the  crankshaft. 

99.  High-tension  magneto.  In  the  high-tension  magneto  the  diatribe 
tor  and  breaker  switch  are  geared  to  the  same  mechanism.  The  doubt 
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To  Spark  Plugs 


DISTRIBUTOR 


ondary 


coil  is  a part  of  the  frame  of  the  magneto,  either  stationary  in  the  induotor 
type  or  mounted  on  the  rotor  in  the  revolving  type.  The  connections  are 
internal  and  only  five  wires 
emerge,  these  bong  tne  higH 
tension  leads  to  the  distributor 
and  one  for  switching  the  magneto 
into  and  out  of  service. 

It  has  been  possible  to  perfect 
a magneto  which  will  operate  suc- 
cessfully at  magneto  speeds  as 
low  as  60  r.p.m.  A late  develop- 
ment is  the  impulse  starter,  a 
device  for  securing  momentarily 

E high-magneto  speeds  with  but  one 
ull  of  the  crank,  this  being  done 
y snapping  the  magneto  past  a 
restraining  pawl  by  means  of  a 
spring  interposed  between  the 
magneto  shaft  and  the  driving 
means.  Other  improvements 
tiave  been  the  selection  of  uni- 
directional impulse,  from  which 
it  is  claimed  a higher  efficiency 
pf  ignition  is  secured. 

Tne  operation  of  the  magneto  is 
it  short-circuit  except  during  the 
propagation  of  impulses,  when 
;he  circuit  is  snapped  open.  This 
>reak  should  be  at  the  top  of  the 
rave  for  best  results. 

9S.  Single-spark  battery  ig- 
lition.  This  form  of  battery 
gnition  is  normally  open  circuited 
accept  just  before  tne  impulse  is 
o be  sent  to  the  spark  plugs. 

The  process  of  firing  is  the  mo- 
mentary closure  of  the  circuit  and  

he  sudden  opening  immediately — 

hereafter.  Enough  time  must*10**'* — High  tension  magneto  with  in- 
ilapse  thoroughly  to  saturate  the  duction  coil  on  armature, 

numeric  circuit  before  the  circuit  is  opened.  The  sudden  break  induces 
k Jack  of  bi«h  potential  m the  secondary  of  the  coil,  and  this  discharge  is 


irected  to  the  proper  spark  plug  by  means  of  the  distributor.  Such  a 
ratem  is  shown  in  Fig.  18. 
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THAWING  WATER  PIPES 
BT  H.  B.  OlAB,  A.B.,  M.B. 

Engineer  of  Distribution,  Commonwealth  Edison  Company, 
Member,  American  Institute  of  Electrical  Engineers 


•4.  AdTtntafN  of  electrical  method.  The  thawing  of  frown  via 
pipes  by  the  use  of  electrical  energy  has  become  quite  common  in  the  norths! 
states.  During  unusually  long-continued  periods  of  weather  when  the  ter 
perature  is  averaging  10  deg.  Fahr.  and  lower,  the  frost  reaches  such  & 
in  the  earth  that  service  pipes  and  occasionally  the  smaller  water  mains  a 
come  frosen.  Service  pipes  of  less  than  2 in.  in  diameter  may  be  re*£j 
thawed  by  passing  electnc  current  through  them  in  sufficient  quantity  t 
raise  the  temperature  of  the  pipe  above  the  freezing  point.  This  perndteu 
water  to  pan  around  the  central  core  of  ice  and  if  pipes  are  kept  open  ths  to 

of  water  from  the  nua 


completes  the  tharj 
process  within  a abort  ca 
after  the  flow  has  begxa 
The  thawing  of  water  i] 
the  use  of  electric  cure 
is  obviously  far  ch«(* 
ihiui  by  other  methods  I 
no  excavation  is  necesal 
and  as  very  little  raiu 
to  be  done  after  the  fc* 
of  water  has  beenesuo 
lished. 


91.  The  methodi  M 
which  the  thawtnf  a 
pipes  have  been  aeeo* 
pushed  are  various  «“ 


Fio.  19.— Use  of  transformers  for  thawing.  ^h^uw^oTSiS 

current  is  permisobk  odl 

where  there  is  a separate  generator  of  ample  capacity  available,  or  a netad 
of  capacity'sufficient  to  deliver  500  to  1 ,000  amp.  Where  the  supply  ■ drul 
from  a separate  generator  the  control  of  the  flow  of  current  is  readily  axofl 
plished  by  the  field  rheostat.  Where  the  supply  is  drawn  from  a low-knssi 
direct-current  network  the  voltage  must  be  reduced  by  the  use  of  resunsu 
coils.  With  alternating-current  service,  it  is  customary  to  use  a speoa|pip' 
thawing  transformer,  having  a variable  impedance,  or  a combinibo-  j 
standard  transformers  so  connected  as  to  give  the  proper  voltage  and  cen«J 
The  most  common  pipe-thawing  problem  is  illustrated  in  Fig.  19,  wb ere  a 
service  pipe  running  from  tho  street  main  to  the  house  is  froaen.  In  order! 


Fio.  20. — Method  of  thawing  by  Fio.  21. — Connections  for  use  of 

inserted  wire.  standard  transformer. 

pass  current  through  the  service  main,  the  circuit  is  completed  as  she* 
in  the  illustration  from  the  transformer  through  the  street  hydrant, 
main  and  service  pipe  and  back  to  the  source  of  supply.  Where  a hydra 
is  not  readily  accessible  the  circuit  is  sometimes  completed  through  the 
piping  system  of  an  adjoining  building.  In  connecting  to  a service  ppri 
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3 desirable  to  disconnect  the  house  piping  in  order  to  prevent  stray  current 
rom  passing  across  to  gas  piping  or  grounded  electric  circuits.  Fires  have 
>een  started  in  some  cases  where  this  precaution  was  not  taken  and  the  elec- 
rio-serrioe  companies  in  many  cities  require  that  the  water  piping  be  diseon- 
lected  from  the  service  before  the  current  is  turned  on.  In  cases  where 
he  street  main  becomes  frozen,  current  must  be  circulated  between  two 
djoining  hydrants.  Such  eases,  however,  are  comparatively  rare,  as  freei- 
ng does  not  take  place  in  sufficient  amount  to  stop  the  flow  of  water. 

98.  Another  method  of  thawing  pipes,  using  a small  amount  of  energy, 
9 shown  in  Fig.  20.  With  this  scheme  a piece  of  rubber-covered  wire  is 
hrust  into  the  end  of  the  pipe  and  a current  of  about  20  amp.  slowly  melts 
he  ice.  A disc  of  insulating  material  centres  the  wire  and  prevents  it  from 
naking  contact  with  the  pipe.  This  method  is  only  applicable  where  the 
►ipe  is  straight  and  where  the  end  is  accessible. 

97.  Power  capacity  required.  In  thawing  ordinary  house  services 
vhich  are  not  over  It  in.  in  diameter,  it  Has  been  found  that  a transformer 
tapacity  of  about  30  kw.  is  ample  to  start  water  flowing  in  from  15  to  30  min. 
Wnere  standard  transformers  are  used,  the  connection  shown  in  Fig.  21  has 
>een  quite  generally  employed;  this  affords  about  55  volts  and  from  350 
o 500  amp.  Standard  transformers  may  be  safely  overloaded  50  per  cent 
>r  more  for  15  min.  during  the  cold  weather  in  which  this  kind  of  work  is  done. 

The  thawing  of  a 6-in.  (15.24  cm.)  main,  1,700  ft.  (518  m.)  in  length  in  the 
£ast  River  at  New  York  required  the  use  of  750  kw.  for  36  hr.  In  this  case 
he  pipe  was  laid  in  the  bed  of  the  river  and  was  surrounded  by  salt  water 
laving  a temperature  of  about  30  deg.  Fahr.  It  was  very  difficult  to  raise  the 
eznperature  sufficiently  to  thaw  the  ice  inside,  as  the  heat  was  carried  away 
o rapidly  by  the  moving  water  around  the  pipe.  The  accompanying  table 
^ves  data  on  the  amount  of  current  and  the  length  of  time  required  to  thaw 
rozen  water  pipes  by  electricity.-  ("Proceedings  of  American  Water  Works 
Association,"  1912.  Eng.  and  Cont'g,  Feb.  12,  1913.) 


Size  pipe 
(iron)  •,  in. 

Length, 

ft. 

Volts 

Amperes 

Time  required 
to  thaw,  min. 

40 

50 

300 

8 

| 

100 

55 

135 

10 

| 

250 

50 

400 

20 

1 

250 

50 

500 

20 

Hours 

. 1 

700 

55 

175 

5 

4 

1,300 

55 

260 

3 

10 

800 

62 

400 

2 

* To  thaw  out  lead  pipe,  the  current  must  be  increased  50  per  cent. 


MARINE  APPLICATIONS  OF  ELECTRICITY 

BY  H.  A.  HOBNOB,  B.A. 

’ellow,  American  Institute  of  Electrical  Engineers,  Member,  Illuminating 
Engineer  Society,  Member,  American  Electro-chemical  Society, 
American  Society  of  Naval  Engineers. 

MBBCHANT  MABINK  PBACTICK 
•8.  Boles  for  Installations.  In  general  the  electrical  construction  on 
lerchant  vessels  must  comply  with  the  requirements  of  the  classification 
>ciety  under  the  rules  of  which  the  vessel  is  constructed.  8uch  societies 
re  established  in  all  the  large  maritime  countries.  The  American  Bureau 
[ Shipping  and  Lloyd’s  Register  of  British  and  Foreign  Shipping  are  the 
xrieties  under  which  most  of  the  merchant  vessels  of  this  country  are  built, 
i addition,  the  Navigation  Laws  of  the  U.  S.,  and  the  Pilot  Rules,  issued  by 
le  Department  of  Commerce,  must  be  carefully  followed.  For  certain 
tland  vessels,  especially  those  plying  to  and  from  New  York  City,  the 
ational  Board  of  Fire  Underwriters  specify  and  inspect  the  installation, 
o cover  detail  requirements  and  special  operating  features  the  vessel  owner 
so  provides  a general  specification  both  for  use  in  obtaining  a price  as  weU 
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m for  an  instrument  of  guarantee.  These  rules  and  specifications  crre  i ws 
latitude  to  the  engineer,  and  in  many  cases  the  finished  installation  mace  tic 
covers  the  requirements.  This  is  due  to  rapid  advance  in  the  act. 

ft.  Lighting  circuits.  The  distribution  of  energy  is  the  same  wa 
a two-wire  system  on  land.  Feeders  are  led  from  the  switchboard  to  at- 
tribution cabinets,  and  branch  leads  are  thenoe  distributed  to  grageiT 
lamps.  Not  more  than  660  watte  are  assigned  to  one  branch  fiaa  T» 
usual  allowable  voltage  drop  to  the  farthest  outlet  is  3 per  cent. 

100.  ft  tinning  lights.  In  accordance  with  law,  every  vessel  earns* 
following  navigating  lights:  (a)  masthead;  (b)  port;  (c)  starboard;  4 
stern;  and  (e)  range.  A special  feeder  is  carried  to  a tell-tale  board  loose 
in  the  pilot  house,  and  from  this  board  separate  branch  fines  commute** 
with  each  running  fight.  In  the  event  of  failure  of  the  lamp  in  any  ruasu 
lantern,  both  a visual  and  an  audible  signal  is  indicated  by  the  tcO-tv] 
There  are  several  methods  employed  to  accomplish  this  purpose,  but  an 
in  selecting  a system  need  only  be  exercised  as  regards  ruggedneas  of  con»H 
tion  and  the  prevention  of  corrosion. 

101.  Lighting  fixtures.  For  thoee  places  in  the  vessel  subjected  to  nj 
action  of  steam  or  to  mechanical  injury,  and  where  the  outlet  would  ^ 
exposed  to  the  weather,  a special  water-tight  or  steam-tight  fixture  it  pH 
vided,  and  frequently  a substantial  guard  is  placed  over  the  gisaa  ck-H 
In  this  country  it  is  the  practice  to  screw  the  glass  globe  which  esahrwiS 
the  lamp,  into  the  metal  base  of  the  fixture,  permitting  it  to  seat  itself 

a soft  gasket  of  rubber  insertion.  In  other  countries  a flange  is  cast  on  w 
bottom  of  the  glass  globe  and  a ring  of  metal  compresses  the  globe  upouva 
gasket.  Steam-tight  fixtures  are  made  in  several  models  to  adapt  toes  : 
certain  locations  and  to  facilitate  installation.  Fixtures  for  ofi-carrraJ 
vessels  differ  slightly  from  the  ordinary  steam-tight  fixture,  the  piiaspiJ 
difference  being  that  in  the  former  case  the  globe  is  cemented  to  a metal  rm| 
which  makes  a tight  screwed  joint  with  the  base;  practice  among  the  owl 
of  oil  vessels  does  not  agree  as  to  their  use.  Fixtures  for  living  aperei  ti 
generally  selected  by  the  owner,  and  are  similar  to  those  in  vogue  on  kj 
except  that  they  must  be  designed  for  mounting  on  a flat  block  and  »» 
permit  ample  room  in  the  base  for  connections.  Recently  china  fiitc'** 
(Beleek)  have  been  introduced  in  lieu  of  metal  for  passenger  quarters.  TV 
advantages  are  incorrodibility  and  cleanliness. 

lOt.  Lamps.  At  the  present  time  carbon-filament  incandescent  lasxsvi 
usually  installed,  but  the  tendency  to  use  metallic  filament  lamps  is  fraoskl 
increasing.  The  successful  use  of  wire -drawn  tungsten  lamps  in  rmilwiT  t* 
lighting  is  having  its  effect  upon  the  rapid  introduction  of  this  type  of  krj 
on  shipboard;  in  addition  to  this,  the  smaller  lamps  at  110  volts  permii 
wider  distribution  with  the  same  amount  of  copper. 

108.  Methods  of  illumination.  The  application  of  modern  method* 
illumination  does  not  progress  rapidly  in  this  class  of  work.  Corsernw 
plays  a large  part  in  abating  any  radical  departures  from  present  praewej 
A recently  completed  excursion  steamer  was  largely  equipped  with  iodrw 
and  semi-indirect  fixtures,  but  in  making  such  applications  this  type  of 
must  not  be  confused  with  ocean-going  reasela,  which  must  so  be  fitted  drf 
such  appliances  will  not  be  affected  by  the  rolling  of  the  ship. 

104.  Motor  circuits.  Feeders  are  led  directly  from  the  main  swish 
board  to  a double-pole  switch  and  cut-out  placed  in  the  line  to  protect  4 
starting  box  and  motor.  The  conductors  must  be  designed  to  care  fodj 
starting  current,  especially  if  the  circuit  is  so  fused.  The  cut-out  swim 
and  the  double-pole  switch  are  not  neoeesary  for  motors  of  0.25  h.p.  or  ka 
106.  Motor  controllers.  Starting  panels,  similiar  to  those  of  land  pnt 
tice  in  their  electrical  features,  but  usually  enclosed  in  a non-water-uij 
sheet  metal  box,  are  provided  for  all  motors  of  capacities  below  10  h.p  ; » 
larger  capacities,  drum-type  controllers  are  employed.  The  latter  art ; pfl 
tec  ted  either  by  separately  mounted  circuit-breakers  or  by  specially  deair* 
contactors  likewise  enclosed  in  a sheet-metal  box.  This  box  must  t 
made  completely  water-tight  if  mounted  on  an  exposed  deck. 

106.  Motors.  Ordinarily  land  motors  of  regular  commercial  design  J 
accepted  and  installed,  but  such  practioe  is  not  deemed  advisable  from  o 
standpoint  of  the  engineer.  Motors  should  be  fully  enclosed  ifjocattdj 
exposed  places  or  in  the  machinery  spaces.  Careful  consideration  shoe 
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be  given  to  the  design  of  the  bearings,  especially  the  guards  which  prevent  oil 
from  travelling  along  the  shaft  and  into  the  armature  windings.  The  spaces 
in  a vessel  are  usually  crowded,  and  therefore  the  design  should  provide  easy 
means  for  overhauling.  Although  not  a universal  rule,  it  would  be  conserva- 
tive to  specify  that  all  motors  should  be  built  with  horizontally  split  frames. 

107.  Searchlights.  This  apparatus,  because  of  the  comparatively  large 
surrent  consumed,'  is  considered  as  furnishing  part  of  the  power  load.  The 
searchlight  is  served  through  a separate  switch  on  the  main  switchboard,  and 
the  arc  voltage  is  adjusted  by  an  external  variable  resistance.  Provision  is 
made  on  the  switchboard  whereby  the  voltage  of  the  searchlight  feeder 
may  be  observed  by  use  of  the  generator  voltmeter.  The  searchlight 
may  be  managed  from  the  pilot  house  by  either  direct  hand  control  or 
remote  electric  control.  In  order  to  insure  against  the  ill  effects  of  radio- 
telegraph induction  it  is  neoessary  that  exposed  leads  to  searchlights  be  either 
snoased  in  pipe  or  wrapped  with  wire.  In  both  cases  the  outer  steel  covering 
must  be  well  grounded  to  the  hull  of  the  vessel.  Searchlights  are  useful  in 
picking  up  buoys  in  harbor  channels  and,  in  some  trades,  are  very  necessary 
for  loading  and  unloading  at  night.  For  freight  vessels  or  for  passenger  and 
freight  vessels  of  4,000  tons  carrying  capacity  or  over,  the  searchlight  should 
not  be  less  than  18  in.  in  diameter. 

106.  Xlectric  radiators.  For  certain  service,  such  as  the  coastwise 
traffie  of  the  Pacific  coast,  electric  air  heaters  find  a suitable  application. 
Where  the  temperature  varies  but  a few  degrees,  as  in  this  instance,  passenger 
steamers  can  thus  be  comfortably  heated  without  exceeding  proper  tempera- 
tures. For  attractiveness  some  vessels  cany  luminous  radiators  in  the  state- 
rooms and  lounging  rooms,  and  tubular  air  heaters  in  the  passageways  and 
in  the  rooms  lees  frequented.  These  appliances  must  be  designed  to  undergo 
hard  service,  must  be  properly  fused,  arranged  for  mounting  on  bulkheads, 
and  should  be  sufficiently  guarded  to  prevent  inflammable  materials  from 
being  oast  upon  them. 

169.  Bngine  telegraph  system.  For  the  maneuvering  directions  between 
the  pilot  house  ana  bridge  and  the  engine  room,  mechanical  signals  are 
employed.  This  system  oonsists  generally  of  transmitters,  located  one  in 
the  pilot  house  and  one  on  the  bridge,  connected  by  low-brass  wire  and 
triple-link  ohain  passing  over  brass  pulleys  to  a receiver  in  the  engine  room. 
A reply  system  assures  that  the  signal  has  been  properly  received.  Occa- 
sionally an  electrical  attachment  is  made  from  the  engine-room  receiver  to 
the  reversing  shaft  of  the  engine  whereby  a false  signal  may  be  immediately 
made  known.  The  transmitter  dials  are  electrically  illuminated.  Various 
models  to  suit  the  propelling  machinery  are  manufactured. 

110.  Miscellaneous  mechanical  telegraph  and  bell  pulls.  Other 
telegraphs  for  the  puipose  of  docking  the  ship,  steering,  indicating  the  rudder 
ingle,  and  for  adjusting  the  mooring  lines,  are  exactly  similar  to  the  engine 
telegraph  instruments  except  that  the  dial  orders  are  suitably  changed.  As 
in  emergency  precaution  mechanical  bell-pulls  are  installed  near  the  engine 
telegraphs,  connecting  with  a gong  and  a jingle  bell  in  the  engine  room. 
\n  an  auxiliary  to  any  means  for  operating  the  main  steam-whistle  valve, 
nechanical  pulls  are  located  on  the  bridge  and  in  the  pilot  house. 

111.  Telephone  speaking  tubes  and  call-bell  system.  The  law 
‘squires  that  for  vessels  in  which  the  distance  from  the  pilot  house  to  the 
ingine  room  is  greater  than  150  ft.  a telephone  must  be  installed  in  addition 
o,  or  in  place  of,  the  voice  tube.  For  shorter  distances  speaking  tubes  are 
lied  giving  communication  between  important  places  in  the  vessel.  It  is 
lompulsory  to  install  either  a speaking  tube  or  a telephone  between  the 
rireMMS  room  and  the  bridge.  Other  points  of  communication  are  merely 
or  convenience  and  differ  with  the  desires  of  the  owner.  In  both  passenger 
md  freight  vessels,  annunciators  are  located  in  the  main  pantry  and  push 
mttons  are  installed  in  all  staterooms,  messrooms,  saloons,  etc.  In  living 
luarters  remote  from  the  bridge  and  not  provided  with  watchmen  on  con- 
tnuous  duty,  alarm  gongs  are  installed;  these  are  actuated  by  a push  button 
seated  in  the  pilot  house.  This  is  a requirement  of  law. 

HI.  Fire-alarm  system.  All  vessels  are  not  equipped  with  such  a system, 
ad  the  systems  that  have  hitherto  been  installed  have  not  proven  altogether 
atisfactory.  Such  systems  usually  consist  of  electrical  contacts  which  are 
losed  by  the  melting  of  a fuse  of  soft  metal,  and  merely  indicate  the  presence 
f fire.  Two  systems  are  on  the  market  to-day  which  more  nearly  approach 
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satisfactory  service.  In  one  of  these  not  only  is  warning  of  the  exact  locates 
of  the  fire  given,  but  live  steam  is  admitted  to  the  origin  of  the  fire  by  mu 
of  a direct  lead  of  pipe. 

11S.  Submarine  signals.  Large  east-brass  bells,  rung  either  by  eleetzi 
air  or  wave  power,  are  submerged  beneath  the  lightships  that  beeooe  tk 
ooast,  or  may  be  suspended  from  a buoy  which  serves  the  same  purpo* 
On  both  the  starboard  and  port  bow  down  in  the  forehold  of  a see  gag 
vessel  are  placed  two  tanks  filled  with  brine.  A diaphragm  tran— littm 


placed  inside  each  tank  and  is  connected  to  telephone  receivers  located  a 

» included  to  avert  interrupted 


the  pilot  house.  * A double  set  of  batteries  are  i 
to  the  service.  Submarine  signals  can  then  be  easily’  detected  for  s rat# 
under  favorable  conditions  of  at  least  6 to  8 miles  by  this  cltctra 
perception  of  water  vibration  when  the  bell  is  struck.  As  there  is  s recernai 
station  on  each  side  of  the  bow,  it  can  also  be  determined  whether  the  vest 
is  approaching  the  port  or  the  starboard  side  of  the  beacon.  Experitecsoj 
are  now  being  made  to  render  practicable  the  use  of  high-frequency  impute 


through  the  water,  so  that  full^  communication  can  be  established  btewe 
vessels.  * ' ~ 


. For  description  of  Fessenden  Submarine  Oscillator  see  fre 
A.  I.  E.  E.f  1914. 

114.  Electric-whistle  operator.  This  device  consists  of  an  etertr- 
magnet  operating  a sensitive  steam  valve  directly  connected  to  the  sac 
•team  whistle.  By  means  of  a clock  movement  the  whistle  may  be  bte. 
automatically  as  well  as  at  will.  A telegraph  key  is  also  provided  so  tte 
code  signals  may  be  given  from  the  whistle.  With  an  additional  ecatr 
disc  on  the  clock  movement  and  an  external  switch,  automatic  cai  U 

given  from  a ship  alone  in  a fog,  as  well  as  complying  with  the  law  war 
towing  another  vessel.  " 

119.  Eadio- telegraphy  and  radio- telephony.  All  systems  whkfc  n 

explained  elsewhere  (Sec.  21)  and  which  are  applicable  tor  shipboard  a 
stallation,  are,  of  course,  subject  to  the  selection  of  the  owner.  The 
of  care  of  installation  are  very  minor  exeept  the  serious  one  of  obtain 


positive  and  sufficient  ground  connections.  The  effects  upon  the  riggiaf  a 


the  vessel  are  such  as  to  require  careful  grounding  of  all  stay  lines,  rtf  . 
as  mentioned  under  searchlights  (Par.  107),  all  exposed  conductors  inert  hr 
properly  encased.  This  property  of  radio- telegraphy  must  also  be 
sidered  in  connection  with  the  type  of  electric  installation  adopted. 

119.  Generating  plant  design.  The  generator  is  direct-connected  r?  > 
■pedal  marine-type  engine  or  to  a turbine.  The  special  features  of 
relate  to  reductions  in  weight  and  space.  The  manufacturers  are  prep®* 
to  supply  generating  sets  suitable  for  this  purpose,  built  with  non-com*^ 
parts  and  proper  arrangement  of  steam  connections  for  ship  instaDau 
The  generator  frame  is  usually  split  horisontally,  and  easy  access  is  aforird 
to  the  commutator.  For  both  reciprocating-engine  and  turbine  drive,  for* 
lubrication  is  preferred.  The  present  accepted  voltage  is  110  volts  te 
direct-current  compound-wound  generators  are  used.  The  prime  stew 
must  be  able  to  exhaust  either  into  the  feed-water  heater,  the  msin  4 
auxiliary  condenser,  or  into  the  atmosphere.  Owners  do  not  agree  as  to  tN 
advantages  of  the  two  types  of  prime  mover.  Some  object  to  the  W 
rotative  speed  of  the  generator  which  in  certain  small  sets  is  aa  high  ss  5.M 
rev.  per  min. ; others  prefer  the  ease  of  operation  and  the  reduction  of  apkte 
of  the  turbine  in  comparison  with  the  redprocating  engine. 

117.  Generating  plant  operation.  Except  in  very  large  pemta* 
and  freight  vessels,  the  dynamos  are  located  in  the  engine  room  and  m 
therefore  under  the  direction  of  the  engine  division.  Since  they  form  te 
of  the  many  auxiliaries  it  becomes  evident  that  they  must  be  reliable,  iigfd 
and  able  to  operate  with  little  attention.  There  are  reciprocating  ecasS 
now  manufactured  which  combine  the  gravity-feed  and  foreed-hib 
systems  in  such  manner  that  the  apparatus  is  reasonably  “fool 
as  far  as  the  oiling  is  concerned.  On  tne  generator  end,  if  of  open  co 
tion,  a sheet-metal  guard  is  placed  over  the  commutator  so  tnat  it  is  i 
tected  from  mechanical  injury.  Incidentally  this  avoids  the  danger] 
any  one  being  thrown  against  it  in  paadng.  These  sets  usually  opei 
under  favorable  conditions,  without  undue  noise,  and  the  regulatiof 
within  2 per  cent. 


• Fay.  Proe.  A.  I.  E.  E.,  1912. 
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113.  The  cost  of  marine  feneration  sets  is  not  much  higher  than  that 
of  ordinary  commercial  sets  of  the  same  capacity.  The  average  price  is 
approximately  $90  to  $120  per  kw. 

lit.  Switchboards.  Regular  commercial  practice  is  followed  as  far 
a a general  design  and  apparatus  is  concerned.  Compactness  is  necessary 
so  that  the  board  may  be  mounted  as  near  a bulkhead  as  possible.  Owners 
differ  as  to  the  method  of  connections,  some  desiring  that  the  generators 
be  run  in  parallel;  others  preferring  that  each  feeder  be  provided  with  a 
double-throw  switch  and  that  separate  bus  bars  be  provided  for  each  gen- 
erator. This  is  more  a question  of  operation  than  one  of  engineering,  hut 
with  the  conditions  as  described  in  Par.  117  it  would  seem  more  desirable  to 
keep  the  generators  on  separate  bus  bars,  should  no  electrician  be  oarried. 

130.  Conduit  and  moulding.  The  special  requirement  for  any  marine 
installation  is  that  the  conductors  be  so  protected  that  grounds  will  seldom 
occur  and  that  the  water- tightness  of  the  vessel  will  not  be  impaired.  All 
of  the  above  cited  rules  require  a heavy  insulation  of  rubber  and  furthermore 
require  that  the  completed  installation  must  show  approximately  one  megohn 
of  insulation  resistance.  Beyond  these  rules  the  owner  usually  specifies 
the  highest  quality  of  wire  upon  the  market.  As  it  is  customary  to  use 
enamel-lined  conduits,  double-braided  wire  is  installed  in  conduits  and  single- 
braided  wire  in  mouldings.  In  a combined  conduit  and  moulding  installa- 
tion, conduits  are  run  on  exposed  decks,  in  cargo  holds,  machinery  spaces, 
smileys,  pantrys,  crew's  quarters,  etc.  Water-tight  junction  boxes  for 
branch  connections  and  steam-tight  fixtures  are  used  on  such  lines.  In 
the  living  quarters,  mouldings  matching  the  woodwork  are  provided,  all 
connections  being  carefully  made  and  laid  in  the  moulding.  When  conduct- 
ors pass  through  steel  beams  or  bulkheads  the  hole  is  bushed  with  hard 
rubber.  When  conduits  pass  through  water-tight  decks  or  bulkheads  a brass 
stuffing  tube  is  fitted  at  the  bulkhead;  this  tube  is  packed  with  red  lead 
and  flax,  forming  a water-tight  joint. 

1S1.  Flexible  cable*  and  conduit.  Flexible  cables  with  or  without  a 
lead  covering  are  sometimes  used  in  lieu  of  mouldings.  The  flexible  cables 
are  strapped  on  the  structure,  have  the  advantage  of  being  readily  over- 
hauled, and,  if  the  insulation  is  properly  selected,  reduce  the  amount  of 
inflammable  material. 

133.  Steel  braided  armored  cables.  There  is  at  present  on  the 
American  market  a design  of  steel-armored  cable  similar  to  that  used  for 
some  time  past  in  foreign  countries.  This  material  supersedes  both  conduits 
and  mouldings,  as  the  lead -covered  steel-armored  cable  is  perfectly  water- 
tight and  sufficiently  protected  for  exposed  spaces;  the  armored  cable  with- 
out a lead  sheath  is  applicable  for  living  spaces  where  it  may  be  safely  run 
behind  panel  work  or  in  decorative  mouldings.  As  mentioned  above,  this 
type  of  installation  besides  having  the  important  characteristic  of  reducing 
grounds  to  a minimum  also  makes  a perfectly  safe  installation  for  heavy 
wireless  telegraph  outfits.  The  only  change  necessary  in  fittings  is  that 
stuffing  tubes  must  be  added  to  the  water-tight  branch  junction  noxes. 

NAVAL  PRACTICE 

133.  Lighting  system.  All  governments  strive  to  obtain  for  their 
naval  vessels  the  very  latest  and  best  developments  of  the  art.  This  desire 
precludes  standardization  to  any  great  extent.  The  methods  of  distributing 
light,  the  type  of  lighting  fixtures,  and  the  problems  of  illumination  are  au 
being  carefully  studied;  advances  in  the  art  are  rapidly  adopted.  In  general 
the  fixtures  are  heavier  than  in  ordinary  practice,  and  the  materials,  as  speci- 
fied, are  more  closely  inspected.  In  the  United  States  Navy,  the  standard 
lamp  is  rated  at  123  volts,  and  metallic-filament  lamps  are  now  in  service. 
Are  lamps  are  no  longer  used,  having  been  superseded  by  the  260-watt 
tungsten  lamp. 

134.  Motor  system.  Motors  and  their  controlling  eq moments  are 
elaborately  specified,  tested  and  inspected  by  the  United  States  Government. 
Copies  of  these  specifications  as  well  as  all  apparatus  and  material  furnished 
the  United  States  Government  may  be  procured  upon  application  to  the 
Navy  Bureau  concerned.  Within  recent  years  the  motor  load  on  a battle- 
ihip  has  very  greatly  increased  both  in  capacity  and  importance.  This 
tuff  mentation  has  oaused  some  governments  to  increase  the  generator  voltage 
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to  220,  still  retaining  direct  current.  Such  «a«u£liarieeu  the  rata  subs 
requiring  300  rated  horse-power.  and  the  steering  gw  which  requbwiMK» 
m&tely  a like  amount,  illustrate  the  above  atatexnen 

Ilf.  Sifnalling  ■yitem.  Although  the  iightingand  poiretmunu  . 
large  and  important,  they  are  not  more  important  than  the  inktas*! 
mumcaUon  in  a battleship.  Every  device  that  h vmsn  ingenuity  cao  deroi 
called  into  requisition,  and  its  operation  and  efficiency  are  carefully  oberm 
it  it  is  of  value  it  is  regularly  employed.  Systems  of  eicnaia  connect th  a 
portant  points  for  use  in  navigating  the  ship,  in  trsnsmitting«neral(fte\ 
and  in  the  firing  of  the  guns.  Mechanical  «> mU  n^rtlld  all  imo ota 
electrical  signals.  ! 

1M.  Otimtlu  plmt.  The  IT.  S.  N*vy  has  adopted  u rnkni 
a direct-connected  honsontal  steam-turbine  generator  set  operating  in 
standard  direct-current  voltage  of  125.  * Reliance  ia  placed  on  *sw 
interpretation  of  the  specifications  to  produce  sa  perfect  machine  with nuai 
vt  ^.®*8kt  An<*  M M efficiency  as  the  manufacturer  can  coiruia 

Nations  differ  as  to  the  proper  number  of  dynamo  rooms  and  to  the  ousfe 
of  machines  which  should  be  contained  in  them.  The  V.  fc.  W 
prefers  to-day  two  rooms  with  two  dynamos  in  each  room.  SwitchW 
practice  likewise  vanes  in  the  different  countries,  f Some  of  the  fotep 
powers  use  steel  for  mounting  the  various  switching  devices,  but  da  U 
8.  Navy  now  specifies  special  composition.  In  some  naval  vends  J 
generator  control  switchboard  is  located  in  the  dynamo  room,  and  in  oterl 
vessels  it  is  combined  with  the  distribution  switchboard  located  ia  u 
adjacent  compartment.  1 

1ST.  Wiring.  Many  of  the  foreign  nations  have  for  several  years  br: 
uaing  steel-armored,  lead-covered  cables  and  now  the  U.  8.  Navy  hassdotfiil 
a similar  system.  Previous  practice  in  the  U.  8.  Navy  was  generalb  ti- 
me tall  conduits  and  to  use  open  wires  only  in  those  places  not  suhjert  t: 
mechanical  injury  The  apphances  are  all  specially  standardised,  spa aid 
and  inspected,  and  are  in  every  way  more  rugged  and  of  better  metal  the 
in  the  ordinary  merchant  service. 

In  some  installations  the  material  and  apparatus  may  be  delivered  u tif 
work  proceeds,  but  precautions  are  essential  when  the  installation  of  ** 
armored  cables  is  undertaken.  In  such  an  installation  the  cables  are  ta 
instead  of  pulled  into  conduits.  This  consideration  together  with  the  In 
that  it  is  not  wise  to  expose  the  loose  end  of  the  cable  for  any  length  of  tics 
requires  that  all  apparatus  and  material  be  fully  delivered  before  storin 
the  installation.  In  ordering  wire  for  shipboard  installation  it  nvt  bt 
remembered  that  the  length  of  wire  on  the  standard  reels  of  the  manufaewn* 
may  vary  greatly,  increasing  the  cost  of  material  due  to  the  waste  in  cattisc 
on  the  proper  length.  It  has  been  found  desirable  and  economical  to  ord* 
wire  in  positive  lengths,  placed  upon  reels  marked  with  the  feeder  or  mac 
number  as  shown  on  the  approved  drawing. 

MISCELLANEOUS  I 


. 1*S.  Colt  of  electric  plant  on  typical  vessels.  Actual  costs  of  w*t 
installations  are  not  obtainable  and  would  not  be  of  material  value.  Etc  I 
mated  flat  costs  for  different  types  of  vessels  are  here  given  as  a guide. 


Tug  boat,  50  lamps,  3 kw J2«p 

Ferry  boat,  300  lamps,  20  kw ‘ ‘ $5,0® 

Freight  vessel,  150  lamps,  searchlight,  20  kw fgfloe 

Oil  tanker,  150  lamps,  searchlight,  2Q  kw f 10,00®, 

Passenger  A freight  vessel,  1,200  lamps,  searchlight,  heating  sys- 
tem, 150  kw . ..  $50.0tS> 

Battleship,  3,000  lamps,  1,500  kw $1,900,006 1 


1M.  Bibliography. 

Kellogg,  J.  W. — “Usee  of  Electricity  on  Board  Ship.**  Marine  Enoinetr- 
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• The  U.  S.  Gov.  has  recently  (1914)  adopted  230  volts  as  standard, 
t Dynamo  arrangement  now  (1922)  conforms  with  the  design  of  engine 
room  in  electrically  propelled  battleships. 

1804 

Digitized  by  Google  1 


MISCELLANEOUS  APPLICATIONS  See.  22-130 


Walling,  Com.  B.  T.  and  Mabtin,  Julius. — "Eleotrioal  Installations  of 
the  United  States  Navy.”  Annapolis,  U.  S.  Naval  Institute,  1907. 

Bullard,  Lt.  Com.  W.  H.  G. — *rNaval  Electrician’s  Text-hook.”  Annapo- 
lis, U.  S.  Naval  Institute,  1908. 

Hobnob,  H.  A. — "Transmission  of  Intelligence  on  Steam  Vessels.” 

Journal  of  the  Franklin  Institute  of  Pa.,  1908. 

Buchanan.  M.  W. — “Electrically  Operated  Auxiliary  Apparatus.”-  In- 
ternational Marine  Engineering , VoL  AVI,  p.  269,  1911. 

Avbry,  W.  G. — "Marine  Electric  Generating  Plant,  Distribution  and 
Interior  Communication.”  International  Marine  Engineering,  Vol.  XVI, 
p.  268,  1911. 

Hobnob,  H.  A. — "The  Electrical  Equipment  of  the  Modern  Battleship.” 

The  Journal  of  the  Franklin  Institute  of  Pa.,  1913. 

Hobnob.  H.  A. — "Electrical  Equipment  of  the  Argentine  Battleship 
‘Moreno.’  *’  Trans.  A.  I.  E.  E.,  Vol.  XXXIII,  p.  1543,  1914. 

Hobnob,  H.  A. — "Standard  Marine  Electrical  Installations.”  Trans. 

A.  I.  E.  E.,  Vol.  XXXIV,  p.  1515,  1915. 

Hobnob,  H.  A. — "Electricity’s  Part  in  the  Building  and  Navigating  of 
Ships.”  Electrical  Engineering,  1917-18. 

APPLICATIONS  OF  ELECTRICITY  IN  THE  UNITED 
STATES  ARMY 

BY  IDWABD  D.  ABDBRY 

Major,  Corps  of  Engineers,  United  States  Army,  Associate  Member  American 
Society  Civil  Engineers 

180.  General  applications.  Aside  from  the  usual  applications  to  il- 
lumination and  the  operation  of  machinery,  eleotrical  energy  is  employed 
in  the  Army  for  communication,  operation  of  searchlights,  maneuvering 
seacoast  guns,  operating  ammunition  hoists,  blasting,  exploding  mines, 
firing  guns,  and  electrifying  barbed  wire  entanglements. 

181.  Bnergy  supply.  A central  generating  plant  would  be  the  most 
economical  arrangement,  but  might  be  paralysed  by  a single  well-directed 
shot.  To  provide  for  such  an  emergency,  a reserve  supply  is  necessary. 

Where  reserve  energy  supply  is  not  already  provided  for  in  other  ways  at 
seacoast  forts,  it  is  current  practice  to  install  25-kw.  gasoline  generating  I 

sets  in  or  near  the  batteries.  Commercial  supply  also  is  used  when  available.  | 

On  account  of  the  development  of  the  gasoline  sets,  the  use  of  storage  bat- 
teries in  fortifications  is  being  discontinued;  these  batteries  were  formerly 
required  for  supplying  theAelautographs,  but  are  now  employed  only  in  con- 
nection with  certain  telephone,  radio,  and  submarine  mine  systems.  / 

188.  General  specifications  for  power  plants  in  fortifications.  Ii 

The  National  Coast-Defense  Board,  in  1906,  recommended;  (a)  that  the  V 

electrical  energy  used  for  fortification  and  defense  purposes  be  furnished  by  1 

an  adequate  steam-driven,  direct-current  central  power  plant,  all  machinery 
to  conform  in  type  to  approved  commercial  standards;  (b)  that  each  battery 
or  group  of  batteries  be  equipped  with  gas-driven  or  oil-driven  direct-current 
generators,  installed  as  a reserve  to  the  central  plant;  (>)  that  the  energy 
supply  of  searchlights  be  provided  by  self-contained  units  unless  the 
searchlights  are  in  close  proximity  to  the  central  plant;  (d)  that  the  torpedo 
casemates  be  supplied  with  energy  from  independent  sources  for  submarine- 
mine  purposes;  this  arrangement  should  constitute  an  integral  part  of  the 
submarine-mine  defense;  (ej  that  alternating  current  energy,  when  essential, 
should  be  obtained  from  the  direct-current  distribution  system,  using  for 
the  purpose  a suitable  converter;  if,  however,  it  is  found  more  economical, 
this  energy  may  be  obtained  from  a separate  alternator;  (0  that  the  central- 
station  output,  when  not  needed  for  fortification  service,  may  be  used  for 
garrison  purposes,  provided  that  the  latter  load  does  not  require  too  large 
an  increase  in  the  sise  and  number  of  units;  ig)  that,  should  the  garrison 
service  require  an  alternating-current  distribution  system,  the  energy  should 
be  supplied  from  the  central  plant,  either  through  a suitable  converter  or 
from  alternators  installed  for  this  special  purpose  in  the  central  station; 

(h)  that  uniformity  of  types  and  accessories  should  be  adhered  to  as  closely 
as  possible. 
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Its.  Protection  of  distribution.  Consideration*  of  economy,  efi- 
cieney,  and  protection  against  hostile  fire  require  that  the  greater  psr. 
of  the  electrical  communications  be  either  subterranean  or  submanat 
When  underground,  conductors  are  laid  in  trenches,  or  in  conduits,  b 
trenches  conductors  should  be  lead-oovered  and  armored,  the  armor  bdit 
served  with  a jute  yarn  in  some  cases.  Lead-oovered.  ummrmarmd  mtk 
without  jute  on  the  lead  covering,  is  suitable  for  conduit  construction- 

114.  Wiring  specifications.  The  wiring  rules  formulated  bv  a Boct 
on  Standardisation  of  Wiring  for  Seacoast  Batteries  are  as  follows:  11 
oonduits  should  not  be  employed  for  local  distribution  in  emphccom 
where  their  use  oan  be  avoided;  (b)  all  wires  leading  out  from  the  esmta- 
ment  switchboard  should  be  exposed  in  so  far  as  possible;  (c)  armored  cab* 
should  be  used  for  all  exposed  wiring,  and  lead-covered  cable  should  be  we 
in  conduits;  (d)  all  branch  lighting  circuits  in  emplacement  distribution su 
be  of  No.  12,  A.W.G. ; (e)  exposed  wires  will  be  supported  on  ceilings  or  tu 
with  oable  hangers,  to  permit  the  application  of  preservative  coatings;  •' 
snap-switch  and  plugging-in  boxes  introduce  more  points  where  grounds  aaf 
occur,  and  should  De  used  only  where  they  are  absolutely  essential;  i 
a branch  lighting  circuit  may  carry  a maximum  current  of  rix  amperes  ~ 
obviate  having  too  many  lamps  on  one  branch  circuit,  and  consequent  inect- 
venience  in  case  of  failure  of  one  branch) ; (h)  all  fixtures  for  inside  or  oat»» 
lighting  about  emplacements  should  be  of  approved  water-tight  type 
Due  to  the  effect  of  alkalies  on  the  lead  covering  of  cable,  concrete  coeds'^ 
are  no  longer  installed.  Condensation  and  other  sources  of  dampness  z 
the  seacoast  fortifications  render  particular  care  necessary  to  prem 
grounda 

1S8.  Special  illumination  of  range- finding  instruments.  TV 
cross  wires  and  range  scales  of  position-finding  instruments  are  ilhunintW 
by  electrio  lamps;  emergency  lamps  are  supplied  with  energy  from  ct 
cells.  Oil  and  gas  illuminants  have  been  found  unsuitable  for  this  wrria 
At  seacoast  forts  information  regarding  range  and  declination  may  be  true 
mitted  from  plotting  rooms  to  gun  crews  b v means  of  electrical  indicator* 
some  of  whicn  operate  on  the  principle  of  the  electric  carriage  call  in  use  i: 
theatres. 


Fio.  22. — Mobile  searchlight  power  unit  for  60-in.  light,  open  (dish pan) trp» 


HI,  Searchlight*  are  used  in  the  coast  defenses  for  signaling;  far  <L~ 
covering  and  illuminating  the  enemy’s  ships  and  aircraft;  for  bewildww 
his  pilots;  and  for  rendering  his  searchlights  ineffective  by  means  of  fixed  b«e- 
from  the  shore,  which  the  enemy’s  beams  cannot  easily  penetrate.  In  Un. 
operations  the  main  function  of  the  searchlight  is  to  illuminate  hostile  «-*• 
craft.  It  is  difficult  to  use  searchlights  for  foreground  illumination,  due  t. 
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he  lone  range  and  effectiveness  of  artillery. 
?hey  indicate  landing  places  for  aircraft,  ana 
any  also  be  used  to  mark  aerial  routes.  The 
earohlighta  now  standard  are  the  so-called 
•O-in.  (1.6  m.)  and  the  36-in.  (90.0  cm.).  The 
nirrors  are  ordinarily  of  glass,  parabolical  in 
hape,  and  with  silvered  backing.  A 25-kw. 
aeoline  generating  set  is  furnished  for  oper- 
ating eaon  60-in.  (1.5  in.)  seacoast  search- 
ight.  A 20-  to  25-kw.  generator,  operated 
»y  the  engine  of  a motor  truck,  furnishes 
>ower  for  mobile  searchlights. 

The  ranees  at  which  targets  may  be  satis- 
aotorily  illuminated  by  a 60-in.  (1.5  m.) 
learohhght  are  as  follows:  with  very  clear 


itmoepnere,  10  miles  (16.09  km.)  and  some- 
imee  farther;  with  average  atmosphere,  5 to 
T miles  (8.05  to  11.27  km.);  through  slight 
laae.  2 to  3 miles  (3.22  to  4.83  km.)  ( in 
medium  hase  or  gray  dawn,  1 to  2 miles 
;i.61  to  3.22  km.). 

Remote  control  of  searchlights  may  be 
affected  by  use  of  a synchronous-motor  con- 
troller, using  110  volts  at  the  training  motors, 
and  may  be  accomplished  at  a distance  of  2 
miles  (3.22  km.). 

1ST.  Signaling  by  searchlight  may  be  < 
accomplished  by  aay  or  night  by  exposing  and  ' 
xsculting  the  beam  with  a shutter,  thus  send- 
ng  a senes  of  dots  and  dashes  that  are  visible,  « 
n ordinary  weather,  for  a distance  as  great  as 
IO  miles  (16.09  km.)  at  sea.  At  night  the 
aeam  may  be  traversed,  turned  on  the  clouds,  i 
jr  reflected  from  a water  surfaoe.  If  the  i 
te&rohlight  is  depressed  too  far,  the  heat  may 
lamaie  the  mirror.  If  used  in  cold  weather,  j 
the  mirror  should  be  heated  and  cooled  gradu- 
ally, because  rapid  expansion  or  contraction  ( 
may  cause  the  silvering  to  flake. 

US.  Tha  Ardola  system  is  a vertical  die-  ; 
play  of  four  lights,  manipulated  by  a key- 
board. Red  and  white  lights  reprssent  dots 
ind  dashes,  respectively. 

149.  Telephone  and  telegraph.  The 
telephone  is  extensively  used  in  the  army, 
>erticularly  in  connection  with  range-finding 
ind  fire-control.  In  field  operations  it  plays 
in  important  part  in  the  transmission  of  in- 
orxnation,  orders,  etc.  The  telegraph  is  of 
eee  importance,  and  is  used  in  the  same 
nanner  as  in  commercial  practice. 

140.  Busser.  This  apparatus  consists  of 
in  interrupter  and  an  induction  coil  supplied 
with  energy  from  a few  dry  oells.  In  opera- 
tion the  busser  is  used  as  a transmitter  for 
.ho  purpose  of  signaling,  the  frequency  of  the 
current  being  such  as  to  produce  a high  note  in 
i telephone  receiver  at  tne  far  end  of  the  sig- 
naling circuit.  Leaks,  bad  connections,  and 
Tigh  resistances,  any  one  of  which  would 
*npple  a system  employing  Morse  instru- 
ments, merely  affect  tne  loudness  of  the  sig- 
nals in  the  receiver.  Each  transmitting  sta- 
tion is  equipped  with  a telegraph  key  and  a 
telephone  transmitter,  and  may  be  used  either 
or  telegraph  or  telephone  communication. 
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The  high  intensity  lights  have  the  carbons  rotated  and  also  air  cooled. 

The  open  (dishpan)  type  lights  are  hand  controlled,  and  weigh  about  800  lb.,  as  compared  to  5,500  lb.  for  the  60-in.  (1.5  m.) 
barrel  type. 
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141.  Wireless  (radio)  telegraphy  and  telephony  ere  readily  idaptahk 
to  military  purposes,  and  for  ordinary  distances  can  take  the  phot  of  tfe* 
telegraph  and  telephone,  making  them  particularly  useful  in  field  operstiaai 
In  Alaska,  on  account  of  the  froaen  sod,  and  in  rocky  country  satisfactory 
grounds  are  sometimes  difficult  to  obtain.  A counterpoise  is  always 
plied  for  use  in  the  field.  The  Signal  Corps  has  developed  portable  mb 
telegraph  sets  that  may  be  transported  by  men.  on  mules,  on  wagons  <r 
motor  trucks,  and  on  dirigible  balloons  or  airplanes.  These  seta  ban 
ranges  of  5 to  7 miles  (8.05  to  11.27  km.),  60  miles  (96.56  km.),  5 to  UK 
miles  (8.05  to  1,609.35  km.),  and  50  to  1,000  miles  (80.47  to  1,609.35  km 
respectively.  Radio  telephone  seta  for  wagons  or  motor  trucks  have  i 
range  of  about  400  miles  (643.74  km.) ; for  dirigibles  or  airplanes,  1J  to  106 
miles  (2.41  to  160.93  km.).  Depending  on  type,  the  generator  of  the  ww 
may  be  hand  driven,  storage  battery  driven,  engine  driven,  or  fan  drim. 
With  one  exception,  radio  telegraph  sets  in  the  Army  use  vacuum  tube*  a 
the  source  of  undamped  waves.  Practically  all  detectors  are  vacuum  tuba 
On  airplanes,  receiving  is  difficult  on  account  of  the  noise  of  the  espst 
necessitating  higher  amplification  on  the  plane  than  on  the  ground,  sac 
increased  power  on  the  ground.  Radio  direction  finders  are  used  con- 
siderably in  the  Army.  One  type  of  finder  consists  of  two  dosed  loop* 
mounted  on  the  wings  at  right  angles  to  each  other  and  operating  on  a Ban- 
mum  signal.  When  flying  at  a height  of  2,000  ft.;(609. 6 m.),  it  was  peseta 
to  guide  the  airplane  exactly  over  the  transmitting  station;  while  it  w 
easy  at  that  height  to  detect  when  the  airplane  passed  as  small  a disUca 
as  100  ft.  (30.48  m.)  from  directly  over  tne  transmitting  station.  Badi» 
beacon  stations  should  be  limited  in  range  to  30  miles  (48.28  km.)  along tk 
coasts  and  borders,  and  to  60  miles  (80.47  km.)  in  the  interior,  except  wb«* 
a multiplicity  of  stations  would  be  uneconomical. 

14S.  Handling  of  guns.  For  enabling  seacoast  guns  to  be  traversed  fey 
power,  motors  are  attached  to  some  of  the  gun  carriages.  When,  at  driL 
the  guns  on  disappearing  carriages  are  tripped  into  battery  without  heist 
subsequently  fired,  the  retracting  to  the  loading  position  may  be  done  fey 
motors.  Retracting  motors  can  also  be  arranged  to  elevate  or  depress  tbs 
muzzle  of  the  guns  when  being  aimed.  By  means  of  an  electric  motor,  c op- 
pressed air  is  supplied  to  operate  the  breech-block  and  to  clean  out  the  g® 
after  firing. 
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that  segment  to  jump  backward,  closing  an  electrical  contact;  this  causes 
a number  representing  the  value  of  the  hit  to  appear  in  a corresponding 
place  on  a mi  mature-target  annunciator  at  the  firing  point.  Dry  cells 
furnish -the  energy  required  for  operation.  Each  segment  has  a separate 
circuit,  but  with  a common  return. 

148.  Electrical  caps,  or  fuses  (Pig.  24)  usually  contain  fulminate  of 
mercury,  with  a platinum  bridge,  p,  imbedded  in  the  fulminate^  heating  the 
bridge  by  passage  of  an  electric  current  through  it  causes  the  ignition.  Caps 
stored  in  a damp  place  deteriorate  rapidly.  With  leeB  than  0.25  per  cent, 
moisture,  the  cape  will  not  explode  dynamite,  although  they  may  themselves 
explode.  The  tetryl  electric  cap  is  necessary  to  insure  detonation  of  triton 
(trinitrotoluene).  The  tetryl  in  the  cap  is  detonated  by  a small  charge  of 
mercury  fulminate,  which  is  detonated  by  heat  caused  by  a current  passing 
through  the  bridge.  A tetryl  blasting  cap  with  12-ft.  (3.65  m.)  lead  wires 
has  a resistance  of  1.5  ohms  and  requires  a current  of  0.4  amp.  for  detona- 
tion. The  standard  blasting  machine  used  in  the  Army  will  surely  detonate 
12  tetryl  caps  in  series.  The  machine  generates  2.5  amp.  at  45  volts  with 
ordinarily  vigorous  use.  For  simultaneous  ignitions,  cape  are  usually  con- 
nected in  senes;  however,  owing  to  non-uniform  sensitiveness,  one  or  more 
may  explode  and  break  the  circuit  before  the  bridges  of  the  others  have  be- 
come sufficiently  heated.  Where  several  caps  are  to  be  exploded,  and  where 
sufficient  energy  is  available,  it  is  best  to  connect  them  in  parallel.  The 
leads  should  be  insulated,  though  this  is  not  imperative,  as  fuses  have  been 
fired  with  bare  leads  in  fresh  water.  The  wire  snould  be  of  copper,  of  a sise 
not  smaller  than  No.  18  A.  W.  G.,  where  the  distance  is  500  it.  (152.4  m.). 
Circuits  arranged  for  electric  detonation  should  be  left  open  until  just  before 
detonation.  Closed  circuits  are  likely  to  cause  detonation  by  induced  cur- 
rents from  nearby  electrical  conductors  or  from  lightning. 


149.  Mines  are  of  two  general  classes,  land  and  submarine.  The  former 
consist  of  charges  of  explosive  below  the  surface  of  the  ground.  By  means 
of  electric  fuses  and  leads  these  can  be  fired  at  the  will  of  the  operators, 
while  also  being  arranged  to  explode  by  contact,  as  when  run  over  by  a tank 
or  armored  car.  Submarine  mines  (Fig.  25)  contain  charges  of  high  explo- 
sive which  it  is  desirable  to  explode  as  near  as  possible  to  the  hull  of  the 
enemy's  ships.  Such  mines  may  be  anchored  so  as  to  float  below  the  water 
surface,  or  may  be  free  to  drift.  The  inside  mechanism  of  the  fixed  or 
anchored  mines  is  so  designed  as  to  allow  of  frequent  and  safe  testing  of  the 
fuses  after  the  mines  have  been  planted. 

* t ■io«n.t)  O.  M.  “Ordnance  and  Gunnery;"  New  York,  Wiley  and  Sons, 
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Electrical  firing  may  be  effected  m follows:  to)  when  the  mine  is  street 
by  * ship,  the  power  circuit  being  inside  and  rendered  operative  by  the  jw 
or  tipping;  (6)  at  will  from  the  snore,  either  with  or  without  an  electric* 
signal  from  the  mine;  (c)  automatically  when  struck,  provided  a switch  oc 
shore  is  closed  at  the  time,  the  circuit  being  finally  completed  by  the  striku* 
of  the  floating  mine-case.  The  methods  cited  in  (b)  and  (c)  permit  frieewfl? 
ships  to  pass  with  impunity,  provided  the  switch  on  shore  is  not  dosed.. 

150.  Bibliography.  “Report  of  the  National  Coast-Defense  Board: 
Washington,  Government  Printing  Office,  1006. 

“Engineer  Field  Manual,  U.  S.  Army;”  Washington,  Government  Priatui 
Office,  1018. 

“Report  of  Board  on  Standardisation  of  Wiring  for  Seacoast  Batteries 
U.  S.  Army;”  not  printed. 

Weaver,  E.  M.  “Military  Explosives;”  New  York,  Wiley  and  Sons,  191? 

"The  Principles  Underlying  Radio  Communication;”  Washington,  Gov 
eminent  Printing  Office,  1919. 

ELECTRICITY  AND  PLANT  GROWTH 

By  JOHN  B.  NEWMAN 

General  Manager,  The  Agricultural  Electric  Discharge  Co.,  Ltd 

151.  General.  In  the  eighteenth  century  a Scotchman  subjected  myrtk 
to  the  discharge  from  a frictional  machine  and  reported  that  they  wn 
benefitted.  Since  his  time  there  have  been  many  experiments,  bat  tbt? 
may  all  be  divided  into  two  main  classes,  as  follows:  (a)  those  aimisc  v 
influence  the  plant  by  changes  in  the  atmospheric  electrification;  and  tV' 
those  in  which  currents  are  passed  through  the  soil  about  the  plants.  Tk 
records  of  these  experiments  show  that,  generally  speaking,  where  srtifkn^ 
discharges  of  electricity  to  the  air  over  the  plants  take  place.  favored 
results  nave  been  recorded;  where  the  method  has  been  that  of  pawf 
currents  .through  the  soil,  the  results  are  contradictory. 

151.  The  first  systematic  experiments  on  any  important  scale  r 
those  of  the  late  Prof.  Lemstrom,  of  Helsingfors  University,  Finland,  via 
carried  out  experiments  on  a field  scale  in  Finland,  France,  Germany  sad  a 
England  (at  Durham  University).  In  the  course  of  his  trials,  he  expeo- 
mented  with  almost  all  the  common  vegetables  and  cereals  as  well  as  wni 
strawberries  and  raspberries.  His  method  was  to  suspend  a network  rf 
fine  iron  wires,  spaced^about  4 ft.  apart,  16  in.  above  the  plants  to  be  ebc 
trified.  These  wires  were  provided  with  points  like  barbed  wire,  and  had  to 
be  raised  as  the  plants  grew.  While  the  results  showed  a definite  inert** 
from  20  per  cent,  to  45  per  cent,  in  the  case  of  most  crops,  the  method  i 
impracticable  for  work  on  a large  scale.  The  close  network  of  wires  shoot  \ 
ft.  above  the  crop  and  the  numerous  posts  necessary , seriously  interfer 
with  the  ordinary  cultivation  of  the  ground  and  make  horse  or  steam  cultriv 
tion  impossible.  Nor  can  an  influenoe  machine  be  considered  practice 
from  an  engineering  standpoint. 

155.  In  the  Evesham  experiments,  commenced  in  1906  (and  still  bsiot 
carried  on)  by  the  writer,  in  cooperation  with  Mr.  R.  Bomford  aad 
Oliver  Lodge,  the  following  arrangements  were  adopted  and  have  bees  fal- 
lowed essentially  in  subsequent  installations  in  different  parts  of  the  wok- 
including  the  plant  now  being  worked  by  the  Department  of  Agriculture 
Washington.  Over  the  area  to  be  electrified  is  erected  a wire  network 
consisting  of  thin  galvanised  steel  or  bronse  wire  run  at  an  average  bright  <£ 
15  ft.  above  ground  (this  being  assumed  as  that  clearance  which  would  sBo* 
a loaded  harvesting  wagon  to  pass  underneath),  the  wires  being  10  ft.  ape** 
and  carried  as  span  wires  between  stout  telegraph  wire,  on  insulators  mount*: 
on  posts  planted  71  yd.  apart  in  parallel  rows  102  yd.  apart.  Thus  21  pole 
will  do  for  20  acres,  or  roughly  a pole  to  an  acre. 

154.  The  potential  at  which  the  network  is  charged  varies  from  SOM 
to  75,000  volts.  This  corresponds  to  the  potential  at  which  the  net  wort 
is  actually  charged  by  an  average  thunderstorm,  and  at  this  pressure  tk 
discharge  on  a quiet  day  is  distinctly  audible.  What  we  have  is  practical 
a leaky  condenser,  with  the  air  as  the  dielectric;  and  this  condenser  must  bt 
kept  charged. 

155.  Source  of  energy.  The  current  to  charge  the  network  is  provfafe: 
by  an  induction  coil,  the  negative  high-tension  pole  of  which  is  earthed  and 
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the  positive  high-tension  pole  connected  to  the  natsmk  ffbswugh  from  3 to 
5 Lodge  velvet  in  series.  The  valves  willotteer  positive  electricity  to  pass 
through  them  in  one  direction  only,  and  negative  electricity  to  pass  through 
them  only  in  the  other  direction.  Any  value  of  direct-current  voltage  up 
to  mo  mm r he  employed,  or  alternating  current  may  be  used,  with  some 
decrease  in  efficiency. 

199.  A motor-driven  mercury  g ms  break,  able  to  run  about  1,000 
hr.  without  being  ole&ned  out,  is  used;  it  is  equipped,  when  neoessary,  with 
an  automatic  hydrogen  generator. 

19V.  The  power  absorbed  by  the  ooil  when  charging  a network  of 
25  acres  is  about  300  to  500  watts,  and  the  small  break  motor  and  ventilating 
fan  motor  absorb  another  100  watts. 

199.  The  beet  length  and  time  of  application  of  the  current  is 
still  a matter  for  experiment  and  may  poedbly  vary  with  different  crops 
or  in  different  climates,  but  so  far  it  appears  as  if  an  application  of  from  4 
to  6 hr.  per  day  gives  better  results  than  a longer  period. 

199.  Affect  of  moisture  in  soil.  It  is  not  yet  possible  to  accurately 
predict  the  results  which  will  follow  electrification,  but  it  can  be  said  that 
its  application  is  probably  useless  in  dry  regions,  and  that  the  most  favorable 
results  will  follow  where  there  is  ample  moisture  in  the  ground. 

190.  Besults  off  application.  The  process  has  been  applied  thus  far 
ehiefly  to  wheat,  potatoes,  su^ar  beets  and  strawberries. 

Wheat,  during  eight  successive  years  (1905-1011),  in  three  fields  on  Mr. 
Bomfords  farm  at  Evesham,  England,  has  given  an  average  increase  of  21 
per  cent,  in  weight  of  grain,  and  also  an  increase  of  straw  whioh  it  has  not 
been  possible  to  measure.  The  only  year  in  which  no  increase  resulted  w^s 
1911,  which  was  a year  of  great  drought  in  England,  and  the  yield  during 
this  period  from  both  electrified  and  control  areas  was  only  16  bu.  per  acre. 

Potatoes  have  shown  more  irregular  results,  affording,  at  an  installation 
at  Dumfries,  Scotland,  increases  of  20  per  cent,  to  25  per  cent,  in  two  seasons, 
and  showing  no  difference  in  a third.  In  the  last  case,  the  control  and  elec- 
trified plots  were  arranged  in  a chess-board  pattern,  and  were  of  moderate 
•ise.  Subsequent  tests  showed  that  one  or  other  of  the  control  plots  was 
usually  being  electrified  unintentionally.  In  the  two  vears  during  which 
positive  results  were  secured,  there  was  but  one  control  and  one  electrified 
plot. 

Outdoor  strawberries  have  shown  a small  decrease,  or  no  difference, 
which  is  contrary  to  the  results  obtained  with  foroed  strawberries  in  pots 
in  greenhouses.  This  result  may  be  due  to  the  dwarf-growing  habit  of 
the  plant,  although  it  should  be  noted  that  the  control  ana  electrified  areas 
in  this  case  also  were  arranged  chess-board  fashion,  and  that  the  yield  from 
the  whole  field  was  above  the  average.  The  electrified  fruit  was  markedly 
sweeter  than  the  unelectrified. 

Sugar-beets  at  several  European  installations  have  displayed  increases 
of  20  per  cent,  or  more,  with  a considerable  increase  in  the  sugar  content  of 
the  roots. 
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WINDMILL  ELECTRIC  PLANTS 

BT  FBAHK  F.  FOWLS.  8.  B. 

Consulting  Electrical  Engineer . Member , American  Institute  of  Electric 
Engineer  e 

ICS.  Wind  velocities  are  customarily  recorded,  in  the  stations  of  tl 
U.  8.  Weather  Bureau,  by  means  of  the  Robinson  anemometer  yta 
integrates  the  total  wind  movement.  The  records  of  the  Weather  Bora 
should  be  consulted  for  definite  data  on  wind  movement  in  any  partinli 
locality.  The  measured  or  indicated  wind  velocity,  as  recorded  by  ti 
Weather  Bureau,  is  not  the  true  velocity,  but 

log  V - 0.509  + 0.9012  log  s ( 

where  V is  the  true  wind  velocity  and  • is  the  actual  velocity  of  tbs  n 
centres  in  the  anemometer.  See  Electrical  World,  Vol.  LVI,  Oct.  27, 191 
pp.  995  to  1000.  As  a rule,  the  measured  or  indicated  velocity  is  the  « 
implied  in  discussions  of  velocity  and  pressure. 

19S.  Wind  movement  is  recorded  in  miles,  and  is  virtually  the  iae 
gration  of  the  instantaneous  velocities  for  a given  period  or  the  total  dnua 
a given  particle  of  air  would  move  in  that  time.  Tables  of  wind  morrom 
per  day  or  per  month  have  been  prepared  and  published  for  various  locshur 
many  of  these  can  be  found  in  the  government  publications.  Such  utc< 
mation  is  very  essential  to  any  careful  study  or  forecast  of  the  prob»i« 
performance  of  a windmill  in  any  specific  locality. 

164.  Wind  pressure  and  its  relation  to  wind  velocity  ia  a subject  vb : 
has  received  much  study  by  many  investigators.  The  Weather  Bure* 
formula  is 

P - 0.004  (^)  V*  (lb.  per  *1.  ft.)  5 

where  B ia  the  barometer  reading  in  inches  of  mercury  and  V is  the  indie** 
velocity  in  miles  per  hr. 

166.  Available  work  In  air  currents.  The  total  aerostatic  bead  i 
a moving  gas,  at  any  given  point,  is  the  sum  of  the  pressure  head  and  - 
velocity  head.  Since  the  aerostatic  gradient  changes  but  slightly  bet  nr 
areas  of  high  and  low  pressure,  it  is  sensibly  constant  in  passing  an y 
locality.  Therefore  the  total  available  work  stored  in  the  moving  g v i 
represented  by  the  velocity  head,  or  energy  of  momentum. 

166.  Windmill  characteristics  are  shown  in  Figs.  26  and  27,  plot* 
from  the  test  data  on  a 16-ft.  aermotor  (steel  mill)  taken  from  Pair.  8 
It  is  obvious  from  Fig.  26  that  both  the  speed  and  the  load  torque  inm* 
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Fio.  26. — Speed  curves  of  16-ft. 
Aermotor.  • 


Fio.  27. — Power  curves  of  15-fr 
Aermotor. 


with  the  wind  velocity,  for  maximum  output;  this  is  made  even  clearer  I 
the  maximum  power  curve  in  Fig.  27.  Maximum  output  therefore  reqw** 
that  the  load  on  the  mill,  under  variable  wind  velocities,  shall  bar*  w 
characteristic  of  increasing  torque  with  rising  speed,  in  a certain  dew 
manner  for  any  given  mill. 
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Sec.  28-168  MISCELLANEOUS  APPLICATIONS 


lt8.  Efficiency.  The  12-ft.  aermotor  (Par.  1ST)  in  a 9-mile  wind,  t 
maximum  power,  had  an  efficiency  of  26  per  cent. ; Udi  value  wa a computet 
from  the  basis  of  the  total  wind  area  of  the  wheel  (12-ft.  circle).  In  a 14-bk 
wind  the  efficiency  was  23  per  cent.  Maximum  efficiency  always  oecua 
with  maximum  power  or  output. 

lit.  Windmill  governor*.  Practically  all  forms  of  vertical  millt  u 
•quipped  with  a form  of  device  which  throws  them  partially  or  wholly 
of  the  wind,  when.the  wind  velocity  exoeeds  a certain  value.  The  effect aa 
prevent  excessive  or  dangerous  speeds  in  high  winds  or  galea 

110.  Comparison  of  different  types  of  windmills.  Murphy's  tan 
led  him  to  the  conclusion  that  steel  wheels  are  superior  to  wooden  wben» 
also  that  curved  sails  are  superior  to  flat  sails.  Furthermore,  a relstrrc 
small  number  of  large  sails  wul  give  higher  efficiency  than  a large  nmmbw  j 
small  sails,  of  equal  total  area.  Steel  mills  are  commonly  employed 
along  the  seacoast  or  in  very  damp  climates,  where  corrosion  is  likely  t 
give  more  than  ordinary  trouble. 

171.  Sxample  of  useful  work  performed  in  a given  period.  Bee 

on  the  records  of  mean  wind  movement  at  Dodge,  Kansas,  from  1889  * 
1893,  Murphy  estimated  (Water  Supply  and  Irrigation  Papa-  No.  <1 
Part  II,  page  118)  that  steel  mills  (aermotor)  would  give  the  foflovoi 
performances. 


{ Horse-power-hours  per  month 

bise  ot  null  . 

Mean 

( Maximum  ! 

Minimus 

1 

i 

1 (April) 

(November) 

12-foot ! 

338 

461  1 

845 

16-foot j 

488 

| 671 

351 

ITS.  Height  of  tower.  The  mill  should  always  be  placed  well  «b«*i 
surrounding  objects  such  as  trees  or  buildings,  at  least  30  ft.  On  a esse) 
of  competition,  the  tower  weights  are  kept  as  low  as  possible  and  far  th 
reason  steel  towers  sometimes  lack  stiffness;  wooden  towers  are  usually  H 
objectionable  in  this  respect.  It  is  almost  always  economical  to  place  ti» 
mill  at  an  elevation  of  50  ft.  or  more  above  the  ground,  not  only  to  try 
obstacles  to  free  wind  movement,  but  also  because  wind  velocities  are  kw*' 
to  increase  somewhat  with  the  elevation. 

ITS.  Generaton  applicable  to  windmill  electric  plants  are  described  3 
Sec.  8,  Par.  184  to  189.  A shunt-wound  machine,  with  variable-speed  dr.** 
requires  an  automatic  regulator  for  maintaining  constant  voltage.  Tfce  in- 
ferential type  of  winding,  applied  to  a machine  for  charging  storage  baiters 
tends  inherently  to  regulate  for  constant  output  with  variable-speed  drr* 
It  is  also  possible,  with  large  mills,  to  employ  two  generators,  one  of  snaJ 
capacity  for  light  winds  ana  one  of  larger  capacity  for  moderate  winds, 
both  can  be  used  in  heavy  winds. 

174.  Automatic  battery  switch.  In  order  to  connect  the  generator? 
the  storage  battery  when  the  speed  and  the  terminal  voltage  are  suffictestJ 
high,  and  to  disconnect  the  generator  when  the  speed  and  the  voltage  hi 
too  low  for  charging,  an  automatic  switch  is  employed  whose  function?  * 
controlled  by  the  terminal  voltage  of  the  generator. 

178.  Storage-battery  reserve.  The  necessary  reserve  capacity  in  i 
storage  battery,  for  any  given  installation,  can  be  determined  only  by  i 
careful  study  of  the  records  of  wind  movement  at  the  place  in  question  I 
the  periods  of  calm  occur  frequently  and  last  for  any  considerable  tine. ' 
will  pay  to  consider  a gasolene  engine  for  stand-by  instead  of  the  «n 
battery  capacity  required. 

178.  Comparative  economy.  In  general  the  windmill  electric  pit# 
in  the  present  state  of  the  art,  cannot  compete  with  energy  supplied  frs 
central  stations  and  its  field  is  therefore  restricted  to  rural  districts 
isolated  regions.  The  annual  operating  expense,  including  interest,  dtp* 
ciation,  taxes,  repairs,  oil  and  attendance,  will  probably  range  from  16  p* 
cent,  to  20  per  oent.  of  the  first  cost.  The  charges  for  the  electric  plant  a 
be  reduced  somewhat  if  the  mill  is  used  for  other  purposes,  such  as  aavN 
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wood*  grinding  grain  and  feed,  pumping  water,  etc.  A gasolene  engine  is 
frequently  less  expensive  as  a reserve  or  stand-by  source  of  energy  than  a 
i tor  age  battery,  especially  for  long  periods  of  calm. 

Many  attempts  have  been  made  to  design  practical  windmill  plants  for 
generating  electrical  energy  for  farm  uses,  but  such  plants  have  not  as  yet 
met  with  any  marked  commercial  success  in  competition  with  the  small  gas* 
electric  farm  lighting  sets  which  are  now  extensively  used  in  rural  districts 
where  there  is  no  central  station  service.  An  equipment  recently  placed  on  the 
market  comprises  a 14-ft.  steel  wheel,  1 kw.  differentially- wound  generator 
and  280-amp-hr.,  32- volt  storage  battery,  for  which  satisfactory  results  are 
rl aimed.  The  generated  output  of  this  plant,  during  a test  of  one  month, 
nraa  60  kw-hr.  The  future  possibilities  of  such  plants  undoubtedly  depend 
n great  degree  upon  the  trend  of  the  cost  of  gasolene  and  kerosene. 


177.  Literature  on  windmill  electric  plants.  The  literature  on 
the  subject  is  rather  meagre  and  is  scattered  through  many  technical  peri- 
odicals and  publications.  The  following  references  are  regarded  as  useful 
to  anyone  desiring  further  information. 

Wolff,  A.  R.  “The  Windmill  as  a Prime  Mover;”  John  Wiley  and  Sons, 
New  York;  2nd  edition,  1800. 

La  Cour,  P.  “ Die  Windkraft;”  Lei  pug,  1005. 

Conrad,  M.  “ Die  Windkraftmaschinen;”  Leipzig,  1007. 

Chatley,  H.  “The  Force  of  the  Wind:"  Cnas,  Griffin  and  Co.,  Ltd  ; 
London,  1000. 

Hammel,  L.  “ Die  Ausnutsung  der  Windkr&fto;”  Berlin,  1011. 

Sterts,  O.  “ Moderne  Windturbinen;"  I,eipzig,  1912. 

Perry,  T.  O.  “Experiments  with  Windmills;”  Water  Supply  and  Irriga- 
tion Paper  No.  20,  U.  S.  Geol.  Survey,  Washington.  D.  C.;  1899. 

Murpny,  E.  C.  ” The  Windmill:  Its  Efficiency  and  Economio  Use;”  Water 
Su^j?ly  and  Irrigation  Paper  No.  42,  U.  S.  Geol.  Survey,  Washington,  D.  C.; 


Judson,  H.  C. 
page  257 


* Windmill  Electric  Plants;”  The  Electrical  Age,  Oct.,  1904; 


ooth,  W.  H.  “Windmills  and  Wind  Motors;”  The  Machinery  Market 


>Bg 

(London),  1912:  Sept.  20,  d.  13;  Sept.  27,  p.  13;  Oct.  4,  p.  19;  Oct.  Il,p.l7; 
- ■ — A " f5;  Nov.  f.p.  19;  Nov.  8.  p.  17. 


AVIS, 

Oct.  18.  p.  17;  Oct.  25.  p. 

Gradenwits,  A.  “ Wind-driven  Electrical  Works; A The  Canadian  Engineer, 
Aug.,  1004;  page  225.  Also  see  Engineering  (London),  Oct.  26,  1000;  Elec- 
trical Engineer  (London),  Sept.  18,  1903;  Scientific  American,  Dec.  20,  1890, 
Mar.  25,  1905,  Sept.  28,  1912. 

“Harnessing  the  Wind  to  Make  Electricity  for  the  Farm;”  Electrical 
Review  (Chicago),  Oct.  29,  1921,  p.  662. 


OZONE  PRODUCTION 

BY  MILTON  W.  FRANKLIN 

Zhief  Consulting  Engineer,  Remy  Electric  Division,  General  Motors  Corporation , 
Fellow , American  Institute  of  Electric  Engineers 
178.  General  properties.  Ozone  is  a colorless  gas,  in  ordinary  cir- 
sumstanoes,  possessing  the  odor  of  chlorine,  or  of  moist  phosphorus.  In 
great  thicknesses  or  under  pressure  the  color  is  blue,  and  when  liquefied  it 
becomes  a dark  blue  mobile  liquid  with  highly  magnetic  properties.  The 
shemical  formula  is  Os  and  the  molecular  weight  48;  the  critical  pressure 
s 125  atmospheres  and  the  critical  temperature,  — 103  deg.  oent.  It  is 
an  endothermic  compound  and  the  heat  of  formation  is  nearly  33,380 
g-cal.  per  mole.  At  ordinary  temperatures  it  is  relatively  stable  but  it  de- 
composes in  oontaet  with  organic,  or  in  general,  oxidizable  matter,  and 
ipontaneously  at  260  deg.  oent.  It  is  practically  insoluble 'in  water,  1.5  to 
10  mg.  per  liter  being  the  limits  of  solution  at  temperatures  of  from  2 deg. 
k>  28  deg.  oent.,  according  to  Maufang. 

171.  Formation.  Ozone  may  be  formed  in  various  ways,  which  are: 
(a)  by  chemical  action;  (b)  by  electrolysis;  (c)  by  the  electrostatic  field; 
fd)  by  ultraviolet  rays;  (e)  by  the  radioactive  elements;  (0  by  incandescent 
solids:  (g)  and  by  the  evaporation  of  water.  Only  the  production  bv  the 
deetrostatio  field  has  been  developed  commercially.  The  theory  of  this 
method  is  not  fully  understood  but  it  is  probable  that  ionisation  by  oolliaion 
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181.  Oson*  generator*  have 


takes  place,  with  consequent  dissociation  of  the  oxygen  which  on  recoaibue 
tion  furnishes  aggregates  of  ions  consisting  of  molecules  with  an  att adtefi 
extra  atom.  Within  working  limits,  in  commercial  osone  generators,  t ht 
production  is  roughly  proportionate  to  the  electrostatic  intensity  abe>* 
a certain  critical  value,  and  with  alternating  currents,  to  the  freqwac 
employed. 

180.  Chemical  analyst*.  Treadwell  and  Anneler,  in  1905,  checks 
all  previous  results  and  finally  established  the  correctness  of  the  method  i 
chemical  analysis  which  is  now  in  general  use.  This  depends  on  the  fc- 
I owing  reactions: 

* 2KI+0»+H*O-2KOH+I*+O»  1? 

2Na*&O«+Ii+2KOH+H*SO*-NasS«O«+2NaI  + KiSO*+2a0  <4 
In  practice  these  reduce  to  the  following  volumetric  equation: 

1 ,000  e.0.  N/10NatSiO«-O»/2O- 48/20  = 2.4  gm.  Os 
The  sample  of  osohised  air  of  measured  volume  is  drawn  through  a sector 
solution  of  KI  and  titrated  with  NatSjO  s ori  t may  be  collected  in  a cafibrswt 
flask  and  shaken  with  the  neutral  KI  solution.  The  mixture  of  KI  ssd . 
is  acidified  with  an  equivalent  of  H18O4  before  the  titration.  It  is  custou.- 
to  denote  the  amount  of  osone  in  terms  of  gm.  per  cu.  m.  of  air  and  to  redo'* 
the  readings  to  spt. 

been  made  in  various  forma  Tk 
essential  principle  in  all  cases  is  & 
juxtaposition  of  two  or  more  dischsrr 
ing  surfaces  so  sis  to  form  a coodessr 
with  an  air  gap  which  may  or  mij  act 
be  furnished  with  a dielectric  clems: 
The  discharging  surfaces  maj  bf 
smooth  or  armed  with  points,  andtf 
smooth  they  may  be  flat  or  «n«- 
Osonators  without  dielectrics  grer- 
ally  possess  rotating  electrodes,  so  tin; 
they  are  in  relative  motion  in  order; 
avert  sparking  which  favors  the  fcrr> 
tion  of  nitrogen  oxides  and  the  destnr- 
tion  of  osone  already  formed.  Tie 
great  majority  of  successful  osro* 
generators  have  smooth  electrodes  nx* 
dielectrics,  and  are  divisible  into  tv- 
types,  the  cylindrical  and  the  piste 
188.  A typical  form  of  plats  ose- 
niser  is  shown  in  Figs.  28  and  > 
The  two  outer  plates  are  pierced  sttb 
centre,  and  the  oxonized  air  is  aspirate: 
through  tubes  inserted  in  the  bol& 
The  air  enters  at  the  peripheries  ^ 
Cooling  is  effect*^ 


Fia.  28. — Plate  osonator. 


the  plates  and  passes  through  the  field  to  the  centre.  Cooling 
by  means  of  flat  rectangular  water  boxes  in  contact  with  the  two  oc*r 
plates,  and  with  a similar  box  n contact  with  and  between  the  two  mar- 
plates  The  two  outer  boxes  are  earthed ; the  inner  box  is  insulated  mod  forr» 
the  high-potential  element  of  the  osonator.  The  boxes  are  all  furnwfceg 
with  circulating  water,  that  in  the  inner,  high-potential  box  being  introduce* 
and  removed  by  allowing  the  water  to  fall  through  the  air  a distance  BuOa*& 
to  ensure  against  wasteful  electrical  leakage.  The  whole  structure  w com- 
monly contained  in  a glass  retaining  case  into  which  suitable  dry  » 1 ** 
troduced.  The  advantage  of  this  type  of  osonator  is  that  u the  fidd  .* 
produced  between  the  two  glass  plates,  the  labor  necessary  to  keep  the  na- 
chine  clean  is  nominal.  The  disadvantages  are  as  follows:  difficulty  of*> 
sembling  and  taking  apart,  high  potential  required,  complenty  of  the  coots 
system,  large  space  occupied  and  danger  of  shut  down  of  the  whole  system- 
through  the  failure  of  one  uDit. 

188.  Operating  voltages.  Commercial  osonators  are  commonly  opr 
a ted  on  voltages  ranging  from  5,000  to  20,000  and  at  frequencies  of  from  ^ 
to  500  cycles  per  sec.,  and  are  used  in  connection  with  transformer* 
Special  high-frequency  generators  are  generally  furnished  in  all  but  it* 
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ftiuiallmt  installations,  for  the  capacity  of  an  osone  generator  is  almost  pro- 
portional to  the  frequency  employed. 


cility  with  which  one  or  more  units  may  be  inserted  or  taken  out. 
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1M.  Concentrations  and  yields.  For  most  industrial  purpose*  tk 

concentration  should  be  in  the  neighborhood  of  from  1 to  3 g.  per  «kt 
meter  of  air,  although  in  some  special  cases  it  may  be  as  high  m 5g.  Ii  2 

rarely  found  expedient  u 
operate  at  greater  conces 
t rations.  The  averse 
yield  is  about  50  g.  pe 
kw-hr.,  and  although  moa 
higher  yields  are  elaiaac 
from  time  to  time  for  «r 
tain  types  of  gtnenton. 
these  have  not  bee. 
attained  in  commeim 
operation. 

Uft.  Oxidising  Act 
of  oaone.  The  mb* 
tiona  of  osone  are  depncr 
ent  upon  the  fact  that  h i» 
a powerful  oxidising  str- 
and that  it  oxidises  ra* 
substances  attemper*tcT> 
far  below  those  at  vkri 
they  are  capable  of  r «" 
bimng  with  ordimr 
oxygen. 


188.  Ventilation.  Osone  is  used  in  ventilation  chiefly  on  account  s 
its  power  of  destroying  organic  odors*  It  has  been  shown  that  it  is  capb 
of  oxidising  the  odors  arising  from  various  animal  and  industrial  actin'*- 
for  instance  those  of  valerianic  add,  butyric  add,  skatol.  indol,  decayed  (o^4 
fish,  tanners’  scrap,  manure,  etc.  The  causes  of  distress  in  vitiated  air  ir 
heat  moisture  ana  crowd  odors.  It  is  not  believed  that  the  organic  exrrrti 
causing  the  latter  are  poisonous,  although  admittedly  objectionable.  Pr"i 
Baas  recently  has  conducted  experiments  on  school  children,  which  hsv 
established  the  fact  that  the  addition  of  about  one  part  of  oaone  in  a milk* 
parts  of  air  determines  the  difference  between  tolerable  and  intokr*^ 
conditions,  when  the  air  supply  is  very  small. 


189.  Bactericidal  power.  < It  was  at  one  time  supposed  that  00  r 
count  of  the  very  great  bacteriddal  power  of  osone  it  would  prove  vain*"* 
in  disinfecting  the  air  of  dwellings  and  factories,  but  it  hds  been  shown  tii: 
in  breathable  concentrations  it  has  little  effect  on  the  dry  bacteria  in  the  ar; 
this,  however,  is  immaterial,  as  it  is  now  generally  conceded  that  the  dr* 
bacteria  in  the  air  are  not  concerned  in  its  vitiation  nor  in  disease  tranamias* 
In  suitable  concentrations  osone  may  be  used  for  disinfecting  and  deodorise 
rooms  that  have  become  contaminated  or  infected. 


190.  Water  purifications.  The  purification  of  potable  water  ceo-o- 
tutes  the  most  important  application  of  osone,  in  point  of  magnitude,  up*- 
the  present  time.  The  advantages  of  the  method  are  the  non-poison® 
nature  of  the  reagent;  its  insolubility  which  ensures  against  an  ext* 
remaining  in  the  water;  and  the  fact  that  besides  rendering  the  water 
it  removes  all  taste  and  odor  which  might  be  due  to  organic  defilemest 
Water,  to  be  oaoniaed,  ordinarily  requires  filtering  to  remove  the 
of  the  organic  matter,  about  97  per  cent,  being  thus  eliminated.  The  <*‘a 
is  relied  upon  to  destroy  the  bacteria  smell,  taste  and  color  which  ®»T 
persist  after  the  filtering,  which  need  be  only  roughly  done.  The  0*0** 
introduced  into  the  water  under  pressure  and  is  caused  to  become  intimat**]’ 
mixed  with  it  by  suitable  mechanical  means,  such  as  agitation  or  forow n 
through  the  interstices  between  broken  rock  or  the  like,  or  through 
The  cost  of  water  purification  by  osone  is  given  by  Erlwein  as  ranging 
about  $6.75  to  $7.50  per  million  gallons,  which  includes  all  expenses  sow* 
interest  and  depreciation,  and  maintenance.  The  amount  of  osone  uj* 
ranges  from  about  2 g.  to  15  g.  per  1,000  gal. 

. 191.  The  technical  applications  of  osone  are  very  numerous  and 
increasing  daily  in  number.  Oils,  fats,  tallows  and  waxes  may  be  Weses* 
deodorised,  rendered  tasteless  and  otherwise  purified  by  means  of  osooe 
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191.  Itw  linseed  oil  mur  be  converted  into  a good  drying  varnish 
>y  having  osone  blown  through  it.  At  ordinary  temperatures  this 
eeults  in  Bleaching  of  the  oil  and  in  increased  viscosity.  At  elevated  tem- 
>eratures  the  oil  darkens  and  it  may  be  completely  dried  so  as  to  be  useful 
or  the  manufacture  of  linoleum.  Raw  menhaden  oil  may  be  clarified,  dec 
lorised,  bleached  and  greatly  thickened  in  the  same  manner.  Raw  cotton- 
eed  oil  is  bleached  ana  deodorised  besides  being  rendered  viscous. 

193.  Osone  is  successfully  applied  to  bleaching  cotton,  linen  and  silk 
abrics.  It  possesses  great  advantages  over  chlorine  in  that  it  is  non-poisonous 
md  need  not  be  mixed  in  vats  which  suffuse  the  buildings  with  fumes.  The  use 
>f  osone  averts  the  necessity  for  handling,  storing  the  bleach,  and  mixing  the 
thlorine  bleaching  liquors. 

194.  Osone  is  used  successfully  for  drying  oil  varnishes,  as  in  the 

nanufacture  of  patent  leather.  If  it  is  mixed  with  varnish,  the  latter  dries 
luickly  and  evenly  throughout  its  thickness,  and  if  varnished  surfaces  are 
exposed  to  osone  it  causes  the  formation  of  a protective  surface  while  the 
inderlying  layers  harden  more  slowly. 

199.  Osone  is  applied  to  the  cold-storage  industry.  For  many 
tubstanoes  there  existe  a critical  temperature  below  which  they  may  not  be 
itored  without  danger  of  damage,  and  above  which  bacterial  proliferation 
tnd  other  putrefactive  causes  result  in  deterioration.  It  is  difficult  to  main- 
sio  theee  critical  temperatures  in  rooms,  the  doors  of  which  are  being 
opened  and  shut  constantly,  and  it  has  been  found  that  with  the  aid  of  osone  all 
deleterious  processes  may  be  suppressed  even  though  the  temperature  rises 
teveral  degrees  above  the  critical  point. 

196.  In  the  brewery,  osone  is  becoming  widely  used.  It  is  useful 
n sterilising  and  drying  the  casks  and  in  providing  water  of  unsurpassable 
luality  for  the  purpose  of  brewing.  Recent  researches  have  shown  that  it 
ncreases  the  power  and  activity  of  yeast. 

197.  Purification  of  sewage.  It  has  been  proposed  to  apply  osone  to 
ihe  purification  of  sewage,  and  while  this  is  a subject  of  much  experi- 
mentation, so  far  no  instance  of  successful  application  has  been  recorded. 

RADIOACTIVITY  AND  THE  ELECTRON  THEORY 

BT  ID  WIN  p.  ADAMS,  PH.D. 

Professor  of  Physics,  Princeton  University 

RADIOACTIVITY 

198.  The  radioactive  elements  are  those  whose  atoms  spontaneously 

break  down,  or  disintegrate,  with  the  expulsion  of  electrically  charged 
particles;  these  particles  are  of  two  kinds,  forming  the  a and  0 rays. 

199.  The  0 rays.  TheBe  are  made  up  of  negatively  charged  particles, 

Jarrying  the  elementary  charge:  1.GX10-70  expressed  in  absolute  c*g.s. 

ileotromagnetic  units.  They  a re  projected  with  velocities  within  a wide  range 
>f  limits,  some  approaohing  within  1 per  cent,  of  the  velocity  of  light..  The 
mass  of  these  particles  cannot  be  determined  directly,  but  the  ratio  of  the 
charge  to  the  mass  can  be  measured.  The  results  show  that  the  0 particles 
rom  all  radioactive  substances  are  identical.  According  to  the  theory  of  a 
moving  charged  particle,  its  effective  mass  should  increase  with  its  velocity, 
but  only  appreciably  when  its  velocity  approaches  that  of  light;  a particle  mov- 
ng  with  the  velocity  of  light  would  have  an  infinite  mass.  This  prediction 
>f  theory  is  borne  out  by  experimental  results.  The  ratio  of  charge  to  mass 
'or  particles  whose  velocities  do  not  exceed  3X10*  cm.  per  sec.  is  found 
io  be  1.77X10*  in  absolute  e.g.s.  electromagnetic  units.  Thus  the  mass  of 
i single  0 particle  is  10" 17  grams.  The  0 particle  is  the  smallest  known  mass. 

900.  The  a rays.  These  are  formed  of  positively  charged  atoms  of 
kelium,  carrying  a charge  double  that  of  the  elementary  charge  carried  by 
-he  8 particles.  They  are  projected  with  definite  velocities  from  the  different 
adioactive  substances,  varying  from  1.45  X 10*  to  2.22  X 10*  cm.  per  sec. 

101.  Tho  y rays.  In  addition  to  the  a and  0 rays,  which  are  formed 
>f  charged  particles,  radioactive  substances  also  emit  another  type  of  radia- 
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Mod,  the  7 ray*.  According  to  theory,  when  a rapidly  moving  charged  par 
Mole  is  accelerated,  either  positively  or  negatively,  an  electromagnetic  pda 
spreads  out  from  it.  It  is  probable  that  the  y rays  are  made  up  of  a nr 
oeasion  of  these  pulses,  arising,  mainly,  from  the  sudden  liberation  and  se&fct 
stopping  of  the  fi  particles.  There  is  evidenoe  that  the  a rays  also  pr* 
duoe  y rays. 

MS.  The  * rays.  When  an  a particle  is  ejected  from  an  atom,  the  resida 
is  negatively  charged.  It  must  move  in  a direction  opposite  to  that  of  u 
a particle  so  that  its  momentum  is  equal  to  that  of  the  particle.  Tt 
6 rays  are  formed  of  the  residues  of  the  atoms  after  expulsion  of  a particle* 

MS.  Effects  produced  by  the  rays.  The  a,  /),  and  y rays  produce  bod 
photographic  and  ionising  effects.  To  show  the  former  effect,  a photograph 
plate  is  exposed  to  a radioactive  substance.  It  is  found  to  be  affected  jw 
as  if  it  had  been  exposed  to  light.  The  ionising  effects  are  shown  by  tie. 
rendering  air  a conductor  of  electricity.  The  neutral  molecules  of  sir  r 
split  into  positive  and  negative  ions  through  the  action  of  the  rays.  Wbrsi 
potential  difference  is  applied,  these  ions  travel  in  opposite  directions,  tit 
setting  up  an  electric  current.  The  photographic  effect  is  caused  iaaac 
by  the  fi  and  y rays  and  the  ionising  effect  by  the  a rays. 

The  ionising  effect  is  employed  to  measure  the  “activity”  of » 
radioactive  subetance.  Metallic  uranium  is  taken  as  a standard,  ssd  fc? 
an  activity  of  100  times,  is  meant  that  the  substance  produces  100  ttmwtk 
effect  of  an  equal  weight  of  metallic  uranium  in  rendering  air  a conductor  * 
electricity  under  the  same  conditions. 


204.  Radioactive  disintegration.  The  atoms  of  any  radioact* 

element  break  down  according  to  the  law  AT  — AT**-**.  A’«  is  the  number d 

atoms  initially  present.  N the  number  after  a time  i has  elapeed.  and  i * 
a constant  which  has  a definite  value  for  each  radioactive  subetance.  Eitma. 
conditions  are  found  to  have  no  effect  on  the  rate  of  disintegration.  F* 
example,  the  same  value  of  X is  found  whether  it  be  measured  at  the  temper 
ture  of  liquid  air  or  at  the  high  temperature  of  an  electric  furnace.  Tta 
radioactive  disintegration  is  a phenomenon  of  an  altogether  different  hoi 
from  any  known  chemical  change. 


204.  Rad’ o active  elements.  Of  the  chemical  elements  that  have  loci 
been  known,  only  uranium  and  thorium  have  marked  radioactive  propers* 
There  is  considerable  evidence  that  rubidium,  potassium  and  aodiau  iff 
also  radioactive,  but  to  a much  less  degree.  In  fact  it  is  not  improbable  tbi 
all  the  elements  are  radioactive,  the  rate  of  disintegration  of  all  but  a fe»  «f 
them  being  too  slow  for  detection.  The  phenomenon  of  radioactivity  w* 
be  regarded  as  evidence  of  the  instability  of  the  atoms  of  the  elements.  Ts* 
most  unstable  atoms  are  those  belonging  to  the  moot  radioactive  dctncta 
There  is  an  enormous  difference  in  the  rate  of  disintegration  of  the  diffwu* 
radioactive  products.  For  example,  uranium  decays  to  half  its  initial  aou>tft 
in  5X10*  years,  while  actinium  A requires  but  0.002  see.  for  half  of  it  »' 


disappear. 

There  are  three  known  series  of  radioactive  elements,  the  uranium  acuMj 
the  thorium  series,  and  the  actinium  series;  it  is  not  improbable  that  Ml 
last  two  series,  as  well  as  the  first,  have  uranium  as  their  parent.  In  m 
of  these  series,  any  member  arises  from  the  previous  one  by  a radiosctiu 
disintegration,  accompanied  by  the  expulsion  of  an  a or  a ft  particle,  resehaf 
in  the  formation  of  an  atom  of  a different  kind.  In  the  uranium  awMsi 
found  radium,  the  best  known  of  the  recently  discovered  intensely  radio 
elements.  There  is  some  evidence  that  the  final  member  of  this  series  is  lei] 

204.  Radioactive  equilibrium.  A series  of  radioactive  ele  meets 
in  equilibrium  when  just  as  much  of  any  one  of  the  intermediate  produm 
is  formed  in  a certain  time  as  disintegrates  in  the  same  time.  In  the  ur&na| 
series,  the  constant  X of  the  disintegration  of  uranium  itself  has  a value  *1 
that  5X 10*  years  elapse  before  a given  amount  of  uranium  decays  to  half 
initial  value.  ( Thus  millions  of  years  are  necessary  for  the  uranium  series 
come  to  equilibrium.  In  moat  uranium  minerals  the  equilibrium  condition 
satisfied,  so  that  there  is  a definite  relation  between  the  amounts  of  uraasd 
and  radium  contained  in  them.  It  is  found  that  the  amount  of  radium  aaj 
dated  with  1 g.  uranium  is  3.4  X 10~T  g. 
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lit*  HMttakf  effects.  The  continual  emission  of  particles  projected 
with  high  velocities  from  radioactive  substances  results  m heating  effects. 
The  ldnetio  energy  of  the  particle  is  transformed  into  heat.  The  a particles 

Jiroduoe  about  90  per  cent,  of  the  heating  effect;  while  their  velocities  are 
ower  than  those  of  the  fi  particles,  their  mass  is  so  much  greater  that  the 
kinetio  energy  of  an  a particle  is  many  times  greater  than  that  of  a 0 particle. 
One  gram  of  radium  in  equilibrium  with  all  of  its  products  sets  free  approxi- 
mately 118  cal.  of  heat  per  hr. 

S06.  Radioactive  minerals.  The  principal  source  of  radium  and  the 
other  strongly  radioactive  elements  of  the  uranium  and  actinium  series  is  the 
mineral  pitchblende,  which  is  an  oxide  of  uranium.  FVom  this  radium  may 
be  separated  by  chemical  processes,  its  behavior  being  the  same  as  that  of 
barium  from  which  it  is  separated  by  fractional  crystallisation.  Carnotite 
is  another  uranium  mineral,  but  of  rarer  occurrence.  The  principal  source  of 
the  elements  of  the  thorium  series  is  monasite  sand. 


109.  Uses  of  radium.  Aside  from  its  great  scientific  interest,  the  only 
important  use  of  radium  is  as  a therapeutic  agent.  Many  cures  of  cancerous 
growths  have  been  reported  to  result  from  its  application. 

110.  Msso thorium,  one  of  the  members  of  the  thorium  series,  is  coming 
to  be  employed  widely  as  a therapeutic  agent.  It  has  the  advantage  over 
radium  of  beinq  easier  to  obtain.  It  is  found  in  the  residues  left  in  the  manu- 
facture of  thonum  salts  used  in  making  Welsbach  gas  mantles.  But  it  is 
far  less  permanent  than  radium.  While  2,000  years  must  elapse  for  a given 
amount  of  radium  to  decay  to  half  its  amount,  a given  amount  of  meso- 
thorium  is  reduced  one-half  in  lees  than  6 years. 


111.  Determination  of  physical  constants.  The  study  of  radio- 
active phenomena  has  resulted  in  the  most  reliable  determination  that  we 
have  of  certain  important  physical  constants.  Some  of  these  are  given  in 


the  following  table: 

The  elementary  electric  charge 1.591  10~*°  e.m.  units 

Number  of  molecules  in  1 cu.  cm.  of  a gas  at  0 
deg.  oent.  and  760  mm.  of  mercury  pressure. . 2.705  101* 

Mass  of  the  hydrogen  atom 1.662  10~*4  g. 

Ratio  of  the  charge  to  the  mass  of  an  electron 
for  small  velocities 1.767  107  e.m.  units 
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THS  ELECTRON  THEORY 

SIS.  The  electron.  The  electron  theory  is  built  upon  the  observed  wide 
distribution  of  electrons  or  corpuscles  and  their  capability  of  accounting  for 
many  otherwise  unexplained  phenomena.  Electrons  are  identical  with  the 
beta  particles;  the  latter  term  is  used  to  denote  them  when  they  appear 
accompanying  radioactive  disintegration.  Electrons  appear  also  under  the 
name  of  cathode  particles,  when  they  are  projected  from  the  negative 
electrode,  or  cathode,  by  an  electric  discharge  through  a gas  at  low  pressure. 
Ultra-violet  light  falling  upon  the  surface  of  a metal  sets  electrons  free;  they 
are  also  liberated  from  incandescent  solids.  Whatever  their  origin,  all 
electrons  appear  to  be  identical  in  nature.  Their  velocity  of  projection 
depends  upon  the  circumstances  under  which  they  appear,  but  the  ratio  of 
their  charge  to  their  mass  is  the  same  for  all  except  for  the  highest  velocities  of 
projection;  this  ratio  diminishes  with  increase  of  velocity  according  to  the 
same  law  in  every  case.  The  conclusion  is  forced  upon  us  that  the  electron 
is  one  common  constituent  of  all  matter. 

The  model  of  an  atom  which  has  been  most  successful  in  accounting  for 
many  of  the  properties  of  matter  is  the  Rutherford  model.  In  this,  the 
greater  part  of  the  mass  of  the  atom  is  concentrated  in  positively  charged 
nuclei  whose  rise  is  small  compared  to  that  of  the  electrons,  and  the  nega- 
tively charged  electrons  circulate  about  the  nuclei  in  orbital  motion. 

£14.  Interpretation  of  electric  phenomena  in  terms  of  the  electron 
thsory.  In  a conductor,  in  addition  to  the  electrons  contained  in  the  atoms, 
wliioh,  in  part,  form  the  atoms,  it  is  assumed  that  there  are  free  electrons 
wbioh  pursue  rigsag  paths  among  the  atoms.  When  the  conductor  is  all  at 
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om  potential  there  is  no  more  tendency  for  these  free  electrons  totrmU 
one  direction  than  in  any  other.  But  when  a difference  of  potential  ii  app&t 
to  the  conductor  there  is  a force  acting  on  the  electrons  driving  then  la  i 
direction  opposite  the  foroe,  since  they  are  negatively  charged.  Thna  tkw 
is  a drift  of  electrons  in  one  direction,  and  this  drift  constitutes  the  eketn 
current.  An  electric  current,  therefore,  is  to  be  regarded  as  a flow  of  ekr 
trons.  In  a perfect  insulator,  there  are  no  free  electrons  but  only  those  «*■ 
tained  in  the  atoms.  Thus  there  can  be  no  continuous  flow  of  electros 
an  electric  current,  in  an  insulator,  under  a constant  electric  fora 
When  an  electric  field  is  applied  to  an  insulator,  the  electrons  inside  the  it® 
move  from  their  normal  equilibrium  positions  until  the  forces  of  the  eiterai 
electric  field  balance  the  forces  on  the  electrons  arising  from  the  stoat 
There  is  thus  a momentary  flow  of  electrons  inside  the  atoms  and  this  re- 
stitutes the  displacement  or  dielectric  current.  The  displacement  of  the  <t'** 
trons  from  their  normal  position  inside  the  atoms  under  the  influence  of  t 
external  electric  force  constitutes  the  polarisation  of  the  insulator. 

. SIS.  Thermoelectric  effects.  The  free  electrons  inside  a condo*-- 
may  be  considered  as  moving  about  exactly  as  the  molecules  of  a gas.  Tfcr 
thus  exert  a pressure  corresponding  to  the  pressure  of  a gas  on  its  endown 
This  electronic  pressure  varies  for  different  metals  so  that  if  two  diffnr- 
metals  are  in  contact  there  will  be  a greater  pressure  of  electrons  on  ores* 
of  the  junction  than  on  the  other.  Suppose  now  that  we  have  a dew. 
circuit?  consisting  of  two  different  metals,  with,  therefore,  two  junetkJi 
Let  the  two  junctions  be  at  different  temperatures.  As  in  the  case  d pi 
pressure,  the  higher  the  temperature  the  greater  the  pressure.  So  there 
be  a greater  pressure  driving  the  electrons  from,  say,  metal  A to  metal  If « 
junction  1,  than  from  A to  B at  junction  2.  There  will  thus  be  a rtodj 
flow  of  electrons  around  the  circuit,  constituting  the  thermoelectric  cumtt 

116.  Magnetic  effects  on  the  electric  current.  An  electron  in  ms*-* 
constitutes  an  element  of  an  electric  current.  So  that  if  a magnetic  field  - 
applied,  there  will  be  a force  acting  on  the  electrons  in  a direction  perpe- 
dicular  to  both  the  direction  of  motion  of  the  electron  and  the  rasped 
field,  and  proportional  to  the  sine  of  the  angle  between  them.  Suppose  a; « 
that  in  a metal  plate  there  is  an  electric  current  from  left  to  right,  and  there 
fore  a flow  of  electrons  from  right  to  left.  Let  the  plate  be  placed  in  a ear 
form  magnetic  field  perpendicular  to  it,  the  electrons  will  then  be  acted  npea 
by -forces  in  a direction  perpendicular  to  their  motion,  and  they  will  thaw** 
traverse  shorter  distances  measured  in  the  direction  of  their  drift  betew* 
collisions  with  the  atoms  of  the  metal,  and  thus  the  resistance  of  the  m"*? 
will  apparently  be  increased.  This  effect,  which  is  observed  in  all  mraa 
is  especially  marked  in  bismuth,  and  is  made  use  of  in  measuring  rnspew 
fields;  the  increase  of  resistance  of  bismuth  is  a measure  of  the  strength  d 
magnetic  field. 

117.  Hall  effect.  If,  in  the  case  just  considered  (Par.  Ilf),  the  ends af* 
wire  be  joined  to  two  points  at  the  ends  of  a line  on  the  plate,  which  far  e 
perpendicular  to  the  direction  of  the  current,  a current  wifi  flow  through  thin 
branch  circuit  when  the  magnetic  field  is  applied.  This  is  the  “ HaH  effort 
and  may  be  explained  by  the  bending  of  the  paths  of  the  electrons  by  tb 
magnetic  field  which  drives  them  through  the  branch  circuit.  Accords^ 
to  this  view,  the  Hall  effect  should  have  the  same  sign  for  all  metals, ».«, 
the  primary  current  kept  in  the  same  direction  and  the  magnetic  field  istb 
same  direction,  the  secondary  current  through  the  branoh  circuit  should 
in  the  same  direction  whatever  metal  is  used.  This  is  found,  however, 
to  be  the  case.  It  is  probable  that  the  assumptions  made  are  of  toonsjp^ 
a nature;  that  the  more  complicated  structure  of  a metal  must  be  coaadctw 
which  is  itself  affected  by  the  magnetic  field. 

118.  Magnetism.  In  order  to  account  for  the  magnetic  property*  ^ 
bodies  it  has  been  found  necessary  to  consider  the  electrons  contained  in  t* 
atoms.  We  may  consider  the  atoms  as  containing  electrons  circulatiaf 0 
closed  orbits.  It  is  a fundamental  theorem  in  electromagnetism  that* 
small  closed  current  is  equivalent,  as  far  as  its  external  effects  are  eoneerwe 
to  a magnetic  particle  perpendicular  to  the  plane  of  the  current.  An 
tron  circulating  in  a closed  orbit  is  equivalent  to  a current  flowing  in  a dc# 
circuit.  So  that  if  each  atom  contains  a single  circulating  electron,  it  vd 
be  itself  a magnet,  it  will  have  a resultant  magnetic  moment.  But  in 
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leeeeary  to  suppoeethat  the  atoms  contain  many  electrons,  and  bo  it  may 
ippen  that  the  magnetic  moments  of  the  different  circulating  electrons  will 
mtralise  each  other,  in  which  case  the  atom  will  have  no  resultant  magnetic 
oment.  When  this  is  the  case,  the  theory  shows  that  the  effect  of  an  ex- 
rnal  magnetic  field  is  to  modify  slightly  the  electronic  orbits  in  such  a way 
i to  make  the  atoms  exhibit  a diamagnetic  property.  On  the  other  hand, 
ie  magnetic  moments  of  the  different  electrons  may  not  neutralise  them- 
lves  so  that  the  atoms  have  a resultant  magnetic  moment.  In  this  case 
>e  atoms  show  a paramagnetic  property.  The  effect  of  the  external  mag- 
stic  field  is  to  orient  the  atoms  in  the  same  sense,  and  the  substance  as  a 
hole  becomes  magnetised. 

119.  Electrons  in  optical  theory.  The  electron  theory  has  had  its 
eatest  success  in  the  field  of  spectroscopy.  The  earlier  applications  of  the 
ectron  theory  to  optical  phenomena  proceeded  from  the  assumption  that 
i electron  in  orbital  motion  inside  an  atom  acted  as  a generator  for  electro- 
agnetic  waves;  the  frequency  of  vibration  calculated  on  this  assumption 
as  of  the  order  of  magnitude  of  the  frequencies  of  light  waves.  In  recent 
ears  Bohr’s  theory  of  the  origin  of  spectral  lines  has  received  strong  con- 
rmation.  According  to  this  theory  there  are  certain  stationary  states  of 
lotion  of  the  electrons  in  an  atom:  in  these  stationary  states  no  radiation 
' energy  takes  place.  In  passing  from  one  stationary  state  to  another  of 
ss  energy  radiation  is  emitted  whose  frequency,  v,  is  given  by 

As  - E'  -E"  (6) 

here  E‘  and  E"  are  the  energies  in  the  initial  and  final  states,  and  A is  the 
aivorsal  constant  which  enters  into  Planck's  radiation  formula.  It  is  only 
>r  the  atoms  of  the  simplest  constitution  that  this  theory  has  been  worked 
it  in  detail.  In  these  cases  it  has  been  remarkably  successful  in  accounting 
r the  series  of  spectral  lines;  for  the  influence  of  a magnetic  field  in  resolving 
ie  lines  into  components  (Zeeman  Effect);  and  for  the  influence  of  an  elec- 
ic  field  in  causing  resolution  of  the  lines  (Stark  Effect). 
tSO.  Bibliography.  Lorents:  “The  Theory  of  Electrons;”  Leipsic, 

. O.  Teubner,  1904. 

Richardson:  “The  Electron  Theory  of  Matter;”  New  York,  G.  P.  Put- 
im’s  Sons,  1914. 


ROENTGEN  RAYS 

BY  EUGENE  W.  CALDWELL,  M.D.* 

REVISED  BT  J.  S.  SHEARER,  PH.D. 

SM.  DiMttvery.  In  December,  1895,  William  Conrad  Roentgen,  then 
rofessor  of  Physics  at  the  University  of  Wurtsburg,  announced  that  while 
tpeiimentinp  with  the  vacuum  tubes  of  Lenard,  he  had  discovered  a new 
»rm  of  radiation  which  he  called  X-ray,  because  its  exact  nature  was 
aknown. 

SIS.  Properties.  These  rays  differ  from  the  cathode  rays  previously 
sco ve red  by  Lenard  in  having  greater  penetration  and  in  not  being  deflected 
i r magnets. 

Roentgen  found  that  these  rays  would  pass  through  materials  opaque  to 
dinary light  and  set  up  fluorescence  in  crystals  of  barium  platinum  cyanide, 
e found  that  they  oould  not  be  sensibly  refracted  or  reflected  by  any  mate- 
sis  available;  that  they  were  not  deflected  by  a magnetic  field;  that  they 
s net  rated  different  materials  in  a ratio  approximately  inversely  proportional 
> the  atomic  weights,  and  that  they  acted  like  light  on  the  silver  salts  used 
i photography. 

SIS.  The  transparency  of  materials  to  X-rays  depends  on  the  atomic 
eight  and  on  the  voltage  used  in  operating  the  tube.  Taking  water  as 
andard  of  comparison  aluminum  will  transmit  about  38  per  cent,  as  much 
» an  equal  thickness  of  water  for  radiation  from  tube  operation  at  medium 
orking  voltage.  Copper  would  transmit  about  8 per  cent,  as  much  as 
ater. 

124.  Scattered  rays.  A small  proportion  of  an  X-ray  beam  is  scattered 
V the  material  through  which  it  passes.  These  scattered  rays  are  not 
i&nged  in  wave  length  or  quality. 


• Deceased. 
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Sftfi.  Characteristic rays.  J.  J.  Thompson  has shown  thsiwtaX-nvi 
•trike  metallic  plates  such  aa  copper,  silver,  lead,  etc.,  new  rays  areartips 
the  metal  surfaces,  having  penetrating  properties  peculiar  to  tbe  mta 
from  which  they  arise  and  independent  of  the  penetration  of  the  rays  prodr 
ing  them.  The  tube  voltage  used  most  not  be  below  a certain  vibe  p*csk 
to  each  metal.  This  voltage  increases  with  atomic  numbers: 

IS 6.  Theory.  The  discovery  of  Laue  that  a crystal  acts  si  a tfe» 
dimensional  diffraction  grating  proved  that  X-rays  are  identical  in -nato 
with  light  radiant  heat,  etc.  The  average  wave  length  is  about  ose  te 
thousandth  that  of  waves  in  the  visible  spectrum. 

557.  Conditions  necessary  for  production.  When  an  electrical  <b 
charge  is  passed  through  a vacuum  tube  exhausted  to  a Crookes  vane: 
(much  higher  degree  of  exhaustion  than  in  the  tubes  of  Hittorf,  Gee* 
and  Lenard)  X-rays  are  produced  wherever  the  cathode  stream  is  amtf 
by  the  walls  of  the  tube  or  metallic  objects  therein. 

558.  Cathode  rajs  or  electrons.  X-rays  are  originated  by  the  wafer 
change  in  velocity  of  small  electric  chargee  on  impact  matter.  These  eb?r 
are  elementary  units  of  negative  electric  charge  and  are  now  generally  aaaa; 
electrons. 

flflt.  Quality  and  penetration  of  X-rays.  The  quality  of  aa  X-n? 
beam  is  related  to  the  various  wave  lengths  involved  just  as  the  qoaSty  <r 
sound  is  governed  by  the  loudness  and  pitch  of  each  constituent  tone  hsri 
When  a tube  is  operated  at  25  kv.  the  wave  lengths  will  range  from  shot 
0.48  X 10~*  cm.  to  0.8  X 10“*  cm.  Raising  the  operating  voltsg*  *1 
change  the  radiation  as  follows: 

(а)  Increase  the  energy  of  all  wave  lengths  present  at  the  lower  rotor 

(б)  Introduce  shorter  waves  than  were  present  at  the  lower  voKase. 

(cj  Shift  the  region  of  maximum  intensity  toward  the  shorter  wareksp* 

The  absorption  for  a given  thickness  of  absorber  increases  verr  wsrfr 1 

the  cube  of  the  wave  length.  It  follows  that  the  fraction  of  the  oris®* 
beam  passing  through  a given  thickness  of  material  depends  on  the  coop* 
tion  of  the  beam,  consequently  the  penetration  will  change  with  th®  opr 
a ting  voltage.  Since  on  increased  voltage  there  are  introduced  shorter*** 
lengths  the  beam  is  made  more  penetrating  by  higher  voltage  operatic; 

550.  X-ray  tubes.  There  are  two  types  of  tube  in  use  at  present  TV 
earlier  type  contains  a limited  amount  of  gas  from  which  the  supply  of  ci- 
trons is  obtained.  This  may  be  designated  briefly  as  the  gas  tube,  b t* 
more  recent  type  developed  by  Cootidge  the  electrons  are  freed  by*® 
from  a wire  (the  filament)  and  it  is  spoken  of  as  the  hot  cathode  *** 
In  all  tubes  designed  for  radiographic  or  fluoroscopic  work  the  cathode 
be  so  designed  as  to  concentrate  the  electron  stream  on  a very  small  ww* 
focal  spot. 

551.  Characteristics  of  tubes.  The  quality  of  radiation  from*** 
depends  slightly  on  the  nature  of  the  target  or  anode,  but  mainly  «• 1 ® 
operating  potential.  The  amount  of  radiation  will  depend  on  then  3 
the  amount  of  current.  When  tubes  of  the  same  target  material 

a ted  at  the  same  current  and  voltage  they  develop  the  same  quantise  a 
radiation  of  the  same  quality. 

Control  is  secured  by  regulation  of  current  and  voltage.  One  may  is*** 
the  applied  voltage  or  alter  the  internal  condition  of  the  tube  or  both.  Aptf 
ing  increased  voltage  to  a gas  tube  will  cause  increased  current  and  mi  * 
may  not  result  in  increased  operating  voltage.  Also  its  behavior  a up 
dependent  on  the  amount  of  free  gas  in  the  bulb  and  this  needs  oo*o^ 
Various  ingenious  devices  have  been  developed  for  this  purpose.  1®  u 
hot  cathode  tube  the  amount  of  negative  charge  freed  from  the  hot  cstfcc^ 
fixes  the  maximum  current  possible,  and  varies  with  the  temperature  « ** 
filament.  Control  is  secured  by  variation  of  filament  current  and  cf  u 
applied  voltage  operating  the  tube. 

Ul.  Generating  apparatus.  The  voltages  required  for  tube  op** 
tion  vary  from  30  k.v.  to  approximately  90  k.v.  The . current  wn* 
from  2 to  75  or  100  milliamperes.  Such  high  voltages  require  trsmfon^ 
for  their  production.  When  direct  currents  were  mainly  used,  the  indorse 
©oil  with  interrupter  was  in  general  use.  In  the  United  States  this  bs®  ** 
almost  entirely  superceded  By  the  alternating-current  transformer. 
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must  be  connected  to  a suitable  revolving  switch  or  rectifier  for  use  with  gas 
tubes  or  high  power  Coolidge  tubes.  For  operation  up  to  30  milliamperee 
at  60  k.  v.  a Coolidge  tube  has  been  perfected  that  may  be  connected 
directly  to  the  transformer.  Such  tubes  are  ae  yet  unsuitable  for  continuous 
operation  above  3 milliamperee. 

888.  Measurement.  It  is  customary  to  measure  the  current  passing 
through  the  tube,  with  an  ordinary  milliampere  meter  of  d'Arsonval  type 
mounted  on  an  insulating  support  and  having  one  terminal  connected  to  tne 
metal  case.  The  potential  difference  aoroes  tube  terminals  is  estimated  by 
length  of  equivalent  spark  gap.  Electrostatic  voltmeters  may  be  used  for 
this  purpose. 

The  quality  of  the  ray  is  beet  expressed  by  giving  the  true  equivalent  spark 
gap  sinoe  voltage  is  the  factor  fixing  quality  or  penetration. 

The  measurement  of  quantity  of  X-ray  is  usually  made  by  comparing, 
with  a standard  scale,  the  change  in  color  produced  in  a chemical  test  piece 
which  has  been  exposed  to  the  rays.  * Stern  in  1903  proposed  to  use  stripe 
of  bromide  paper  for  measuring  the  dose  of  X-ray;  the  strips  were  developed, 
ftfter  exposure,  for  a standard  time  in  a standard  developer  and  then  com- 
pared with  a color  scale.  The  Kienboeck  quantimeter  which  appeared  a 
few  years  later  is  essentially  the  same  device.  Sabarand  and  Noir6  use 
discs  coated  with  barium  platinum  cyanide  which  turns  darker  when  ex- 
posed to  X-rays. 

There  is  a growing  tendency  to  replace  empirical  measures  of  this  class  by 
a statement  of  current,  spark  gap,  distance  and  time  in  order  to  estimate 
the  amount  of  radiation  received  by  an  exposed  surface.  For  laboratory 
purpose^  the  ionising  power  of  X-rays  is  used  as  a measure. 

. 834.  X-ray  spectra.  By  means  of  the  diffracting  power  of  crystals  the 
distribution  of  energy  among  the  various  wave  lengths  has  been  measured 
as  well  as  the  aotualwave  lengths.  Knowing  wavelengths  the  spacing  ana 
types  of  arrangement  of  atoms  in  crystals  have  been  studied. 

838.  Principal  uses.  The  medical  and  surgical  use  of  X-rays  in  diag- 
nosis and  therapy  are  still  the  most  important,  but  recently  many  new  fields 
have  developed,  such  as  inspection  of  materials,  ohemioal  analysis,  study  of 
crystals,  detection  of  flaws  m manufactured  products,  eto. 


836.  Roentgenography.  The  so-called  X-ray  photography  for  medical 
or  surgical  diagnosis  should  not  be  undertaken  by  electricians  or  photograph- 
ers. The  safe  interpretation  of  Roentgen  ray  shadows  is  difficult,  and 
requires  special  training.  Their  resemblance  to  photographs  makes  them 
misleading  to  the  inexperienced. 

837.  X-ray  burns.  The  so-called  X-ray  burns  may  be  acute,  devel- 
oped from  a single  prolonged  exposure,  or  they  may  be  chronic,  developing 
gradually  as  a result  of  repeated  small  exposures  which,  individually,  would 
produce  no  noticeable  effect.  The  acute  burn  seldom  appears  before  five 
days  after  the  exposure  and  sometimes  as  late  as  three  or  four  weeks  later. 
The.  reddening,  blistering  and  sloughing  observed  in  ordinary  burns  and  due 
to  death  of  tissue,  are  present.  All  X-ray  injuries  are  especially  slow  in 
healing.  The  chronic  type  resembles  the  senile  keratosis  (the  horny  skin 
produced  by  the  sun  and  wind  on  the  faoes  and  hands  of  old  people).  These 
chronic  keratoses  are  classed  as  precancerous,  and  when  once  established 
are  prone  to  increase  and  develop  into  cancerous  growths  without  further 


exposure. 

In  the  ordinary  application  of  the  ray  for  diagnosis  or  treatment  the  danger 
to  the  subject  is  tittle,  but  physicians  working  daily  around  X-ray  tubes 
must  observe- caution  to  escape  injury. 

To  protect  the  patient,  screens  of  aluminum  from  i to  3 mm.  thick  are 
interposed  to  cut  out  the  rays  of  low  penetration  which  would  otherwise  be 
absorbed  by  the  skin. 

The  tubes  are  shielded  by  being  enclosed  in  chambers  composed  of  metal 
?r  lead  glass. 

The  controlling  devices  are  placed  behind  screens  of  lead  from  2 to  5 mm. 
;hick  and  provided  with  lead-glass  windows.  Protective  aprons  and  gloves, 
sompoeed  of  rubber  cloth  impregnated  with  lead  or  bismuth  salts  are  worn 
>y  tne  operator. 


* 8.  Stern,  Journal  of  Cutaneous  Diseases,  Dee.  26,  1907. 
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SSS.  Treatment  of  injuries.  The  treatment  of  X-ray  injuries  a my 
difficult  and  tedious.  Surgical  removal  with  akin  graft  maybe  peccary 
It  is  extremely  important  to  avoid  the  use  of  irritating  or  stimulating  dr, 
menta  such  as  the  much  advertised  skin  remedies. 

The  chronic  keratoses  may  be  destroyed  by  freesing  with  liquid  sir  r 
carbon  dioxid  snow,  by  burning  with  high-frequency  sparks,  or  by  expo m 
to  the  rays  of  radium.  These  agents  all  produce  a destruction  of  time  W 
lowing  by  sloughing.  Of  these,  radium  is  by  far  the  least  painful 
lit . Literature.  The  literature  on  X-rays  is  mainly  to  be  fend  i 
conjunction  with  works  on  its  medical  applications.  In  addition  there  si 
growing  periodical  literature  in  technical  magazines  on  the  comsxru 
applications.  Brief  scientific  works  are:  “X-rays.”  Kaye;  “X-rm 
General  Electric  Company;  “X-rays  and  Crystal  Structure,”  Bragg;  Tk 
“U.  8.  Army  X-ray  Manual,”  gives  a general  idea  of  this  field. 

LIGHTNING  RODS 

BY  BBNST  J.  BKRO,  BC.  D. 

Prof.  Electrical  Engineering,  Union  College 
Fellow  A.  I.E.  E. 

140.  Source  of  atmospheric  electricity.  Among  the  many  tkscrw 
propounded  that  of  Dr.  George  C.  Simpson  ° appears  perhaps  most  nta*. 
In  brief  he  concludes  from  laboratory  experiments  with  drops  of  mitt  » 
air  that  when  such  drops  are  broken  up  in  smaller  drops  the  water  betas* 
positively  and  the  air  negatively  charged.  This  fact  used  in  coajvseto* 
with  Lenards  proof  that  drops  larger  than  0.2  in  diameter  are  unstable 
falling  through  air  and  that  drops  smaller  than  0.2  in  diameter  situ:  i 
velocity  leas  than  18  miles  per  hr.,  form  the  basis  for  the  following  hr' 
explanation  quoted  in  Dr.  Simpson's  words. 

r‘  It  is  exceedingly  probable  that  in  all  thunderstorms  ascending  nova 
greater  than  18  miles  an  hour  occur.  Such  currents  are  the  source  of  krr 
amounts  of  water  which  cannot  fall  through  ascending  air.  Hence  at  tkfcf 
of  the  current,  where  the  vertical  velocity  is  reduced  on  account  erf  tbs  kfco 
motion  of  the  air,  there  will  be  an  accumulation  of  water.  This  water  ti 
be  in  the  form  of  drops  which  are  continually  going  through  the  proems 
growing  from  small  drops  into  drops  large  enough  to  be  broken.  Every  tori' 
a drop  breaks  a separation  of  electricity  takes  place,  the  water  recenw  > 
positive  charge,  ana  the  air  a corresponding  amount  of  negative  ions.  TV 
air  carries  away  the  negative  ions,  but  leaves  the  positively  charged 
behind. 

" A given  mass  of  water  may  be  broken  up  many  tames  before  it  faOt  *> 
in  oonsequence  may  obtain  a nigh  positive  charge.  When  this  water  fexft 
reaches  the  ground  it  is  recognised  as  positively  charged  rain.  The  k* 
which  travel  along  with  the  air  are  rapidly  absorbed  by  the  cloud  partiffc 
and  in  time  the  cloud  itself  may  become  highly  charged  with  negative  efcetrr 
ity.  Now,  within  a highly  electrified  cloud  there  must  be  s rapid  eocsbiaat^ 
of  the  water  drops,  and  from  it  considerable  rain  will  fall;  this  rain  w m 
negatively  charged,  and  under  suitable  conditions  both  the  charges  oo  « 
rain  and  the  rate  of  the  rainfall  will  be  large. 

“A  rough  quantitative  analysis  shows  that  the  order  of  magmtaoeoi ” 
electrical  separation  which  accompanies  the  breaking  of  a drop  is  yf1 
to  account  for  the  electrical  effects  observed  in  the  most  violent  thay 
storms.  AH  the  results  of  the  observations  of  the  electricity  of  rain  destr** 
above  are  capable  of  explanation  by  theory,  which  also  agrees  well  wit*  ® 
actual  meteorological  phenomena  observed  during  thunderstorms" 

S41.  Importance  of  lightning  protection.  Statistics  show  tfcs* j 
this  country,  between  700  and  800  persons  are  annually  killed  by  Bfthtsnj 
and  about  twice  as  many  seriously  injured. t The  efficiency  of  hfhtijj 
rods  for  farm  houses  in  the  middle  west  can  be  judged  from  statistics  gstwj 
by  Mr.  E.  W.  Kellogf  who  concludes  that  for  an  equal  number  ofbc« 


• Proceedings  of  the  Royal  8ociety.  Series  A,  Vol.  LXXXII,  p.  1®* 
t Farmers*  Bulletin.  No.  367,  U.  8.  Dept,  of  Agriculture. 

* University  of  Missouri,  Bulletin  No.  7,  Eng.  Exp.  Station. 

1896 

Digitized  by  Google 


MISCELLANEOUS  APPLICATIONS  Sec.  82-242 


rodded  and  not  rodded,  the  fine  due  to  lightning  are  approximately  15  times 
peater  with  the  buildings  not  rodded  than  with  those  which  are  rodded. 


MS.  Nature  of  the  discharge.  Sir  Oliver  Lodge  first  suggested  that 
there  are  at  least  two  distinct  kinds  of  discharges,  one  of  whioh  is  relatively 
juiet  and  which  results  from  the  gradual  breaking  down  of  the  air  between 
the  object  struck  and  the  charged  cloud  and  another  which  is  a violent 
lecondaiy  discharge  caused  by  a primary  discharge  in  the  vicinity.9  The 
first  kind  follows  the  well-known  laws  familiar  to  the  electrical  engineers — 
aws  that  deal  with  more  or  lees  permanent  conditions.  The  nature  of  the 
iischarge  is  governed  by  the  resistance,  inductance  and  capacity  of  the  path. 
The  path  itself  is  almost  certain  to  be  the  rod  on  account  of  the  conducting 
streamers  above  it.  The  second  kind  is  more  complex,  and  the  laws  that  ii 
follows  are  less  thoroughly  understood.  There  is  no  conducting  path  above 
the  rods  because  there  may  have  been  no  potential  difference  between  them 
and  the  surrounding  air  before  the  discharge.  Thus  the  rods  may  readily 
be  missed,  and  the  discharge  may  enter  any  portion  of  the  roof  and  find  its 
way  to  the  ground  through  the  building.  To  guard  against  these  contin- 
gencies it  would  seem  that  the  entire  roof  should  be  of  metal,  or  at  least 
largely  covered  by  metal  network. 

Prof.  Flemming  has  compared  the  first  with  the  slow  combustion  of  gun 
powder  placed  in  a room  and  carefully  lighted,  the  second  with  detonating 
powder.  In  the  first  case  the  heated  air  and  gases  of  combustion  are  readily 
guided  through  the  chimney  and  do  no  harm;  in  the  second  case  no  matter 
now  large  the  chimney  is,  enormous  pressures  will  exist  in  all  directions. 
The  reason  for  this,  is  that,  while  the  inertia  of  the  air  normally  is  very  small 
and  it  can  readily  be  displaced,  it  becomes  tremendous  when  sudden  forces 
are  applied;  in  fact,  during  the  very  first  instant  the  ait  acts  as  a solid. 


MS.  Electrical  constants  of  lightning  rods.  While  the  number  of 
oscillations  of  a lightning  discharge  in  clouds  or  between  clouds  and  earth 
is  entirely  unknown  and  may  perhaps  even  be  aero,  it  seems  necessary  that 
the  discharge  originating  in  tne  vicinity  of  the  rod  and  carried  in  the  rod 
must  be  of  very  high  frequency.  In  the  passing  of  high  frequency  currents, 
energy  is  expended  as  heat  at  the  surface  of  tne  conductor  and  as  electrio 
radiations  in  the  surrounding  space.  The  ohmic  resistance,  which  depends 
upon  the  conductivity  and  the  cross-section  of  the  rod,  is  of  practically  no 
importance;  even  the  shape  of  the  conductor,  which  is  of  much  importance 
frith  frequencies  from  100  to  100,000  cycles,  possesses  relatively  little  im- 
portance at  still  higher  frequencies. 

The  same  applies  to  the  inductance  of  the  conductor— it  is  also  practicably 
independent  of  the  land  of  material  or  its  cross-section.  It  is  evident  that, 
provided  the  lightning  discharge  in  the  rod  is  a high-frequency  oscillation, 
from  an  electrical  point  of  view  it  matters  really  very  little  whether  copper  or 
iron,  flat  or  round,  stranded  or  solid  conductors  are  used,  although  there  is 
i slight  advantage  in  flat  ribbons  at  all  but  the  highest  frequencies.  The 
>bject  of  the  lightning  rod  is  to  present  a path  for  the  discharge,  a path  offer- 
ng  much  less  obstruction  than  any  path  through  the  building.  If  the  ohmic 
esistance  were  all  important  this  could  well  be  done  by  using  a very  large 
)opper  rod,  but  at  these  very  high  frequencies  the  obstruction  or  impedance 
s measured  in  tens  or  even  hundreds  of  ohms,  whereas  the  ohmic  resistance 
nay  be  but  a small  fraction  of  an  ohm. 

M4.  Electrical  characteristics  of  lightning  itself.  The  greatest 
lumber  of  lightning  dischargee  take  place  inside  clouds  or  between  adjacent 
floods.  These  discharges  involve  usually  rather  moderate  voltages,  and 
vhile  interesting  are  hardly  within  the  scope  of  this  paper.  The  knowledge 
>f  the  nature  of  lightning  discharges  from  cloud  to  earth  is,  however,  of  great- 
ist  importance  in  studying  the  efficiency  of  lightning  rods.  Unquestionably 
Rich  discharges  take  place  not  only  at  moderate  voltages,  but  also  at  voltages 
vhich  are  exceedingly  high;  the  latter  being  true  when  the  charged  cloud  is 
operated  from  earth  by  a layer  of  more  or  less  dry  free  air. 

Under  these  extreme  conditions  the  distribution  of  potential  may  be  fairly 
iniform,  and  the  air  may  be  charged  to  its  breakdown  point  all  through  its 
nass,  in  which  event  the  potential  difference  would  be  exceedingly  great. 
I*he  maximum  value  of  the  discharge  current  may  also  be  very  great,  reach- 


* Lightning  Conduction,  published  by  Whittaker  4 Co. 
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ins  several  thousand  if  not  hundreds  of  thousands  of  amperes,  is  my  h 
Judged  from  the  consideration  of  the  following  simple  case.  An  area  oa  t» 
surface  of  the  earth  100  ft.  square  is  subjected  to  the  discharge  of  a dm 
also  100  ft.  square,  at  a distance  of  1,000  ft.  In  this  case  the  capacity  1 
approximately  0.000027  microfarads,  a very  small  capacity  indeed, so 
thing  like  that  of  the  smallest  Leyden  jar.  If  the  eleotric  stress  aa  aae&m 
were  uniformally  distributed  throughout  the  air  space  separating  efcs 
and  earth,  and  if  the  disruptive  strength  of  air  is  30,000  volts  per  cl,. 
potential  of  912,000,000  volts  would  exist  between  cloud  and  earth  ;j 
before  the  stroke.  The  electric  charge,  that  is,  the  amount  of  ekctrke; 
stored,  would  be  0.025  coulombs,  a very  small  value  when  considered  b 
itself.  The  energy  stored  would,  however,  be  great  on  account  of  the  kd 
difference  of  potential.  It  would  be  11,200  kw-secs.,  corresponding  to  d? 
energy  of  almost  a pound  of  dynamite.  This  energy  is  expended  in  heat  u 
electno  radiation,  partly  in  the  stroke  before  it  reaches  the  rod.  partly  z 
the  circuit  of  the  rod.  The  higher  the  frequency  the  greater  is  the  rdst* 
amount  radiated.  With  a small  copper  rod  the  energy  radiated  at  14WO.OO 
cycles  is  perhaps  50  times  as  great  as  that  converted  to  heat  in  the  rod 
Whether,  however,  the  energy  is  radiated  or  directly  converted  to  heat 
not  so  material.  In  either  case  the  maximum  current  in  the  rod  myb 
enormous  and  depends  upon  the  frequency  of  the  discharge.  With  a fcp- 
ning  discharge  this  may  be  from  100,000  to  perhaps  5.000,000  per  sec,  a 
which  case  the  maximum  value  of  the  current  is  from  15,000  to  750.000  sap- 
It  being  proportional  to  the  frequency.  Steinmeta*  has  shown  that  the  im- 
pedance or  total  obstruction  of  the  high  frequency  conductor  is  about  L'. 
ohm  per  ft.  at  100,000  cycles,  0.5  ohm  per  ft.  at  500,000  cycles,  1 ohnpff 
ft.  at  1,000.000  cycles,  and  2.5  ohms  per  ft.  at  5,000,000  cycles.  Thus'i" 
maximum  drop  of  potential  per  ft.  of  lightning  rod  would  be  1,500  Wtt 
at  100,000  cycles,  9,000  volts  at  250,000  cycles,  37,000  volte  at  500,000  nrea 
150,000  volte  at  1,000,000  cycles  and  1,880,000  volts  at  5,000,000  eyck. 


245.  Relation  of  frequency  to  other  factors.  While  in  every  disehur 
almost  an  infinite  number  of  frequencies  undoubtedly  are  represented,  it 
is  probable  that  one  is  preponderating.  Were  it  permissible  to  consider  tb* 
the  frequency  in  the  discharge  after  it  reaches  the  rod  is  governed  only  by  tb 
electrical  constants  of  the  rod,  the  wave  length  would  be  somewhat  raoretb: 
four  times  the  height  of  the  rod.  This  would  mean  with  an  ordinary  dvdb* 
with  a rod  of  say  about  50  ft.,  about  5,000,000  cycles.  If  on  the  other  bx 
the  effect  of  the  rod  is  hardly  noticeable  and  the  frequency  is  governed  by  tb 
distance  between  cloud  and  earth,  the  frequency  will  be  much  lower.  «T 

250.000  cycles,  with  a distance  of  2,000  ft.  between  the  cloud  and  earth 

In  the  first  case  the  drop  in  potential  per  ft.  is  about  2,000,000  volte,  $ 

the  second  case  only  9,000  volts.  # The  first  ease  gives  an  idea  of  the  coair 
tions  of  a secondary  stroke.  It  is  of  very  high  frequency  and  may  bt  tk 
result  of  the  discharge  of  the  air  immediately  surrounding  the  rod  rather  tb: 
the  entire  air  between  cloud  and  earth.  > The  discharge  area  is  in  this  ctf 
difficult  to  estimate;  it  may  be  quite  limited  or  it  maybe  quite  great. 

Assuming  again  an  area  of  100  ft.  square  and  calculating  the  voltage 
capacity,  it  is  found  that  the  capacity  is  increased  in  the  same  pronortiaB  * 
the  voltage  is  decreased ; therefore  the  charge  and  maximum  vale  of  the  currerf 
remains  unchanged.  The  maximum  value  of  the  current  would  be.  *7 

750.000  amp.,  and  the  drop  per  ft.  of  rod  about  2,000,000  volts. 

It  is  evident  that  only  a very  small  part  of  such  discharge  would  tr»v* 
through  the  conductor,  and  that  the  main  discharge  would  jump  several  fc* 
in  the  air  rather  than  travel  1 ft.  in  the  conductor.  (The  drop  in  potest* 
of  2,000,000  volts  per  ft.  corresponds  to  2 ft.  striking  distance  between  per* 
lei  planes  and  perhaps  10  ft.  distance  between  projecting  masses  of  metal 1 

The  second  case  is  approached  when  a lightning  discharge  takes  pis’ 
from  cloud  to  rod  after  a conducting  path  has  been  prepared  by  mesas : 
streamers.  It  is  the  first,  the  quiet  type  of  lightning  mentioned  in  thebe 
ginning  of  the  paper. 

246.  Advantage  of  multiplicity  of  rod.  A single  lightning  rod  roty  k 
expected  to  take  care  of  low  frequency  discharge  from  cloud  to  earth,  bat « 
entirely  inadequate  to  cope  with  a violent  secondary  discharge,  even  if  * 
struck  the  rod  instead  of  the  building  proper. 


• " Transient  Phenomena/'  McGraw-Hill  Book  Company,  Ine. 
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>ne  lightning  rod,  while  offering  some  protection,  may  be  considered,  under 
normal  conditions,  entirely  inadequate  to  cope  with  the  situation.  If  the 
ldings  were  grounded  by  ten  rods  the  condition  would  be  much  improved, 
1 the  lightning  discharge  would  probably  be  confined  to  the  system  of  rods. 
147.  Installations.  Experience  seems  to  have  settled  beyond  reasonable 
lbt,  that,  if  properly  installed,  lightning  rods  afford  considerable  pro- 
tion.  A large  number  of  instances  might  be  Quoted,  but  suffice  it  here  to 
ntion  only  one.  Before  equipping  the  buildings  of  The  University  of 
nois  with  rods,  three  fires  were  caused  by  lightning;  since  that  time,  though 
i number  of  buildings  has  been  greatly  increased,  there  has  been  no  damage 
ra  lightning.  It  should  be  remembered,  however,  that  a rod  faultily 
tailed  may  make  matters  worse  than  would  be  found  where  no  rods  were 
>d.  Assume,  for  instance,  that  a large  building  is  equipped  with  a high 
t broken  rod  having  poor  joints  or  a high  resistance  to  ground,  say  several 
ndred  ohms,  which  undoubtedly  sometimes  is  the  case.  Such  a rod  could 
ve  the  function  of  equalising  the  potential  between  cloud  and  earth  almost 
effectively  as  a good  rod,  and  were  there  only  a sufficient  number  of  them 
is  conoeivable  that  the  neutralisation  of  potential  would  be  so  complete 
to  make  a flash  discharge  practically  impossible.  A building  having  one 
i only,  however,  is  considered  at  present.  The  rod  is  assumed  as  project- 
\ considerably  above  the  building.  If  the  electric  tension  is  great,  un- 
eationably  streamers  are  emitted,  the  air  above  the  rod  is  made  fairly 
nduotive  and  thus  the  discharge  is  invited.  The  question  is  then:  How 
n such  a rod  take  care  of  the  discharge?  It  has  been  shown  how  the  die* 
arge  current  frequently  is  very  large  and  while  the  ohmic  resistance  of 
e rod  Is  practically  immaterial  as  long  as  it  is  at  all  reasonable,  it  must 
t approach  or  exceed  the  normal  value  of  the  impedance.  In  a rod,  say 
ft.  long,  the  ohmic  resistance  of  even  the  smallest  practicable  iron  conductor 
a fraction  of  an  ohm  only  and  the  impedance  is  perhaps  30  to  75  ohms, 
pending  upon  the  height  and  frequency  of  the  discharge.  It  is  easily 
»n  that  a poor  joint  may  have  many  times  this  resistance;  therefore,  when 
e discharge  encouraged  by  the  streamers  from  the  defective  rod  strikes  the 
tilding  it  finds  the  rod  entirely  inadequate  to  cope  with  the  situation.  The 
tlUge  drop  in  the  rod  is  so  great  that  it  is  far  easier  for  the  current  to  split 
i in  a number  of  paths  and  enter  through  the  building  than  to  confine  itself 
the  rod.  An  apparent-  paradox  thus  exists.  The  rod  should  have  good 
ints,  should  have  good  ground  connection,  and  should  be  mechanically 
cure  against  breaking;  although  the  shape  of  the  rod,  its  metal  or  its  general 
mentions  are  rather  immaterial. 

141.  Location.  The  rods  should  always  be  plaoed  outside  of  the  building 
id  it  is  indeed  a question  whether  the  vertical  part  of  the  system,  that  is, 
« rod  proper,  should  not  be  some  little  distance  from  the  wail  and  possibly 
wi  insulated  therefrom.  They  should  be  plaoed  a considerable  distance 
om  gas  pipes,  stove  pipes,  water  pipes  and  balconies  or  places  where  persons 
ight  be  during  a storm. 

149.  Material  and  construction.  Lodge’s  experiments  and  theory 
iow  conclusively  that  there  is  no  advantage  in  copper  over  iron.  Copper 
ay  have  raechanioal  advantages  under  certain  conditions,  for  instance  in 
ties  where  the  atmosphere  is  charged  with  soot  and  a variety  of  fumes, 
alvamsed  iron  has  the  advantage  of  cheapness,  with  a possible  electrical 
iperiority.  While  flat  conductors  have  a very  slight  advantage,  it  appears 
<o  small  to  be  considered  seriously . A round  wire  or  a pipe  can  be  bandied 
mveniently,  and  seems  preferable.  In  the  installation  of  the  rods,  sharp 
mds  should  be  avoided  as  much  as  possible.  There  is  little  or  no  advantage 
using  large  and  expensive  copper  conductors  or  cables;  a rise  mechanically 
tisfactory  is  likely  to  serve  all  electrical  purposes.  Expensive  sharp  points 
[®r  little  advantage  over  ordinary  rather  blunt  points.  The  rods  may 
Ivantageously  terminate  in  a number  of  points  projecting  only  a short 
stance  above  the  part  to  be  protected. 

MO.  The  ground  connection  should  be  of  low  resistance,  and  therefore 
* rods  should  preferably  terminate  in  moist  soil.  ‘'Salting”  the  ground 
*7  be  an  advantage,  but  experience  with  such  grounds  is  not  sufficient  to 
srrant  its  adoption  unless  an  occasional  inspection  is  made.  In  many  cases 
oellent  connection  can  be  made  by  driving  a galvanised  gas  pipe  a few 
®t  into  the  ground.  In  installing  the  rod,  allowance  for  expansion  and  con- 
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traction  should  be  made.  Gas  pipes  should  not  be  connected  to  ttfktasf 
rods,  nor  should  the  rods  be  placed  in  too  dose  proximity  to  than. 

851.  Precautions.  A building  having  its  windows  and  doon  ope. 
affords  opportunity  for  the  entrance  of  air,  perhaps  ionised  air  nude » 
ductive  by  a previous  discharge.  It  is,  therefore,  safer  to  keep  the  bos 
dosed  during  a violent  storm.  It  is  also  well  to  keep  away  not  only  froze 
rod  but  from  chimney*,  kitchen  ranges,  metal  pipes,  etc. 

The  damage  by  lightning  in  cities  is  relatively  small,  and  so  far  the  weds 
sky  scrsper,  with  its  vast  amount  of  steel,  appears  to  be  lightning  prod 


ELECTROSTATIC  MACHINES 

BT  OTIS  ALLS*  UNTO! 

Engineer,  Roy  D.  Lethbridge,  Inc.,  Member,  American  Institute  EUctrc 
Engineers,  Member  Society  Automotive  Engineers 
SU.  Glassification.  There  are  two  fundamental  types  of  electrons 
generators,  namely,  those  in  which  the  e.m.f.  is  generated  by  contac*. 
two  unlike  substances  and  those  in  which  it  is  generated  by  electne  indemr 
the  former  are  called  frictional  machines  ana  the  latter  are  called  i*9*w 
machines. 

IN.  Frictional  machines.  In  a circuit  composed  of  unlike  mfenv 
there  exists  a difference  of  electric  potential  at  the  junction  of  these  mstmm 
However,  from  the  law  of  the  conservation  of  energy,  no  electricity  wtf  k* 
in  the  circuit  unless  energy  from  an  external  source  is  applied  thereto-  k 
frictional  machines  the  energy  which  produoes  the  flow  of  electricity  is  «r 
plied  by  the  heat  due  to  mechanical  friction. 

854.  Electrical  Series* 

(Riees) 


Positive 


Negative 


Fur,  human  h&ir 


Glass 

Fur,  wool,  linen,  silk,  paper,  metals 


Diamond,  topas,  thummer-atone, 
quarts,  calcareous  spar,  mica,  pol-j 
iahed  glass.  I 

Glass,  silk 


G lass,  porcelain,  wood,  metak  nei 
sulphur. 

Zinc — tin  amalgam  on  leather  (m* 
Rosin,  sealing  wax,  sulphur,  defc* 
amber  (sure). 

Wool,  linen,  silk,  leather. 


Metals. 


855.  Theory  of  frictional  machines.  When  two  unlike  txxfiw  v 
rubbed  together,  the  energy  applied  is  partly  stored  by  the  estabfcshmo*  i 
a dielectric  field  and  partly  dissipated  as  radiated  beat.  The  dietaa 


Fio.  32. 


Fio.  33. 


field  established  while  the  two  bodies  are  in  contact  causes  electricity  toft 
to  the  surface  of  the  bodies,  a positive  charge  being  collected  at  one  eif 
and  a negative  charge  at  the  other.  The  energy  thus  stoned,  in  watt-s 
is  numerically  equal  to  the  produot  of  the  strength  of  the  dielectric  i 
in  volts,  and  the  quantity  of  electricity  transferred, In  coulombs.  Theca 

* The  substances  at  the  left  are  each  supposed  to  be  nibbed  with  say* 
of  the  substanoes  given  at  the  right  and  in  the  same  row. 
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us  imparted  to  the  dielectric  field  may  be  manipulated  eo  as  to  raise  the 
n.f.  to  a point  limited  only  by  the  dimensions  and  insulation  of  the  machine. 
>r  instance,  in  the  case  of  two  bodies  in  contact  as  at  a,  Fig.  32,  the  quantity 
electricity  transferred  by  the  dielectrio  field  is  Q — CB  and  the  energy 
us  absorbed  is  W**BQ  where  Q is  the  quantity  in  coulombs,  C is  the 
parity  in  farads,  B is  the  potential  difference  in  volts  and  W is  the  energy 
joules.  If  the  two  bodies  are  separated  as  at  b,  Fig.  32,  the  capacity  is 
duced  to  C',  and  since  the  quantity  Q is  fixed,  the  strength  of  the  dielectrio 
Id  must  increase  to  B*  in  accordance  with  the  relation  B 9 — Q/C '.  However, 
Q — W'  is  greater  than  W;  therefore,  it  requires  mechanical  foroe  to  separate 
e bodies. 

SM.  Construction  of  a laboratory  type  of  friction  machine  is  shown 

Fix.  33.  A glass  plate,  P,  is  rotated  in  the  direction  shown  by  the  arrow 
id  the  rubbing  surface,  R,  which  is  made  of  leather  coated  with  an  amalgam 
food  amalgam  recommended  by  Kienmayer  is  1SN  + lZn+2Hg),  rubs 
gainst  the  glass  plate  generating  a dielectric  field  which  conveys  the  negative 
sctrieitv  toward  the  terminal  T i and  the  positive  electricity  to  the  opposite 
de  of  plate  P.  At  the  comb  C the  dielectric  flux  is  so  dense  that  the  air  is 
ndered  conducting  and  electricity  passes  between  P and  7Y  Thus  the 
ndency  is  for  positive  electricity  to  be  transferred  to  Tt  and  the  negative 
sctricity  to  Tt.  The  energy  for  this  transfer  of  electricity  is  generated  by 
to  friction  between  R and  P,  and  the  potential  of  the  machine  depends  upon 
s own  dimensions  and  its  insulation. 

UT.  Experiments  by  Reiss*  disclose  the  relation  between  e.m.f. 
ad  friction.  The  results  are  given  briefly  as  follows:  a fiat  metallic 
dindert  1.575  in.  (40  mm.)  in  diameter,  covered  with  leather,  was  set  upon 
i ebonite  plate  and  drawn  by  an  insulated  handle  over  the  surface,  the 
large  being  measured  with  a sine  electrometer.  The  disc  was  drawn  1.18 
. (3  cm.)  in  one  place;  it  was  then  set  in  another  place  and  drawn  1.18  in. 
cm.)  again  and  so  on,  eight  times,  with  the  following  results: 


E9E9 

Charge 

1 

mmmm 

Next  the  disc  was  drawn  0.45  in.  (24  cm.)  without  stopping  and  the  same 
suit  (1.03)  was  obtained.  It  was  also  found  that  there  was  maximum 
due  beyond  which  the  charge  was  not  increased  by  drawing  the  diso 
rther. 


188.  Influence  machines.  The  second  type  of  machine,  based  on  the 
rinciple  of  electrio  induction,  and  commonly  known  as  the  influence  machine, 
aerates  as  follows:  a conductor  thrust  into  a field  of  dielectric  flux  will  have 
i e.m.f.  generated  in  it 
hich  will  cause  a certain 
i&ntity  of  electricity  to 
>w,  and  store  a corre- 
>onding  amount  of  energy, 
ig.  34  shows  two  bodies, 
and  2,  connected  to  a 
ittery  B as  a souroe  of 
m.f.  The  e.m.f.  estab- 
ihes  a dielectric  field  be- 
veen  the  bodies,  drawing 
lergy  from  the  battery 
id  storing  it  in  the  elec- 
ic  circuit.  The  energy 
tored  is  W-C(B/ 2), 
herein  C is  the  capacity, 
id  B the  e.m.f.  of  the 
attery.  Nowiftwo 

idies,  3 and  4,  connected  conductively,  are  inserted  into  the  dielectric 
dd,  the  capacity  C,  which  is  inversely  proportional  to  the  length  of  the  m- 
ectric  will  be  iocreased,  and  the  value  of  the  dielectric  flux  correspondingly 


• “Wiedemann  Annalen,"  Bd.  I,  p.  1052. 
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increased,  thus  drawing  more  energy  from  the  battery  end  storing  hub 
system.  Electromotive  force  will  be  generated  in  the  bodies  3 and  4 wtri 
will  tend  to  start  a flow  of  electricity,  and  will  transfer  a quantity  of  riestnsy 
to  the  outside  surfaoe  of  the  plates,  sufficient  to  abeorb  the  increase  of  mss 
stored  in  the  system.  If  while  in  this  position  the  two  bodies  an  mpuM 
by  severing  the  oonneoting  link,  the  electricity  will  be  unable  to  return  UK 
state  of  equilibrium  and  the  energy  stored  will  remain  bound.  In  ordst 
utilise  this  energy,  the  bodice  must  be  removed  from  the  electric  feMd 
1 and  2,  and,  now  that  each  has  a field  of  its  own,  mechanical  energy  oqvri 
value  to  that  stored  in  the  bodies  will  be  required  to  remove  them,  wfci 
the  bodies  are  removed,  the  capacity  of  1 and  2 will  return  to  its  ocgid 
value,  and  the  extra  energy  called  forth  for  the  placing  of  3 and  4 in  tbe  id 
will  be  returned  to  the  battery. 

3S9.  Excitation  of  Influence  machines.  The  influence  marhisc  da 
not  employ  a battery  to  maintain  the  e.mi.,  but  is  given  an  imtisl  dm 
of  e.m.f.,  after  which  it  is  self-exciting.  It  will  be  noted  that  in  tins  mob 
a oertain  amount  of  electricity  is  stored  in  the  bodice  3 and  4.  and  that* 
value  of  e.mi.t  and  therewith  the  value  of  the  energy  can  be  changed  it  vj 
by  varying  the  capacity  between  them;  an  increase  in  capacity  convperi 
to  a decrease  in  energy  or  motor  action  and  net  versa. 

SCO.  The  Toepler  influence  machine  is  shown  schematically  in  Fig  » 
S is  a fixed  glass  plate  with  two  segment-ehaped  pieces  of  paper,  n ui  > 
(called  field  pieces)  fastened  on  the  back  (shown  dotted) ; P is  a gas  pto 
mounted  on  an  axle  and  can  be  rotated  by  a belt  not  shown  in  tbs  ibci 
on  the  plate,  F,  are  mounted  a number  (8  in  the  sketch)  of  tin-foil  din 
oalled  earners,  each  disc  being  armed  with  a email  brass  button  which  ml* 
the  oontaot  with  the  various  brashes;  hi  and  bt  are  called  appropnM 
brushes  and  are  connected  with  the  field  platee  pi  and  p».  respectmfr  i 
is  the  neutralising  rod  and  carries  a brash  at  each  extremity;  osndew 
metallio  combe  connected  to  the  terminals.  T\  and  Tj,  of  ths  mariw 
The  Toepler  maohine  is  very  reliable  ana  is  self-exciting  regard!* 
weather  conditions.  By  connecting  a number  of  pairs  of  platee  in  mslt^ 
the  load  capacity  of  the  machine  can  be  increased. 

111.  The  polarity  of  the  Toepler  type  of  machine  is  not  alwsyib 
same,  depending  on  how  the  charges  are  distributed  when  it  starts.  T«* 
for  polarity  should  be  made,  where  it  is  of  importance.  The  flans  d 
Bunsen  burner  will  be  attracted  by  the  negative  pole. 


Fio.  35. 


Fio.  36. 


IU,  The  Holts  machine  is  shown  schematically  in  Fig.  36.  5 s 
stationary  glass  plate  on  the  back  side  of  which  are  mounted  two 
field  platee.  Pi  and  Pi;  small  blunt  tongues  project  through  slots,  w,  n *■} 
glass  plate  8 and  nearly  touch  the  rotating  plate  P.  The  rotating 
is  a plain  glass  plate  covered  with  a ooat  of  varnish;  a and  cs  are 
combs  connected  to  the  terminals,  T\  and  T*.  The  rod,  a,  is  a wotnw 
rod  and  carries  a comb  at  each  end. 

263.  The  operation  of  the  Holts  machine  is  as  follows:  The  terrain 
Ti  and  T»,  are  put  in  contact  and  the  maohine  started.  One  of  the  fiewpw* 
is  given  a charge  (let  Pi  be  charged  positively).  This  charge  will 
negative  electricity  to  the  comb,  ci.  which  will  leak  across  to  the  glass  p* 
P.  Passing  around  to  the  other  side  of  the  machine  this  negative  cdvt 
on  plate  P attracts  a positive  charge  from  the  plate.  Pi,  to  the  other 


Digitized  by  Google 


M ISC  ELLA  N EO  US  A PPLICA  TIONS  Sec . 22-264 


> leaving/5*  negative.  Now  the  negative  charge  on  Pi  draws  positive 

otricity  from  ct  which  neutralises  the  negative  charge  and  leaves  both  sides 
the  plate  negatively  charged.  Upon  coining  to  the  other  side  the  posi- 
e charges  on  both  sides  of  the  plate  draw  negative  electricity  from  the  field 
ite.  Pi,  neutralising  the  charge  on  the  lower  side  of  P and  completing  the 
cle.  The  neutraliser,  n,  serves  to  keep  the  machine  from  reversing  its 
larity  and  losing  its  excitation. 

The  Holts  machine  is  sensitive  to  atmospheric  conditions  and  should  be 
closed  in  a tight  compartment  for  satisfactory  results.  The  compartment 
n be  heated  or  some  moisture-absorbing  agent  can  be  used  to  keep  the  air 
y.  The  polarity  of  the  machine  can  be  determined  by  observing  the 
aracter  of  the  sparks  at  each  pole;  at  the  negative  pole  the  sparks  between 
e comb  and  the  plate  are  broad  and  occur  in  bunches  giving  a bluish  light, 
lile  at  the  positive  pole  they  appear  as  single  points  of  light. 

ISA.  Effect  of  operation  under  air  pressure.  Influence  machines 
n be  greatly  increased  in  e.m.f.  by  enclosing  them  in  an  air-tight  case  and 
>e rating  them  under  air  pressure.  As  discussed  in  Sec.  4,  the  dielectric 
rength  of  air  is  increased  by  raising  the  pressure,  therefore  higher  e.m.fs. 
n be  generated  without  causing  the  air  to  break  down  and  neutralise  the 
targes.  Tests  on  an  experimental  machine*  gave  the  following  results; 

reasure,  lb.  per  sq.  in 0.0  15  30  45 

park  length,  in 2.5  5 7 8 

ELECTRIC  PIANO  PLAYERS 

BY  OTIS  ALLEN  KENYON 

ngineer,  Ray  D.  Lillibridge,  Inc.,  Member,  American  Institute  Electrical 
Engineers,  Member  Society  Automotise  Engineers 

166.  The  Tel-Electric  piano  player  is  the  name  that  has  been  given  to 
ic  of  the  most  successful  types  of  electromagnetic  piano  player  that  has  been 
)v eloped.  In  this  system  the  keys  of  the  piano  are  operated  by  a bank  of 
ectromagnets  situated  immediately  beneath  the  keyboard,  thus  interfering 
i no  way  with  the  usual  manual  operation  of  the  instrument.  The  electric 
impulses  which  operate  these  magnets  are  produced  in  a separate  apparatus 
ist  may  be  situated  at  any  distance  from  the  instrument  that  Is  to  be  played, 
lift.  Operation.  The  Tel-Electric  player  is  so  designed  as  to  operate 
ther  automatically,  or  subject  to  manual  control.  In  operation,  a roll  of 
luaio  is  inserted  in  the  carriage  and  the  starting  switch  closed.  Once  started, 
m music  roll,  which  is  driven  by  a motor,  is  drawn  through  the  transmitter, 
lus  actuating  the  playing  magnets  according  to  the  pattern  of  the  music 
Met.  At  the  end  of  the  selection,  the  roll  is  automatically  reversed  and 
ound  back  into  its  case  and  the  current  cut  off. 

117.  The  music  roll  consists  of  sheet  brass  into  which  a pattern  has  been 
unched.  This  roll  forms  the  selective  means  which  determines  the  sequence 
f the  magnets  that  operate  the  keys  and  the  pedals,  and  also  the  strength 
f the  current  through  these  magnets. 

IAS.  There  are  three  general  types  of  this  player  now  on  the  market, 
he  first  is  known  as  the  "Tel-Electric,”  which  is  a sixty-five  note  player,  and 
per&tes  the  keyboard  of  a piano  from  the  second  " A " in  the  base  to  the  last 
C sharp  " in  the  treble.  The  various  degrees  of  expression  are  controlled  by 
resistance  bank,  there  being  a resistor  for  each  individual  magnet.  The 
ipression  control  device  permits  the  required  length  of  the  resistor  to  be 
Produced  in  each  individual  magnet-circuit,  the  changes  in  the  amount  of 
Kist&noe  being  effected  practically  instantaneously.  With  this  complete 
ontrol  of  each  Individual  note  and  the  pedals,  the  melodies  and  rhythms  are 
laved  with  practicallv  perfect  expression. 

The  second  type  of  player  is  denoted  as  the  " Telelektra.”  It  controls 
ighty-eight  notes,  or  the  entire  keyboard  of  a piano,  and  produces  even  more 
effect  control  of  expression  than  does  the  Tel-Electric.  With  this  player 
i U possible  to  get  as  many  degrees  of  expression  as  a piano  virtuoso  can 
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produce.  Any  variety  of  contrast  between  the  melody  and  aeeompuiae* 
is  possible.  In  the  Telelektra,  the  current  for  the  operating  magKtti 
varied,  partly  by  the  resistance  method  and  partly  by  vibrating  eon taa 
the  rate  of  vibration  being  regulated  by  the  music  record.  At  sere  na- 
tion full  current  passes,  and  as  the  rate  of  vibration  increases  the  vai»< 
current  decreases  in  direct  proportion  to  the  time  of  contact.  Tbe  cues 
of  the  number  of  vibrations  of  these  contacts  is  so  perfect  and  so  nearly  > 
stantaneous  that  a practically  unlimited  number  of  degrees  of  expr* 
may  be  produoed.  The  Tel-Electric  players  are  operated  by  what  iska:* 
as  autographic  records,  made  by  a special  process  which  permits  the  m* 
matio  recording  of  the  note  position  and  the  power  applied  to  the  key,  r 
each  individual  note,  as  played 
by  the  person  who  produces 
the  record. 

The  third  type  is  known  as 
the  “ Telektra  Symphonic 
Organ,"  is  simply  an  adapta- 
tion of  the  Telelektra  to  the 
pipe-organ  transmitter. 

The  organ  is  specially  designed 
for  the  purpose,  and  though 
many  sizes  of  organs  are  con- 
structed, standard  musio  rolls 
are  made  that  can  be  played 
in  all  the  various  rises.  The 


•y"?”  *», Fio.  37. — Skeleton  diagram  of  tb, 
im  aad  thirty-two  note  pedld'  of  a piano  pUrr 

100  stops,  all  couplers  and  . 

accessories,  and  three  independent  swell  boxee.  As  there  is  no  limit  to  tv 
number  of  notes  or  combinations  that  can  be  put  into  "operation  *£& 
taneously,  the  automatic  player  can  produce  effects  That  are  imposebfc  - 
the  organist.  The  Tel-Electric  system  may  also  be  applied  to  exrisf 
organs,  and,  in  every  case,  the  organs  may  be  operated  by  hand  in  the  k* 
way  without  removing  the  player. 


. ' _r * * * _ * *_*ing  machete* 

The  brass  record,  which  is  perforated  ri^ 

/ from  the  roll  A to  th*Tri 
1 \ M over  the  te«teti 

-fi 3 tracker  roll  C.  AbowtN 

tracker  roll  there  zrf  r 
jtJ  ranged  a number  of  re* 

....  - . -,-g  ing  fingers  D,  mountec  - 

a shaft  R about  whrh  tfc 
are  free  to  rotate,  tite 
1 D being  a finger  for  <■£ 


The  principle  upon  which  the^translatii 
g 1 ongit  udinal  slots,  is  vxr  J 


Bottom  Board 


Attachment  of  Magneti 


brass  record  sod  tbe  ** 
cuit  of  the  magnet  i*o?*t 
jrforation  passes  underneath,  the  nraiJ* 


at  the  point  P.  As  soon  as  a perforation  passes  underneath,  the  re»i~: 
finger  drops  down  and  closes  tne  circuit  through  its  magnet,  sod 
closed  for  a length  of  time  that  depends  upon  the  length  of  the  slot  T 
amount  of  current  in  the  circuit,  that  is,  the  dynamic  power  of  the  mars'- 
depends  upon  the  value  of  resistance  included  in  the  circuit  and  this  is  ref- 
lated by  magnets  which  cause  the  comb  wire  J to  move  up  and  dowac*** 
the  resistor  unit  H.  The  magnets  all  operate  on  the  rotating  arm»r. 
principle.  Fig.  38  shows  one  of  the  magnets  as  attached  to  a key  cc 
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ianoforte.  The  armatures  of  these  magnets  are  laminated  to  minimise  the 
>tarding  effect  of  eddy  currents. 

S70.  Combination  organ  and  piano  players.  Certain  combinations 
-e  also  made  whereby  the  Tel-Electric  transmitter  operates  a piano  by 
icans  of  a piano  music  roll.  By  turning  over  a coupler,  the  piano  is  cut 
it,  and  the  same  transmitter  operates  the  organ  by  means  of  an  organ 
tusic  roll.  With  this  type  of  combination,  when  the  organ  is  coupled  to 
ie  transmitter,  the  piano  is  played  entirely  automatically  by  means  of 
te  organ  music  sheet,  so  it  is  possible  to  play  very  closely  organ  and  piano 
Tangements,  the  piano  part  being  played  nearly  in  full  on  the  piano  and 
ie  orchestral  or  organ  accompaniment  played  in  full  on  the  organ.  In 
us  combination,  the  piano  is  used  manually,  similar  to  any  stop  in  the 
*gan,  by  means  of  one  of  the  keyboards. 

THE  TELEGRAPHONE 

BT  OTIS  ALLS*  KENYON 

ngineer,  Ray  D.  LtUibridge,  Inc.,  Member,  American  Institute  Electrical 
Engineer s,  Member  Society  Automotive  Engineer* 

ST1.  Theory.  The  telegraphone,  which  was  invented  by  Valdemar 
oulsen,  is  based  upon  the  peculiar  magnetic  properties  of  hard  steel  which 
armit  it  to  receive  and  retain  magnetic  impressions  that  are  fixed  in  position, 
he  principles  of  the  invention  may  be  explained  with  a simple  model  as 
lown  in  Fig.  39.  Assume  an  endless  steel  wire  to  be  passed  over  two  re- 
olving  drums  at  a suitable  speed.  If  an  electromagnet  (Fig.  40)  is  brought 
i to  close  proximity  to  the  traveling  wire,  the  wire  will  be  magnetised  to  a 
egree  corresponding  to  the  strength  of  the  magnet.  If  the  exciting  circuit 
i rough  the  magnet  is  alternately  opened  and  closed  the  steel  wire  will  be- 
>me  magnetised  only  during  the  periods  when  the  circuit  is  closed  and 
ecause  of  the  coercive  strength  of  steel  the  magnetism  will  remain  fixed  in 
ie  positions  where  it  is  received  and  not  equalize  itself;  that  is,  the  steel  wire 


Fio.  39. — Principle  of  telegra-  Fio.  40. — Electromagnet  for  wire 

phone.  recorder. 


stains  a permanent  record  of  the  magnetic  fluctuations  and  if  it  were  passed 
etween  the  poles  of  a suitable  electromagnet  it  would  be  capable  of  trans- 
>rming  the  magnetic  variations  into  electric  variations  by  electromagnetic 
iduction,  the  energy  for  which  would  be  supplied  entirely  by  the  motor 
rhich  drives  the  wire  between  the  poles  of  the  magnet. 

S7S.  In  tha  Poulssn  telegraphone  these  principles  are  utilized  by  con- 
acting  a system  similar  to  that  shown  in  Fi^.  39  to  telephone  instruments. 

'he  electric  currents  produced  by  speaking  into  the  transmitter  (Fig.  41) 
re  used  to  excite  the  recording  magnet  which  leaves  a permanent  magnetic 
ecord  in  steel  that  is  made  to  travel  through  the  magnetic  field.  This 
ecord  can  reproduce  the  sounds  that  generated  it  by  passing  between  the 
•oles  of  a similar  magnet  that  is  connected  to  a telephone  receiver  as  shown 
1 Fig-  42.  In  order  to  make  it  possible  to  use  the  same  steel  over  and  over 
gain  a third  magnet  (Fig.  43)  is  provided  which  is  excited  with  a relatively 
trong  and  constant  current  in  the  opposite  direction  to  the  transmitting 
oagnet.  This  magnet  obliterates  all  previous  records  and  leaves  the  steel 
a condition  to  receive  a new  record. 

27S.  Recording  and  obliterating.  Most  frequently  the  recording  is 
ffected  by  means  of  a polarized  electromagnet.  If,  for  instance,  the  electro- 
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magnet,  by  means  of  which  the  writing  ie  to  be  performed  is  used  to  ebbleu 
a prior  magnetic  record  and  also  simultaneously  magnetise  the  writing  bnj 
then,  during  the  inscription,  the  electromagnet  is  given  a polarisation  opyoS 
to  that  which  it  possessed  when  obliterating.  In  this  way  a lively  mores* 
of  the  molecular  magnets  is  obtained  at  the  very  moment  of  foransgti 
writing.  The  susceptibility  seems  to  increase  , 
much  in  that  magnetic  tiaius  nasemdi,  and  rm 
shade  of  the  writing  becomes  extremely  pera-jr 
ble.  Ordinarily  the  polarisation  of  the  wag 

X magnet  is  only  a very  small  fraction  of  that  of  a 
obliterating  one.  The  nearer  its  polarisation  g 
proaches  the  neutralisation  of  that  of  the  r. 
-=-  ing  basis,  however,  the  feebler  may  be 


Fig.  41.— Transmitter.  Fig.  42. — Receiver. 


Fig.  43. — Erase 


polarisation  of  the  obliterating  magnet.  The  coercive  force  detensiaa 
the  degree  of  polarisation  which  exactly  neutralises  the  magnetisation  <rf tin 
writing  basis.  It  is  found  that  the  writing  is  somewhat  weak  when  the  pco-i 
sation  of  the  electromagnet  during  the  process  of  inscription  is  just  aqa  tt 
that  used  in  the  preceding  obliteration.  In  order  to  polarise  the  ekictwf 
net,  either  a constant-current  or  a per- 
manent magnet  may  be  used. 

1 14.  Recorders.  There  are  three 
distinct  forms  of  recorders  which  are 
as  follows:  (a)  the  wire  recorder;  (b)  the 
tape  recorder;  fc)  the  disc  recorder. 

The  type  of  magnet  used  with  the 
wire  recorder  is  shown  in  Fig.  40,  the 
wire  being  wound  upon  grooved  drums 
first  in  one  direction  and  then  in  the 
other.  The  disc  and  tape  recorders  use 
magnets  with  straight  cores. 

In  the  tape  recorder  the  tape  is 
wound  up  like  a ribbon  without  any  in- 
tervening substance.  There  is  no  per- 
tible  effect  from  this  method  of  pro- 
ure  as  experience  has  shown  that  the 
magnetism  does  not  traverse  the  tape 
but  is  present  only,  in  the  uppermost 
portions  near  the  surfaoe. 

The  disc  recorder  is  constructed  somewhat  similar  to  the  disc  fore » 
phonograph  and  the  electromagnet  is  provided  with  a very  sharp  point 

STS.  Adaptations.  There  are  many  practical  uses  to  which  the  tefcr 
raphone  may  be  adapted  and  a number  of  commercial  forms  have  bet 
placed  upon  the  market.  These  are  described  in  Par.  STS  to  SSI. 

ST6.  Amplification  of  weak  voice  currents.  In  telephone  wort  s 
sometimes  happens  that  the  current  impulses  received  over  the  line  sie  * 
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Fig.  44. — Rosenbaum's  record 
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weak  that  they  do  not  furnish  sufficient  energy  to  produce  records  of  proper 
magnetic  intensity.  However,  in  sueh  cases  the  only  effect  is  a diminution 
in  the  volume  of  sound.  In  an  attempt  to  avoid  this  effect  William  A. 
Roeenbaum  patented  in  1903  a modified  form  of  magnet  for  use  with 
Poulsen’s  apparatus.  In  this  improved  construction  a permanent  magnet 
is  used  and  a variation  in  intensity  is  obtained  by  varying  the  distance  be- 
tween the  poles  of  the  magnet  and  the  steel  record.  Fig.  44  shows  the 
principle  of  the  construction.  The  permanent  magnet  is  mounted  upon 
an  iron  diaphragm  which  is  vibrated  by  electric  impulses  received  over  the 
telephone  line. 

111.  ▲ type  of  telegraphese  intended  for  use  in  connection  with 
the  ordinary  telephone  Is  so  arranged  that  it  will  perform  three  distinct 
services:  (a)  it  may  be  set  to  record  all  messages  received  during  the  absence 
of  the  operator;  (b)  it  may  be  set  to  record  complete  telephone  conversations 
foT  the  purpose  of  accurate  record;  (c)  it  may  be  set  to  repeat  messages  left 
by  the  operator.  When  the  telegraphone  is  set  for  operation  during  the 
absenoe  of  the  operator  it  is  arranged  to  start  automatically  when  a call  is 
received  and  to  run  for  a definite  period  of  time,  usually  2 min.  It  usually 

»by  sending  a bussing  signal  which  apprises  the  speaker  at  the  other 
the  fact  that  the  telegraphone  is  in  operation,  either  to  receive  or  trans- 
mit a message. 

178.  The  telegraphone  may  be  used  for  the  repetition  of  telephone 

messages,  receiving  messages  at  one  point  on  the  steel,  retransmitting  them 
at  a later  point  ana  then  obliterating  the  record. 

179.  The  telegraphone  is  also  built  for  phonographic  uses  and  in 
many  ways  it  is  superior  to  the  best  forms  of  wax  record  phonographs.  Its 
reproduction  of  sound  is  more  faithful  than  the  phonograph,  although  if 
not  shielded  from  external  magnetic  fields  the  records  will  be  destroyed. 

180.  As  a dictating  machine  the  telegraphone  has  many  advantage# 
over  the  ordinary  phonograph.  For  instance,  it  may  be  placed  at  any 
convenient  point  entirely  independent  of  the  location  of  the  dictator  and  by 
means  of  a special  electrical  indicator  the  dictator  is  constantly  informed  of 
tioe  operation  of  the  machine  and  knows  exactly  the  amount  of  unused  record 
at  his  disposal.  By  pushing  a switch  he  can  retrace  any  portion  of  the  reoord 
and  have  his  dictation  repeated  to  him.  He  also  can  make  erasures  by 
pushing  a switch  and  can  re-dictate  in  the  erased  portion  of  the  record. 
The  machines  themselves  are  usually  installed  in  the  room  with  the  typists, 
and  as  soon  as  the  record  is  filled  with  dictation  a bell  rings  and  an  attendant 
removes  the  record  and  inserts  a new  one.  As  soon  as  the  dictation  has  been 
transcribed  the  record  can  be  restored  by  passing  it  under  an  erasing  magnet 
and  it  is  then  exactly  as  good  as  when  new. 

881.  The  telegraphone  has  also  been  used  as  a wireless  receiver 

by  installing  it  in  connection  with  other  regulation  receiving  devices. 

THE  TELHARM  ONITJM 

BT  OTIS  ALLIN  KINTON 

Engineer,  Ray  D.  Lillibridge,  Inc.:  Member,  American  Institute  of  Electrical 
Engineers ; Member,  Society  Automotive  Engineers 
881.  Qeneral.  The  telharmonium,  invented  by  Dr.  Thaddeus  Cahill, 
produces  a new  form  of  music,  by  electrical  means.  This  music  offers  un- 
limited possibilities  to  the  composer,  giving  him  power  to  produce  effects 
whioh  are  impossible  with  other  musical  instruments.  At  one  time  there 
was  installed  in  New  York  City  a telharmonium  plant  of  sufficient  power 
to  produce  music  in  10,000  places  simultaneously.  This  plant  was  de- 
scribed by  Dr.  A.  8.  McAllister  in  the  Electrical  World,  Voi.  XLIX,  1907. 
P-  22.  In  this  system  the  music  is  produced  by  mixing  vibrations  generated 
in  a set  of  inductor  alternators.  In  the  New  York  plant  there  were  144  of 
these  alternators,  all  geared  together  and  driven  by  a constant-speed  186- 
h.p.  motor.  The  frequencies  of  these  alternators  extended  over  a range  of 
from  40  to  4,000  cycles  per  sec. 

888.  Circuits.  The  currents  taken  from  the  alternator  are  delivered  to 
bus  bars  corresponding  to  the  ground  and  partial  tones.  All  currents  com- 
Poung  the  ground  tones  are  superposed  in  one  circuit,  all  the  currents  for  the 
second  partial  in  another  and  so  on  with  other  orders  of  harmonics.  Each 
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of  t burnt  bus  ban  is  dosed  through  the  primary  of  a closed  iron-ear*  ten* 
former.  The  secondaries  of  these  transformers  are  connected  shrove 
impedance  rheostats  with  a common  circuit  which  in  turn  inchuie*  u 
impedance  rheostat  and  is  dosed  through  the  primary  of  an  open  iros-eor 
transformer.  The  secondary  of  this  transformer  includes  a number  * 
i mpedanoe  rheostats  and  is  closed  through  the  primary  of  an  air-core  tesar 
former.  The  secondary  of  the  air-core  transformer  contains  a number  of  tip 
permitting  the  choice  of  secondary  voltage  for  transmission  to  suit  ta- 
impedance  of  the  line.  In  this  circuit  is  included  a telephone  receiver  who 
translates  the  composite  vibrations  of  the  music. 

884.  Theory  of  operation.  Thus  it  is  seen  that  the  vibrations  mpp^ 
from  the  alternators  are  collected  into  composite  ground  tones  and  psrta 
tones  by  a system  of  buses,  and  that  these  composite  tones  are  renta* 
by  the  impedance  rheostats,  in  the  secondary  of  the  iron-core  transforms* 
which  are  operated  by  stops.  The  rheostat  in  the  primary  circuit  of  u* 
open  iron-core  transformer  regulates  the  volume  of  the  total  compass 
vibrations,  and  is  operated  by  the  pedal.  The  impedance  rheostats  is  tfc 
secondary  of  the  open  iron-core  transformer,  are  used  to  give  fine  exprasrai 
to  the  music  and  are  manipulated  constantly  by  the  musician. 

t&l.  Connections.  All  the  connections  are  made  with  solenoid  svitebr 
each  key  on  the  keyboard  controlling  a switch.  The  solenoids  are  bar 
anoed  to  give  a minimum  of  inertia.  All  are  exactly  alike  so  that  the  art w 
is  uniformly  prompt  and  precisely  the  same  for  all  notes.  Every  detail  n 
this  entire  system  is  the  result  of  careful  study  and  long  experimeetaha. 
The  alternators,  the  transformers,  the  switches,  the  rheostats  and  pint* 
magnets  have  all  been  specially  worked  out  to  fulfil  the  difficult  cooditma 
here  required. 

Uf.  Mixed  tones.  In  the  above  brief  description  it  was  assumed  tfcsc 
we  were  dealing  with  one  keyboard  only,  with  the  switches  and  expraet 
devices  belonging  to  it.  One  of  the  most  striking  features  of  this  eketre* 
music  is  that  a number  of  switchboards  and  keyboards  can  be  connected  « 
the  same  system  of  generators,  and  that  these  several  keyboards  raaj  b t 
made  to  give  the  same  quality  of  tone  or  widely  different  qualities  <d  toot 
though  fed  from  the  same  alternators.  Thus,  by  mixing  the  hamocaci  d 
different  tones  in  varying  proportions,  the  musicians  can  give  to  one  key- 
board a wood-wind  quality  like  that  of  the  clarinet,  to  another  the  quake 
of  brass,  or  if  desired,  a quality  similar  to  that  of  the  *cello. 

The  telharmonium  has  beautiful  qualities  of  tone  never  beard  before,  ud 
resulting  from  the  power  which  the  performer  has  to  mix  the  harmoairt  * 
overtones  with  the  ground  tones,  in  any  desired  proportions  Also,  the  u- 
tack  and  sostenuto  of  the  instrument  is  surprising,  in  that  at  one  instate  ^ 
closely  resembles  wood-wind,  at  another  brass,  while  at  another  one  bean  tbe 
bow  on  the  string — according  to  the  effect  the  performer  wishes  to  prodec* 
In  its  novel  and  singular  power  of  controlling  the  timber,  the  attack  xa* 
sostenuto,  the  electrical  music  differs  from  all  the  existing  instruments  d 
music  and  in  a measure  combines  in  itself  the  powers  of  the  best  instnuno* 
of  the  orchestra.  . 

TRAIN  LIGHTING  SYSTEMS 

BT  JOHN  0.  BOOLS 

Engineer , Cook  Electric  Co.,  Atsoc.  Am.  I net.  Elec.  Engineer* 

287.  Systems  classified.  In  the  head-end  system,  a small  turbo* 
generator  located  on  the  locomotive  or  in  the  baggage  car  serves  ail  es* 
through  the  medium  of  a train  line  which  extends  from  the  loeomotm 
to  the  rear  of  the  train.  This  system  is  adaptable  to  trains  which  mab 
through  runs  without  change  in  make-up.  Where  connections  and  dbeo* 
nections  must  be  made  or  where  certain  cars  must  be  cut  out  at  poixt 
along  the  run  the  incident  difficulties  have  rendered  this  method  of  trsn 
lighting  unsatisfactory.  Another  system,  known  as  the  straight-storaP 
system,  employs  a battery  of  32  cells,  approximating  63  volts,  which  may  w 
charged  at  some  point  in  the  run,  usually  in  the  yards  at  a division  poos 
of  the  railroad.  The  advantage  of  this  system  is  its  simplicity,  but  the  de- 
advantages  due  to  the  neoessity  of  “spotting"  cars  for  charge,  thereby  fee 
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ing  time  and  space,  together  with  interruptions  of  the  yardmaster’a  sohedplo 
and  the  expense  of  installation  and  maintenance  incident  to  a suitable  char*' 
ing  system,  have  rendered  this  method  probably  the  most  expensive  of  all* 
everything  considered.  A third  method  of  tram  lighting  is  Known  as  the 
•Tie-generator  system.  Each  car  is  a complete  unit  containing  a charg- 
ing generator  belted  to  the  axle  of  the  car,  a storage  battery  of  16  cells  (“30? 
volt  system)  feeding  the  lamp  load,  provision  for  maintaining  proper  con- 
ditions of  charging,  and  also  a device  for  disconnecting  the  generator  from 
the  battery  when  the  rotative  speed,  and  consequently  the  voltage,  of  the 
generator  are  inadequate  for  charging.  See  Sec.  20  and  Sec.  8. 

188.  Charging  regulators  for  axle- generator  systems.  One  method 
which  has  been  developed  employs  a charging  generator  which  will  supply 
constant  potential  independent  of  speed  variation.  Charging  systems  em- 
ploying constant  generator  potential  apply  a voltage  to  the  battery  which 
approximates  2.3  volts  per  cell.  A tapering  charge  is  thus  realised,  varying 
from  relatively  high  currents  at  low  battery  voltages,  to  lesser  currents  as 
the  battery  voltage  increases  under  charge.  Naturally,  the  degree  of  taper 
depends  upon  the  frequency  with  which  charging  recurs  and  the  variation 
of  battery  voltage  from  the  start  until  the  end  of  the  charging  period. 

The  other  well-recognised  method  of  regulating  the  charge  is  to  maintain 
a constant  charring  current  at  all  speeds.  This  is  accomplished  by  a varia- 
tion in  the  field  strength  of  the  charging  generator.  The  degree  of  field 
strength  is  determined  by  the  action,  on  a field  rheostat,  of  a solenoid  in 
series  with  one  of  the  charging  leads.  Thus,  the  generator  voltage  is  regu- 
lated by  the  current  in  the  charging  lead,  and  this  current  is  thereby  main- 
tained at  a satisfactory  degree  of  constancy.  Upon  the  termination  of  the 
charging  period  the  generator  is  automatically  allowed  to  suffer  a slight 
diminution  in  voltage  sufficient  to  float  the  battery  and  allow  the  generator 
to  feed  the  lamps  directly.  Termination  of  the  charging  period  may  be 
secured  by  the  action  of  a potential  solenoid  which  operates  when  the 
voltage  necessary  to  secure  proper  charging  current,  has  reached  a pre- 
scribed point.  Another  device,  more  in  keeping  with  modern  practice, 
provides  an  ampere-hour  meter  which  terminates  the  charring  period  when 
a contaet-making  needle  has  travelled  to  a predetermined  point*  On  dis- 
charge liie  meter  moves  in  the  opposite  direction,  and  it  is  necessary ’that  it 
be  properly  compensated  for  the  error  which  otherwise  would  life  interjected 
due  to  the  imperfect  efficiency  of  charge  and  discharge. 

888.  Automatic  cut-out.  The  device  employed  for  disconnecting  the 
generator  from  the  battery  when  the  speed  is  below  the  prescribed  point, 
is  sometimes  known  as  an  automatic  cut-out,  which  is  nothing  more  or  lees 
than  a reverse-current  relay.  When  the  generator  voltage  hae  risen  to  the 
proper  value,  a solenoid  actuates  a plunger,  thereby  closing  a set  of  relay 
contacts  and  connecting  the  generator  to  the  battery.  8hotUd  the  charging 
current  for  any  cause  fall  below  the  proper  value,  the  action  of  the  automatic 
cut-out  will  open  the  contacts  and  disconnect  the  generator  from  the  battery. 

880.  Polarity  changer.  In  the  operation  of  cars  provided  with  axle- 
generator  lighting  systems,  some  provision  must  be  made  for  maintaining 
proper  generator  polarity,  independent  of  the  direction  of  travel  of  the  car. 
There  are  several  methods  of  accomplishing  this  end,  the  simplest  being  a 
device  whereby  the  brushes  are  shifted  on  the  commutator  through  approxi- 
mately 180  electrical  deg.  when  the  direction  of  car  motion  reverses.  In  this 
arrangement,  the  brush  holders  are  supported  in  a rotatable  carrier  which  is 
free  to  move  (between  well-defined  limits)  in  response  to  the  rotation  of  the 
armature,  the  motion  being  communicated  simply  by  brush  friction. 

891.  Lamp  loads.  In  ordinary  coaches  the  lamp  loads  are  approximately 
760  to  800  watts. . This  figure  corresponds  with  modern  practice  to  a reason- 
able extent,  but  is  not  conclusive,  as  little  has  been  done  by  the  railroads 
toward  standardisation  of  coach  illumination.  The  Pullman  Co.,  however, 
has  endeavored  to  standardise  all  sleepers  of  an  individual  sise,  1,600  watts 
for  a 16-section  sleeper  being  an  example  of  their  practice. 

898.  Battery  capacity.  Pullman  sleepers  carry  batteries  which  are 
proportioned  to  the  requirements  of  the  type  of  run,  varying  from  300  to 
360  amp-hr.  at  30  volts.  Naturally,  the  capacity  for  cars  in  trains  mak- 
ing long  runs  with  few  stops  may  be  relatively  low.  The  20-hr.  trains 
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plying  between  New  York  and  Chicago  have  been  subjected  toexhwUm 
tests,  and  it  has  been  found  that  in  this  run  the  batteries  are  rtqdred  to 
supply  the  lamps  for  a total  period  of  only  about  1 hr.  The  cars  of  tbs 
trains  carry,  at  present,  300  amp- hr . 30-volt  batteries,  but  it  is  tbecocseanv 
opinion  that,  under  the  conditions  stated,  this  value  is  considerably  too  hid 
For  ooaohes  with  relatively  smaller  lamp  load,  the  battery  capacity  nap 
from  280  to  300  amp-hr.,  at  30  volts.  Private  cars  meet  the  most  sever*  re- 
quirements, as  they  are  frequently  compelled  to  stand  for  long  intern* 
without  charging.  It  is  sometimes  necessary  to  provide  two  sets  of 
amp-hr.  batteries  connected  in  parallel,  but  the  use  of  storage  battens*  v 
ranged  in  this  manner  is  not  considered  good  practice. 


▲spent  Hoar  Meter 


Fla.  45. — Simplified  diagram  of  typical  train-lighting  system. 
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Fig.  46.— Curves  illustrating  performance  of  U-8-L-Axle  equipment  mfl 
type  8-2  panel,  starting  from  stand-still,  with  various  lamp  loads,  and  fie*-, 
with  battery  fully  charged. 


Ml.  Operation  of  a typical  system.  Fig.  45  b a diagram  ibowil 
the  essential  elements  of  a typical  axle-generator  train-lighting  system.  1* 
automatic  cut-out  acts  primarily  in  response  to  the  pull  of  its  potential 
ing  when  the  generator  speed  and  voltage  have  attained  their  proper  vdsM 
This  action,  as  will  be  seen,  connects  the  battery  with  a source  of  ehargll 
current.  At  the  same  time,  the  charging  current  b maintained  con*t*» 
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by  the  pull  due  to  the  series  winding  of  a solenoid,  noting  on  a compression 
rheostat  in  series  with  the  generator  field.  Meanwhile,  the  ampere-hour 
meter  is  running  in  the  direction  of  “ charge,"  and,  when  the  oontact-making 
needle  has  reached  its  point  of  contact,  the  resistance,  R%  is  short-circuited. 
By  this  means,  the  solenoid  of  the  terminating  switch  becomes  sufficiently 
energised  to  close  the  contact  points,  thereby  energizing  the  potential  wind- 
ing of  the  solenoid  governing  the  field  rheostat.  This  pull  is  added  to  the 
action  of  the  series  winding,  and  the  effect  is  a sudden  reduction  in  generator 
voltage  by  such  percentage  as  the  regulator  has  been  adjusted  tor.  The 
battery  is,  by  this  process,  floated  on  the  supply  circuit,  the  generator  feeding 
the  lamp  load  directly.  See  curves  of  Fig.  46.  In  this  connection  it  is 
usual  to  employ  what  is  known  as  a lamp  regulator,  in  order  that  constant 
voltage  may  be  applied  to  the  lamps  under  all  conditions  of  normal  operation. 
Such  a device  consists  of  a potential  solenoid  controlling  a series  rheostat. 

COMPASSES 

BY  ELMER  A.  SPKKRY 

President  and  Engineer,  Sperry  Gyroscope  Company;  Member,  American 
Institute  of  Electrical  Engineers 

M4.  The  Mariner's  compass  is  a device  for  obtaining  the  direction  of 
the  local  meridian  at  any  point  on  the  earth's  surface  without  reference  to 
terrestrial  or  astronomical  objects.  The  mariner’s  compass  may  be  divided 
into  two  types  according  to  the  source  of  the  directive  force. 

Mg.  Magnetic  compass*  The  magnetic  compass  receives  its  directive 
force  from  the  faot  that  the  earth  may  be  regarded  as  a bar  magnet,  one  pole 
of  which  lays,  at  the  present  time,  in  latitude  70  deg.  north  and  longitude 
95  deg.  west,  the  other  pole  being  located  below  the  south  polar  circle.  The 
lines  of  magnetic  force  between  these  two  poles  pass  through  and  encircle 
the  earth,  causing  any  freely  suspended  bar  magnet  on  the  earth’s  surface 
to  line  up  with  them. 

M6.  Gyro  compass.  The  gyro  compass  derives  its  directive  force  from 
the  mechanical  relation  existing  between  two  inter-connected  gyrosoopes  or 
spinning  masses.  In  the  gyro  compass  system  the  earth  rotating  on  its 
axis  forms  one,  and  the  electrically  driven  wheel  of  the  gyro  compass  forms 
the  second. 

MT.  Construction  of  the  magnetic  eompass.  The  usual  form  of 
magnetic  ship’s  compass  is  that  devised  by  Sir  William  Thompson  tLord 
Kelvin)  in  1878.  It  consists  of  a number  of  small  bar  magnets  2 in.  or  3 in. 
long  supported  side  by  side  in  a horizontal  plane,  separated  about  \ in. 
These  magnets  are  supported  on  the  under  side  of  the  compass  card,  the  card 
being  generally  7 in.  to  8 in.  in  diameter  and  extremely  lightly  constructed,  the 
card  being  of  sheet  mica  or  aluminium.  This  card  was  usually  supported 
on  a pivot  of  agate  or  other  similar  very  hard  material;  later  the  whole  card 
has  been  furnished  with  an  annular  float,  the  whole  element  bring  immersed 
in  dilute  aloohol  to  remove  a larpe  portion  of  the  weight  from  the  pivot  points. 
The  compass  is  then  mounted  in  horizontal  gimbal  rings,  whioh  are  in  turn 
supported  in  n stand  or  binnacle.  Suitable  illumination  is  provided  for 
reading  the  compass  at  night. 

Mt.  Sources  of  error  in  magnetic  compass.  As  the  principal  sources 
of  error  in  the  magnetic  compass  are  due  to  natural  phenomena  which  are 
exterior  to  the  instrument  and  therefore,  beyond  control,  it  is  impossible  to 
perfectly  compensate  for  all  of  them. 

Mt.  Variation.  The  major  error  is  due  to  the  fact  that  the  linee  of  the 
earth’s  field  are  fluctuating  in  position  and  intensity  due  to  various  celestial 
and  terrestrial  disturbances,  such  as  sun  spots,  earthquakes,  etc.  The 
error  due  to  this  source  is  known  as  variation,  which  is  in  reality  the  differ- 
ence between  the  local  magnetic  field  or  magnetic  meridian  and  the  geo- 
graphic meridian  at  any  point  on  the  earth’s  surface.  This  error  is  further 
exaggerated  due  to  the  fact  that  the  position  of  the  magnetic  poles  of  the 
earth  are  not  coincident  with  the  geographic  poles  and  are  always  moving, 
and  the  magnetic  compass,  therefore,  must  always  have  correction  factors 
applied  to  its  indications. 
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tOO.  Deviation.  The  second  principal  error  in  the  magnetic  boom,  i 
known  as  deviation,  is  due  to  chanring  local  magnetic  condition*  sad  tfe 
preeenoe  of  magnetic  material  near  the  compass.  This  may  bedwtoU 
magnetism  of  the  ship  itself  or  to  material  on  board  the  ship  rack  s pa 
armour  plating,  or  magnetic  cargo  material.  Deviation  is  practically  ahra 
with  wooden  snips,  but  may  be  present  due  to  magnetic  cargo  material.  1 
becomes  increasingly  troublesome  with  steel  ships  and  makes  the  eonpi 
very  unreliable  and  practically  impossible  on  submarines  and  battMap 
It  is  a variable  quantity  for  varying  headings  of  the  ship  and  far  very* 
inclinations  from  the  vertical.  The  causes  of  deviation  are  roughly  dink 
into: 

(а)  Quadrantal  error 

(б)  Thwart  ship  error 

(e)  Fore  and  aft  error 

(d)  Heeling  error 

(e)  Dip 

Quadrantal  error  in  the  Kelvin  compass  is  compensated  by  means  of » 
soft  iron  spheres  which  are  adjusted  in  and  out  on  either  side  of  the  coup* 
Fore  and  aft  and  thwart  ship  errors  are  compensated  by  means  of  bar  m 
nets  placed  below  the  needle  in  a horiaontal  plane. 

Heeling  error  and  dip  are  compensated  by  means  of  a vertical  maps  * 
Flinders  Bar  placed  directly  beneath  the  pivot  point  of  the  compass  card  » 
adjustable  up  and  down,  also  by  a certain  out  of  static  balance  conditio*  s 
the  system  to  neutralise  dip. 

801.  Gyro  compass.  The  principles  of  the  gyro  compass  were  fintdr 
covered  and  experimentally  demonstrated  by  Leon  Focault  in  1852. 
ever,  no  practical  use  was  made  of  the  idea  until  a few  years  ago  whentbrfe* 
gyro  compass  was  developed  to  overcome  the  difficulties  incident  to  the  ■* 
of  the  magnetic  compass  on  war  vessels  where  the  training  of  the  gw  i * 
shocks  incident  to  gun  fire  caused  such  disturbances  in  the  ship’s  m**«cff 
as  to  make  the  magnetic  compass  inoperative. 

SOt.  Fixity  of  plane.  The  gyroscope  or  spinning  wheel  has  two  prep* 
ties  which  distinguish  it  from  ordinary  non-rotating  matter.  “Furity  : 
plane”  expresses  the  fact  that  whereas  a wheel  mounted  as  in  Fig.  47,  vV: 
not  running,  may  be  turned  freely  about  the  axis  xx  or  yry;  with  thi*  raw 
wheel  in  rotation  it  will  be  found  that  it  • 

has  a strong  tendency  to  remain  with  its  I 

axis  fixed  in  space.  In  other  words,  the  1 1 

gyroscope  resists  any  force  tending  to 
change  its  plane  of  rotation. 


Y 

Fig.  47.  Fio.  48. 

808.  Precession.  The  second  property  of  the  gyroscope  is  uimcra* 
which  is  the  motion  of  the  wheel  when  forced  by  an  externally  applied  esn 
to  chauge  its  plane  of  rotation.  It  will  be  found  that  if  the  applied  covpjj 
about  the  axis  xx  rotation  will  occur  not  about  this  axis,  but  about  thejg 
yy.  Likewise,  a couple  or  torque  applied  about  the  axis  yy  causes  moil 
about  xx.  The  direction  of  the  motion  or  preoeasioo,  in  relation  to  thc  diM 
tion  of  rotation  of  the  wheel  and  the  applied  couple,  is  clearly  shown  is  m 
figure.  The  equation  connecting  the  variables  in  this  problem  is  J 

O tm  lotQf  V 

where  G is  torque  expressed  in  ft.  lb.,  / is  the  moment  of  inertia  in 
squared,  « is  the  angular  velocity  of  spin  and  Q*  is  the  angular 
precession  in  radians  per  second.  I 
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804.  Simple  gyro  compass.  The  simple  gyro  oompeas  or  Foeault 
ndulum  is  shown  in  Fig.  48.  It  consists  of  a flywheel  or  rotor  driven  at  a 
nst&nt  speed  by  an  electric  motor  and  mounted  in  a case.  This  case  is 
pported  on  bearings  located  on  an  axis  in  the  horisontal  plane  and  per- 
ndicular  to  the  axis  of  spin  of  the  wheel.  A vertical  ring  supports  these 
•risontal  bearings,  which  ring  is  in  turn  free  to  rotate  about  the  vertical 
is,  being  supported  by  a torsionless  filament.  A weight  MfF”  is  attached 
the  bottom  of  the  case  which  restrains  the  system  about  the  horisontal 
arings. 

SOS.  Action  of  simple  compass  on  equator.  The  primary  require- 
snts  of  a compass  are  that,  first,  it  shall  be  acted  upon  by  a definite  force 
nding  to  rotate  it  about  the  vertical  and  into  the  plane  of  the  meridian, 
d,  second,  that  it  shall  have  an  equilibrium  position  on  the  meridian.  If 
i consider  the  simple  compass  located  on  the  eouator  and  pointing  east  or 
»t  as  shown  in  Fig.  49  with  the  axle  horisontal,  rotation  of  the  earth  will 
ipress  forces  upon  and  react  on  this  system  in  the  following  manner, 
fter  an  interval  of  time  the  earth  will  have  rotated  through  the  angle  “A” 
id  the  direction  in  space  of  the  vertical  will  have  changed  by  an  amount 
lual  to  this  angle.  L>ue  to  the  property  of  fixity  of  plane,  however,  the 
Toscope  will  maintain  its  axis  parallel  to  its  original  position.  The  result 
this  is  that  the  east  end  of  the  axle  will  have  tipped  up  or  risen  in  respect 
the  earth’s  surface.  When  this  has  occurred  the  weight  “TP”  will  introduce 
gravity  couple  which  would  cause  precession  of  the  wheel  about  the  vertical, 
eference  to  Par.  SOS  will  show  that  this  precession  will  be  in  such  a direc- 
an of  precession  being  such  as  to  cause  the  wheel  to  rotate  in  the  same 
rection  as  the  rotation  of  the  earth.  When  the  wheel  swings  past  the 
cridi&n  the  tilting  action  reverses  and  rotation  about  the  vertical  is  soon 


ought  to  a standstill  and  reversed  and  the  cycle  repeats.  It  is  thus  shown 
tat  such  a system  will  seek  the  meridian.  That  its  equilibrium  position  is 
t the  meridian  is  obvious  from  consideration  of  Fig.  50,  which  snows  that 
> tilting  action  is  introduced  when  the  compass  is  lined  up  with  the  meridian. 
106.  Gyro  compass  at  any  latitude.  In  Par.  80S  above  it  is  shown 
iat  the  directive  force  of  the  gyro  compass  is  dependent  upon  the  component 
the  earth *8  rotation  about  the  horisontal  axis  in  the  plane  of  the  meridian, 
his  component  is  maximum  at  the  equator  and  equal  to  the  earth’s  rotation 
id  it  is  sero  at  the  poles.  At  any  other  latitude  it  is  equal  to  u cos  X where 
is  the  angular  velocity  of  the  earth’s  rotation  and  X is  the  latitude  angle, 
he  directive  force  of  the  gyro  compass  is,  therefore,  maximum  at  the 
luator  and  sero  at  the  poles  and  proportional  to  the  cosine  of  the  latitude 
igle  at  any  other  location.  The  directive  foroe  of  the  simple  gyro  compass 
given  by  the  equation 

Directive  force  — IaQ  cos  X (8) 

here  the  quantities  are  expressed  in  the  same  units  as  equation  7.  From 
ic  above  explanation  will  be  seen  that  the  motion  of  the  gyro  compass  is  an 
[iptic  oscillation  performed  oounter-clockwise  as  viewed  from  the  south. 
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The  motion  is  a simple  harmonic,  the  period  in  either  azimuth  or  tit  ban 
given  by  the  equation  

T = 2x  \j hi i 

v cos  X) 

SIT.  Correction  for  vertical  component  rotation.  At  so;  our 
point  than  the  equator  there  is  a component  of  the  earth's  rotation 
the  vertical  equal  to  Q sin  X.  For  this  reason  an  error  will  be  introdus 
into  the  compass  at  latitude  other  than  aero  due  to  the  fact  tnat  the  a r. 
will  rotate  beneath  the  tilt,  tending  continually  to  leave  the  axle  beMad  - 
meridian.  As  soon,  however,  as  the  axle  is  displaced  from  the  meridsa 


cn  brings  into  p 

equilibrium  position  will  be  found  where  the  tilt  introduced  is  just  soiled 
to  precess  the  compass  about  the  vertical  at  the  rate  of  Q sin  X.  Tbit  er 
may  be  removed  and  the  compass  axle  leveled  and  brought  into  the  mends 
plane  by  hanging  a weight  of  suitable  size  on  the  end  of  the  axle.  Th 
introduces  a new  gravity  couple  of  a correct  magnetude  to  cause  preeea 
equal  and  opposite  the  vertical  component  of  the  earth’s  rotation.  T* 
size  of  this  weight  is  different  for  each  different  latitude,  becoming  larger  :• 
the  latitude  angle  increases.  In  practice  the  size  of  the  weight,  vhH 
minute,  is  only  changed  for  about  every  10  deg.  of  latitude  and  i»  th* 


806.  Speed  and  latitude  deviation.  The  compass  when  proper 
leveled,  as  described  in  Par.  807,  and  held  stationary  will  indicate  a trar 
geographic  meridian.  However,  when  mounted  on  a moving  object,  asefc  * 
a ship,  a deviation  is  introduced,  due  to  this  movement.  It  is  obviooi  ti» 
when  a ship  is  moving  on  the  earth's  surface  in  any  direction,  it  may  ata? 
be  considered  as  revolving  in  a great  circle,  therefore  the  same  in  natsn  k 
the  earth's  rotation,  from  which  the  oompass  derives  its  directive  forced 
smaller  in  magnitude.  It  therefore  follows  that  this  new  apparent  rout- 
of  the  earth  will  give  the  compass  a tendency  to  line  up  a new  plane.  VV 
this  new  rotation  or  ship’s  course  is  parallel  to  the  equator  no  error  ii  a*-  > 
duced  since  the  only  effect  is  to  add  or  subtract  from  the  earth’s  s&*tv 
velocity.  However,  when  this  course  lies  in  the  meridian  the  deviatioc  to? 
to  the  ship's  velocity  is  maximum  while  for  any  other  heading  of  the  sl; 
the  deviation  is  proportional  to  the  cosine  of  the  heading  angle.  It » fsrtY 
apparent  that  since  the  directive  force,  due  to  the  ship’s  motion  is  coasur 
for  a given  speed  in  any  latitude,  whereas,  the  directive  force  of  the  esrti  • 
rotation  becomes  smaller  as  the  latitude  angle  increases,  that  this  speed  «&*' 
will  be  of  larger  magnitude  for  a given  ship's  speed,  the  greater  the  Isutit 
angle.  The  equation  for  this  deviation  is  given  by 

_ 4 / K coe  H \ 

3 - t*n  Uoco^x)  ,h 

where  S « deviation  in  degrees,  K ■*  ship  speed  in  knots  and  If  * sis? 
heading  (meridional  component). 

In  the  gyroscopic  compasses  manufactured  by  the  Sperry  Gyroscope  Cos 
pany  an  ingenious  device  makes  all  these  corrections,  automatically  satefl 
this  equation  for  latitudes,  speeds,  and  headings  so  that  all  readings  of  ta 
gyro  oompass  and  its  repeaters  are  exactly  on  the  true  geographic  nsendae 
This  device  automatically  moves  the  lubber  ring  or  reading  point  for  t* 
compass  card  a correct  amount  for  all  of  the  various  headings,  all  lahtadr 
and  speeds  of  the  ship.  This  form  of  gyro  compass  has  been  adopted  » 
standard  in  practically  all  navies  of  the  world. 

809.  Ballistic  deviation.  Another  source  of  natural  deviation  is  tfc* 
known  as  the  ballistic  deviation,  which  is  due  to  components  of  aocekn&:< 
forces  in  the  NS  line.  When  a ship  steaming  north  changes  either  its  vtkr 
ity  or  direction,  the  foroes  due  to  acceleration  are  impressed  on  the  wdgi 


and  in  turn  causes  precession  about  the  vertical.  Since  the  speedT and  hi 
tude  deviation  will  change  when  the  NS  component  of  a ship’s  speed  change 
we  may,  by  properly  adjusting  the  sise  and  lever  arm  of  the  weight  “BY' be* 
about  a condition  in  which  movement  caused  by  acceleration  forces  » in- 
sufficient to  bring  the  oompass  to,  but  not  beyond,  its  new  settling  par 
If  the  weight  “ W and  its  lever  arm  are  such  as  to  make  the  period  ns  gpt' 
by  equation  (9)  equal  to  85  minutes  of  time,  there  will  be  no  oorallatiea  * 
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up  by  the  changes  of  speed.  This  Adjustment  theoretically  will  only  be 
oorrect  for  one  given  latitude,  but  in  practioe  if  the  period  is  made  correct 
for  a selected  latitude,  the  error  on  either  side  is  too  minute  to  cause  trouble 
in  navigable  latitudes. 

110.  Methods  of  suspension.  The  directive  force  of  the  gyro  compass 
at  the  equator  exceeds  200,000  dyne-centimeters.  This  is  very  large  com- 
pared to  the  magnetic  compass  with  approximately  500  dyne-centimeters. 
In  the  gyro  compass  this  directive  force  is  required  to  orient  a rather  large 
mass  ana  the  details  of  the  suspension  are  of  extreme  importance.  There 
are  three  methods  of  suspension,  used  more  or  less  successfully.  The  oldest 
suspension  in  practical  use  was  a float.  This  method  consisted  in  carrying 
the  weight  of  the  sensitive  element  on  a hollow  metal  float  immersed  in  ou 
or  mercury.  Sensitive  ball  bearings  are  used  for  oentrafising  the  system. 
The  second  has  recently  been  developed,  which  consists  essentially  of  a step 
bearing  floated  on  an  oil  film,  the  film  being  maintained  by  pressure  from  a 
small  pump.  The  pulsations  of  this  pump  apply  a vertical  vibratory  move- 
ment to  the  sensitive  element  for  the  purpose  of  maintaining  a minimum 
static  friction.  The  suspension  most  widely  adapted  and  completely  suc- 
cessful is  that  used  in  the  Sperry  compass  which  consists  of  torsionless  fila- 
ment composed  of  a bundle  of  fine  piano  wires.  This  filament  supports  the 
sensitive  element  and  is  in  turn  supported  by  a second  rotating  Aiollow-up 
or  “phantom”  element.  This  rotating  member  is  constantly  driven  by  a 
small  electric  motor  through  a system  of  contacts  which  cause  the  phantom 
element  to  oloeely  follow  all  motions  of  the  sensitive  element  in  asimuth. 
An  important  adjunct  to  all  gyro  supporting  systems  is  means  for  rendering 
them  mechanically  "nascent,  that  is,  eliminating  static  friction.  In  the 
Sperry  compass,  which  was  the  first  to  embody  this  feature,  the  follow-up 
system  is  so  arranged  as  to  cause  a continuance  of  small  oscillations  of  the 
phantom  element  m asimuth. 

811.  Damping.  Friction  would,  of  course,  be  the  most  obvious  means 
of  damping  the  oscillations  of  the  compass  in  asimuth.  Friction  damping 
works  satisfactorily  in  the  case  of  a stationary  compass;  however,  when 
applied  about  either  the  vertical  or 
horisontal  axis  of  the  gyroscope  when 
mounted  on  a boat,  it  energises  this 
system  due  to  the  motions  of  the  boat. 

The  damping  means  employed,  there- 
fore, must  be  such  that  the  damping 
force  is  proportional  to  the  amplitude 
of  the  osculation  and  must  vanish 
when  the  compass  comes  to  rest  on  the 
meridian.  Damping  may  be  applied 
about  either  the  nonsontal  or  vertical 
axis  of  the  gyroscope.  Any  method 
of  absorbing  energy  of  the  oscillation 
which  would  damp  reservoirs  of  a D 
liquid,  for  instance,  one  mounted  on 
t-he  north  side  and  one  on  the  south 
side  of  the  gyro  casing  connected  by 
a restricted  passage  which  retards  the 
flow  between  them,  will  perform  this 
function,  acting  about  the  horisontal 
axis.  A novel  method  of  damping  is 
that  employed  in  the  Sperry  compass, 
shown  in  Fig.  51,  where  the  weight 
•*  W'*  is  supported  on  the  phantom  element  and  connected  to  the  wheel  by 
means  of  the  pin  (1)  offset  to  the  east  of  the  vertical  axis.  It  is  obvious  then 
that  when  the  wheel  tilts  or  dips  a “couple”  will  be  introduced,  not  only 
about  the  horisontal  axis  as  in  the  simple  compass,  but  also  about  the 
trertical  axis.  This  “couple”  about  the  vertical  is  in  such  a direction  as  to 
zmmbb  precession  of  the  wheel  about  the  horisontal  opposite  to  the  motion 
introduced  by  the  earth's  rotation.  True  damping  in  almost  any  desired 
>4sroentage  is  thus  secured. 

git.  Mechanical  details.  In  order  to  obtain  the  maximum  directive 
oree  with  the  minimum  of  weight,  it  is  necessary  to  run  the  wheels  at  as 
ligch  a speed  as  practicable.  Three-phase  induction  motors  are  preferably 
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used  for  driving  the  wheels,  which  rotate  at  speeds  from  8,000  to  30JBOB 
r.p.m.,  depending  on  the  design  of  the  compass  and  the  sise  of  the  wheel.  It 
order  to  secure  smooth  running  wheels  at  theee  speeds  great  care  mast  b«  | 
exercised  in  balancing  the  wheels  dynamically,  and  the  construction  mm  | 
be  such  that  no  relative  movement  of  the  parte  occurs  under  the  stros  m 


Via.  52. 

« 


up  by  the  rotation.  Special  ball-bearings  must  be  used  throughout  is  order 
to  obtain  the  maximum  of  sensitivity  and  great  care  must  be  exercised  » 
prevent  the  shifting  of  parts  in  service. 

SIS.  Compensations.  Theoretically  the  compass  for  use  on 
should  be  so  constructed  that  the  moments  of  inertia  about  the  axes  of  rop 
tion  (including  the  gimbal  axes)  are  equal.  In  practice  this  is  impc— 
and  it  is  necessary  to  employ  other  compensating  means  to  affect  tk» 
result.  Space  does  not  allow  a complete  statement  of  the  various  ws* 
employed  or  of  the  theory  uponwhich  they  are  baaed.  In  general,  auxihw' 
stabilisers  and  gyroscopes  are  used  either  to  stabilise  the  entire  Beasti" 
element  about  the  north  east  and  east  west  or  to  stabilise  the  point  c 
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attachment  totween  the  weight  and  the  wheel.  The  formof  compass  widely 

^PuSh«ethe”mpSi . “Sby“‘  M0rine  U ’h0W“  in  F“'  52  which  ^ 
means  of  adjustable  weights  and  — — ■ % 

the  use  of  a non-pendulous  mcr-  I 

^ury  ballistic  attachment  whioh  _____  r-  . 1 

obtains  the  same  meridian-seek-  * 1/  ».g  A 

^properties  as  the  weight  * Vf  C 

S14.  Repeating  system.  One  i(ff\ 

>f  the  outstanding  advantages  ll  //  J 

>f  the  gyro  compass  is  the  fact  * J 

that  the  directive  power  is  so  j5ylr  « 

treat  that  indications  of  the  ^ wa 

:ompss8  may  be  electrically  ” — . 

transmitted,  or  repeated,  to  Uili  - 1 

my  distant  point  or  part  of  the  « I I* 

ihip.  This  is  accomplished  by  pIO  to 

neans  of  a synchronous  trana- 

^y  th°  P°wer_actuated  phantom  element.  The 
ileetneal  elements  of  the  repeating  system  are  shown  in  Fig.  53.  One  form 
>f  transmitter  consists  of  three  contacts,  which  are  opened  and  closed  by  a 
actuated  from  the  motions  in  azimuth  of  the  phantom  element.  Each 
these  contacts ( energises  opposite  coils  of  the  repeater  motor.  In  the 
igure  position  '* A ’ is  shown,  where  the  contacts  are  closed,  energizing  coils  1, 
he  armature  standing  as  shown.  In  position  "J3,”  contacts  1 remain  closed 
md  contacts  2 are  closed,  the  armature  being  rotated  30  deg.,  and  assuming 
t mid-pole  position.  In  position  "C,"  contacts  1 open,  and  so  on  fora  com- 
>lete  revolution.  Suitable  gearing  is  interposed  to  make  euch  motor  step 
iqual  yt  deg.  of  the  compass  card. 


Fia.  54. 


.W*-  equipment.  A typical  merchant  marine  equipment  is 

hown  in  Kg.  54.  It  consists  of  the  following: 

1*  Master  gyro  compass  in  binnacle. 

2.  Motor  generator  for  converting  the  ship’s  supply  into  three-phase 
lternating  current  of  suitable  frequency  for  driving  tne  gyro  wheels.  This 
nachine  also  supplies  20-volt  continuous  current  for  operating  the  repeater 
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system  and  charging  the  storage  battery.  Upon  failure  of  the  main  mb 
this  machine  operates  as  a motor  from  the  battery  to  keep  tha  ms 


a motor  from  the  battery  to  keep  tha 

spinning. 

3.  Storage  battery  for  supplying  current  for  emergency  use. 

4.  Switchboard  for  controlling  the  various  electrical  circuits. 

5.  Alarm  bells  for  indicating  failure  of  the  main  supply. 

0.  Steering  repeater  compass  and  stand. 

7.  Bearing  repeater  in  pelorus  for  taking  torrential  and  astroaonaa. 
bearings. 

8.  Bulkhead  repeater  for  us  in  any  part  of  the  ship. 

9.  Connection  box  to  which  any  repeater  may  be  connected. 

10.  Recording  compass  for  recording  the  course  of  the  ship  and  tuna 


818.  Operating  characteristics.  In  practice  the  gyro  compass  ns 
only  provides  a greater  safety  factor  in  navigation,  but  results  in  imports^ 
economies  in  the  operstion  of  the  ship  as  well.  A saving  of  fuel  is  electee 
due  to  the  much  straight®-  courses  steered  with  the  gyro  compos.  Lock 
disturbances,  such  as  storms  and  all  conditions  affecting  the  magnetic  eon- 
pass  are  practically  eliminated.  In  addition  to  this,  much  time  is  saved  is 
the  so-called  “swing  ship”  operation  for  correcting  the  magnetic  cosy 
and  in  general  observations  and  the  taking  of  bearings  are  more  aecwat* 
and  reliable.  The  elimination  of  calculations  required  to  derive  the  tree 
geographic  north  from  the  indications  of  the  magnetic  compass,  reprensb 
a reduction  of  liability  and  relieves  the  ships’  personnel  of  much  responsifc<h?y 
and  allows  their  time  to  more  usefully  spent  in  operating  duties.  In  gcserti 
the  increased  efficiency  of  the  ship  represents  a considerable  percentage  c* 
saving. 
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•17.  Static  electrical  charges  are  produced  in  various  industrial  pme 

essee.  The  most  fanabv 


presence  of  static  charges  a 
industries  is  that  occurring  a 
belts,  both  when  used  as  driv- 
ing mediums  for  machine? 
and  also  as  conveyors.  Tb» 
is  particularly  true  of  the 
latter  in  grain  elevators-  li 
the  printing  industry  vary 
heavy  charges  are  prodwwd 
on  the  surface  of  the  paper  a 
high-speed  presses:  these  sr» 
also  experienced  in  the  manu- 
facture of  paper.  Such  co^ 
ditions  are  likewise  pmdnk 
in  the  manufacture  of  en- 
tiles, and  the  ginning  d 
cotton.  In  the  mixing  <f 
paints  and  the  manufarnc* 
of  oilcloth  and  rubbensse 
goods,  static  charges  are  al- 
ways present.  Warn  eme- 
tine is  allowed  to  flow  from  as 
insulated  nossle.  a sta&r 
charge  may  be  produced. 

818.  High-speed  belts 
When  belts  are  operated  *- 
high  speed  in  dry  afcmcv 
pheres,  they  frequently  be- 
come heavily  charged  vre 
statio  electricity.  Tt# 
charges  are  more  pee  visa* 
in  a cold,  dry  atmosphe* 
than  when  it  is  hot  and  humid.  When  the  humidity  of  the  surrounding  ar 
is  high,  statio  charges  are  generally  completely  neutralised.  Static  charge 
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have  not  been  given  the  necessary  study  to  determine  definitely  their  true 
eauee;  however,  they  are  undoubtedly  the  result  of  friotion  produced  in 
various  forms.  In  a belt  there  are  probably  three  contributing  causes; 
namely,  friction  of  the  atmosphere  on  the  belt  surface,  friction  between  the 
molecule  of  the  leather  in  the  belt  where  it  bends  over  the  pulley,  and  slippage 
of  the  belt  on  the  surface  of  the  pulley.  Theepeed,  operating  conditions, 
material  and  sise  of  belt  also  have  an  influence.  Very  high  potentials  may 
be  built  up  on  belts;  in  one  case  on  record,  a 22-in.  leather  belt  operating  at  a 
high  rate  of  speed,  potentials  of  75,000  volts  were  measured.  This  belt  was 
used  to  drive  a flour  mill  from  a motor. 

tit.  Remedies  for  charged  belts.  When  the  belt  runs  on  a wooden 
pulley  on  the  driven  machine  and  a metal  pulley  on  the  motor,  or  if  the  driven 
pulley  is  well  insulated,  there  is  the  possibility  that  the  motor  will  have  high 
potentials  built  up  on  its  frame,  and  there  are  oases  on  record  where  these 
potentials  have  destroyed  the  insulation  on  the  windings.  If  the  motor  is 
equipped  with  ball  bearings,  it  can  generally  be  properly  protected  by  effec- 
tively grounding  its  frame.  But,  when  the  motor  is  equipped  with  oil-ring 
sleeve  bearings,  the  film  of  oil  in  the  bearings  may  insulate  the  revolving 
element  from  the  frame  to  such  an  extent  as  to  allow  potentials  of  consider- 
able value  to  be  built  up  in  the  former;  therefore,  it  is  necessary  that  the 
armature  shaft  should  also  be  ground.  This  may  be  done  through  a small 
copper-leaf  brush  resting  on  the  shaft.  A common  method  of  removing 
statics  from  belts  is  by  suspending  a metal  comb  near  the  surface  and  effec- 
tively grounding  this  comb.  In  some  cases  fine  wire  springs  are  soldered  to 
the  comb  teeth  and  allowed  to  touch  the  surface  of  the  belt,  as  in  Fig.  55. 
The  latter  method,  although  requiring  more  attention  to  maintain  on  account 
of  the  springs  breaking,  nas  the  advantage  that  the  surface  of  the  belt  is 
directly  grounded,  consequently  is  maintained  at  a lower  potential  than  when 
an  air  gap  exists  between  it  and  the  metal  comb.  The  necessity  of  effec- 
tively grounding  cannot  be  too  strongly  emphasised,  since  the  protection, 
to  be  of  value,  must  have  an  easy  path  to  earth.  Wherever  possible  the 
gyound  wire  should  be  connected  to  a water  pipe,  a damp  bang  used  to 
attach  the  wire  to  the  pipe.  The  ground  wire  should  also  be  installed  in 
ouch  a way  as  to  protect  it  from  injury  so  that  it  will  not  fail  at  some  inoppor- 
tune time.  Under  many  conditions  the  most  serious  objection  is  that  a 
belt  charged  with  static  electricity  is  disagreeable  to  work  around.  How- 
ever, where  inflammable  gases  and  dust  are  present,  there  is  always  a danger 
of  an  explosion,  a number  of  cases  being  on  record  where  such  explosions 
have  been  caused. 

To  prevent  the  building  up  of  static  potentials  on  belts,  where  explosive 
mixtures  are  present,  it  has  been  found  advantageous  to  treat  the  bat  with 
a dressing  in  which  graphite  has  been  mixed.  This  makes  the  belt  surface 
sufficiently  conductive  to  allow  the  positive  and  negative  charges  to  neutral- 
ise each  other.  With  this  method  it  is  necessary  to  keep  a close  check  on  the 
belt  to  be  sure  that  the  dressing  has  not  been  worn  off,  which  may  be  done 
with  a gold-leaf  electroscope  held  near  the  belt. 

810.  In  grain  elevators  and  attrition  mills,  serious  trouble  is  experi- 
enced from  static  charges  not  only  in  the  belts  driving  the  machinery,  but 
also  in  conveyor  belts  and  in  the  mills.  Grain  that  is  smutty  has  been 
found  to  cause  high  static  charges  in  belt  conveyors.  In  one  case  a rubber- 
belt  conveyor  traveling  at  about  750  ft.  per  minute,  was  found  to  have 
potentials  of  45,000  volts.  Investigations  have  shown  that  higher  poten- 
tials exist  in  all  parts  of  elevator  equipment  when  handling  smutty  grain 
them  when  handling  clean  grain.  Grain,  when  passing  over  metal  surfaces, 
almost  always  produces  electrification,  in  which  oases  the  metal  is  positively 
charged  and  the  grain  passing  over  it  is  negatively  charged.  Explosions  in 
grain  elevators,  attrition  mills,  threshing  machines,  etc.,  have  been  caused 
by  static  charges  building  up  in  various  parts  of  the  equipment  and  discharg- 
ing to  pround  or  from  one  part  of  the  equipment  to  another.  Effectively 
grounding  all  metal  parts  of  the  machinery  nas  been  found  to  be  the  most 
effective  way  of  eliminating  these  hazards.  It  is  not  enough  to  ground  the 
itationary  parts  of  the  equipment,  but  the  moving  parts  must  also  be 
grounded,  the  latter  through  a brush  rubbing  on  the  shaft.  Where  machin- 
ery is  driven  by  belts,  it  is  possible  for  a potential  to  be  built  up  in  the 
msdbiae  from  the  belt  unless  the  former  is  properly  grounded.  A state  of 
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electrification  to  the  extent  of  causing  an  explosion  may  exist  in  metal  tdbhg 
through  which  grain  or  dust  passes,  in  blower-fans,  elevator  heads,  acosixf 
machines,  grinding  mills,  etc. 

SSI.  In  textile  mills  considerable  trouble  is  experienced  in  the  carfe* 
and  spinning  processes  with  static  electricity  developed  by  the  preuort  c 
the  fibers  between  the  rolls  and  the  friction  of  the  fibers  on  one  another 
The  charges  on  the  textiles  are  usually  of  positive  polarity.  As  in  atW 
cases  the  temperature  and  climatic  conditions  have  a marked  influence  ops 
these  charges,  they  being  most  severe  in  cold,  dry  air  and  disappesbq 
entirely  in  hot,  humid  atmosphere.  Static  charges  are  more  prevalent  wd 
colored  than  with  white  stock.  These  charges  result  in  a repukaoo  betom 
the  fibers,  which  causes  them  to  have  a tendency  to  stick  out  radiallVinsUK 
of  lying  parallel.  These  conditions  are  generally  most  severe  in  a dry,  wit 
atmosphere  and  may  become  so  bad  as  not  only  to  interfere  with  prodactki 
but  also  to  have  a deleterious  effect  upon  the  quality  of  the  product.  Haas: 
fying  the  air  with  steam  jets,  vapor  pots,  wetting,  etc.,  have  been  foaa. 
effective,  but  this  moisture  always  tends  to  rust  the  machinery  and  is  ohja* 
tion&ble  on  that  account.  One  method  that  is  proving  very  effective  a 
many  installations  is  a high-voltage  alternating-current  neutraliser,  skid 
consists  of  a coil  giving  about  12,000  volts  on  the  secondary,  one  tennis*!  o 
this  coil  being  connected  to  a properly  insulated  metal  rod  haring  a nambr 
of  points  which  are  brought  down  to  within  1 to  3 in.  of  the  material.  Tra 
charges  the  surrounding  air  alternately,  positive  and  negative,  so  that  wke 
the  material  that  is  statically  charged  cornea  into  the  influence  of  this  ties! 
it  will  be  neutralised  whether  the  charge  be  positive  or  negative. 

SSS.  In  paper  manufacturing  and  printing  more  or  lem  trust*  * 

experienced  from  static  electricity.  Wherever  paper  or  fabric  is  subjects 
pressure  or  friction  against  solid  material,  static  charges  are  most  coosjww* 
right  at  the  point  of  separatioh  from  any  solid  against  which  it  has  hm 
pressed.  Voltage  measurements  taken  by  the  spark-gap  method  hare  dw*' 
potentials  to  exist  varying  from  5,000  to  100,000  volts,  according  to  dimaw 
conditions.  These  charges  have  become  of  such  magnitude  as  to  set  tk 
paper  on  fire  in  the  press.  Paper  as  it  comes  from  the  impression  cyfods 
of  a printing  press  invariably  has  a uniform  negative  charge  over  its  swbn 
but  before  reaching  the  delivery  it  may  have  some  spots  that  are  nesala^ 
charged,  while  others  may  be  positively  charged.  This  is  naturally  vbi 
would  be  expected,  since  in  the  delivery  the  paper  passes  over  bodies  tk k 
cover  only  part  of  its  surface,  such  as  tapes,  wooden  fly  sticks,  etc.  Hiinif 
fying  the  atmosphere  is  one  means  of  overcoming  the  charges.  It  has  *k* 
been  found  that  when  it  is  practicable,  heating  the  surface  of  the  paper  u s 
oomes  from  the  press,  over  a gas  flame,  is  effective  in  removing  static. 
mg  the  paper  to  pass  through  the  field  of  a high-voltage  alternating  onw 
has  been  found  to  be  effective  in  a large  majority  of  cases. 

SIS.  In  the  manufacturing  of  paints  and  the  grinding  of  pigmeat* 
static  charges  are  produced  in  the  materials,  and  if  the  solvents  arc  Imiwr 
mable,  there  is  always  danger  of  fire,  especially  if  high-speed  apparatus?  * 
used.  Many  fires  have  been  known  to  be  caused  by  statics  in  these  process 
Grounding  of  the  apparatus  is  not  always  a preventative.  Therefore 
is  good  practice  to  nave  a fire  extinguisher  near  at  hand  to  be  used  oc  i 
moment's  notice. 

334.  Handling  gasoline.  Explosions  and  fires  have  occurred  from  stat* 
discharges  in  handling  gasoline.  When  gasoline  or  other  distiliatsB  ar 
poured  at  a high  rate  from  a noxale  into  a tank  that  is  insulated  from  fir 
ground,  a statio  charge  will  be  produced  in  the  tank.  If  the  nosxfe  > 
grounded  and  happens  to  be  brought  near  the  tank  after  the  latter  has  br 
come  charged,  there  will  be  a discharge  from  the  tank  to  the  nossle,  esashs* 
spark.  If  a proper  mixture  of  air  and  vapor  exists  an  explosion  is  very  5b£ 
to  result.  The  most  effective  remedy  is  to  make  sure  that  not  only  a* 
receiving  tank,  but  also  the  nonle,  is  effectively  grounded. 

385.  Miscellaneous.  There  are  numerous  other  conditions  in  indsstn* 
where  static  charges  are  produced;  for  example,  in  rubber-spreading  macte 
cry,  spirt-proofing  machinery,  naphtha-cleaning  machines  and  the  like-  * 
wide  web  of  cloth  in  a rubber-coating  machine  has  been  found  to  be  poritiw 
charged  on  the  central  portion  where  the  edges  would  be  negatively  chary* 
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with  the  result  that  a spark  may  discharge  across  the  surface  of  the  doth, 
leaving  a black  mark.  The  remedies  referred  to  in  the  foregoing  may  be 
applied. 

Sit.  Grounded  metal  frameworks.  Static  electrical  charges  are 
created  in  industrial  equipment  under  so  many  different  conditions  that  it  is 
impossible  to  suggest  any  hard-and-fast  rule  for  eliminating  them.  What 
may  give  complete  satisfaction  in  one  case  has  been  found  to  fail  entirely 
under  similar  conditions  in  another  locality.  Two  similar  machines  may  be 
operating  in  dose  proximity  to  each  other,  and  one  will  be  practically  free  of 
static  dectridty,  or  if  static  chargee  are  produced  they  will  be  easily  elimin- 
ated, where  with  the  other  machine  all  means  of  preventing  apparently  fail. 
However,  there  is  one  invariable  rule,  whether  it  gives  the  necessary  relief 
or  not — the  frame  of  all  equipment  where  static  charges  are  present  should 
be  effectivdy  and  permanently  ground. 

S27.  Reference  literature.  See  “Static  Electricity  in  Attrition  Mill 
and  Methods  of  Removal,”  by  M.  E.  McCollam;  “Recent  Investigations 
of  Statio  Conditions  in  Industrial  Plants,”  by  H.  E.  Roethe,  proceedings  of 
conference  of  men  engaged  in  grain-dust  explosion  and  fire-prevention  cam- 
paign, conducted  by  united  States  Grain  Corporation  in  cooperation  with 
Bureau  of  Chemistry,  U.  S.  Dept,  of  Agriculture,  Apr.  22-24,  1919. 


ENGINEERING  SPECIFICATIONS  AND  CONTRACTS 


MS.  Contracts.  Since  a contract  which  is  good  in  law  embraces  for  the 
most  part  questions  which  are  wholly  legal  in  character,  it  is  beyond  the 
function  of  an  engineering  handbook  to  go  into  the  matter.  The  advice 
of  competent  legal  counsel  is  always  advisable  in  all  matters  connected  with 
contracts,  even  though  the  engineer  may  have  acquired  an  extensive  knowl- 
edge of  the  law  of  contracts.  Such  knowledge  should  never  be  relied  upon  as 
a final  guide,  but  is  frequently  useful  in  assisting  the  engineer  to  avoid  serious 
mistakes  and  difficulties.  The  bibliography  appended  hereto  is  recom- 
mended as  a course  of  reading  for  engineers  who  wish  to  equip  themselves 
with  a general  knowledge  of  the  subject. 

Sit.  Specifications.  An  engineering  specification  is  almost  always 
made  part  of  a contract,  either  by  direct  embodiment  in  the  contract  or  by 
reference.  It  is  therefore  essential  that  such  a specification  should  be  clear, 
direct,  definite,  conclusive,  and  legally  sound.  The  art  of  drawing  specifica- 
tions is  acquired  necessarily  by  practice,  founded  upon  a thorough  technical 
knowledge  of  the  subject  matter  in  hand.  General  rules  for  guidance  have 
been  formulated  by  numerous  authorities  and  references  to  a number  of 
these  will  be  found  in  the  appended  bibliography.  These  general  rules  will 
usually  be  found  helpful  as  to  the  proper  or  desirable  scope  of  the  subject 
matter  in  a specification,  but  it  is  frequently  more  helpful  to  have  before  one 
i specification  covering  similar  or  identical  subject  matter  which  was  drawn 
:>y  a competent  engineer.  If  no  other  source  is  available,  the  specifications 
ised  by  the  U.  8.  Government  are  sometimes  obtainable  through  the  Supt. 
>f  Documents,  at  Washington,  D.  C. 


MO.  Bibliography  on  engineering  contracts  and  specifications. 

Wait,  J.  C. — “Engineering  and  Architectural  Jurisprudence;”  1898. 

Wait,  J.  C. — “Law  of  Operations  Preliminary  to  Construction  in  Engineer- 
ng  and  Architecture;”  1900. 

%Vait,  J.  C. — “The  Law  of  Contracts;”  1901. 

Johnson,  J.  B. — “Engineering  Contracts  and  Specifications;”  3rd  edition, 
1902. 

Waddkll,  J.  A.  L.  and  Wait,  J.  C. — “Specifications  and  Contracts;”  1908. 

Fowlbb,  C.  E. — “Law  and  Business  of  Engineering  and  Contracting;” 
909. 

Tucmr,  J.  I. — “Contracts  in  Engineering;”  1910. 

Fowls,  F.  F. — “Engineering Specifications;”  Proc.  A.  I.  E.  E.,  Sept.,  1911. 

Year  Book,  A.  S.  T.  M.,  1914;  “Regulations  Governing  the  Form  of 
Specifications,”  pp.  403-473. 

Humphreys,  A.  C. — “Lecture  Notes  on  Business  Features  of  Engineering 
Practice;”  Stevens  Inst,  of  Tech.,  1912;  2nd  edition. 
i*iah,  J.  C.  L. — “Engineering  Economics;”  1915. 
kllen,  C.  Frank — “Business  Law  For  Engineers;”  1917. 

ead,  D.  W. — “Contracts,  Specifications  and  Engineering  Relations;”  19 
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MECHANICAL  SECTION 

KLXMKKTS  or  SECTIONS 

1.  Definitions.  The  properties  of  structural  sections  commonly  **t  * 
engineering  prsctioe  may  be  reduoed  to  certain  mathematical  (onus  tb 
are  used  to  simplify  the  calculations  of  design.  These  are  defined  ss  false 

A.  Aren  of  Motion,  expressed  in  sq.  in. 

R.  Radius  of  gyration.  The  distance  in  in.  from  the  axis  of  la- 
ments of  the  section  to  the  point  or  line  at  which  its  area  is  consuk^ 
concentrated;  the  radius  of  gyration  is  equal  to  the  square  root  of  » 
quotient  obtained  by  dividing  the  moment  of  inertia  of  the  section  (ttka 
about  the  same  axis)  by  the  area  of  the  section. 

I.  Moment  of  inertia.  The  summation,  expressed  in  inches  to  lb*  fee* 
power,  of  the  products  of  the  elementary  areas  of  a section  by  thesqatf** 
their  distances  from  the  centre  of  gravity  or  any  other  axis  assumed  forpr 
poses  of  computation. 

I.  Section  modulus.  The  moment  of  inertia  divided  by  the  dstw 
n,  from  the  axis  of  moments  to  the  extreme  fibre.  In  an  unsymmetas- 
section  there  are  two-section  moduli  for  each  axis  of  moments,  the  few* « 
which  determines  the  safe  unit  stress. 

Neutral  axis.  Axis  of  moments  through  centre  of  area. 

x'and  J,  the  distance  or  distances  in  an  unsym metrical  section  foa'i* 
back  or  working  line  of  the  section  to  the  centre  of  gravity  of  the  «*&<* 

These  mathematical  expressions  for  the  working  values  of  a numb*  of  * 
more  common  sections,  are  given  in  Par.  t. 


t.  Mathematical  Properties  of  Sections* 


* “Pocket  Companion/*  Carnegie  Steel  Co.,  1913. 
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BEAMS 

S.  Momenta.  The  moment  of  & force  with  reepect  to  any  given  point 
i equal  to  the  product  of  the  force  and  its  perpendicular  distance  from 
he  point.  If  the  force  is  expressed  in  lb.  ana  the  distance  in  in.v  the  mo- 
tent  will  be  expressed  in  in-lb. 

4.  Reaction  at  supports.  In  the  case  of  a horisontal  beam  supported 
t two  or  more  places,  each  support  reacts  against  the  beam,  and  the  sum 
f all  these  reactions  is  equal  to  the  oombined  weight  of  the  beam  and 
to  loading. 

5.  Shear.  The  loads  and  the  reactions  of  the  supports  are  vertical 
>reeo  tending  to  shear  or  cut  the  beam  across,  and  the  stresses  they  produce 
ithin  the  beam  are,  therefore,  called  shearing  stresses.  The  shearing  force 
t any  section  is  the  force  with  which  the  part  of  the  beam  on  one  side  of  the 
>otion  tends  to  slide  past  the  part  on  the  opposite  side.  The  shear  at  each 
ipport  is  equal  to  the  reaction  of  the  support ; the  shear  at  any  point  be- 
ween  the  supports  is  equal  to  the  reaction  of  the  support  less  the  total  load 
etween  the  support  ana  the  point;  or  if  the  upward  reaction  is  considered 
» positive  ana  the  downward  loads  are  considered  as  negative,  the  shear 
b any  point  is  the  algebraic  sum  of  all  the  forces  acting  vertically  on  the 
earn  on  either  side  ofthe  point  considered. 
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f . Bending  moment.  The  loads  on  the  beam  and  the  reactions  4 \ k 
supports  constitute  external  forces  which  produce  bending  stresses  a m 
beam.  The  summation  of  the  moments  of  the  external  forces  about  t* 
supports  is  called  the  bending  moment  and  varies  from  point  t«  post,  h e- 
tains  a maximum  value  at  a point  where  the  shear  is  sero.  j 

T.  Calculation  of  maximum  bonding  moment.  The  general  sri! 
for  the  computation  of  the  maximum  bending  moment  of  a beam  support 
at  the  ends  and  loaded  at  various  points  is  as  follows: 

First.  Find  the  reaction  at  the  left  (or  right)  support  by  mulupwrj 
each  load  by  its  distance  from  the  right  (or  left)  support  and  dividis*  -js 
sum  of  the  products  by  the  length  of  the  span. 

Second.  Starting  from  the  left  (or  right)  end  of  the  beam  add  tbcmw 
sive  loads  until  a point  is  reached  where  the  sum  of  the  loads  equals  th?  * 
action  of  the  left  (or  right)  support;  at  this  point  the  bending  momrti  n 
be  a maximum.  Determination  of  the  point  of  zero  shear  and  maxira 
bending  moment  may  be  facilitated  by  plotting  the  shear  at  a sowwbczc 
points  with  respect  of  the  distances  of  the  points  from  a fixed  point, 
a support.  Where  the  shear  changes  sign,  viz.,  where  the  curve  crosses  it 
axis,  may  be  readily  noted. 

Third.  Multiply  the  reaction  at  the  left  (or  right)  support  by  iu  dsoxi 
from  the  point  of  maximum  bending  moment  and  subtract  the  sum  of  ^ 
products  of  all  loads  to  the  left  (or  right)  of  this  point  by  the  corre*poKJ( 
distance  from  this  point;  the  difference  between  these  moments  is  tbea 
maximum  bending  moment. 

In  Par.  8 are  given  expressions  for  the  bending  moments  of  beaotifa1 
variety  of  loadings,  using  the  following  notation: 

A —Area  of  section,  in  sq.  in. 

n —Distance  from  centre  line  of  gravity  to  extreme  fibre. ax 

I — Moment  of  inertia  about  centre  line  of  gravity,  in  in-1 

M —Static  moment,  in  in.* 

8 —Section  modulus  — J/n,  in  in.* 

r — Radius  of  gyration  — y/ I/A , in  in. 

/ — Bending  stress  in  extreme  fibre,  in  lb.  per  sq.  in. 

A — Resistance  of  web,  in  lb.  per  sq.  in. 

B — Modulus  of  elasticity,  in  lb.  per  sq.  in. 

L - Length  of  section,  in  ft. 

I —Length  of  section,  in  in. 

d — Depth  of  section,  in  in. 

b —Width  of  section,  in  in. 

f — Thickness  of  section,  in  in. 

W,  Wi,  W i — Superimposed  loads  supported  by  beam,  in  lb. 

w — Superimposed  1 ad,  in  lb.  per  unit  length  or  area. 

W max  — Maximum  safe  load  at  point  given,  in  lb. 

R,  Ri  — Reactions  at  points  of  support,  in  lb. 

V —Vertical  Bhcar,  in  lb. 

M,  Mu  M t — Bending  moments  at  points  given,  in  in-lh. 

M max  — Maximum  bending  moment,  m in-lb. 

Mr  —Maximum  resisting  moment,  in  in-lb.  — ///n— ^5. 

D,  Di  — Deflections  at  points  given,  in  in. 

D max  — Maximum  deflection  at  point  given,  in  in. 

8.  Bending  Moment,  Deflection  and  Shear  of  Beams  under  ▼«**■ 
Loading  Conditions* 

1 


• "Pocket  Companion,"  Carnegie  Steel  Co. 
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I.  CANTILEVER  BEAM — Concentrated  load  at  free  end 
Ri  (max.  shear)  — W 

—•  f • duUnM  1 - j* 

M max.  at  Ri  - Wl 
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. mending  Moment,  Inflection  end  Shear  of  Beams  under  Various 
Loading  Conditions. — Continued 

**  OAHTILEVWt  BEAM — Uniformly  distributed  load 
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SUPPORTED  AT  END8 — Concentrated  load  near  one 
end 
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AT  ENDS — Concentrated  load  at  centre 
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BEAM  SUPPORTED  AT  ENDS— Uniformly  distributed  load 
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I.  Ending  Meant,  Deflection  and  Shear  off  Efim  Uato  Mm 
Loading  Conditions. — Continued 


VI.  BEAM  GONTIHUOUS  OVXB  TWO  SUFPOETS— Tva  «W 
symmetrical  loads 
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Vn.  BEAM  CONTIKUOUB  OVBB  TWO  EUFPOBTB— Untfare? 
distributed  load 
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9.  Beam  calculations, 

is 


The  fundamental  beam  formula,  for  beads* 


Mv 

I 


where  M is  the  maximum  permissible  bending  moment  in  in-Ih,  l ' 
the  distance  in  in.  from  the  neutral  axis  to  the  extreme  fibra  / » w 
moment  of  inertia  expressed  in  in.  to  the  fourth  power,  ana  / ■ » 
allowable  working  stress.  If  Aff  is  the  bending  moment  at  the  most  «&*** 
section  under  the  breaking  load,  / is  termed  the  modulus  off  rapt®* 
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The  bending  moment  M may  be  calculated  from  one  of  the  formulas  given 
1 Par.  S;  I may  be  selected  from  the  group  of  sections  represented  in  Par. 

Safe  working  values  of  /depend  largely  upon  the  class  of  service  to  which 
he  member  will  be  put.  The  allowable  working  stress  is  equal  to  the 
lodulua  of  rupture  divided  by  the  factor  of  safety. 

Eq.  1 may  be  presented  in  a more  simplified  form  as 

M-Sf  (2) 


rhere  S is  the  section  modulus  (see  Par.  1). 

10.  Safe  unit  stresses  for  steel  beams.  The  allowable  unit  stresses  for 
leneral  structural  work  will  not  usually  depart  from  the  following  values* 
expressed  in  lb.  per  sq.  in.;  oare,  however,  should  be  exercised  in  the  assump- 
ion  of  unit  stresses  for  structures  which  will  be  called  upon  to  meet  unusual 
equirements. 


Tension,  net  section,  rolled  steel 16,000 

Direct  compression,  rolled  steel  and  steel  castings 16,000 

fending,  on  extreme  fibres  of  rolled  shapes,  built  sections,  girders, 

and  steel  oustings 16,000 

fending  on  extreme  fibres  of  pins 24,000 

(hear  on  shop  rivets  and  pins 12,000 

(hear  on  bolts  and  field  rivets 10,000 

Ihear — average — on  webs  of  plate  girders  and  rolled  beams,  gross 

section 10,000 

fearing  pressure  on  shop  rivets  and  pins 24,000 

fearing  on  bolts  and  field  rivets 20,000 


11.  Safe  unit  stresses  for  wooden  beams.  A table  of  allowable  work* 
Qg  stresses  for  structural  timber  is  given  in  Sec.  4.  The  proper  factor  of 
aiety  is  usually  determined  by  the  character  or  conditions  of  service. 


12.  Concrete  beams  and  floor  slabs.  The  arrangement  of  concrete 
•earns  follows  the  same  principles  as  in  structural-steel  construction.  On 
hort  spans,  floor  cross  beams  may  be  omitted,  or  used  only  at  columns  in 
rder  to  secure  lateral  stiffness.  Beams  are  usually  designed  as  tee  beams, 
nd  a part  of  the  floor  slab  thus  comprises  part  of  the  beam.  The  width  of 
he  slab  considered  to  act  as  part  of  the  beam  should  not  exceed  five  times 
he  slab  thickness. 

The  reinforcement  of  floor  slabs  may  be  of  small  rods,  wires  or  metal  fabric, 
he  latter  especially  on  cross  spans.  Cross  reinforcement  of  small  rods  or 
riree  about  2 ft.  apart  laid  parallel  to  the  beam  supporting  the  slab, 
hould  be  used  to  prevent  oracles,  shrinkage,  etc.  If  the  length  of  the  slab 
xeeeds  pne  and  one-half  times  its  width,  the  entire  load  should  be  carried 
•v  transverse  reinforcement.  The  distribution  of  the  load  on  a rectangular 
lab  supported  on  four  sides  and  reinforced  in  both  directions  may  be  ap- 
•roximately  determined  by  the  formula 


T>  _ 

* l*+b* 


(5) 


rhere  R is  the  ratio  of  the  load,  l the  ltength  and  b the  width  of  the  slab. 
Ln  effective  bond  should  be  provided  at  the  junction  of  the  beam  and  the 
lab,  and  if  the  principal  reinforcement  of  the  slab  is  parallel  to  the  beam, 
ransverse  reinforcement  should  be  used  extending  over  the  beam  and  well 
ito  the  slab. 

In  the  calculation  of  shear  or  web  reinforcement,  concrete  may  be  assumed 
> carry  one-quarter  to  one-third  of  the  total  shear,  the  remainder  being  taken 
y additional  reinforoement  arranged  at  intervals  equal  to  the  depth  of  the 
earn.  The  usual  method  of  reinforcing  beams  against  failure  by  diagonal 
insioQ  or  shear,  is  to  use  bent  rods  or  stirrups  in  either  a vertical  or  inclined 
oaition.  The  longitudinal  spacing  of  such  sods  or  stirrups  should  not 
xceed  three-fourths  of  the  depth  of  the  beam. 


•"Pocket  Companion,"  Carnegie  Steel  Co.,  1913;  pp.  126  and  127. 
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IS.  Formulas  for  ncUnfultf  ooncrete  booms  reinforced  tor  t» 
sion  only.* 


kd  — d(  \/2p»-f-  Cpn)*  — pa) 


f.  - 

Steel  ratio,  balanced  reinforcement,  p 


■ \kd 

Mid 

/•pjbcP 

- UJijbcP 

. M 

M 

* Ajd 

WM* 

2M 

2 pft 

jkbd* 

k 

2/.&.+1 1 


It  -Tensile  unit  stress  in  steel,  in  lb.  per  sq.  in. 

/•  - Compressive  unit  stress  in  concrete,  in  lb.  per  sq.  in. 
B,  - Modulus  of  elasticity  of  steel,  in  lb.  per  sq.  in. 

E « - Modulus  of  elasticity  of  concrete,  in  lb.  per  sq.  in. 
n -Elasticity  ratio,  Et+Bt. 

M - Bending  moment,  in  in-lb. 

Af • — Moment  of  resistance  of  steel,  in  in-lb. 

M*  — Moment  of  resistance  of  concrete,  in  in-lb. 

A — Area  of  steel  section,  in  sq.  in. 
b — Width  of  beam,  in  in. 

d — Depth  of  beam  to  centre  of  steel  reinforcement,  in  in. 
k — Ratio  of  depth  of  neutral  axis  to  effective  depth,  d. 
j — Ratio  of  lever  arm  of  resisting  oouple  to  depth,  d. 
t — Distance,  top  to  resultant  of  compression,  in  in. 
id  — Arm  of  resisting  oouple.  in  in.  — d — z. 

V — Ratio  of  steel  area  to  area  of  rectangle,  bd,  — A -t-bd. 
Kd  — Distance  from  top  of  beam  to  neutral  axis,  in  in. 


14.  Formulas  for  reinforced-concrete  too  beams.  * 


M.-f.Ajd 

fjbtjkd-  \t)jd 


Af.- 


i 2»A+26< 

T Neutral  axis  in  flange — 

J?  use  formulas  for  rectangular  beams 
Neutral  axis  in  stem — 
f(3JW-2t) 

* 3(2*d  — 0 

, Af  /.n(l-jfc) 
f'~ATd k — 

, Mkd 


kd 


ht{kd-\t)jd 


b —Width  of  flange,  in  in. 
hi  —Width  of  stem,  in  in. 
t —Thickness  of  flange,  in  in. 

p — Ratio  of  steel  area  to, area  of  rectangle,  bd,  — A -t-bd. 


* Approved  by  Committee  of 
inforced  Concrete  (Proc.  A.S.C. 


Am.  Soc.  of  Civil  Eng.  on  Concrete  sad  Rf 
E.,  Vol.  XXXIX — No.  2,  Feb.,  1913). 

1802 


Digitized  by 


MECHANICAL  SECTION 


Sec.  23-15 


19.  Formulas  for  rectangular  concrete  beams  reinforced  for 
compression.  * 

kd  — d [\/2»(p+ p'—)  +n*(p-fp')*— »(p+f/)] 


A'  - Area  of  compressive  steel,  in  so.  in. 

p'  —Steel  ratio  for  compressive  steel. 

r»  — Unit  compressive  stress  in  steel,  in  lb.  per  sq.  in. 

C -Total  compressive  stress  in  concrete,  in  lb.  per  sq.  in. 
C —Total  compressive  stress  in  steel,  in  lb.  per  sq.  in. 
i f — Depth  to  centre  of  compressive  steel,  in  in. 
a —Depth  to  resultant  of  C4-C',  in  in. 

19.  Shear  and  bond  in  reinforced  concrete  beams.  * 


Rectangular  Beams  » 

(6) 

fu~fdZo 

r Beams 

(8) 

> 

1 

v*.| 

nU 

© i 

V — Total  shear,  in  lb.;/*  — Unit  shearing  stress  in  concrete,  in  lb. 
n.;  /u  — Unit  bonding  stress  in  concrete,  in  lb.  per  sq.  in.:  2*  — 
.he  perimeters  of  the  tension  bars. 


17.  Unit  allowable  stresses  in  reinforced-concrete  beams.  The 

ollowing  working  stresses  are  in  current  use  for  reinforcing  bars  of  medium 
itructural  steel  and  good  Portland  cement  and  gravel  ooncrete  of  a 1 : 2 : 4 
>r  1 : 2}  : 6 mixture: 


« —unit  compressive  stress  of  concrete 
« —unit  shearing  stress  of  concrete, 

straijght  reinforcement 

special  shear  reinforcement 

m — unit  bond  stress  of  concrete, 

smooth  rods * 

deformed  bars 

, — unit  tensile  stress  of  steel 

b — unit  compressive  stress  of  steel 

— £«+£«— 15. 

>r  notation,  see  Par.  19  to  19. 


650  lb.  per  sq.  in. 

30  to  40  lb.  per  sq.  in. 
60  to  100  lb.  per  sq.  in. 

• 

60  to  80  lb.  per  sq.  in. 
100  to  175  lb.  per  sq.  in. 

16.000  lb.  per  sq.  in. 

10.000  lb.  per  sq.  in. 


COLUMNS 

19.  Discussion  of  column  formulas.  Due  to  the  tendency  to  buckling, 
impression  members  are  assumed  to  carry  bending  stresses.  Failure  of  a 
ilumn  may,  then,  be  due  to  direct  compression,  to  bending  or  to  a combine- 
on  of  both.  No  rigorous  formula  has  ever  been  deduced  for  columns  under 
11  conditions  of  loading.  However,  several  empirical  formulas  (Par.  11) 
ave  proven  satisfactory  when  checked  by  tests  made  on  full-sised  members. 
11  these  formulas  take  into  consideration  the  properties  of  the  section  (Par. 
the  allowable  unit  stress  and  the  ratio  of  slenderness  (Par.  SO). 

10.  Radius  of  gyration  is  defined  in  Par.  1.  For  purposes  of  com- 
utation  it  is  more  convenient  to  employ  the  radius  of  gyration  than  either 
le  moment  of  inertia  or  the  section  modulus. 


• See  footnote,  Par.  19  and  14, 
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SO.  Ratio  of  slenderness  is  the  unsupported  length  of  the  compress 

member  divided  by  its  radius  of  gyration  (Far.  1).  The  term  “ unsupport?: 
refers  to  the  length  of  member  which  is  free  to  deflect  transversely,  ua'mr> 
ered  by  bracing.  The  maximum  allowable  ratio  of  slenderness,  in  vu 
construction,  is  120  for  main  members  under  steady  stress.  But  thisrsa 
however  temporary  the  loading,  should  in  no  case  exceed  200. 

21.  Steel-column  Formulas,  and  Allowable  Unit  Stresses' 


t 

l 

A.  B.  Co. 

A.  R.  E. 

Ass'n 

Chicago 

Gordon 

New 

York 

Phila- 

delphia 

Borta 

r 

19,000-100^ 

10,000-70- 

12,500 

? 

16,250 

1*00 

r 

13  000 

14,000 

n «* 

15.200-58- 

max. 

max. 

1 36,000  r* 

1 T 1 1 ,000  r1 

1+SB 

0 

13,000 

14,000 

12,500 

15,200 

16.250 

1M* 

10 

13.000 

14,000 

12,460 

14,620 

16.100 

15.*? 

20 

13,000 

14,000 

12,365 

14,040 

15,680 

15.« 

30 

13,000 

13,900 

12,195 

13.460 

15.020 

15.3* 

40 

13,000 

13,200 

11,970 

12  880 

14,185 

i4jni 

50 

13,000 

12,500 

11,690 

12,300 

13.240 

60 

13,000 

11,800 

11.365 

11.720 

12,240 

1 u* 

70 

12,000 

11,100 

11,000 

11,140 

11.240 

1 Zi* 

80 

11,000 

10,400 

10,615 

10,560 

10.275 

ai» 

90 

10,000 

9,700 

10,205 

9,980 

, 9.360 

ii& 

100 

9,000 

9.000 

9.785 

9,400 

8.510 

10.K? 

110 

8,000 

8,300 

9,355 

8,820 

7.740 

Iff 

120 

7,000 

7,600 

8,930 

8,240 

7,035 

9*» 

130 

6,500 

6,900 

8,510 

6,405 

140 

6,000 

6,200 

8,095 

5,840 

150 

5,500 

5,500 

7,690 

160 

5,000 

7,305 

170 

4,500 

6,935 

180 

4,000 

6,580 

190 

3,500 

6,240 

200 

3.000 

5,920 

Maximum  ratio  of  l ■ 

Name  of  formula 

Abbrevia- 

tion 

Main 

members 

Brack* 

Strutt 

American  Bridge  Company. . . . 
American  Railway  Engineering 
Ass’n 

A.  B. 

A.  R.  E. 

C. 

120 

100 

120 

SCO 

ISO 

150 

Chicago  Building  Law 

Gordon 

G. 

New  York  Building  Law 

N.Y. 

120 

140 

120 

Philadelphia  Building  Law.  . . . 
Boston  Building  Law 

P. 

B. 

22.  Combination  of  compression  and  bending  stresses 

column,  in  addition  to  its  axial  load,  carries  an  eccentric  load,  bending 


• “Pocket  Companion,”  Carnegie  Steel  Co.,  1913:  p 254 

t See  Par.  20. 
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are  produced.  In  Fig.  1 a column  is  piotured  as  carrying  a beam  supported 
on  a bracket  with  a load  Wi , and  also  a direct  loading  W.  Selection  of  the 
proper  column  sise  may  be  accomplished  by  repeated  trials, 
using  the  following  formula: 


, 10+iPi  , Mn 
I 


(lb.  per  sq.  in.) 


J>^A 

where  W and  Wi  are  expressed  in  lb.;  A is  the  area  of  the 
column  section  in  sq.  in. ; M is  the  bending  moment  in  in- 
lb., ( — ton)  due  to  eccentric  loading;  n is  the  distance  of  the 
extreme  fibre  from  the  neutral  axis,  measured  in  the  direction 
of  bending;  and  / is  the  allowable  axial  unit  compression 
stress,  in  lb.  per  sq.  in. 

fit.  Wooden  columns.  * The  safe  load  tables  of  wooden 
column^  which  follow,  based  upon  the  working  unit  stresses 
adopted  by  the  American  Railway  Engineering  Association, 
give  the  allowable  direct  compressive  loads  for  square  and 
round  columns. 

The  safe  loads  of  rectangular  columns  may  be  found  from 
the  safe  loads  of  square  columns  by  direct  proportion  of  areas, 
xring  the  safe  load  unit  stress  of  the  square  column  whose  side 
s equal  to  the  least  side  of  the  rectangular  section. 


Fia.  1. — Col- 

umn  with  eo- 

Tl»e  following  table  gives  the  safe  load  in  lb.  per  sq.  in.  of  oentrj°,  cuper- 
tectional  area  for  ratios  of  posed  load. 


I effective  length  of  column,  in  in. 
d least  side  or  diameter,  in  in. 
between  limits  of  15  and  30. 


(11) 


Unit  Working  Stresses  in  Lb.  per  Sq.  In. 


l 

d 

Longleaf 

pine, 

white 

oak 

Douglas 

fir, 

Western 

hemlock 

Shortleaf 

pine, 

spruce, 

bald 

oypress 

White 

pine, 

tamarack 

Red 

cedar, 

redwood 

•Norway 

pine 

1,300  X 

1.200X 

1.100X 

1,000  x 

900  X 

800  X 

(l-//d60) 

(l-l/d60) 

(l-i/d60) 

(l-J/d60) 

(l-i/d60) 

(l-i/d60) 

L5 

975 

900 

825 

750 

675 

600 

16 

953 

880 

807 

733 

660 

587 

L7 

931 

860 

788 

717 

645 

573 

18 

910 

840 

770 

700 

630 

560 

19 

888 

820 

752 

683 

615 

547 

*0 

867 

800 

733 

667 

600 

533 

11 

845 

780 

715 

650 

585 

520 

12 

823 

760 

697 

633 

570 

507 

53 

802 

740 

678 

617 

555 

493 

54 

780 

720 

660 

| 600 

540 

480 

55 

758 

700 

642 

583 

525 

467 

16 

737 

680 

623 

567 

510 

553 

7 

715 

660 

605 

550 

495 

440 

S 

693 

640 

587 

533 

480 

427 

9 

672 

620 

568 

517 

465 

413 

0 

650 

600 

550 

500 

450 

400 

£4.  Concrete  columns  may  be  reinforced  by  means  of  longitudinal 
ire,  by  bands  or  hoops,  or  by  both.  The  general  effect  of  the  banding  or 
roping  is  to  permit  the  use  of  somewhat  higher  working  stresses;  the  value 


* “Pocket  Companion,"  Carnegie  Steel  Co.,  1913;  p.  327. 
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P,  given  in  the  formula  which  follows,  refers  to  longitudinal  steel  rtkfa*- 
ment  only: 

• P-AU.+ni,) 

where  P — total  load  on  column,  in  lb.;  A«~area  of  concrete  in  sq.  ■< 
-« area  of  steel  in  sq.  in.;  /* — unit  compressive  stress  in  steel  in  lb.  per  sq  - 
/••unit  oompressive  strength  of  concrete;  «•/*//•.  See  Par.  17. 

SHAFTING 

18.  Shaft  design.  When  Bhafting  carries  pulleys,  the  stresses  (hr: 
belt  tension  tend  to  create  a bending  back  and  forth,  which  throws  any  pn 
fibre  into  alternate  tension  and  compression.  These  bending  strew!  «* 
combine  with  the  shearing  stresses  due  to  twisting.  The  following 
sion  has  been  offered  by  Rankine,  based  on  the  theory  of  elasticity  * 

/ “ Mi  + y/  M iH-  if s8] 

where  Aft --greatest  bending  moment;  Afs«  greatest  twisting  mcr;<c 
v r — external  radius  of  shaft;  I — moment  of  inertia  of  the  section  about  i ix* 
eter;  / — greatest  allowable  unit  stress  at  outside  of  fibre.  In  eaki^^ 
the  bending  moment  introduced  by  belting,  it  must  be  remembered  tin'  - 
force  applied  is  equal  to  the  sum  of  the  tensions  in  the  two  sides  of  the  S-‘ 

It  may  be  more  convenient  to  use  a table  of  horse-powers  transmit1.*:  »l 
various  speeds  by  shafts  of*standard  sixes.  See  Par.  17. 

18.  Horse-power  Transmitted  by  Line  Shafts, t Bearing! 


Diam.  of 

Rev.  per  min. 

shaft,  in. 

1 

50 

100 

150 

200 

250 

' 300 

400  | B 

1A 

0 0223 

1.12 

2 23 

3 35 

4 46 

5. 58 

6 70*  SB  111 

0 0396 

1.98 

3 96 

5 94 

7 92 

9 90 

11.88  15  84  :H 

iH 

0 0641 

3.20 

6 41 

9.61 

12.81 

16  02 

19  22 

25  6 t \ 

i H 

0 0970 

4.85 

9 70 

14  55 

19  39 

24.24 

29  09 

3S.»  *t 

0 1396 

6 98 

13.96 

20  93 

27  91 

34  89 

41  87 

SSC  1-1 

2A 

0.1931 

9.65 

19  31 

28.96 

38.62 

48.28 

57  93 

77  34 

2 n 

0 258S 

12  94 

25  88 

38.82 

51  76 

64  70 

77 . 64 

1©  5 !l»f 

2 fl 

0 3380 

16.90 

33.80 

50.69 

67  59 

84  49 

101  4 

135  2 

3A 

0 4318 

21.59 

43.18 

64.77 

86.36 

108  0 

129  5 

172  7 3P 

3 A 

0 5416 

27  08 

54.16 

81  23 

ias.3 

135.4 

162  5 

216  6 Z** 

3H 

0 6685 

33.43 

66.85 

100  3 

133  7 

167.1 

200.5 

it;*  * 

311 

0 8139 

40  70 

81.39 

122.1 

162.8 

203.5 

244  2 

325  6 4C! 

4A 

1.165 

58.25 

116  5 

174.8 

233  0 

291  3 

349  5 

466  0 I 

411 

1 605  | 

80.24 

160.5 

240.7 

321.0 

401  2 

481  4 

641  » | 

M 

2.218  1 

110  9 

221.8 

332.7 

443  7 

554  6 

665.5  | 

6 

2 880 

144  0 

288.0 

432  0 

576  0 

720  0 

1 864.0  | 

61 

3 662 

183.1 

366.2 

549  2 

732  3 

915.4 

7 

4 573 

228.7  | 

457.3 

686.0 

914  7 

1 143  0 

71 

5 620 

281  3 | 

562  5 

843  8 

1125  0 

8 

6 827 

341  3 | 

682.7 

1024  0 

1365  0 

i 

• Lanza,  G.  “Applied  Mechanics,”  John  Wiley  & Sons,  New  York.  1** 
p.  338. 
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ST.  Horse-power  of  Shafts  for  Simply  Transmitting  Power. 


H.p. 


D’& 

50 


IKam.  of 

Rev.  per  min. 

ghaft,  in. 

1 | 50 

ICO 

150 

200 

250 

300 

400 

500 

1A 

0.0335 

1.67 

3.35 

5.02 

6.7Q 

8.37 

10.05 

13.40 

16.74 

0 0594 

2.97 

5.94 

8.91 

11.88 

14.85 

17.82 

23.76 

29  70 

0 0961 

4.81 

9.61 

14.42 

19.22 

24.03 

28.83 

38.44 

48.05 

0.1455 

7.27 

14.55 

21.82 

29  09 

36.37 

43.64 

58.18 

72  73 

A 2A 

0.2094 

10.47 

20.94 

31.40 

41.87 

52.34 

62.80 

83.74 

104.7 

0.2896 

14.48 

28.96 

43.45 

67.93 

72.41 

86.89 

115.9 

144  8 

19.41 

38.82 

58.23 

77.64 

97.05 

116.5 

155.3 

194.1 

EkkhB 

li2i"i':l 

25.35 

KJLU 

■I0M 

126.7 

152.1 

mmm 

253.5 

i3A 

0.6477 

32.39 

64.77 

97.15 

129.5 

161.9 

194.3 

259.1 

323.9 

0.8124 

40.62 

81.24 

121.9 

162.5 

203.1 

243.7 

324  9 

406.2 

K JU 

1 003 

50.14 

100.3 

150  4 

200.6 

250.7 

300.8 

501.4 

1.221 

61.04 

122.1 

183.1 

244.2 

305.2 

366.2 

488.3 

QQQI 

1.748 

87.38 

174.8 

262.1 

349.5 

436.9 

524.3 

BSH 

f 4H 

2 407 

i&iKfl 

KUM 

361.1 

481.5 

K2m 

722.5 

962.9 

3 328 

166.4 

332.8 

499.1 

665.5 

831.9 

998.2 

A 

4.320 

216  0 

432.0 

rm 

864  0 

5 493 

247.6 

549  3 

823.9 

IkW.iM 

BfHI 

6.860 

gyyj 

686.0 

jggjjjl 

EQyQI 

1715.0 

8.438 

421  9 

843.8 

1266.0 

1688.0 

; « 

10  24 

512.0 

1024.0 

1586  0 

2048.0 

GEARING  AND  CHAIN  DRIVE 

SS.  Toothed  gearing  is  used  for  positive  drive  between  shafts,  that  is, 
aere  the  requirements  will  permit  no  slippage.  There  are  two  styles  of 
eth,  the  cycloidal  and  the  involute.  The  former  is  used  where  the  distance 
'tween  centres  of  driving  and  driven  member  can  be  rigidly  maintained, 
rcloidal  gears  do  not  wear  so  rapidly  as  involute  gears,  and  are  used  to 
snsmit  energy  at  rather  high  speeds.  Involute  gears,  on  the  other  hand, 
> not  require  so  aocurate  a spacing  of  oentres,  although,  after  wearing  for 
me  time,  this  advantage  becomes  lessened, 
id  suoh  gearing  is  no  longer  insensible  to 
idly  adjusted  bearings.  Involute  teeth  are 
icker  at  the  root  than  cycloidal  gears,  and 
is  added  strength  has  considerable  weight 
the  selection  of  gears  for  high-torque  service, 
bey  operate  at  somewhat  lower  allowable 
«eds  than  cycloidal  gears. 

It.  Gear  pitch.*  When,  as  in  Fig.  2,  two 
emental  circles  may  be  'said  to  roll  one  on 
le  other  with  no  slippage,  their  speeds  in  rev. 
a*  min.  are  inversely  proportional  to  their 
ameters.  In  the  case  of  pearing,  the  ele- 

ental  circle  just  mentioned  is  known  as  the  pivou.  «us«,  »uu  me  muu  «i 
itational  speeds  of  a pair  of  meshed  gears  follows  the  relation  above  ex- 
ressed.  Tnere  are  two  common  methods  of  describing  the  pitch  of  gear 
icth.  Diametral  pitch  is  an  expression  derived  by  dividing  the  number  of 
»th  on  the  gear  by  the  diameter  of  the  pitch  circle  in  in.  Thus,  an 
ght-pitch  gear  has  eight  teeth  per  in.  of  pitch-circle  diameter.  Circular 

* Schwamb  A Merrill.  “Elements  of  Mechanism,”  John  Wiley  A Sons. 
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ever  with  ordinary  gears  it  would  be  exceptional  to  secure  speeds,  satisfactory 
from  a standpoint  of  noise,  which  woula  range  as  high  as  1,200  ft.  per  min. 
With  herring-bone  gears  running  in  oil,  pitch-line  speeds  as  great  as  5,000 
ft.  per  min.  have  been  reaohed.  In  the  case  of  rawhide  and  cloth  pinions, 
operation  with  a satisfactory  minimum  of  noise  can  be  attained  at  speeds 
ranging  from  2,000  to  3,000  ft.  per  min. 

SS.  Maximum  Speed  of  Gearing 


(A.  Towler,  Engineering,  April  19,  1889,  p.  388) 


Ordinary  cast-iron  wheels 

Helical  oast-iron  wheels 

Mortise  cast-iron  wheels 

Ordinary  cast-steel  wheels 

Helical  cast-steel  wheels 

Special  cast-iron  machine-cut  wheels 
Double  herringbone  gears  in  oil  *. . . . 


(ft.  per  min.) 1,800 

2,400 

2,400 

2.600 

3,000 

3,000 

5,000 


33.  Horse-power  and  working  loads  of  cut  cast-iron  gears. f For 

significance  of  symbols,  see  Par.  30. 


n 

A 

Speed  of  pitch  line  (ft.  per  min.) 

u 

4* 

? ° 

01 

100 

200 

300 

600 

900 

1200  | 

cs.t; 
n 0* 

o 

A 

d 

d 

d 

d 

A 

d 

d 

Q 

£ 

* 

A 

i 

A 

k 

A 

if 

A 

it 

A 

s 

A 

1C 

0.3142 

12 

90  0.27 

79 

0.47 

70 

0.63 

53 

0.96 

42 

1.15 

35 

1.27 

20 

1200.36 

105 

0 63 

94 

0.85 

70 

1.27 

56 

1.53 

47 

1.71 

40 

145  0.44 

127 

0.76 

113 

1.02 

85 

1.55 

68 

1.86 

56 

2 04 

60 

152  0.46 

133 

0.80 

119 

1.07 

89 

1.62 

71 

1 94 

60 

2.18 

130 

160j0 . 49 

140 

0.84 

124 

1.12 

94 

1.71 

74 

2.02 

62 

(226 

8 

0.392 

12 

1130.34 

98 

0.59 

87 

0.78 

66 

1.20 

52 

1.42 

44 

1.60 

20 

150  0.45 

130 

0.78 

116 

1.04 

87 

1.58 

70 

1.91 

58 

2.11 

40 

180,0.55 

158 

0.95 

141 

1.27 

105 

1.91 

84 

2.29 

70 

2 54 

60 

190,0.58 

165 

0.99 

148 

1.33 

110 

2.00 

88 

2.40 

74 

2.69 

130 

200  0 61 

174 

1.04 

155 

1.40 

115 

2.09 

92 

2.51 

77 

2.80 

4 

0.785 

12 

225  0.68 

195 

1.17 

175 

1.58 

130 

2.36 

105 

2.86 

87 

3.16 

20 

300  0.91 

260 

1.56 

230 

2.08 

175 

3.18 

140 

3.82 

116 

4.22 

40 

360 

1.09 

315 

1.89 

280 

2 52 

210 

3.82 

170 

4.64 

140 

5.09 

60 

380 

1.15 

330 

1.98 

295 

2.68 

220 

4.00 

177 

4.83 

147 

5.35 

130 

400 

1.21 

350 

2.10 

310 

2.79 

230 

4.18 

185 

5.05 

155 

5 64 

3 

1.047 

12 

300  0.91 

260 

1.56 

232 

2.08 

175 

3.18 

140 

3.82 

116 

4 22 

20 

400  1.21 

350 

2.10 

310 

2.79 

232 

4.22 

185 

5.05 

155 

5 64 

40 

480  1.45 

420 

2.52 

373 

3.36 

280 

5.10 

225 

6.14 

187 

6 80 

60 

503 

1.52 

440 

2.64 

391 

3.52 

295 

5.37, 

235 

6 42 

196 

7.13 

130 

530 

1.61 

462 

2.77 

411 

3.70 

5.64! 

248 

6.77 

206 

7.50 

2 

1.57 

12 

450 

1.37 

390 

2.34 

350 

3.15 

260 

4.73 

209 

5.71 

174 

6.33 

20 

600 

1.82 

520 

3.12 

467! 

4.20 

350 

6 . 37 1 280 

7.64 

232 

8.44 

40 

720 

2.18 

630 

3.78 

560 

5.04 

420 

7.64 

348 

9.50 

280 

10.20 

60 

760 

2.30 

663 

3.98 

592 

5.33 

442 

8.05 

355 

9.70  295 

10.72 

130 

795 

2.40 

695 

4.17 

619 

5.57 

462 

8.40 

370 

10.10 

309 

11.23 

1ft 

2.09 

12 

595 

1.80 

520 

3.12 

462 

4.16 

348 

6.34 

278 

7.59 

230 

8.37 

20 

800 

2.42 

700 

4.20 

620 

5.58 

466 

8.47 

372 

10.15 

310 

11.28 

40 

963 

2.92 

840 

5.04 

750 

6.75 

560  10.20 

450 

12.28 

372 

13.52 

60 

1010,3.06 

880 

5.28j 

780 

7.03 

585  10.65 

470 

12.82  390 

14.20 

130 

1060  3.21 

925 

5.55! 

820 

7.38 

617  11.22 

493 1 13. 44  410 

14.90 

• This  figure  was  supplied  in  1913  by  Mr.  W.  C.  Bates,  Engineer  of  the 
'aucus  Machine  Co. 

t Data  Book  126,  Link-Belt  Co.,  New  York,  1914,  p.  106. 


116 


1869 


Digitized  by  Google 


Sec.  23-34 


MECHANICAL  SECTION 


94.  Chain  drive  When  the  pitch-line  speed  doe*  not  exceed  COO  i 
per  min.,  it  is  possible  to  use  steel-roller  chains  (Fig.  3)  for  positive 
mission  between  two  parallel  shafts.  These  chains  move  on  cut  speocxrti 

the  rollers  engaging  the  J- 
faces  of  the  teeth  being  fr* 
to  turn.  For  higher  sp*^ 
it  is  customary  to  nse  tot 
form  of  toothed  (sfles 
chain  passing  over  tootle 
wheels  (Fig.  4).  The  w 
economical  speed  at  vra  * 
silent  chain  can  be  open** 
is  from  1,000 to  1,300ft r 
min.,  though  by  no  msas#  tr 
these  limits  impassable.  Th  ■ 
distance  between  ce*fc* 
Fia.  3. — Steel-roller  chain.  should  be  not  km  than  tfc 

sum  of  the  diamsten  * 

driver  and  driven  wheel.  The  proper  tooth  combination  should  be  drtc 
mined  under  the  following  considerations: 

11  2 2\ 


21  23  s 
90;  wj  * 
130,  1»  1* 
700  530 
150o|l5«H5tt 


It  is  desirable  to  have  an  odd  number  of  teeth  in  the  pinions  and  uc*® 
number  of  links  in  the  chain. 

Chains  whose  widths  range 
from  two  times  the  pitch  to 
six  times  the  pitch,  are  pref- 
erable and  are  usually  em- 
ployed. Where  it  is  possible, 
partiality  is  shown  the  chains 
of  shorter  pitch,  as  these  have 
the  advantage  of  greater 
durability  and  life  than  the 
narrower  chains,  of  somewhat 
longer  pitch,  that  would  cor- 
respond in  fulfilling  the  re- 
quirements. 

The  approximate  strength 
(ultimate)  of  these  chains  can 

be  obtained  by  multiplying  „ _ . ... 

the  pitch  in  in.  by  the  width  Fia.  4. — Silent-toothed  chain, 

in  in.,  and  multiplying  the 

product  by  5,500,  the  remit  being  expressed  in  pounds. 

BELTS  Ain>  HOPS  DRIVE 

S3.  Classification  of  bolts.  Belts  are  made  of  leather,  rubber  or 
cloth  fabric.  They  are  made  single  or  double  if  of  leathe^,  and  of 
ply s if  their  material  is  rubber  or  fabric.  Rubber  belts  are  adapt*®  ® 
installations  where  there  is  considerable  moisture  or  high  temperrt** 
Fabric  belts  may  also  be  used  in  moist  places  if  they  are  rttt J0**** 
proper  attention,  but  for  all-round  service  these  belts  are  not  nesrly  » p* 
as  leather  or  rubber  belts.  Leather  belts,  if  they  can  be  kept  dry,  m v 
most  satisfactory  in  every  way. 
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Pitch  of  chain  (nominal) 

» 

* 

» 

! | 

1 

“1 

Minimum  number  of  teeth 

15 

17 

17 

17 

17l 

IT1 

in  driving  wheel. 

Minimum  number  of  teeth 
in  driven  wheel. 

17 

19 

19 

19 

21| 

21 

Maximum  number  of  teeth 

90 

90 

90 

90 

90 

90 

in  driver. 

I 

130 

Maximum  number  of  teeth 

120 

130 

130 

130 

130 

in  driven  wheel. 

Maximum  rev.  per  min.  of 

2260 

1835 

1460 

1220 

920! 

800 

minimum  wheel. 

L 

Corresponding  chain  speed 
(ft.  per  sec.) 

1200 

1300 

1300 

1300 

1300  1400! 
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it.  Belt  drive.  The  driving  force  of  a belt  is  the  difference  is  belt  t» 
®ion  on  the  tight  and  looee  sides  (Ti  — Tt).  In  ordinary  practise  it  is  md 
to  assume  that  T\  — 2T*, provided  there  is  sufficient  arc  of  contact  os  boa 
pulleys,  and  that  a coefficient  of  friction  of  about  0.22  can  be  real wL 
For  leather  belts  on  iron  pulleys  this  coefficient  may  be  0.56  when  dry,  01 
when  wet,  0.23  when  greasy,  and  0.15  when  oily.* 

Belts  should  always  be  run  with  the  tight  side  undermost,  and  witk  & 
grain  of  the  leather  next  the  pulley  surface.  Where  considerable  powers  a 
be  transmitted,  the  pulley  centres  should  be  spaced  about  30  or  25  ft  ft 
best  results.  Shortening  this  distance  usually  necessitates  additional  bb 
tension  in  order  to  prevent  an  excess  of  slip.  One  form  of  drive  vbid  t 
coming  into  extended  use  is  ths  employment  of  a spring  or  weighted  i 
operating  on  the  slack  side  of  the  belt.  The  function  of  this  idler,  in  t k 
abort- belt  drive,  is  to  increase  the  arc  of  contact  on  the  pulley  ewba 
The  purpose  of  the  whole  arrangement  is  to  economise  space. 

Belts  which  are  operated  at  excessive  tensions  will  occasion  great  issu- 
ance and  expense.  Hot  bearings,  broken  pulleys,  stretched  sod  brofca 
belts  are  all  attributable  to  this  cause,  and  such  damage  not  only  esnd 
the  expense  of  its  own  replacement  or  repair  but  also  should  be  kid  re- 
sponsible for  production  tigae  lost  at  the  working  machines. 

St.  Determination  of  the  proper  belt  tblchneaa  is  a much  model 
question,  there  being  excellent  authority  favoring  directly  oppwt 
practices,  f 

In  general  it  may  be  said  that  thin  belts  are  better  adapted  to  high  spa* 
because  of  the  decreased  centrifugal  forces  secured  through  their  we.  b 
large  belts  it  is  usually  the  case  that  other  conditions  fix  the  choice  of  bb 
thickness. 

St.  Belt  splicing.  The  best  splioe  is  the  glued  joint,  made  by  bn 
elling  the  ends  and  oementii^  a lapped  joint.  However,  there  are  but 
occasions  where  this  is  not  justifiable.  Belt  lacing  may  be  dose  no 
rawhide  strips  or  with  wire.  Many  configurations  of  holes  have  bees  ad- 
vanced, but,  whatever  ladhg  method  is  adopted,  care  must  be  tabs  to 
insure  proper  and  permanent  alignment  of  the  ends.  Enough  matorui 
should  be  left  below  the  holes  to  prevent  the  lacing  from  being  tora  o«i 
Where  there  is  considerable  work  of  this  nature  to  be  done,  it  is  castanr 
to  install  a belt-lacing  machine;  this  furnishes  a very  satisfactory  and  eke 
method  of  belt  splicing. 

40.  Length  of  belt.f  Unqualifiedly  the  best  method  of  deteraui* 
the  proper  length  of  belt  to  be  used  over  pulleys  of  known  diameter  sat 
spacing,  is  by  direct  measurement.  Sometimes,  however,  this  cannot  be 
done.  For  open  belts  the  following  formula  may  be  used: 

Length  - £(v  +0.0349a)  + r(v  - 0.0349a)  +3C  cos  a • (K 

where  R is  the  radius  of  the  largo-  pulley;  r the  radius  of  the  smaller  pbky 
C the  distance  between  centres;  and  a is  the  angle  whose  sine  is  (Jf-r)/C 
For  crossed  belts 

Length  - (S+r)  X (v+0.03490)  +2C  ooe  0 0* 

where  0 is  the  angle  whose  sine  is  (JB+O/C. 

41.  Bope  drive  is  suited  to  those  cases  where  mechanical  energy  mm*  b 
transmitted  comparatively  long  distances,  and  also  where  the  tna*am» 
is  to  be  made  at  an  angle  or  in  a vertical  direction.  The  ropes  may  be  * 
hemp,  steel  or  cotton.  Manila  hemp  is  in  widest  use  where  a multoptaJJ 
of  ropes  is  employed,  and  steel  cable  is  used  chiefly  for  long-distance  napt- 
rope  drives. 

The  multiple-rope  (English)  system  uses  a number  of  ropes  nmaw 
side  by  side.  By  the  use  of  couplings  instead  of  splices,  unequal  teas* 
may  be  compensated  and  repairs  facilitated.  In  the  conttaooBHfl' 


• Kent,  William.  "Mech.  Eng.  Pocket  Book,*’  John  Wiley  and  Sons.  Sri 
York,  1912,  p.  1115. 

t Taylor,  F.  W.  Tran*.  A.  8.  M.  E.,Vol.  XV.  p.  204. 

Kent.  W.  Tran*.  A.  S.  M.  E.t  Vol.  XV,  p.  242. 

Barth,  C.  O.  Trans.  A.  8.  M.  E.,  1909. 

t Kent.  W.  “Mech.  Eng.  Pocket  Book,"  John  Wiley  * 80ns,  New 
1912,  p.  1125. 
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Bricmn)  system,  one  rope  is  used;  this  is  wrapped  around  the  sheaves 
eaired  number  of  times,  and  then  carried  over  from  the  last  groove  of 
heave  to  the  first  groove  of  the  other  by  a guide  pulley  which,  at  the 
time,  maintains  a constant  tension  in  the  rope.  , It  is  clearly  seen  that 
the  latter  system  is  the  more  flexible  and  easily  installed  of  the  two,  the 
ta  of  a single  breakage  would  be  much  more  serious, 
e angle  of  the  groove  should  be  about  as  shown  in  Figs.  5 and  6,  which 
rate  the  grooves  used  for  manila,  hemp,  or  cotton  ropes  on  the  driving 
res  of  both  the  English  system  and  the  American.  For  economical 
the  pulleys  should  be  not  less  than  forty  times  the  diameter  of  the  rope. 
ie  horse-power  which  can  be  transmitted  by  ropes  at  various  speeds  is 
ubject  of  much  controversy,  some  engineers  imposing  loads  greater  by 
* 40  per  cent,  than  the  recommendations  of  others.  The  data  offered 


*ar.  41  represent  conservative  practioe.  Lansa*  and  the  Link-Belt  Co.f 
heir  tables  advocate  values  considerably  higher,  while  J.  J.  Flatherf  is 
a more  conservative  than  the  accompanying  authority. 


41.  Horse-power  of  Tranmmiasion  Rope  at  Various  Speeds*  * 


" 

Speed  of  the  rope  in  ft.  per  min. 

2,000 

2,500 

3,000 

3,50oj4,000 

4,500 

5,000 

6,000 

7,000 

8,000 

1.45 

1.9 

2.3 

2.7 

3.0 

3.2 

3.4 

3.4 

3.1 

2.2 

0 

2.3 

3.2 

3.6 

4.2 

4.6 

5.0 

5.3 

5.3 

4.9 

3.4 

0 

3.3 

4.3 

5.2 

5.8 

6.7 

7.2 

7.7 

7.7 

7.1 

4.9 

0 

I 

4.5 

5.9 

7.0 

8.2 

9.1 

9.8 

10.8 

10.7 

9.3 

6.9 

0 

5.8 

7.7 

9.2 

10.7 

11.9 

12.8 

13.6 

13.7 

12.5 

8.8 

0 

\ 

9.2 

12.1 

14.3 

16.8 

18.6 

20.0 

21.2 

21.4 

19.5 

13.8 

0 

\ 

13.1 

17.4 

20.7 

23.1 

26.8 

28.8 

30.6 

30.8 

28.2 

19.8 

o 

\ 

18.0 

23.7 

28.2 

32.8 

36.4 

39.2 

41.5 

41.8 

37.4 

27.6 

o 

23.1 

30.8 

36.8 

42.8 

47.6 

51.2 

54.4 

54.8 

50.0 

35.2 

0 

• Lansa,  G.  “Notes  on  Friction,"  J.  6.  Cushing  A Co.,  Boston, 
t Data  Book,  No.  125,  Link-Belt  Co,,  New  York,  1914. 
iFlather,  J.  J.  “Rope  Driving,"  John  Wiley  A Sons,  New  York,  1895. 
••  Hunt,  C.  W.  “Manila  Rope,"  Cat.  054,  C.  W.  Hunt  Co.,  New  York. 
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PIPE  AND  SCREW  THREADS 
43.  Pipe — Black  and  Qalraniaed 

( National  Tube  Company  Standard) 
STANDARD  PIPE 


Site 

(in.) 

Diameter* 

(in.) 

Thick- 

Weight 

(lb 

|>er  ft. 

Threads 
per  in. 

Couphnp 

Ex- 

ternal 

In- 

ternal 

ness 

(in.) 

Plain 

ends 

Threads 

and 

couplings 

Diam-  1 
eter  I 
* (W-)  | 

Length  W«s|fc 

(in.)  (b 

1 

0.405 

0.269 

0.068 

0.244 

0.245 

27 

0.562 

1 

0G5 

1 

6 540 

0.364 

0.088 

0.424 

0.425 

18 

0.685 

1 

0 Ov 

2 

0.675 

0.493 

0.091 

0.567 

0.568 

18 

0.848 

11 

i 

0.840 

0.622 

0.109 

0.850 

0.852 

14 

1.024 

U 

0 1/ 

i 

1 050 

0.824 

0.113 

1.130 

1.134 

14 

1.281 

i| 

0 ss 

i 

1 315 

1.049 

0.133 

1.678 

1.684 

111 

1 . 576 

11 

0-  3^ 

u 

1 660 

1.380 

0.140 

2.272 

2.281 

111 

1.950 

2} 

U 

1.900 

i.610 

0.145 

2 717 

2.731 

HI 

2.218 

2| 

2 

2 375 

2.067 

0.154 

3.652 

3.678 

111 

2 760 

21 

1 » 

21 

2 875 

2.469 

0.203 

5.793 

5.819 

8 

3.276 

1 .72* 

3 

3.500 

3.068 

0.216 

7.575 

7.616 

8 

3.948 

i\ 

3 *9? 

31 

4.000 

3.548 

0.226 

9.109 

9.202 

8 

4.591 

3| 

4 24i 

4 

4.500 

4.026 

0 237 

10.790 

10.889 

8 

5.091 

Zl 

4.741 

41 

5 000 

4.506 

0.247 

12.538 

12.642 

8 

5 . 59 1 

3| 

'>*Z. 

5 

5.563 

5.047 

0.258 

14.617 

14.810 

8 

6.296 

* 

$ 31- 

6 

6.625 

6.065 

0.280 

18.974 

19.185 

8 

7.358 

4} 

9 

7 

7.625 

7.023 

0.301 

23.544 

23.769 

8 

8.358 

41 

10.9^ 

g 

8.625 

8.071 

0.277 

24.696 

25.000 

8 

9.358 

13  ^ 

8 

8.625 

7.981 

0.322 

28.554 

28.809 

8 

9.358 

1 

lT 

9 

9.625 

8.941 

0.342 

33.907 

34.188 

8 

10.358 

5| 

1 17 

10 

10.750 

10.192 

1 0.279 

31.201 

32.000 

8 

11.721 

!»  r* 

<r 

10 

10.750 

10.136 

i 0.307 

34.240 

35.000 

8 

11.721 

10 

10.750 

10.020 

I 0.365 

40.483 

41.132 

8 

11.721 

11 

11.750 

11.000 

1 0.375 

45.557 

46.247 

8 

12.721 

61 

ii  ** 

12 

12.750 

12.090 

1 0.330 

43.773 

45.000 

8 

13.958 

61 

41  (» 

12 

12.750 

12.000 

> 0.375 

49.562 

50.706 

8 

13.958 

61 

17  )i; 

13 

14.000 

13.250 

> 0.375 

54.568 

55.824 

8 

15. 208 

61 

14 

15.000 

14.25C 

> 0.375 

58.573 

: 60.375 

8 

16.446 

61 

I5"", 

15 

16.000 

l 15.25C 

) 0.375 

62 . 579 

► 64.500 

8 

17.446 

6} 

. Digitized  by  G004874 


MECHANICAL  SBCTIOlf  S«C.  23-43 


EXTRA  8TRONQ  PIPE  DOUBLE  EXTRA  STRONG  PIPE 
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44.  Screw  Threads 

(United  States  Standard) 


Diameter 

Area 

No.  of 
threads 
per 
in. 

Diameter 

Area 

Total 

d 

(in.) 

Net 

(in.) 

Total 
dia.,  d 
(sq. 
in.) 

Net 
dia.,  c 
(sq. 
in.) 

Total 

d 

(in.) 

Net 

(in.) 

Total 
dia.,  d 
(sq. 
in.) 

Net 
dia.,  e 
(sq- 
in.) 

tbir*> 

P® 

IS 

0.185 

0.049 

0.027 

20 

2» 

2.175 

4.909 

3.716 

4 

0.294  0.110 

0.068 

16 

2) 

2.300 

5.412 

4.156 

4 

0.400 

0.196 

0.126 

13 

21 

2.425 

5.940 

4.619 

4 

0.507 

0.307 

0.202i  11 

2| 

2.550 

0.492 

5 108 

4 

0.620 

0.442 

0.302 

10 

0.731 

0.601 

0.4191  9 

3 

2.629 

7.069 

3.428  li 

3f 

2.879 

8.296 

6 509 

3 

1 

0.838 

0.785 

0.551 

8 

31 

3.100 

9.621 

7 549 

li 

1 

0.939 

0.994 

0.693 

7 

si 

t3.317 

11.045 

8.641 

3 

1 

1.064 

1.227 

0.890 

7 

! 

1 

1.158 

1.485 

1.054 

6 

4 

3.567 

12.566 

9 993 

3 

1 

1.283 

1.767 

1.294 

6 

4i 

3.798 

14.186 

11.330 

21 

1 

1.389 

2.074 

1.515 

5* 

44 

4.028 

15.904 

12.741 

2! 

1 

1.490 

2.405 

1.744 

5 

| 4} 

4.255  17.721 

14.221 

li 

1.615 

2.761 

2.049 

5 

! 5 

4.480  19.635 

15  766 

2} 

2 

1.711 

3.142 

2.300 

44 

54 

4. 730i21 . 648 

17  574 

21 

1 

1.830 

3.547 

2.649|  41 

54 

4.953123.758  19  268 

2i 

2\ 

\ | 

1 961 

3.976 

3.021  44 

! 5} 

5.203  25.967|21  262 

21 

21 

M 

2.086 

4.430 

3.419 

4, 

6 

5 423 [28.274  23. 095 

2* 
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PREFACE  TO  1921  EDITION 


PURPOSE  OF  THE  STANDARDS  OF  THE  AMERICAN  XESTHTTR 
OF  ELECTRIC AI*  ENGINEERS 

In  framiiuj  these  standard*  the  chief  purpose  has  been  to  define  the  term 
and  condition*  which  characterise  the  rating  and  behavior  of  rltetnn. 
apparatus,  with  special  reference  to  the  condition*  of  acceptance  tests. 

It  ha*  not  been  the  purpose  of  the  standards  to  standardise  the  diw 
•ion*  or  detail*  of  construction  of  any  apparatus,  lest  the  progress  of  deep 

should  be  hampered.  

NOTE 

The  Standard*  Committee  takes  this  occasion  to  draw  the  attentks 
the  membership  to  the  value  of  suggestions  based  upon  experience  gais* 
in  the  application  of  the  Standards  to  general  practice. 

Any  suggestion*  looking  toward  improvement  in  the  Standards  shoe*, 
be  communicated  to  the  Secretary  of  the  Institute  for  the  guidance  of  tk 
Standard*  Committee  in  the  preparation  of  future  editions. 

SCOPE  OF  THE  1M1  REVISION 

This  edition  of  the  Standard*  ha*  been  completely  revised  in  form. 
was  considered  necessary  in  view  both  of  certain  intrinsic  defect*  in  tk 
original  form,  and  the  increase  in  complexity  due  to  this  form  not  bna* 
adapted  to  receive  the  additions  which  are  made  from  year  to  year.  Furtb*r* 
more  several  changes  in  substance  have  been  made  and  a few  sections  addrt 
OTHER  APPROVED  STANDARDS 

The  following  resolution,  adopted  by  the  Standards  Committee,  «* 
approved  by  the  Board  of  Directors  on  April  14,  1016: 

r'The  Standards  Committee,  with  the  approval  of  the  Board  of  Dirretar. 
recommends  the  use  of  the  following  rules  and  standards  as  adopted  b? 
other  societies.  Theoe  have  been  formally  presented  to  the  Standard 
Committee  by  the  societies  concerned  and  are  round  not  to  be  incompstfti’ 
with  the  Standards  of  the  American  Institute  of  Electrical  Engineers." 

Standardisation  of  service  requirements  for  motors,  as  printed 
the  1915  report  of  the  National  Electric  Light  Association. 

Standardisation  of  sizes,  voltages  and  taps  for  transform**.  » 

printed  in  the  1916  report  of  the  Electrical  Apparatus  Committee  of  tie 
National  Electric  Light  Association. 

Standard  specifications  for  magnetic  tests  of  iron  and  steel,  of  tk 
American  Society  for  Testing  Materials. 

Report  of  the  Joint  Rubber  Insulation  Committee,  published  in  tk 
April,  1917,  Proceedings  of  the  American  Institute  of  Electrical  Engi*e«« 

Accuracy  Specifications  in  Sections  IV  and  V of  the  Joint  Meter  C#d» 
of  the  Association  of  Edison  Illuminating  Companies  and  of  the  Nation 
Electric  Light  Association.  ^ . 

Accuracy  Specifications  in  Section  II  of  Circular  56  of  the  Burra* <£ 
Standards  entitled  Standards  for  Electric  Service.  . 

Report  of  the  Boiler  Code  Committee  of  the  American  Society  a 
Mechanical  Engineers.  _ . . . 

Mb  ted  safety  rules  for  installing  and  using  electrical  eq«F* 
bituminous  coal  mines,  issued  aa  Technical  Paper  138  by  tte 
Bureau  of  Minee. 
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OF  THE 

AMERICAN  INSTITUTE  OF  ELECTRICAL  ENGINEERS 


CHAPTER  I 

GENERAL  PRINCIPLES  UPON  WHICH  THE  A.  I.  E.  E. 
STANDARDS  ARE  BASED 

(All  temperatures  in  this  and  the  following  chapters  are  given  in  centigrade 

degrees) 

HEATING 

1000.  General  principles.  The  general  principles  by  reference  to  which 
the  ratings  of  electrical  machines  are  fixed,  so  far  as  their  heating  is  con- 
cerned, admit  that  the  life  of  insulating  materials  depends  upon  the  tempera- 
tures to  which  these  materials  are  subjected.  Taking,  as  a basis,  the  results 
of  experience  with  machinery  in  practical  service  and  the  results  of  laboratory 
tests  of  various  insulating  materials,  limiting  “hottest-spot”  temperatures 
have  been  established  for  various  classes  of  insulation  for  purposes  of  stand - 
irdisation.  Limiting  “observable”  temperatures  are  deduced  from  these 
Limiting  "hottest-spot”  temperatures  by  subtracting  therefrom  a specified 
number  of  degrees  which,  for  purposes  of  standardisation,  represents  tne  mar- 
gin fixed  between  the  limiting  hottest  spot  and  the  limiting  observable 
temperatures. 

This  margin  may  be  designated  as  the  " conventional  allowance .” 

1001.  Methods  of  temperature  measurement.  There  are  three 
Fundamental  methods  of  temperature  measurement,  namely: 

1.  The  Thermometer  Method. 

2.  The  Resistance  Method,  and, 

3.  The  Embedded-detector  Method. 

The  general  principles  stated  in  Par.  1000  permit  of  the  use  of  whichever 
raethoa  is  best  suited  to  the  class  of  machine,  or  part  thereof,  to  be  tested, 
by  introducing  appropriate  values  for  the  limiting  observable  temperature 
by  each  method.  All  the^  values  of  the  observable  temperatures  are  based 
upon  the  “hottest-spot”  limitation  adopted  for  purposes  of  standarduation 
for  the  class  of  insulation  employed. 

1001.  Methods  of  temperature  measurement  defined.  These  three 
fundamental  methods  of  making  temperature  measurements  are  designated 
Methods  1,  2 and  3,  and  are  denned  as  follows: 
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TabU  100.  Methods  of  temperature  measurement 


Method 

Description  of  method 

1. 

Thermometer  method  ' 

This  method  oonsists  in  the  measurement  of  the  temperature. ; 
by  mercury  or  aloohol  thermometers,  by  resistance  thermo®* ; 
eters,  or  by  thermocouples,  any  of  these  instruments  beia* 
applied  to  the  hottest  accessible  part  of  the  completed  mar 
chine.  This  method  does  not  include  the  use  of  thermocouple 
or  resistance  coils  embedded  in  the  machine  ss  describe: 
under  Method  No.  3. 

2. 

Resistance  method 

This  method  oonsists  in  the  measurement  of  the  temperature ; 
of  windings  by  their  increase  in  resistance.  In  the  appfees- 
tion  of  this  method,  thermometer  measurements  shall  site  bt 
mads  whenever  practicable  without  disassembling  the  sodta.* 
in  order  to  increase  the  probability  of  obtaining  the  bight** 
observable  temperature.  The  measurement  indicating  tie 
higher  temperature  shall  be  taken  as  the  “obeerrabk" 
temperature. 

3. 

Embedded  temperature-detector  method 

This  method  consists  in  the  measurement  of  the  tempentw*. 
by  thermocouple  or  resistance  temperature  detectors,  loesuf 
as  nearly  as  possible  at  the  estimated  hottest  spot.  Wks 
Method  No.  3 is  used,  it  shall,  when  required,  be  checked  by 
Method  No.  2.  The  highest  observable  temperature  obtaisK 
from  the  readings  of  the  embedded  detectors  shall  not  eieuf 
the  values  permitted  by  the  Rules  for  Method  3,  and 
highest  observable  temperature  obtained  by  Method  2 shall 
not  exceed  the  values  permitted  by  the  Rules  for  Method  1 

•Note. — As  one  of  the  few  instances  in  which  the  thermometer  cbrt* 
oannot  be  applied  in  Method  2,  the  rotor  of  a turbo  alternator  may  be  ert«i 


1008.  Conventional  allowances  for  the  three  methods  of  twnpwr 
ture  measurement.  The  specified  differences  by  which  the  “obeerrabk* 
temperatures  shall,  for  purpose*  of  standardisation,  be  assumed  to  be  Ww 
than  the  “hottest  spot”  temperatures  (which  may  be  designated  the  "Cm* 
ventional  Allowances”)  are  as  follows: 


Method  1 15  deg.  cent. 

Method  2 10  deg.  cent. 

Method  3 (See  following  table) 


Table  101.  Conventional  allowance  for  Method  8 


t 

Method  3 I 1 

1 • i 

For  windings  with  two  ooil-sides  per 
slot  with  detectors  between  top  and 
bottom  coil-sides  (and  between  coil- 
sides  and  core). 

5 deg.  cent. 

For  windings  with  one  coil-side  per 
slot  for  5,000  volts  or  less,  with  detec- 
tors between  coil-side  and  core  and 
between  coil-side  and  wedge. 

10  deg.  cent. 

For  windings  with  one  coil-side  per 
slot  form  ore  than  5,000  volts,  with 
detectors  between  o oil-side  and  core 
and  between  coil-side  and  wedge. 

10  deg.  cent,  plus  1 deg.  cent,  for 
every  kilovolt  of  terminal  pres- 
sure of  the  machine  above  ft  kr 
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1004.  Cliiiiflttion  o t insulating  rntterltli,  The  insulations  em- 
ployed in  electrical  machinery  are  subdivided  into  three  main  classes, 
designated  A,  B and  C and  denned  as  follows: 


Table  100.  Classification  of  insulating  materials 


Class 

Description  of  material 

A. 

Cotton,  silk,  paper  and  similar  materials  when  so  treated  or 
impregnated  as  to  increase  the  thermal  limit,  or  when  per- 
manently immersed  in  oil;  also  enamelled  wire. 

When  these  materials  are  not  treated,  impregnated,  or  immersed 
in  oil,  they  are  not  included  in  Chun  A. 

B. 

Mica,  asbestos  and  other  materials  capable  of  resisting  high 
temperatures,  in  which  any  Class  A material  or  binder  is  used 
for  structural  purposes  only,  and  may  be  destroyed  without 
impairing  the  insulation  or  mechanical  qualities  of  the  insu- 
lation. (The  word  “impair"  is  used  in  the  sense  of  causing 
any  change  whioh  could  disqualify  the  insulation  for  con- 
tinuous service.) 

C. 

Materials  capable  of  resisting  higher  temperatures  than  Class 

B,  such  as  pure  mica,  porcelain,  quarts,  etc. 

*1000.  Limiting  u 'hottest-spot"  temperatures.  The  limiting  “hot- 
test-spot”  temperatures  are,  for  purpoaea  of  atandardisaiion,  taken  at  the 
following  values: 

For  Class  A material 10S  deg.  oent.  (see  Note  1) 

For  Class  B material 125  deg.  oent.  (see  Note  2) 

For  Class  C material no  limit  yet  specified. 

If  different  insulating  materials  are  used  on  various  parts  of  one  winding 
(for  instance  in  the  slot  and  for  the  end  windings)  the  temperature  of  eaon 
material  shall  not  exceed  the  limit  set  for  that  material. 

When  insulation  consists  of  layers  of  materials  having  different  tempera- 
ture-limits (tor  instance  high-temperature  limit  material  adjacent  to  the 
copper  and  lower-temperature  limit  material  adjacent  to  the  iron  or  to  the 
air)  the  temperature  of  each  material  shall  not  exceed  the  limit  set  for  that 
material. 

1004.  Limiting  observable  temperatures.  The  limiting  observable 
temperatures  for  use  with  Methods  1,  2 and  3 are  arrived  at  by  subtracting 
the  “conventional  allowances"  from  the  limiting  “hottest-spot”  tempera- 
tures for  insulating  materials.  They  are  set  forth  in  table  101. 

1007.  Limiting  observable  temperature  of  oil.  The  oil  in  which 
apparatus  is  permanently  immersed  shall,  in  no  part,  have  a temperature, 
observable  by  thermometer,  in  excess  of  90  deg.  cent. 

1008.  Standard  ambient  temperatures  of  reference.  The  following 
values  are  adopted  for  the  standard  ambient  temperatures  of  reference: 

For  air 40  deg.  cent. 

For  water 25  deg.  cent. 

These  valuee  for  the  standard  ambient  temperatures  of  reference  apply  to 
all  conditions  where  the  actual  ambient  temperature  does  not  exceed  them. 

The  limiting  observable  temperature  rise  must  not  be  increased  even  when 
the  ambient  temperature  is  lower  than  the  standard  ambient  temperature 
of  reference. 

* Nora  1. — For  cotton,  silk,  paper  and  similar  materials  when  neither 
treated,  impregnated  nor  immersed  in  oil,  the  limits  of  observable  tempera- 
ture and  temperature  rise  shall  be  15  deg.  oent.  below  the  limits  fixed  for 
these  materials  when  impregnated. 

* Nora  2. — The  Institute  recognises  the  ability  of  manufacturers  to  em- 
ploy Class  B insulation  successfully  at  maximum  temperatures  of  150  deg. 
cent,  or  even  higher.  However,  as  sufficient  data  covering  experience  over  a 
Period  of  years  at  such  temperatures  are  at  present  unavailable,  the  Insti- 
tute adopts  125  deg.  cent,  as  a conservative  limit  for  this  class  of  insulation, 
and  any  increase  above  this  figure  should  be  the  subject  of  special  guarantee 
by  the  manufacturer. 
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Table  108.  Limiting  observable  Umpmlnrw 


1 

Class  A material 

Method  1 

90  deg.  cent. 

110  deg.  cent. 

Method  2 

95  deg.  cent. 

115  deg.  cent. 

Method  3 

For  windings  with 
two  coil-sides  per 
slot  with  detectors 
between  top  and 
bottom  coil-sides 
and  between  coil- 
sides  and  core. 

100  deg.  cent. 

120  deg.  cent 

For  windings  with 

one  coil-side  per 
slot  with  detectors 

between  coil-side 

and  core  and  be- 
tween ooi  1-side  and 
wedge. 

* See  also  Note  2,  Par.  1005. 


1000.  Limiting  observable  temperature  rises.  The  limiting  ob»m 
able  temperature  rises  in  the  following  Table  104  are  obtained  by  subtract- 
ing the  standard  ambient  temperatures  of  reference  given  in  Par.  1008  foe 
the  limiting  observable  temperatures  given  in  Table  100.  The  hnutiw 
observable  temperature  rises  to  be  used  in  practice  are  given  later  in  tk 
Rules.  They  are  in  some  cases  greater  and  in  other  cases  smaller  than  the* 
given  in  Tame  104.  See  Par.  1010. 


Tabls  104.  Limiting  observable  temperature  rises 


Air  cooled  | 

Class  A 

Class  B* 

Method  1 

50  deg.  cent. 

70  deg.  cent. 

Method  2 

65  deg.  cent. 

75  deg.  cent 

Method  3 

For  windings  with 
two  coil-sides  per 
slot,  with  detec- 
tors between  top 
and  bottom  coil- 
sides  and  between 
coil-sides  and  core. 

60  deg.  cent. 

80  deg.  cent 

For  windings  with 
one  coil-side  per 
slot  with  detectors 
between  coil-side 
and  core  and  be- 
tween ooil-side  and 
wedge. 

55  deg.  cent,  (minus 

1 degree  for  every 

1.000  volts  of  ter- 
minal pressure  of 
the  machine  above 

5.000  volta). 

75  deg.  cent,  (mis*  ( 
1 degree  for  fW!  , 

1.000  volts  of 
mined  pressor*  of 
the  machine abon 

5.000  volts). 

* See  also  Note  2,  Pax.  1005. 


1010.  General  comments  on  special  and  specific  cases.  In  the  forr 

Jfoing  it  has  been  assumed*  for  the  purpose  of  presenting  a comprehend 
ogical  and  consistent  plan,  that  the  rules  actually  used  m the  industry  at 
exactly  in  accord  with  the  general  principles.  Practical  experience  indie*** 
the  necessity  of  establishing  definite  rules  to  cover  special  as  well  as  spee&  | 
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cases.  These  oases  are  set  forth  in  later  chapters.  Any  ease  not  specifically 
dealt  with  may  come  under  the  general  principles.  - 

1011.  Comments  on  the  method  of  measurement  to  be  employed. 
In  the  absence  of  definite  rules,  the  manufacturer  may,  on  the  occasion  of 
the  acceptance  test,  use  any  of  the  three  methods  for  the  temperature  meas- 
urements. In  most  cases,  however,  restrictions  on  the  choice  of  method 
are  imposed.  These  are  set  forth  in  the  rules. 

1011.  Comments  on  temperature  limits  in  special  cases.  Tempera- 
ture limits  are  prescribed  in  the  rules  for  special  cases  where  conditions 
determined  by  practice,  by  experience,  or  by  agreements,  require  departures 
(often  arbitrary)  from  the  limits  of  temperature  rise  corresponding  to  the 
general  principles. 

101S.  Hottest-spot  temperature  the  primary  point  of  reference. 

The  hotteet-spot  temperature  is  the  primary  point  of  reference,  of  the  “bench- 
mark” used  as  the  basis  for  the  foregoing  scheme  or  temperature  delimitation. 
It  is  not  employed  in  commercial  transactions  or  in  the  ordinary  course  of 
testing  or  operation  of  electrical  machinery. 

1014.  Observable  temperature  rise  the  working  standard.  The  ob- 
servable temperature  rise  is  the  working  standard.  A summary  of  working 
data  with  explanatory  notes,  will  be  found  in  Table  100. 

1010.  Duration  of  temperature  test  and  correction  to  time  of  shut 
down.  .Whatever  method  of  temperature  measurement  be  employed,  it  is 
required  that: 

(а)  Operation  shall  be  continued  until  constant  temperatures  are  deter- 
mined if  the  machine  has  a continuous  rating,  or  for  the  full  period  if  the 
machine  haa  a short  time  rating,  and 

(б)  When  measurements  cannot  be  made  while  the  machine  is  loaded, 
appropriate  corrections  to  raise  the  temperature  readings  to  the  time  of 
shut  down  shall  be  applied.  See  Chap.  ll. 

MECHANICAL  AND  COMMUTATION  LIMITATIONS 

These  limitations  are  set  forth  in  subsequent  Chapters  dealing  with  specific 
kinds  of  machines. 

WAVE  SHAPE 

1100.  The  sine  wave  Bhall  be  considered  as  standard  exoept  where  the 
departure  therefrom  is  inherent  in  the  operation  of  the  system  of  whioh  the 
machine  forms  a part. 

DIELECTRIC  STRENGTH  AND  INSULATION  RESISTANCE* 

1100.  The  injury  produced  by  dielectric  stress  applied  to  insulation  is 
related  to  the  time  during  which  the  stress  is  applied.  A stress  up  to  a 
certain  limit  may  be  applied  for  an  indefinite  period  without  injury  to  the 
insulation.  A somewhat  greater  stress  will  cause  heating  of  the  insulation 
and  a progressive  deterioration,  eventually  resulting  in  breakdown.  Higher 
values  of  Btress  cause  more  rapid  deterioration  and  a quicker  breakdown. 
It  is  customary  to  determine  whether  machinery  will  withstand  the  voltage 
•tresses  met  in  practice  by  a preliminary  test  for  a definite  period  of  time  at 
a voltage  considerably  higher  than  the  normal  voltage  to  which  the  machin- 
ery is  to  be  subjected,  but  not  high  enough  to  produce  injury  to  the  insula- 
tion during  the  period  of  test. 

1101.  The  test  voltage  which  shall  be  applied  to  determine  the  suitability 
of  insulation  for  commercial  operation  is  dependent  upon  the  kind  and  sise 
of  the  machine,  and  its  operating  voltage,  upon  the  nature  of  the  service  in 
which  it  is  to  be  used,  ana  upon  the  severity  of  the  mechanical  and  electrical 
stresses  to  which  it  may  be  subjected.  The  voltages  and  other  conditions 
of  test  which  arc  recommended  have  been  determined  as  reasonable  and 
proper  for  the  great  majority  of  caseB,  and  are  oroposed  for  general  adop- 
tion, except  when  specific  reasons  make  a modification  desirable. 

1400.  The  insulation  resistance  of  machinery  is  of  doubtful  significance 
as  compared  with  the  dielectric  strength.  It  is  subject  to  wide  variation 
with  temperature,  humidity  and  cleanliness  of  the  parts.  When  the  insula- 
tion resistanoe  falls  below  prescribed  values  it  can,  in  most  cases  of  good 


* See  Pars.  2S60  to  1SS0  inclusive. 
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and  where  no  defect  exists,  be  brought  up  to  the  required  ctaadsri 
by  cleaning  and  drying  the  machine.  The  insulation  resistance  thcetor 
may  afford  a useful  indication  as  to  whether  the  machine  is  in  Mdtaie 
condition  for  application  of  the  dielectric  test. 

EFFICIENCY* 

1100.  The  conditions  under  which  efficiency  is  determined,  are  that 
normal  to  the  operation  of  the  machine.  These  include  voltage,  carter 
power  factor,  frequency,  wave  shape,  speed,  temperature,  or  such  of  the* 
as  may  apply  in  each  particular  case. 

1001.  The  efficiency  at  all  loads  of  all  apparatus  shall  be  corrected  to » 
reference  temperature  of  75  deg.  cent. 

1101.  In  the  esse  of  machinery,  two  efficiencies  are  recognised,  coarra- 
tional  efficiency  (Par.  1114)  and  directly  measured  efficiency.  Unless  cuer 
wise  specified,  the  conventional  efficiency  is  to  be  employed.  Whes  tat 
efficiency  of  a machine  is  stated  without  specific  reference  to  the  load  coe- 
ditions rated  load  is  always  to  be  understood,  whether  the  efficiency  be  th 
conventional  or  directly  measured  efficiency. 

RATINOt 

1100.  Principle  Of  machine  rating,  (a)  Ratine  by  temperatnrt  rite 
The  principle  upon  which  machine  rating  is  based,  so  far  as  relates  to  there* 
characteristics,  has  been  stated  in  earlier  sections. 

(6)  Ratine  by  limitation * other  than  temperature  rise:  In  some  m achiw* 
the  rating  is  limited  by  other  than  thermal  considerations.  In  each  css s. 
the  principle  upon  which  machine  rating  is  based  is  that  the  rated  Iced  *r 
plied  continuously  or  for  a stated  period,  shall  not  cause  the  various  hwas* 
tions  specified  in  later  chapters;  e.a.,  Pars.  4110  to  4151  inclusive,  to  be  «• 
oeeded.  The  rating  shall  be  based  upon  the  capacity  as  limited  by  hesOaf 
unless  the  capacity  as  limited  by  other  characteristics,  is  lees. 


CHAPTER  II 


GENERAL  RULES 

The  expressions  “machinery”  end  “machines”  are  here  employed  is  * 
general  sense,  in  order  to  obviate  the  constant  repetition  at  the  wore 
“machinery  or  induction  apparatus.”  ....  .-  , 

To  ensure  satisfactory  results,  electrical  machinery  should  be  specified  :* 
conform  to  the  Institute  Standards,  in  order  that  it  shall  comply  is  oper* 
tion,  with  approved  limitations  in  the  following  respects,  so  far  ss  they  v* 
applicable. 

Operating  temperature 
Mechanical  strength 
Commutation 
Dielectric  strength 
Insulation  resistance 
Efficiency 
Power  factor 
Wave  shape 

Regulation  OPERATION 


Temperature  Limits 

2104.  Permissible  temperatures  with  insulations  off  more  than  ast 
class,  (a)  If  different  insulating  materials  are  used  on  various  parts  of  «» 
winding  (for  instance,  in  the  slot  and  for  the  end  windings)  the  temperstw* 
of  each  material  shall  not  exceed  the  limit  set  for  that  material. 

(5)  When  insulation  consists  of  layers  of  materials  having  different  tem- 
perature limits  (for  instance  high-temperature-limit  material  adjacent  e 
the  copper  and  lower-temperature-limit  material  adjacent  to  the  iron  or  ^ 
the  air)  the  temperature  of  each  material  shall  not  exceed  the  limit  set 
that  material. 


* See  Pars.  Sill  to  1SSS  inclusive, 
f See  Pars.  1101  to  1121  inclusive. 
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1116.  Temperatures  of  metallic  parts  of  machines,  (a)  Parts  adju- 
nct to  insulating  material:  Metallio  parts  of  machines  in  contact  with  or 
Ijaoent  to  an y kind  of  insulation,  shall  not  attain  a temperature  in  excess 
that  allowed  for  the  adjacent  insulation. 

(6)  Parte  net  adjacent  to  insulating  material : All  parts  of  machines  other 
an  those  covered  by  Par.  1116  (a)  may  be  operated  at  such  temperatures 
> shall  not  be  injurious  in  any  other  respect. 

1UO.  Protection  against  short-circuit.  The  Institute  recognises  the 
lf-deatruetibility,  both  mechanical  and  thermal,  of  oertain  sixes  and  types 
machines,  when  subjected  to  severe  short-circuits,  and  recommends  that 
nple  protection  be  provided  in  such  cases,  external  to  the  machine  if 
sccssary. 

EATING 

General 

1*01.  Expression  of  rating.  Except  where  otherwise  specified  the 
lachines  snail  be  rated  in  terms  of  their  avialable  output.  For  exceptions 

*>  Pars.  4 US,  6101,  6104  and  6111. 

1104.  Institute  rating.  The  Institute  rating  of  a machine  shall  be  its 
bting  when  operating  with  a cooling  medium  of  the  ambient  temperature 
F reference  specified  in  Pars.  Ull  and  till  and  with  barometric  conditions 
ithin  the  range  given  in  Par.  1116.  See  Pars.  1100, 1110, 1111,  4110  and 

600. 


Ambient  Temperature. of  Reference  and  Altitude  Correction 
1111.  Ambient  temperature  of  reference  for  air.  The  standard  am- 
ient  temperature  of  reference,  when  the  cooling  medium  is  air,  shall  be 
0 deg.  cent. 

1111.  Ambient  temperature  of  reference  for  water-cooled  machin- 

rj.  For  water-cooled  machinery,  the  standard  temperature  of  reference 
>r  incoming  cooling  water  shall  be  25  deg.  cent.,  measured  at  the  intake  of 
be  machine. 

nil.  Machines  cooled  by  other  means.  Machines  cooled  by  means 
ther  than  air  or  water  shall  receive  special  consideration. 

ni4.  Outdoor  machinery  exposed  to  sun’s  rays.  Outdoor  machin- 
ry  not  protected  from  the  sun’s  rays  at  times  of  heavy  load  shall  receive 
pecial  consideration. 

nil.  Altitude.  Increased  altitude  has  the  effect  of  increasing  the  tem- 
perature rise  of  some  types  of  machinery.  In  the  absence  of  information 
a regard  to  the  height  above  sea  level  at  which  a machine  is  intended  to 
rork  in  ordinary  service,  this  height  is  assumed  not  to  exceed  1,000  meters 
3,300  ft.).  For  machinery  operating  at  an  altitude  of  1,000  meters  or  less, 
. test  at  any  altitude  less  than  1,000  meters  is  satisfactory,  and  no  correction 
hall  be  applied  to  the  observed  temperatures.  Machines  intended  for 
•Deration  at  higher  altitudes  shall  be  regarded  as  special.  It  is  recommended 
hat  when  a machine  is  intended  for  service  at  altitudes  above  1,000  meters 
3,300  ft.)  the  permissible  temperature  rise  at  sea  level  shall  be  reduced  by 
! per  cent,  for  each  100  meters  (330  ft.)  by  which  the  altitude  exceeds  1,000 
neters. 

Kinds  of  Rating 

There  are  various  kinds  of  rating  such  as: 

IMO.  Continuous  rating.  A machine  rated  for  continuous  service 
lhall  be  able  to  operate  continuously  at  its  rated  output,  without  exceeding 
tny  of  the  limitations  established  herein. 

In  the  absence  of  any  specification  as  to  the  kind  of  rating,  the  continuous 
ating  shall  be  understood. 

mi.  Short-time  rating.  A machine  rated  for  discontinuous  or  short- 
:ime  service  (i.e.,  service  including  runs  alternating  with  stops  of  sufficient 
duration  to  ensure  substantial  cooling),  shall  be  capable  of  operating  at 
ts  rated  output  during  a limited  period!  to  be  specified  in  each  case,  without 
Exceeding  any  of  the  limitations  established  herein.  Such  a rating  is  a short- 
time  rating. 


114 


1885 

Digitized  by 


Google 


Sec.  24-2222 


STANDARDS 


tttt.  Duty-cycle  operation.  Many  machines  are  operated  on  t cjw 
of  duty  which  repeats  itself  with  more  or  lees  regularity.  For  purpose . 
rating,  either  a continuous  or  a short-time  equivalent  load  may  bealerw 
which  shall  simulate  as  nearly  as  possible  the  thermal  conditions  ol  the  Ida 
duty-cycle. 

*2222.  Standard  short-time  ratings.  The  following  periods  A*! » 
used  for  short-time  ratings:  5,  10,  15,  30,  60  and  120  minutes. 

•Note. — When,  for  example,  a short-time  rating  of  10  minutes  dart 
is  adopted,  and  the  thermally  equivalent  load  is  25  kw.  for  thst  period.  ti> 
such  a machine  shall  be  stated  to  have  a 10-minute  rating  of  25  kw. 

In  every  case  the  equivalent  short-time  test  shall  commence  only  sir 
the  windings  and  other  parts  of  the  machine  are  within  5 deg.  cent  d t> 
ambient  temperature  at  the  time  of  starting  the  test. 

1224.  A.  X.  E.  E.  and  I.  E.  C.  ratings.  When  the  prescribed  cooditi * , 
of  test  are  those  of  the  A.  I.  E.  E.  Standards  the  rating  of  the  machine 
Institute  Rating.  (8ee  Par.  2401.)  When  the  prescribed  conditions  of  tb 
test  are  those  ot  the  I.  E.  C.  Rules,  the  rating  of  the  niachine  is  the  1. 1 C- 
rating.  A machine  so  rated  in  either  case  may  bear  a distinctive  sign 
its  rating  plate.  I.  E.  C.  stands  for  “International  Elsetroteekaiai 
Commission  11 

2225.  Continuous  rating  implied.  Machines  marked  "A  I.  E.  i 
Rating”  or  “I.  E.  C.  Rating”  shall  be  understood  to  have  a cooties* 
rating,  unless  otherwise  marked  in  accordance  with  Pars.  2222, 1241  or 

Eating  by  Temperature  Else 

2220.  limiting  observable  temperature  rises.  The  folio  wine  k*t*K 

observable  temperature  rises  have  been  adopted. 

Not*  1. — (o)  The  temperature  of  the  windings  of  transformer*  and  b- 
duction  regulators  is  always  to  be  ascertained  by  Method  2. 

(6)  In  measuring  the  temperature  of  air  blast  transformers,  the  airsonw 
shall  be  shut  off  immediately  at  the  end  of  the  temperature  res  w » 
intake  shall  be  closed  to  prevent  further  admission  of  cooling  air.  Id  deck- 
ing the  temperatures  ascertained  by  resistance,  the  readings  of  thencouKtm 
well  distributed  and  in  good  contact  with  the  coils  shall  be  noted  and  ** 
maximum  temperature  indicated  by  them,  if  higher  than  that  deteraiorf 
by  resistance,  shall  be  taken  as  the  maximum  obeervable  tempera ^ 
tne  windings.  With  the  above  procedure,  the  observable  temperature  :* 
for  air-blast  transformers  may  attain  a value  not  in  excess  of  60  deg- cfZ' 
as  determined  by  thermometer,  although  it  must  not  exceed  55  deg. 
as  determined  by  resistance. 

(c)  Method  3 shall  be  applied  to  all  stators  of  machines  with  constant 
a width  50  cm.  and  over;  it  shall  also  be  applied  to  all  machines  of  5,000  tc* 
and  over  if  of  over  500  kv.-a.  regardless  of  core  width. 

(d)  Method  2 shall  not  be  used  for  circuits  of  low  resistance  (other  t»' 
transformer  windings),  such  as  interpole  windings,  where  external  joint* 
connections  form  a considerable  part  of  the  total  resistance. 

(e)  For  all  other  cases  it  is  optional  to  employ  either  Method  1 or  Mete* 
2.  (This  is  equivalent  to  authorizing  Method  1 with  a 5 deg.  cent.  w*r 
limit  of  observable  temperature  than  is  permitted  for  Method  2 ) 

Note  2. — For  cotton,  silk,  paper  and  similar  materials  when  n«u« 
treated,  impregnated  nor  immersed  in  oil,  the  limits  of  observable  temprer 
ture  rise  shall  be  15  deg.  below  the  limits  in  the  above  table  fixed  forU** 
materials  when  impregnated.  , . . . . 

Note  3. — For  enclosed  machines  (rotating)  the  limiting  observable  w*" 
peratur©  rise  shall  be  taken  as  5 deg.  higher  than  the  values  set  forts  m 
Table  for  Items  1 and  6.  . . ,u. 

Note  4. — A further  limitation  to  this  Table  relates  to  the  restriction 
application  to  machinery  for  operation  in  locations  whose  alUtude  u ** 
more  than  1,000  meters  above  sea  level.  Recommendation  re,^.*n*.U5  T„ 
limiting  temperature  rise  for  machines  for  operation  at  higher  altitudes  v 
given  in  Pars.  2215  and  2221.  / 

Note  5. — If  different  insulating  materials  are  used  on  various 
one  winding  (for  instance  in  the  slot  and  for  the  end  windings)  the  tempwi- 
ture  of  each  material  shall  not  exoeed  the  limit  set  for  tbst  material. 
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(Then  insulation  consists  of  layers  of  materials  having  different  tempera- 
5 limits  (for  instance  high-teroperature  limit  material  adjacent  to  the 
E»er  and  lower  temperature  limit  material  adjacent  to  the  iron  or  the  air) 
temperature  of  each  material  shall  not  exceed  the  limit  set  for  that 
Lerial. 

3le  100.  Limiting  observable  temperature  rises  for  machines  for 
>I>eration  in  locations  where  the  ambient  temperature  will  not 
exceed  40  deg.  cent,  for  air  or  15  deg.  cent,  for  water 

•'or  Class  A insulation  use  the  values  in  the  Table. 


•'or  Class  B insulation  use  20  deg.  cent,  higher  values  (or  45  deg.  cent, 
her  in  the  oases  covered  by  the  Note  in  Par.  1005). 

•'or  Class  C insulation  no  limits  yet  specified.  


{ Method  3 

Items 

Method 

1 

Method 

2 

For  windings 
with  two  coil- 
sides  per  slot 
with  detectors 
between  top 
and  bottom 
coil-sides  and 
between  coil- 
sides  and  core 

For  windings 
with  one  coil- 
side  per  slot 
with  detectors 
against  core 
and  against 
wedge 

1.  Insulated  wind- 
ings other  than 
2.3.  Note  1. 

50  deg. 
cent. 
Note  1 

55  deg. 
cent. 
Note  1 

60  deg.  cent. 
Note  1 

55  deg.  cent, 
minus  1 deg. 
for  every 
1,000  volts  by 
which  the  ter- 
minal pres- 
sure of  the 
machine  ex- 
ceeds 5,000 
volts).  Note 

3.  Short-circuited  60 deg. 
insulated  wind-  cent, 
ings. 


4.  Field  windings 
(other  than  5). 


7.  Short-circuited 
insulated  wind- 
ings. 

60  deg. 
cent. 

8.  Transformers 

55  deg. 

and  induction 

; cent. 

regulators. 
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SMI.  exemptions  to  Table  too.  (a)  For  cotton,  silk,  paper  tsifefc 
materials  when  neither  treated,  impregnated  nor  immersed  in  oil,  the  la* 
of  observable  temperature  rise  shall  be  15  deg.  cent,  below  the  hsau  to 
for  these  materials  when  impregnated. 

(6)  When  the  thermometers  are  applied  directly  to  the  surfaces  of  far 
windings,  such  as  an  edgewise  strip  conductor,  or  a cast  copper  wish* 
the  limiting  observable  temperature  rise  shall  be  10  deg.  cent  higher  tk 
given  for  Method  1 in  the  table. 

(c)  For  commutators,  collector  rings,  or  bare  metallic  surfaces  sot  to 
ing  part  of  a winding,  the  limiting  observable  temperature  rise  that  a 
15  deg.  oent.  higher  than  given  for  Method  1 in  the  table. 

(d)  Any  machinery  destined  for  use  with  higher  ambient  temperas* 
of  cooling  mediums,  and  also  any  machinery  for  operation  at  ahitada  » 
which  no  provision  is  made  in  Far.  MIS,  should  be  the  subject  of  m** 
guarantee  by  the  manufacturer.  The  methods  of  test  and  perform*!*?  r 
forth  in  these  rules  will,  however,  afford  guidance  in  such  cases. 

MSS.  Limiting  observable  temperature  of  oil.  The  ofl  is 
apparatus  is  permanently  immersed  shall,  in  no  part,  have  a temper*™* 
observable  by  thermometer,  in  excess  of  90  deg.  oent. 

TESTS 

Ambient  Temperature 

*1*00.  Measurement  of  the  ambient  temperature  during  um  4 
machinery,  (a)  General:  The  ambient  temperature  is  to  be  mcsMrti  b 
means  of  several  thermometers  placed  at  different  points  around  sad  fed 
way  up  the  machine  at  a distance  of  1 to  2 meters  (3  to  6 ft.),  and  prsteetM 
from  drafts  and  abnormal  heat  radiation,  preferably  as  in  Par.  Sill. 

(6)  Mean  temperature:  The  value  to  be  adopted  for  the  ambient  teas** 
ture  during  a test  is  the  mean  of  the  readings  of  the  thermometer*  (pi** 
as  above),  taken  at  equal  intervals  of  time  during  the  last  quarter  dt* 
duration  of  the  test. 

(c)  Use  of  idle  unit:  It  is  sometimes  desirable  to  avoid  errors  due  to  tie 
lag  in  temperature  changes,  by  employing  an  idle  unit  of  the  sameaur*^ 
subjected  to  the  same  conditions  of  cooling  as  the  unit  under  test,  forobtan 
ing  the  ambient  temperature. 

SS01.  Oil  cup.  In  order  to  avoid  errors  due  to  the  time  lag  between  iu 
temperature  of  large  machines  and  the  variations  in  the  ambient  *ir.  f 
reasonable  precautions  must  be  taken  to  reduce  these  variations  ssd  u* 
errors  arising  therefrom.  Thus,  the  thermometer  for  determining  tkio- 
bient  temperature  shall  be  immersed  in  a suitable  liquid,  such  a*  ad,  a » 
suitably  heavy  metal  cup.  This  can  be  made  to  respond  to  variosa  i*» 
of  change  by  proportioning  the  amount  of  oil  to  the  metal  in  the  eoouito 
cup.  A convenient  form  for  such  an  oil  cup  consists  of  a massive  to* 
cylinder,  with  a hole  drilled  partly  through  it.  This  hole  is  filled  witka 
and  the  thermometer  is  placed  therein  with  its  bulb  well  immersed.  T* 
larger  the  machine  under  test,  the  larger  should  be  the  metal  cylinder  em- 
ployed as  an  oil  <jup  in  the  determination  of  the  ambient  temperature.’  J* 
smallest  sise  of  oil  cup  employed  in  any  case  shall  consist  of  a metal  ejrh*®' 
25  mm.  in  diameter  and  50  mm.  high  (1  in.  in  diameter  and  2 in.  high) 

Machine  Temperatures 

SS10.  Temperature  rise  for  any  ambient  temperature.  A msebm, 

may  be  tested  at  any  convenient  ambient  temperature,  preferably  » 
below  10  deg.  cent.,  but  whatever  be  the  value  of  this  ambient  tempentafc 
the  permissible  rises  of  temperature  must  not  exceed  those  given  in  Tub 

*00.  j 

Mil.  Correction  for  the  deviation  of  the  ambient  temperately  J 
the  cooling  medium,  at  the  time  of  the  heat  test,  from  the  stiiwM 
ambient  temperature  of  reference.  Numerous  experiments  hsve  vxm 
that  deviation  of  the  temperature  of  the  cooling  medium  from  that  ofnl 
standard  of  reference,  at  the  time  of  the  heat  run,  has  a negligible  ewi 
upon  the  temperature  rise  of  machines;  therefore,  no  correction  shell  m 
applied  for  this  deviation.  . 


* The  cooling  fluid  may  either  be  led  to  the  machine  through  duct*.*) 
through  pipes,  or  merely  surround  the  machine  freely.  In  the  former 
the  ambient  temperature  is  to  be  measured  at  the  intake  of  the  maeM 
itself.  1 
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MAM.  Duration  of  temperature  toot  of  machine  for  continuous 
▼ftco.  The  temperature  test  shall  be  continued  until  sufficient  evidenoe 
kvailabie  to  show  that  the  maximum  temperature  and  temperature  rise 
nld  not  exceed  the  requirements  of  the  rules,  should  the  teat  oe  prolonged 
il  the  attainment  of  a steady  final  temperature. 

M1M.  Duration  of  temperature  test  of  machine  with  a short-time 

inf.  ' The  duration  of  the  temperature  test  of  a machine  with  a short- 
e rating  shall  be  the  time  required  by  the  rating.  In  every  case  the 
li valent  short-time  test  shall  commence  only  when  the  windings  and 
er  parts  of  the  machine  are  within  5 deg.  cent,  of  the  ambient  tempcra- 
e at  the  time  of  starting  the  test.  (See  Far.  2135.) 

J14.  Duration  of  temperature  test  for  machine  haring  more  than 
• rating.  The  duration  of  the  temperature  test  for  a -machine  with 
re  than  one  rating  shall  be  the  time  required  by  that  rating  which  pro- 
*s  the  greatest  temperature  rise.  In  cases  where  this  cannot  be  deter- 
ged beforehand,  the  machine  shall  be  tested  separately  under  each  rating. 
ISIS.  Temperature  measurements  during  heat  run.  When  possible 
iperature  measurements  shall  be  taken  during  operation,  as  well  as  when 
machine  is  stopped.  The  highest  figures  thus  obtained  shall  be  adopted, 
order  to  abridge  the  long  heating  period,  in  the  case  of  large  machines, 
aonable  overloads  of  current  during  the  preliminary  period  are  suggested 
them. 

tSlt.  Rules  for  oorrecting  to  time  of  shut-down,  (a)  Whenever  a 
ficient  time  has  elapsed  between  the  instant  of  shut-down  and  the  time 
the  final  temperature  measurement  to  permit  the  temperature  to  fall, 
table  corrections  shall  be  applied,  so  as  to  obtain  as  nearly  as  practicable 
» temperature  at  the  instant  of  shut-down.  This  can  sometimes  be 
ptroximately  effected  by  plotting  a curve  with  temperature  readings  as 
[rotates  ana  time  as  abscissas,  and  extrapolating  back  to  the  instant  of 
lt-down.  In  other  instances,  acceptable  correction  factors  can  be  applied; 

in  the  case  of  machines  manufactured  in  large  quantities,  the  correction 
tained  from  tests  made  on  representative  machines  may  be  used. 
b ) Exception.  In  cases  where  successive  measurements  show  increasing 
nperatures  after  shut-down,  the  highest  value  shall  be  taken. 

Details  of  Testing  Methods 

USO.  Covering  of  thermometer.  Thermometers  used  for  taking  tem- 
atures  of  machinery  shall  be  covered  by  felt  pads  4 cm.  X 5 cm.  (If  in.  X 
n.)«  3 mm.  (|  in.)  thick  cemented  on;  oil  putty  may  be  used  for  stationary 
i small  apparatus. 

1811.  Temperature  coefficient  of  copper.  The  temperature  coefficient 
copper  shall  be  deducted  from  the  formula  1/(234.5  -f  t).  Thus,  at  an 
tiai  temperature  i « 40  deg.  cent.,  the  temperature  coefficient  of  increase 
resistance  per  degree  centigrade  rise  is  1/(274.5  *=  0.00364).  The  follow- 
; table,  deduced  from  the  formula,  is  given  for  convenience  of  reference. 

Tabic  >01.  Temperature  coefficients  of  copper  resistance 


Temperature  of  the  winding,  in 
degrees  centigrade,  at  which  the 
initial  resistance  is  measured 

Increase  in  resistance  of  copper 
per  degree  centigrade,  per  ohm 
of  initial  resistance 

0 

0.00427 

5 

0.00418 

10 

0.00409 

15 

0.00401 

20 

0.00393 

25 

0.00385 

30 

0.00378 

35 

0.00371 

40 

0.00364 

• Temperature  by  resistance:  The  temperature  by  resistance  may  be 
Iculated  by  the  following  formula: 

Let  rt  — resistance  at  t deg.  cent. 
rr  “ resistance  at  T deg.  cent. 

T - ?(234.5  4-  0 ~ 234.5 

rt 
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UU,  Temperature  measurement  at  low-reeittanos  drwrft  h» 

euits  of  low  resistance,  where  joints  and  connections  form  a ooosidenbli psc 
of  the  total  resistance,  the  measurement  of  temperature  by  the  wife 
method  shall  not  be  used.  (Ezoept  transformers,  far  which  see  Psr.  UK. 

•SSS8.  Location  of  embedded  temperature  detectors.  Embdw 
temperature  detectors  should  be  placed  in  at  least  two  sets  of  locum 
One  of  these  should  be  between  a ooi  1-side  and  the  core  and  one  bam 
the  top  and  bottom  coil-sides  where  two  coil-sides  per  slot  are  used. 
only  one  coil-side  per  slot  is  used,  one  set  of  detectors  shall  be  pteosd  > 
tween  coil-side  and  core,  and  one  set  between  coil -aide  and  wedge.  Alba 
number  of  detectors  shall  be  employed,  and  all  reasonable  efforts,  eosasss 
with  safety,  shall  be  made  to  locate  them  at  the  various  places  where  3 
highest  temperatures  are  likely  to  occur.  (Bee  Par.  1K0S.) 

Efficiency 

tSSSl.  Efficiencies  reoognized.  Two  efficiencies  are  recognised  w- 
ventional  efficiency  and  directly  measured  efficiency.  Unless  other** 
specified,  the  conventional  efficiency  is  to  be  employed.  (8ee  Pan. 

and  S1S4.) 

Input  and  output  determinations  of  efficiency  may  be  made  dimt? 
measuring  the  output  by  brake,  or  equivalent,  where  applicable.  Witt 
the  limits  of  practical  application,  the  circulating  power  method,  sowtos 
described  as  the  Hopkinson  or  “loading-back”  method,  may  be  used. 

Normal  conditions  for  efficiency  tecta. — (a)  Gerard:  TV 
efficiency  shall  correspond  to,  or  be  corrected  to,  the  normal  eou&xa 
herein  set  forth,  which  shall  be  regarded  as  standard.  These  condotn 
include  voltage,  current,  power-factor,  frequency,  wave  shape,  speed,  ie* 
perature,  or  such  of  them  as  may  apply  in  each  particular  case. 

(6)  Load:  When  the  efficiency  of  a machine  is  stated  without  spear 
reference  to  the  load  conditions,  rated  load  is  always  to  be  undent 
whether  the  efficiency  be  the  conventional  or  directly  measured  efidesr 

(e)  Wave  shape:  The  sine  wave  shall  be  standard,  unless  s different  « 
form  is  inherent  in  the  operation  of  the  system.  (See  Psr.  KIM.) 

••(d)  Temperature  of  reference:  The  efficiency  of  all  apparatus  atallks- 
ahall  be  corrected  to  a reference  temperature  of  75  deg.  cent.,  but  tests  m.' 
be  made  at  any  convenient  ambient  temperature,  preferably  not  lew  tht 
15  deg.  cent. 

(e)  Power  factor : The  efficiency  of  alternators  and  transformers  dal  V 
stated  at  the  rated  power  factor. 

UU.  Direct  measurement  of  efficiency,  (a)  General:  Electric  pc*T 
shall  be  measured  at  the  terminals  of  the  apparatus. 

(6)  Polyphase  machines : In  polyphase  machines,  sufficient  messurewc1 
shall  be  made  on  all  phases  to  avoid  errors  of  unbalance. 

(c)  Mechanical  power:  Mechanical  power  delivered  by  machines  sbsB  * 
measured  at  the  pulley,  gearing  or  coupling,  on  the  rotor  shaft,  tbusexd* 
ing  the  loss  of  power  in  the  belt  or  gear  friction.  (See,  however,  an  except* 
in  Par.  StOt.) 

Wavs  Shape 

SS40.  Standard  wavs  shape.  The  sine  wave  be  considers!  ■ 
standard,  except  where  departure  therefrom  is  inherent  in  the  operstws* 
the  system  of  which  the  electrical  machine  forms  a part. 


• A coil-side  is  one  of  the  two  active  sides  of  the  cofl  lying  in  s dot 
f The  need  for  assigning  conventional  values  to  certain  losses  snscs  fa 
the  fact  that  some  of  the  losses  in  electrical  machinery  are  practiesfly  *jj 
terminable,  and  must,  in  many  cases,  either  be  approximated  by  sn  spprd 
method  of  test,  or  else  values  recommended  by  tne  Institute  and  deefad 
“conventional”  values  shall  be  employed  for  them  in  arriving  st  tie *'d 
ventional  efficiency.”  . 

••In  calculating  plant  or  system  efficiency  it  may  be  desirable  to  cskd 
the  losses  in  each  individual  machine  or  part  of  the  system  st  the  id 
temperature  of  that  transformer  or  part  during  the  specified  iatef* 
These  losses  mav  be  appreciably  different  from  the  losses  st  75  deg  t* 
which  latter  shall  be  the  standard  temperature  of  reference  for  sll  cod* 
guarantees.  5 
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Testa  of  Dielectric  Strength 

3360.  Condition  of  machine  to  be  tee  ted.  Commercial  tests  shall, 
general,  be  made  with  the  completely  assembled  machine  and  not  with 
lividual  parts.  The  machine  shall  be  in  good  condition,  and  high-voltage 
§t«,  unless  otherwise  specified,  shall  be  applied  before  the  machine  is  put 
to  commercial  service,  and  shall  not  be  applied  when  the  insulation  rcsist- 
oe  is  low  due  to  dirt  or  moisture.  High  voltage  tests  to  determine  whether 
ecifications  are  fulfilled  are  admissible  on  new  machines  only. 

9351.  Where  high-voltage  tests  are  to  be  made.  Unless  otherwise 
Teed  upon,  high-voltage  tests  of  machines  shall  be  made  at  the  factory. 
9359.  Temperature  at  which  high-voltage  tests  are  to  be  made, 
igh-voltage  tests  shall  be  made  at  the  temperature  assumed  under  normal 
aeration  or  at  the  temperature  attained  under  the  conditions  of  commercial 
sting. 

9359.  Points  of  application  of  voltage,  (a)  General:  The  test  voltage 
tall  be  successively  applied  between  each'  electric  circuit  and  all  other 
ectric  circuits  and  metal  parts  grounded. 

(b)  Interconnected  polyphase  windings:  Interconnected  polyphase  wind- 
g8  shall  be  considered  as  one  circuit.  All  windings  except  that  under  test 
all  be  connected  to  ground. 

3334.  Frequency  and  wave  shape  of  test  voltage.  The  frequency  of 
e testing  voltage  shall  be  not  leas  than  the  rated  frequency  of  the  machine 
sted.  A sine  wave  shape  is  recommended  (See  Pars.  1940  and  4961.)  The 
st  shall  be  made  with  alternating  voltage  having  a crest  value  equal  to 
^2  times  the  specified  test  voltage. 

1956.  Duration  of  application  of  test  voltage,  (a)  General:  The 
sting  voltage  for  machines  shall  be  applied  continuously  for  a period  of 
) sec.  (See  exception  Par.  1956  (b).) 

(6)  Standard  machines  and  devices  produced  in  larqe  quantities:  Standard 
achines  and  devices  produced  in  large  quantities,  for  which  the  standard 
st  pressure  is  2,500  volts  or  lees,  may  be  tested  for  1 sec.  with  a test  pres- 
ire  20  per  cent,  higher  than  the  1 min.  test  pressure. 

1956.  Standard  test  voltage,  (a)  General:  The  standard  test  voltage 
»r  all  machines,  except  as  otherwise  specified,  shall  be  twice  the  normal 
Dltage  of  the  circuit  to  which  the  machine  is  connected  plus  1,000  volts, 
toe  exceptions  Pars.  1957,  4961,  6961.) 

1967.  Assembled  apparatus.  Where  a number  of  pieces  of  apparatus 
re  assembled  together  and  tested  as  an  electrical  unit  they  shall  be  tested 
•ith  15  per  cent,  lower  voltage  than  the  lowest  required  on  any  of  the  indi- 
idual  pieces  of  apparatus. 

1969.  Measurement  of  voltage  in  dielectric  strength  tests.  There 
re  two  methods  of  measuring  the  voltage  used  in  making  dielectric  strength 
rats,  namely: 

1.  The  voltmeter  method. 

2.  The  spark-gap  method,  using  either  the  sphere  spark-gap  or  the  needle 
park-gap. 

*1956.  Use  of  voltmeters  and  spark-gaps  in  dielectric  tests.  When 
naking  high  voltage  tests  on  electncal  machinery  every  precaution  must  be 
aken  against  the  occurrence  of  spark-gap  discharges  in  the  circuits  from 
rhich  the  machine  is  being  tested.  A non-inductive  resistance  of  about 
ohm  per  volt  of  test  pressure  shall  be  inserted  in  series  with  one  termi- 
isl  of  tne  spark  gap.  if  the  test  is  made  with  one  electrode  grounded, 
his  resistance  shall  be  inserted  directly  in  series  with  the  non-ground ed 
lectrode;  if  neither  terminal  is  grounded  one-half  shall  be  inserted  directly 
a series  with  each  electrode.  In  either  case  this  resistance  shall  be  as  near 
he  measuring  gap  as  possible  and  not  in  series  with  the  tested  apparatus. 
I water  tube  is  the  most  suitable  form  of  resistor. 

1160.  Use  of  spark-gap  with  machines  of  low  capadt&noe.  When 
he  machine  under  test  does  not  require  sufficient  charging  current  to  dis- 


* The  resistance  will  damp  high  frequency  oscillations  at  the  time  of 
neak-down  and  limit  the  resulting  current. 

Carbon  resistors  should  not  be  used  because  their  resistance  may  become 
rery  low  at  high  voltages. 
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tort  the  high-voltage  wave  shape,  or  change  the  ratio  of  tnadarnttm, 
the  spark-gap  should  be  set  for  the  required  test  voltage  sad  the  tatsi 
apparatus  adjusted  to  give  a voltage  at  which  this  spark-gap  fust  bra* 
down.  This  adjustment  should  be  made  with  the  machine  under  tat  d- 
connected.  The  machine  should  then  be  connected,  and  with  the  fsi-P 
about  20  per  cent,  longer,  the  testing  apparatus  again  adjusted  to  ghre  a 
voltage  of  the  former  breakdown,  which  is  the  assumed  voltage  of  a. 
This  voltage  shall  be  maintained  for  the  required  interval. 

IStl.  Use  of  spark-gap  with  machines  of  high  capacitance.  Wfe 
the  charging  current  of  the  machine  under  teat  may  appreciably  distort 
voltage  wave  or  change  the  effective  ratio  of  the  testing  transformer.  - 
first  adjustment  of  voltage  with  the  gap  set  for  the  test  voltage  stall  * 
made  with  the  machine  under  test  connected  to  the  circuit  and  in  pvu 
with  the  spark-gap. 

1361.  Measurements  with  voltmeter.  In  measuring  the  voltage  «r_ 
a voltmeter,  the  instrument  should  preferably  derive  its  voltage  free  t> 
high-pressure  circuit,  either  directly  or  by  means  of  a voltmeter  coil  pbre 
in  the  testing  transformer,  or  through  an  auxiliary  ratio  trantfenmer.  h > 
permissible  to  measure  the  voltage  at  other  places  such  as  the  trsarfort' 
primary,  provided  corrections  can  be  made  for  the  variations  in  ratio  aaw 
by  the  charging  current  of  the  machine  under  test,  or  provided  there  s* 
material  variation  in  this  ratio.  In  any  case  when  the  capacitance  d t* 
machine  to  be  tested  is  such  as  to  cause  wave  distortion,  the  testing  vdr m 
must  be  checked  by  a spark-gap  as  set  forth  in  Pars.  3364  and  MM  orb* 
crest-voltage  meter.  If  the  crest-voltage  meter  is  calibrated  in  crest  rcii 
its  readings  must  be  reduced  to  the  corresponding  r.m.s.  sinusoidal  vtu 
by  dividing  by  y/ 2. 

3363.  Measurements  with  spark-gaps,  (a;  General:  If  proper  pre- 
cautions are  taken,  spark-gaps  may  be  used  to  advantage  in  cnedrinf  w 
calibration  of  voltmeters  for  high  voltage  tests  of  machines. 

(b)  Range  of  voltage*:  For  the  calibrating  purposes  set  forth  above,  tk 
sphere  gap  shall  be  used  for  voltages  above  50  kv.t  and  is  preferred  den 
to  30  kv.  The  needle  spark  gap  may,  however,  be  used  for  voltagH  fr® 
10  to  50  kv. 

3364.  Needle  spark-gap.  The  needle  spark  gap  shall  be  between  ** 
sewing  needles,  supported  axially  at  the  ends  of  linear  conductors. 
are  at  least  twice  the  length  of  the  gap.  There  must  be  a clear  space  aro** 
the  gap  for  a radius  at  least  twice  the  gap  length. 

S365.  Needle-gap  sparking  distances.  The  sparking  distance!  k e 
between  No.  00  double  long  sewing  needle  points  for  various  root-tt<*> 
square  sinusoidal  voltages  shall  be  assumed  to  be  as  shown  in  Tabk  IN 


Table  202.  Needle-gap  spark-over  voltages 

(At  25  deg,  cent,  and  700  mm.  barometer) 


R.m.s., 

kilovolts 

Millimeters 

R.m.s., 

kilovolts 

Millimeter 

i 

— 

10 

11.9 

35 

51 

15 

18.4 

40 

62 

20 

25.4 

45 

75 

25 

33 

50 

90 

30 

41 

• When  making  arc-over  tests  of  large  insulators,  leads,  etc.,  partial  r- 
over  of  the  tested  apparatus  may  produce  oscillations  which  will  c*«*  " 
measuring  gap  to  discharge  prematurely.  The  measured  voltage  will  U‘: 
appear  too  nigh.  In  such  tests  the  "equivalent  ratio”  of  the  testing  tr»^ 
former  should  be  measured  by  gap  to  within  20  per  cent,  of  the  sre-oj^ 
voltage  of  the  tested  apparatus  with  the  tested  apparatus  in  circuit  I 
measuring  gap  should  then  be  greatly  lengthened  out  and  the  volu p - 
creased  until  the  tested  apparatus  arcs  over.  This  are-over  voltage  van 
then  be  determined  by  multiplying  the  voltmeter  reading  by  the  equi'v 
ratio  found  above.  Direct  measurement  of  the  spark-over  voltage  «n' 
one  gap  by  another  gap  should  always  be  avoided. 
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n>e  values  in  Table  SOS  refer  to  a relative  humidity  of  80  per  oent.  Vari- 
ous from  this  humidity  may  involve  appreciable  variations  in  the  sparking 
tance. 

tSM.  Sphere  spark-gap.  The  standard  sphere  spark-gap  shall  be 
ween  two  suitably  mounted  spheres.  No  extraneous  body,  or  external 
-t  of  the  circuit,  shall  be  nearer  the  spheres  than  twice  their  diameter. 
The  shanks  shall  be  not  greater  in  diameter  than  one-fifth  the  sphere 
.meter.  Metal  collars,  etc.,  through  which  the  shanks  extend,  shall  be 
small  as  practicable  and  shall  not,  during  any  measurement,  come  closer 
the  sphere  than  the  maximum  gap  length  used  in  the  measurement. 

The  sphere  diameter  should  not  vary  more  than  0.1  per  cent.,  and  the 
-vature  measured  by  a spherometer,  should  not  vary  more  than  1 per 
it.  from  that  of  a true  sphere  of  the  required  diameter. 
tS967.  Uu  of  spherometer.  In  using  the  spherometer  to  measure 
rvature,  the  distance  between  the  points  of  contact  of  the  spherometer 
t shall  be  within  the  limits  as  indicated  in  Table  SOS. 


Table  198.  Spherometer  specifications 


Diameter  of  sphere  in 
millimeters 

Distance  between  contact  points  in 
millimeters 

Maximum 

Minimum 

02.5 

35 

25 

125 

45 

35 

250 

65 

45 

500 

100 

65 

ISM.  Sphere-gap  sparking  distances.  The  sparking  distance  be- 
een  spheres  for  various  root-mean-square  sinusoidal  voltages  shall  be 
»umea  to  be  as  shown  in  Table  104. 

$23M.  Correction  of  gap  spacing  for  air  density.  The  spacing  at 
uch  it  is  necessary  to  net  a gap  to  spark  over  at  some  required  voltage 
found  as  follows.  Divide  the  required  voltage  by  the  correction  factor 
/en  in  Table  SOS  and  use  the  new  voltage  thus  obtained,  to  find  the  cor- 
a ponding  spacing  from  Table  104,  using  a graph  of  the  latter,  if  more 
nvenient. 

tSSTO.  Correction  of  voltage  for  air  density.  The  voltage  at  which 

• When  used  as  specified,  the  accuracy  obtainable  should  be  approximately 
per  cent. 

t In  using  sphere  gape  constructed  as  indicated  in  Pars.  1166  and  SSS7,  it 
assumed  that  the  apparatus  will  be  set  up  for  use  in  a space  comparatively 
ee  from  external  dielectric  fields.  Care  should  be  taken  that  conducting 
>diee  forming  part  of  the  circuit,  or  at  circuit  potential,  are  not  so  located 
ith  reference  to  the  gap  that  their  dielectric  fields  are  superposed  on  the 
ip,  the  protecting  resistance  should  not  be  arranged  so  as  to  present 
rge  masses  or  surfaces  near  the  gap,  even  at  a distance  of  two  sphere 
ameters. 

In  case  the  sphere  is  grounded,  the  spark  point  of  the  grounded  sphere 
tould  be  approximately  five  diameters  above  the  floor  or  ground. 

X Effect  of  air  density  on  spark-over  voltage.  The  spark-over  voltage, 
<r  a given  gap,  decreases  with  decreasing  barometric  pressure  and  increasing 
mperature.  This  variation  may  be  considerable  at  nigh  altitudes.  When 
le  variation  from  sea  level  is  not  great,  the  relative  air  density  may  be 
•ed  as  the  correction  factor;  when  the  variation  is  great,  or  greater  accuracy 
desired,  the  correction  factor  corresponding  to  the  relative  air  density 
tould  be  taken  from  Table  104  in  which 

Relative  air  density  — 273~+' i 

b — barometric  pressure  in  millimeters 
t — temperature  in  deg.  cent. 

Corrected  curves  may  be  plotted  for  any  given  altitude,  if  desired.  It  will 
e noted  in  Table  111  that  for  values  of  relative  air  density  above  0.9  the 
Direction  factor  does  not  differ  greatly  from  the  relative  air  density. 
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gap  sparks  over  is  derived  from  *the  voltage  corresponding  to  the  spaoflf 
Table  S04  by  multiplying  by  the  correction  factor. 

Table  S04.  Sphere-gap  gpark-over  voltagea 

(At  25  deg.  cent,  and  760  mm.  barometric  pressure) 


Table  Hi.  Air  density  con 


Sparking  distance  in  millimeters 


62.5  mm. 
spheres 


125  mm. 
spheres 


250  mm. 
spheres 


500  mm. 
spheres 


The  sphere-gap  is  more  sensitive  than  the  needle-gap 
voltage  and  the  voltage  required  to  spark  over  the  gap 


234  221 
255  | 239 

276  ! 257 


/ fie!* tire 
sir  density 


30 

14.1 

14.1 

14.1 

l±L 

....... 

40 

19.2 

19.2 

19  1 

19  1 

50 

25.5 

25.0 

24  4 

24  4 



60 

34.5 

32.0 

30 

30 

29 

29 



i 

70 

46.0 

39.5 

36 

36 

35 

35 

80 

62.0 

49.0 

42 

42 

41 

41 

41 

41 

90 

60.5 

49 

49 

46 

45 

46 

45 

100 

56 

55 

52 

51 

52 

51 

120 

79.7 

71 

64 

63 

63 

63 

140 



108 

88 

CO 

77 

74 

73 

160  - 

I 

150 

110 

92 

90 

85 

83 

180 

138 

109 

106 

97 

95 

>00 

128 

123 

108 

106 

220 

150 

141  1 

120 

117  j 

240 

....  j ... 

177 

160 

133 

130  1 

260 





210 

180  | 

148 

144 

280 

250 

203  1 

163 

158 

100 

231 

177 

171 

120 

265 

194 

is; 

140 



. 

1 

214 
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ttiO.  General.  The  insulation 
stoats  of  equal  voltage  above  gT 
fcsups  of  circuits  of  different  voltage 
tSSl.  Voltage  for  insulation  r 
shall,  if  possible,  be  made  at 
am  the  insolation  resistance  varie, 
« a pressure  other  than  500  volts  is 
haare  shall  be  clearly  specified. 

Vtt.  Minimum  values.  The 
operating  temperature  shall  be  not 
wtraJa: 

Insulation  resistance  in  meg< 
The  formula  asdics  only  to  dry 


I SM#.  Conditions  for  tests  0f  , 

Jhe  regulation  of  generators  ah&]l 
at  of  alternating-current  machi^ 
(5)  Wave  form ; A sine  wave  of  ” 
regulation  of  alternating-cUj_  ’ 
^ *cept  where  expressly  specified 

i^The  order  of  magnitude  obtain 

Insulation  roedatanca 
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Table  205.  Air  density  correction  factors  for  sphere-gaps 


Relative 

Diameter  of  standard  spheres  in  millimeters 

ir  density 

62.5 

125 

250 

500 

0.50 

0.547 

0.535 

0.527 

0.519 

0. 55 

0 . 594 

0 . 583 

0 . 575 

0 . 567 

0.00 

0 . 640 

0.630 

0.623 

0.615 

0.65 

0.680 

0.077 

0.670 

0.663 

0.70 

. 732 

0 724 

0.718 

0.711 

0.75 

0.777 

0.771 

0.766 

0.759 

0.80 

0.821 

0 816 

0.812 

0.807 

0.85 

0 860 

0 862 

0.859 

0 . 855 

0.00 

0.910 

0.908 

0 906 

0.904 

0.95 

0.956 

0.955 

0.954 

0.952 

1.00 

1.000 

1 .000 

1.000 

1.000 

1.05 

1.044 

1.045 

1.046 

1.048 

1.10 

1.090 

1.092 

1.094 

1.096 

Insulation  Resistance 

!380.  General.  I he  insulation  resistance  test  shall  be  made  with  all 
' uits  of  equal  voltage  above  ground  connected  together.  Circuits  or 
ups  of  circuits  of  different  voltage  above  ground  shall  be  tested  separately. 
SSI.  Voltage  for  insulation  resistance  test.  Insulation  resistance 
!s  shall,  if  possible,  be  made  at  a direct-current  pressure  of  500  volts, 
oe  the  insulation  resistance  varies  with  the  pressure,  it  is  necessary  that, 
pressure  other  than  500  volts  is  to  be  employed  in  any  case,  this  other 
ssure  shall  be  clearly  specified. 

2382.  Minimum  values.  The  insulation  resistance  of  a machine  at  its 
rating  temperature  shall  be  not  less  than  that  given  by  the  following 

mula: 

Insulation  resistance  in  megohms  - -Y°|U<IC  terminals 

rating  in  kv-a.  + 1,000 

rhe  formula  applies  only  to  dry  apparatus.  Such  high  values  are  not 
mnable  in  oil-iinmcrsed  apparatus. 

Regulation 

390.  Conditions  for  tests  of  regulation,  (a)  Speed  and  frequency: 
e regulation  of  generators  shall  be  determined  at  constant  speed,  and 
t of  alternating-current  machines  at  constant  frequency. 

6)  Wave  form:  A sine  wave  of  voltage  shall  be  assumed  in  determining 
regulation  of  alternating-current  machinery  receiving  electric  power 
ept  where  expressly  specified  otherwise.  (Sec  Par.  2340.) 

| J^e  order  of  magnitude  obtained  by  this  rule  is  shown  in  the  following 


ble  206.  Insulation  resistance  of  machines  excluding  oil-immersed 
apparatus 


tated  voltage 

Megohms 

of  machine 

100  kv-a. 

1,000  kv-a. 

| 10,000  kv-a. 

100 

0.091 

0 05 

1,000 

0.91 

0.50 

0.091 

10,000 

9.1 

5.0 

0.91 

100,000 

50 

9.1 
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(c)  Temperature:  It  is  desirable  that  all  parts  of  tbs  machine  dtm 
the  regulation  be  maintained  at  constant  temperature  between  the  tw 
loads  and  where  the  influence  of  temperature  is  of  consequence,  s «&«*■ 
temperature  of  75  deg.  cent,  shall  be  considered  as  standard.  If  dap* 
temperature  should  occur  during  the  tests  the  results  shall  be  eaneewa 
the  reference  temperature  of  75  aeg.  cent. 

CONSTRUCTION 
Eating  Platon 

S401.  of  rating  plate,  (a)  Distinctive  marking:  It  s 

mended  that  the  rating  plate  of  machines  which  comply  with  the  I**'1 
Rules  shall  carry  a distinctive  special  sign,  such  as  “A.  I.  E.  E.  1930  S am 
or  “A20"  rating. 

(6)  Significance  of  marking:  The  absence  of  any  statement  to  the  wetsc 
on  the  rating  plate  of  a machine  implies  that  it  is  intended  for  eontne® 
service  and  for  the  standard  altitude  and  ambient  temperature.  (Seem 

mi,  mi,  ms,  and  mo. ) 

(c)  Marking  for  various  ratings:  The  rating  plate  of  a machine  iatesk 
to  work  under  various  kinds  of  rating  must  carry  the  necessary  infer*** 
in  regard  to  those  kinds  of  ratings. 


CHAPTER  III 


GENERAL  DEFINITIONS 

In  this  chapter  are  given  definitions  which  are  of  general  appliabni? 
electric  circuits,  machines  and  systems.  Definitions  pertaining  to  » 
class  of  apparatus  are  given  in  the  chapter  on  the  class  of  apparatus  ^ 
tion.  The  definitions  here  given  are  primarily  descriptive  rsther  t* 
scientifically  precise.  t , . ..  , . • 

The  definitions  given  below  for  currents  are  also  applicable,  i*  ** 
cases,  to  electromotive  forces,  potential  differences,  magnetic  flus  «* 

DirnnnoRS 


General 

1000.  Ambient  temperature.  The  ambient  temperature  is  the 
ture  of  the  air  or  water  which  comes  into  contact  with  the  heated  pa-ti®* 
machine  and  carries  off  its  heat.  See  Pars.  1100  and  H01. 

Resistivity 

1010.  Resistivity.  The  resistivity  of  a material  is  the  resists**  c 
pressed  in  ohms  between  two  opposite  faces  of  a centimeter  cube  ot 
material,  and  is  usually  coupled  with  a statement  of  the  temperature,  ^ 

Par.  0090.) 

Apparatus 

3004.  Resistor.  A resistor  is  a device  used  primarily  because  it  p***** 
the  property  of  electrical  resistance.  Resistors  are  used  in  *******  <S^ 
for  purposes  of  operation,  protection,  or  control.  See  Par.  7016. 

1070.  Inductor.  An  inductor  is  a device  used  primarily  btt*»  r 
possesses  the  property  of  inductance. 

1079.  Reactor.  A reactor  is  a device  used  primarily 
sesses  the  property  of  reactance.  Reactors  are  used  in  electnc  areata  *■ 
purposes  of  operation,  protection  or  control.  j 

Kinds  of  Currents 

9104.  Direct  current.  A direct  current  is  a unidirectional  current,  b 
ordinarily  used,  the  term  designates  a practically  non-pulsating 

1108.  Pulsating  current.  A pulsating  current  is  a current  which  ^ 
regularly  recurring  variations  in  magnitude.  As  ordinarily  empioyw 
term  refers  to  a unidirectional  current. 

2111.  Continuous  current.  A continuous  current  is  a practically  **“ 
pulsating  direct  current. 
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lie.  Alternating  current.  An  alternating  current  is  a current  the 
potion  of  which  reverses  at  regularly  recurring  intervals.  Unless  dis- 
:tly  otherwise  specified,  the  term  alternating  current  refers  to  a periodically 
ying  current  with  successive  half  waves  of  the  same  shape  and  area. 
3 Par.  SS1S.) 

ISO.  Oscillating,  or  free  alternating  current.  An  oscillating,  or  free 
mating  current  is  the  current  following  any  electro-magnetic  disturb- 
e in  a circuit  having  capacity,  inductance,  and  less  than  the  critical 
stance.  When  the  critical  resistance  of  a circuit  is  reached  the  current 
omes  aperiodic. 


Alternating  Currents 

504.  Cycle.  A cycle  is  one  complete  set  of  positive  and  negative 
lee  of  an  alternating  current. 

SOO.  Period.  The  period  of  an  alternating  current  is  the  time  required 
the  current  to  pass  through  one  cycle. 

505.  Frequency.  The  frequency  of  an  alternating  current  is  the  num- 
of  cycles  through  which  it  passes  per  second,  that  is,  the  reciprocal  of 
period. 

SIS.  Wave  Shape.  The  wave  shape,  or  wave  form,  of  an  alternating 
rent  is  the  shape  of  the  curve 'obtained  when  the  instantaneous  values 
he  current  are  plotted  against  time  in  rectangular  co-ordinates. 

'wo  alternating  quantities  are  said  to  have  the  same  wave  shape  when 
ir  ordinates  of  corresponding  phase  bear  a constant  ratio  to  each  other. 
; wave  shape,  as  thus  understood,  is  therefore  independent  of  the  fre- 
ncy  of  the  current  and  of  the  scale  to  which  the  curve  is  plotted. 

114.  Bine-wave,  or  simple  alternating  current.  A sine  wave,  or 
pie  alternating  current  is  a current  whose  wave  shape  is  sinusoidal. 
S118.  Root-mean-square  or  effective  value.  The  root-mean-square 
‘ffective  value  of  an  alternating  current  is  the  square  root  of  the  mean 
he  squares  of  the  instantaneous  values  for  one  complete  cycle.  It  is 
ally  abbreviated  r.m.s.  Unless  otherwise  sepeified,  the  numerical 
je  of  an  alternating  current  refers  to  its  r.m.s.  value.  The  word  “vir- 
I”  is  sometimes  used  in  place  of  r.m.s.,  particularly  in  Great  Britain. 
111.  Phase.  Phase  is  the  fraction  of  the  period  of  an  alternating  cur- 
t which  has  elasped  since  the  current  passed  through  the  xero  position 
eference. 

'his  fraction  is  usually  expressed  in  angular  measure,  and  the  period  cor- 
K>ndingto  one  complete  cycle  is  taken  as  representing  2w  radians  or  360 
rees.  The  angles  are  frequently  called  electric  angles,  and  the  degrees 
trio  degrees. 

n the  usual  equation  ' 

i — Im  sin  (ut  + y) 

quantity  (ut  -J-  <p)  is  the  phase  and  y is  the  phase  angle  of  the  current. 
1234.  Phase  difference;  lead  and  lag.  The  phase  difference  of  two 
mating  quantities  of  the  same  frequency  is  the  difference  between  their 
see  at  any  instant.  That  quantity  whose  maximum  occurs  first  in  time 
rid  to  lead  the  other,  and  the  latter  is  said  to  lag  behind  the  former. 

228.  Vector  representation  and  angular  velocity.  A sine- wave  cur- 
t or  voltage  may  be  represented  by  a vector  of  constant  length  rotating 
nter-clockwise  at  a constant  angular  velocity  (u  — 2 *f)\  this  angular 
>city  is  frequently  termed  the  angular  velocity  of  the  current  or  voltage. 
2230.  Counter-clockwise  convention.  It  is  recommended  that,  in 


The  r.m.s.  value  of  a sine  wave  (see  Par.  8214)  is  equal  to  its  maximum, 
jrest  value,  divided  by  y/2- 

When  the  two  alternating  quantities  do  not  have  the  same  wave  form, 
phase  difference  as  here  denned  may  not  be  identical  with  equivalent 
tse  difference  as  defined  in  Par.  2262. 

See  Publication  12  of  the  International  Electrotechnical  Commission 
sport  of  Turin  meeting,  September,  1911,  p.  78). 
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any  vector  diagram,  the  leading  vector  be  drawn  counter-dock**  va 
reflpect  to  the  lagging  vector,  as  in  Fig.  3 — 1 where  01  represents  th* 

of  a current  in  a simple  alternating-current  eireuit  lagging  bra: 

C the  vector  OB  of  impressed  electromotive  force. 

■ HS4.  Power.  Power  is  the  rate  of  transfer  of  energy.  I:  '* 
/ case  of  an  alternating-current  circuit  the  word  power 
/ ally  used  to  denote  the  average  value  of  the  power  over  a 
/ The  power  in  an  electric  circuit  at  any  instant  is  equal  tf  n 

’/  product  of  the  values  of  the  current  and  voltage  at  that  isr&x: 

f and  is  generally  called  the  instantaneous  power. 

0 9138.  Apparent  power  or  volt- amperes.  The  appi n 

PlG.  3-1  power,  or  volt-amperes,  in  an  alternating-current  circuit  a :• 
product  of  the  r.m.s.  value  of  the  voltage  across  the  einwi ' 
the  r.m.s.  value  of  the  current  in  the  circuit.  Apparent  power  is  ik  * 
pressed  in  kilovolt-amperes,  abbreviated  kv-a. 

*3141.  Power  factor.  Power  factor  is  the  ratio  of  the  power  fc  ^ 
apparent  power. 

18146.  Reactive  volt-amperes.  The  reactive  volt-amperes  is  a «s-r 
is  the  square  root  of  the  difference  between'  the  square  of  the  appa* 
power  and  the  square  of  the  power. 

£3150.  Reactive  factor.  The  reactiwe  factor  is  the  ratio  of  the 
volt-amperes  to  the  total  volt-amperea. 

11154.  Active  component.  The  active  component  of  the  earns  it 
circuit  is  the  average  power  divided  by  the  voltage. 

1 8156.  Reactive  component.  The  reactive  component  of  the 
in  a circuit  is  the  square  root  of  the  difference  between  the  square  a '4 
current  and  the  square  of  the  active  component  of  the  current. 

5150.  Equivalent  sine  wave.  An  equivalent  sine  wave  is  s siw  wi 
which  has  tne  same  frequency  and  the  same  r.m.s.  value  as  the  actual 
5161.  Equivalent  phase  difference.  The  equivalent  phase 
(applicable  to  non-sinusoidal  currents  and  voltages)  is  the  phase 
between  the  equivalent  sine  waves  of  current  and  voltage  when  so  rma 
as  to  have  the  same  power  factor  as  the  non-sinusoidal  quantities  . 

There  are  cases,  however,  where  this  equivalent  phase  different*  B ® 
leading,  since  the  presence  of  harmonics  in  the  voltage  wave,  current 
or  in  both,  may  reduce  the  power  factor  without  producing  a correepowa 
displacement  of  the  two  wave  forms  with  respect  to  each  other;  » 
of  an  a-c.  arc.  In  such  cases,  the  components  of  the  equivalent  ®n« 
the  equivalent  reactive  factor  and  the  equivalent  reactive  voU-&Erfl 
may  have  no  physical  significance.  I 

H8565.  Croat  factor  or  peak  factor.  The  crest  factor  or  pesk  frwi 
a wave  is  the  ratio  of  the  crest,  or  maximum,  value  to  the  r.ma.  nix 


* The  power  factor  when  both  the  current  and  voltage  sre 
equal  to  the  cosine  of  the  angle  which  expresses  their  different*  « P3* 

The  reactive  volt-amperes,  when  both  current  and  voltage  are 
is  equal  to  the  volt-amperes  times  the  sine  of  the  angle  which  exprew* 
phase  difference  between  current  and  voltage.  . . i 

X The  reactive  factor,  when  both  current  and  voltage  m*  snuwwv 
equal  to  the  sine  of  the  angle  which  expresses  their  phase  difference-  1 
| The  active,  or  in-phase,  component  of  the  current  in  a circuit 
to  average  power  passing  in*  a given  direction  through  the  cucon  1 
sine  wave  voltage  and  current,  the  active  component  of  the  enn*w 
phase  with  the  voltage. 

II  The  reactive,  or  quadrature,  component  of  the  current  in  s orew 
responds  to  power  alternating  in  direction  in  the  circuit  so  that  t*  ^ 
value  of  the  power  transferred  in  a given  direction  through  a^r«*“J 
With  sine  wave  current  and  voltage  the  reactive  component  of  tie 
is  in  quadrature  with  the  voltage. 

1 The  crest  factor  of  a sine  wave  is  Vl- 
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88TC  Form  factor  Of  8 wave.  The  form  factor  of  a wave  is  the  ratio 
r the  r.m.s.  to  the  algebraic  mean  ordinate  taken  over  a half  cycle  begin* 
inf  with  the  sero  value.  If  the  wave  passes  through  *ero  more  than  twice 
ur&og  a single  cycle,  that  tero  shall  be  taken  which  gives  the  largest  alge- 
raic  mean  for  the  succeeding  half*cycle. 

•874.  Deviation  factor  of  a wave.  The  deviation  factor  of  a wave  is 
le  ratio  of  the  maximum  difference  between  corresponding  ordinates  of 
le  wave  and  of  the  equivalent  sine  wave  to  the  maximum  ordinate  of  the 
luivalent  sine  wave  when  the  waves  are  superposed  in  such  a way  as  to 
ake  this  maximum  difference  as  small  as  possible. 

8*78.  Telephone  interference  factor  of  a wave.  (See  Par.  4888.) 
he  telephone  interference  factor  is  the  ratio  of  the  square  root  of  the  sum 
: the  squares  of  the  weighted  values  of  all  the  sine  wave  components  (in- 
uding  m alternating  waves  both  fundamental  and  harmonics)  to  the 
m.s.  value  of  the  wave. 

Circuits  and  Phases 

8804.  Electric  circuit.  An  electric  circuit  is  a path  in  which  an  electric 
irrent  may  flow.  Strictly  speaking,  an  electric  circuit  is  a complete  circu- 
tory  path,  but  the  term  circuit  is  commonly  employed  to  designate  a 
>ecific  part  of  a complete  path.  When  part  of  a complete  path  is  referred 
>;  such  as  a branch  circuit,  a derived  circuit,  or  a conductor,  both  the  ter* 
tinals  and  the  conductor  which  form  that  path  should  be  specified  in  order 
> avoid  ambiguity;  e.g.,  the  circuit  a-b-c.  When  the  whole  circuit  is  referred 
>,  it  may  be  designated  as  a complete  or  closed  circuit. 

18884.  Single-phase  circuit.  A single-phase  circuit  is  a circuit  ener- 
ixed  by  a single  alternating  electromotive  force. 

18888.  Three-phase  circuit.  A three-phase  circuit  is  a combination  of 
rcuits  energised  by  alternating  electromotive  forces  which  differ  in  phase 
y one-third  of  a cycle;  120  degrees. 

$8888.  Quarter-phase  or  two-phase  circuit.  A quarter-phase  or  two- 
hase  circuit  is  a combination  of  circuits  energised  by  alternating  electro- 
lotive  forces  which  differ  in  phase  by  a quarter  of  a cycle;  t.e.,  90  degrees. 

1 8880.  Six-phase  circuit.  A six-phase  circuit  is  a combination  of  cir- 
lita  energised  by  alternating  electromotive  forces  which  differ  in  phase  by 
ae-sixth  of  a cycle;  t.e.,  60  degrees. 

8888.  Polyphase  circuit.  A polyphase  circuit  is  a circuit  of  more  than 
single  phase.  This  term  is  ordinarily  applied  to  symmetrical  systems. 
8844.  Symmetrical  voltages  and  currents.  Polyphase  voltages  or 
arrents  are  symmetrical  when  the  voltages  or  currents  nave  the  same  wave 
!»ape  and  r.m.s.  value  and  differ  in  phase  each  from  the  next  by  the  same 
ogle. 

8848.  Symmetrical  polyphase  system.  A symmetrical  polyphase 
nrtem  is  a polyphase  system  in  which  the  voltages  are  symmetrical. 

^8388.  Balanced  polyphase  system.  A balanced  polyphase  system  is 
polyphase  system  in  which  both  the  currents  and  voltages  are  symmetrical. 

Loads 

8404.  Beactive  load.  A reactive  load  is  a load  in  which  the  current 
igs  behind  or  leads  the  voltage  across  the  load. 


• The  form  factor  of  a sine  wave  is  — or  1.11. 

2 y/2 

t A single-phase  circuit  is  usually  supplied  through  two  wires.  The  cur- 
rnts  in  these  two  wires,  counted  outward  from  the  source,  differ  in  phase 
y 180  deg.  or  a half  cycle. 

(In  practice  the  phases  may  vary  several  degrees  from  the  specified  angle. 
In  practice  the  phases  may  vary  several  degrees  from  the  specified  angle. 
In  practice  the  phases  may  vary  several  degrees  from  the  specified  angle. 
The  term  balanced  polyphase  system  is  applied  also  to  a quarter-phase 
5r  two-phase)  system  in  which  the  voltages  nave  the  same  wave  form  and 
m.s.  value  and  in  which  the  currents  have  the  same  wave  form  and  r.m.s. 
alue  and  differ  in  phase  by  90  electrical  degrees. 

1890  ^Google 
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MM.  Kon-reacti  load.  A non-re* ©tire  load  b a load  in  which  the 
current  is  in  phase  with  the  voltage  acroee  the  load.  (The  term  noa-ia- 
duotive  load  b sometimes  used  for  non-reactive  load.) 

MM.  Inductive  load.  An  inductive  load  b a reactive  load  in  which 
the  current  lags  behind  the  voltage  across  the  load. 

MW.  Condensivs  load.  A oondensi  ve  load  b a reactive  load  in  which 
the  current  leads  the  voltage  across  the  load. 

*M14.  Balanced  polyphase  load.  A balanced  polyphase  load  b a losd 
to  whioh  symmetrical  currents  are  supplied  when  it  b connected  to  a system 
having  symmetrical  voltages. 

1414.  Connected  load.  The  connected  load  on  any  system,  or  part  of 
a system,  b the  combined  continuous  rating  of  all  the  receiving  apparatus 
on  consumers'  premises  which  b connected  to  the  system,  or  part  or  the  sys- 
tem under  consideration. 

1484.  Peak  power.  The  peak  power  b the  average  power  during  a time 
interval  of  specified  duration  occurring  within  a given  period  of  time,  that 
interval  being  selected  during  which  the  average  power  ta  greatest. 

MM.  Load  factor.  The  load  factor  b the  ratio  of  the  average  power  to 
the  peak  power. 

In  each  case,  the  interval  of  maximum  load  and  the  period  over  which 
the  average  b taken  should  be  definitely  specified,  such  as  a "half-hour 
monthly" load  factor.  The  proper  interval  and  period  are  usually  depend- 
ent upon  local  conditions  ana  upon  the  purpose  tor  which  the  load  factor  is 
to  be  used. 

1441.  Plant  factor.  The  plant  factor  b the  ratio  of  the  average  load 
to  the  rated  capacity  of  the  power  plant;  i.e.,  to  the  aggregate  ratings  of  the 
generators. 

1414.  Demand  of  an  Installation  or  system.  The  demand  of  an  in- 
stallation or  system  is  the  load  which  is  drawn  from  the  source  of  supply 
at  the  receiving  terminals  averaged  over  a suitable  and  specified  interval  of 
time.  Demand  b expressed  in  kilowatts,  kilovolt-amperes,  amperes,  sr 
other  suitable  units. 

1418.  Maximum  demand.  The  maximum  demand  of  an  iastalbtbs 
or  system  is  the  greatest  of  all  the  demands  which  have  occurred  during  s 
given  period.  Itls  determined  by  measurement,  according  to  specifications, 
over  a prescribed  time  interval. 

1410.  Demand  factor.  The  demand  factor  of  any  system,  or  part  of 
a system,  b the  ratio  of  the  maximum  demand  of  the  system,  or  part  of  a 
system,  to  the  total  connected  load  of  the  system,  or  of  the  part  of  the  system 
undo*  consideration. 

1444.  Diversity  factor.  The  diversity  factor  of  any  system,  or  part  of  • 
system,  b the  ratio  of  the  sum  of  the  maximum  power  demands  of  the 
subdivisions  of  the  system,  or  part  of  a system,  to  the  maximum  demand 
of  the  whole  system,  or  part  of  the  system  under  consideration,  measured  at 
the  point  of  supply. 


Machinery  and  Apparatus 

1804.  Capacity  (or,  properly,  capability).  The  word  "capacity"  b 
frequently  used  in  the  general  sense  of  "capability."  It  b also  used  in  a 
more  exact  sense  to  denote  the  load  which,  when  carried  by  a machine, 
apparatus,  or  device  will,  under  specified  conditions  of  test,  cause  it  to  reach 
any  one  of  its  physical  limitations,  such,  for  example,  as  operating  tempera- 
ture or  ability  to  maintain  required  voltage.  m 

Capacity  snould  be  dbtingubhed  from  rating.  On  account  of  the  differ- 
ent senses  in  which  it  has  been  employed  (see  Par.  1108),  capacity  b bn 
used  than  it  formerly  was,  rating  being  more  useful  commercially. 


* The  term  balanced  polyphase  load  is  applied  also  to  a load  to  which  an 
supplied  two  currents  having  the  same  wave  form  and  r.m.s.  value  and  diSer* 
ing  in  phase  by  90  electrical  degrees  when  it  is  connected  to  a quart  rr- 

phase  (or  two-phase)  system  having  voltages  of  the  same  wave  form  sad 
r.m.s.  value. 


STi 

•MM.  Bating,  a rating  of  & 
trary  designation  of  an  operating 
(Tbs  rating  of  a machine  btL 
based  on,  but  shall  not 
* i,**1!  frpm  the  machine  under  d 
called  the  rated  output  Jforv 
with  capability  as  defined  in  Par.  I 

4 Mldsney  The  efficiei 
tie  ratio  of  its  useful  output  to  i 
the  above  output  and  input  shal 
“pot  respectively. 

t**M.  Conventional  efficie 

electric  machine  or  aoDaratua  m 
output  and  the  losses,  or  of  the 
in  other  case  conventional  value 
MM*  Want,  or  system,  eft 
mtao  of  the  energy  delivered  frot 
br  it  m a specified  period  of  time 
it  may  be  desirable  to  calculate 
Port  of  the  system,  at  the  act 
during  the  specified  interval 
Jrom  the  losses  at  75  deg.  cent., 
tore  of  reference  for  all  efficient 
eobie  to  storage  batteries.  (Sei 

RornUtlon.  There, 
actenstic  quantity  (such  as  ten 
quantity  occurring  between  an 
two  loads  considered  shall  be  m 
tore  attained  under  normal  oi 
by  stating  the  numerical  value 
5?  ky  tbs  "percents, 

2 the  change  m the  quantity  < 
oTthe  quantity  at  either  one  < 
S “ normal  value  may  be  eith 
induction  motors;  or  it  may 
a-c.  generators 
It  isaasunied  that  all  part* 
““  constant  temperature  bei 
« temperature  is  of  consequc 
■mu  be  considered  as  standar 

•The  term  maximum  loa 
•achanical,  commutation,  or 
. t The  need  for  assigning  cc 
toe  fact  that  some  of  the  los 
terminable,  and  must,  in  man 
•rthod  of  test,  or  else  value 
conventional  * values  shall 
national  efficiency,'* 
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*>•04.  Table  SOI.  Symbols  and  abbreviations 


* Name  of  quantity 

Symbol 
for  the 
quantity 

Unit 

Abbrevia- 
tion (or  thf ' 
unit 

1 

Acceleration  due  to  gravity . . 

0 

centimeter  per 

cm.  per  w 

second  per  sec- 

per  sec. 

ond 

Y,  y 

Angular  velocity 

c* 

radian  per  second 

Capacitance  (electrostatic 

capacity) 

c 

farad 

Conductivity 

7 

•mho  per  centi- 

mho  per  ca. 1 

• 

meter 

ampere 

Dielectric  constant 

k 

, 

per  cent. 

Electromotive  force,  abbre- 

B,  e 

F 

D 

j 

Energy,  in  general 

U or  W 

joule,  watt-hour 

Frequency 

f 

cycle  per  second 

Impedance  

z,  * 

ohm 

Inductance  (or  coefficient  of 

r * ■ 

self  induction)  

L 

henry 

i 

Intensity  of  magnetization. . . 

J 

Length 

l 

centimeter 

cm. 

Magnetio  field  intensity 

H,  3C 

gilbert  per  centi- 

gilbert per 

meter  or  gauss* 

em. 

Magnetic  flux 

♦,  ^ 

B,  (B 

maxwell 

Magnetic  flux  density 

gauss 

Magnetomotive  force,  abbre- 

viated m.m.f 

ff 

gilbert* 

Mass 

m 

gram 

K 

Mutual  inductance  (or  co- 

efficient of  mutual  induc- 

I 

tion)  

M 

henry 

1 

Number  of  conductors  or 

turns 

N 

convolution  or 

turn  of  wire 

Permeability 

m - B/H 

a ^ 

Phase  displacement 

9,  * 

degree  or  radian 

Potential  difference,  abbrevi- 

ated p.d 

V,  v or  2?,  e 

volt 

Power 

P.p 

watt- 

| 

Quantity  of  electricity 

Qt  q 

coulomb,  ampere- 

hour 

J 

* The  gauss  is  provisionally  accepted  for  the  present  as  the  name  of  be*-* 
the  unit  of  held  intensity  and  flux  density,  on  tne  assumption  that  perm** 
bility  is  a simple  numeric. 

An  additional  unit  for  magnetomotive  force  is  the  “ampere-tura," 
flux  the  “line,”  for  magnetic  flux  density  ‘'maxwells  per  aq.  in.” 

The  numerical  values  of  resistivity  and  conductivity  are  oAsw  mute*’’ 
and  mhos  conductance  between  two  opposite  faces  of  a cm.  cube  of  the 
rial  in  question,  but  the  correct  names  are  as  given,  not  ohms  sad  sa 
per  cm.  cube,  as  commonly  stated. 

The  value  980.665  for  0»  has  been  the  accepted  standard  value  for 
years  and  was  formerly  considered  to  correspond  accurately  to  45  deg-  hh**: 
and  sea  level.  Later  researches,  however,  have  shown  that  the  most  row* 
value  for  45  deg.  and  sea-level  is  slightly  different ; but  this  does  not  affect  v* 
standard  value  given  above. 
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Name  of  quantity 


8ymbol 
for  the 
quantity 


Abbrevia- 
tion for  the 
unit 


Reactance 

Reluctance 

Resistance 

Resistivity 

Standard  acceleration  due  to 
gravity  (at  about  45  deg. 
latitude  and  sea  level)  equals 
980,665* 


Susoeptance b 

Susceptibility * — J/H 

Temperature # 

Time t 

Velocity  of  rotation n 


ohm  # 

•ohm-centimeter  ohm-cm. 


centimeter  per  cm.  per  sec. 
second  per  see-  per  see. 
ond 

mho  


Voltage. 


. \E*  e or  V,  v 


degree  centigrade  • °C. 
second  sec. 

revolution  per  rev.  per  sec. 
second 

volt  


•See  footnotes  on  previous  page. 

MM.  Symbols  for  maximum,  instantaneous  and  r.m.s.  values, 
r.,  Tm  and  Pm  should  be  used  for  maximum  cyclic  values,  e,  i and  p for  in- 
tantaneous  values.  R and  I for  r.m.s.  values  (see  Par.  SS18)  and  P for  the 
iverage  value,  of- the  power,  or  the  active  power.  These  distinctions  are 
tot  necessary  in  dealing  with  direct-current  circuits.  In  print,  vector 
luantities  should  be  represented  by  bold-faoe  capitals. 
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CHAPTER  IV 

STANDARDS  FOR  ROTATING  MACHINES  (OTHER 
THAN  RAILWAY  MOTORS,  RAILWAY  SUBSTATION 
MACHINERY  CARRYING  TRACTION  LOADS,  AND 
AUTOMOBILE  PROPULSION  MACHINES) 

The  A.  I.  E.  E.  Standards  for  rotating  machines  are  the  general  stand- 
uds  shown  in  Chapters  II  and  III  and  the  standards  in  other  chapters 
which  are  applicable  to  the  devices  involved,  together  with  the  modifications 
ind  extensions  given  in  this  chapter. 

DK7INITION8 
n General 

Certain  rules  applying  exclusively  to  railway  machinery  have,  for  con- 
convenience,  been  placed  in  Chapter  V,  with  cross  references  in  all  cases  in 
:his  chapter.  The  rules  of  Chapter  IV  apply  to  railway  machinery  except 
is  they  are  modified  by  rules  of  Chapter  V. 

4000.  Classification  of  electric  rotating  machinery.  Rotating  elec- 
tric machinery  may  be  classified  in  various  ways,  these  classifications  over- 
apping  or  interlocking  in  considerable  degree.  PirM,  Rotating  electric 
machinery  may  be  classified  as  direct-current  and  alternating-current;  ««c- 
md,  according  to  the  function  of  the  machines;  e.g.,  motors,  generators, 
boosters,  motor-generators,  dynamotors,  double-current  generators,  con- 
verters and  phase  advancers;  third,  according  to  construction  or  principle 
>f  operation;  e.g. , commutating,  synchronous,  induction,  unipolar,  rectifying. 
Obviously,  some  of  these  machines  could  be  rationally  included  in  either 
classification,  e.g..  motor-generators  and  rectifying  machines.  In  the  follow- 
ing, self-evident  definitions  have  for  the  most  part  been  omitted. 
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Functional  Classification  of  BoUtiaf  Electric  Machines 

4001.  Generator.  A generator  ia  a machine  which  transforms  rnthi 
ical  power  into  electric  power. 

400t.  Motor.  A motor  is  a machine  which  transforms  electric  pewr 
into  mechanical  power. 

4000.  Booster.  A booster  is  a generator  inserted  in  series  in  a arm 
to  change  its  voltage.  A booster  may  be  driven  by  an  electric  motor  l: 
which  case  it  is  termed  a motor-booster)  or  otherwise. 

4004.  Motor-generator  set.  A motor-generator  set  is  a transform* 
device  consisting  of  one  or  more  motors  mechanically  coupled  to  ose  t 
more  generators. 

4000.  Dynamo  tor.  A dynamotor  is  a transforming  device  corahas* 
both  motor  and  generator  action  in  one  magnetic  field,  either  with  tv. 
armatures,  or  with  one  armature  having  two  separate  windings  and  im- 
pendent commutators. 

4006.  Direct-current  compensator  or  balancer.  A dirwt-anst 

compensator  or  balancer  is  a machine  which  comprises  two  or  more  hsitt 
direct-current  machines  (usually  with  shunt  or  compound  earitanw 
directly  coupled  to  each  other  and  connected  in  series  across  the  outer  «*• 
ductors  of  a multiple-wire  system  of  distribution,  for  the  purpose  of  nsb- 
taining  the  potentials  of  the  intermediate  wires  of  the  system,  which  axt 
connected  to  the  junction  points  between  the  machines. 

4007.  Double-current  generator.  A double-current  generator  ■ » 
machine  which  supplies  both  direct  and  alternating  currents  from  the  on 
armature  winding. 

4006.  Converter.  A converter  is  a machine  which  employs  meehasioi 
rotation  in  changing  electric  energy  from  one  form  into  another.  There  we 
several  types  of  converters,  ss  defined  in  Pars.  4000  to  40 IS  below. 

4000.  Direct-current  converter.  A direct-current  converter  it  t 
machine  which  converts  from  a direct  current  to  a direct  current,  uses if 
with  a change  of  voltage.  Such  a machine  may  be  either  a motor-gesecet  v 
eet  or  a dynamotor. 

4010.  Synchronous  converter.  A synchronous  converter  (aometis** 
called  a rotary  converter)  is  a machine  which  converts  from  an  alternaii* 
to  a direct  current,  or  vice-versa.  It  is  a synchronous  machine  with  i 
single  closed-coil  armature  winding,  a commutator  and  slip  rings. 

4011.  Cascade  converter.  A cascade  converter  (also  called  a meter 
converter)  is  a combination  of  an  induction  motor  with  a synchro  moos  «*- 
verter,  the  secondary  circuit  of  the  former  feeding  directly  into  the  armsttrt 
of  the  latter;  i.e.,  a synchronous  converter  concatenated  with  an  induct** 
motor. 

40 IS.  Frequency  converter.  A frequency  converter  is  a mack* 
which  converts  the  power  of  an  alternating-current  system  from  one  fre- 
quency to  another,  with  or  without  a change  in  the  number  of  phases,  or  is 
tne  voltage. 

4018.  Rotary  phase-converter.  A rotary  phase-converter  is  a machiw 
which  converts  from  an  alternating-current  system  of  one  or  more  pbaan 
to  an  alternating-current  system  of  a different  number  of  phases,  bet  of 
same  frequency.  y~ 

4014.  Phase  advancer.  A phase  advancer  is  a machine  which  auppfc* 
reactive  volt-amperes  to  the  system  to  which  it  is  connected.  Phase  ad- 
vancers may  be  either  synchronous  or  asynchronous. 

4015.  Synchronous  condenser  or  synchronous  phase  advancer.  1 
synchronous  condenser  or  synchronous  phase  advancer  is  a syuchroessf 
machine,  running  either  idle  or  with  load,  the  field  excitation  of  which  sc 
be  varied  so  as  to  modify  the  power  factor  of  the  system,  or  through  nl 
modification  to  influence  the  load  voltage. 

Constructional  Classification  of  Rotating  Electric  Machines 

4014.  Direct-current  commutating  machines.  A direct -cum**, 
commutating  machine  comprises  a magnetic  field  of  constant  polwiy.  u 
armature,  and  a commutator  connected  therewith.  Specific  types  of  direct 
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turrent  commutating  machines  are:  Direct-current  generators;  direct- 
urrent  motors;  direct-current  booeters;  direct-current  motor-generator  sets 
ind  dynamotors;  direct-current  compensators  or  balancers;  and  arc  machines. 

4017.  Alternating-current  commutating  machine.  An  alternating- 
urrent  commutating  machine  comprises  a magnetic  field  of  alternating 
tolarity,  an  armature,  and  commutator  connected  therewith.  (See  Pars. 
071  to  4074.) 

4018.  Synchronous  commutating  machine.  Synchronous  commu- 
ating  machines  include  synchronous  converters,  cascade  converters,  and 
louble-current  generators. 

4010.  Synchronous  machine.  A synchronous  machine  comprises  a 
onst&nt  magnetic  field  and  an  armature  receiving  or  delivering  alternating 
urrenta  in  synchronism  with  the  motion  of  the  machine;  t.e.,  having  a 
requency  strictly  proportional  to  the  speed  of  the  machine.  Specific  types 
f synchronous  machines  are.  defined  in  Pars.  4080  to  4081  below. 

4080.  Alternator.  An  alternator  is  a synchronpus  alternating-current 
enerator,  either  single-phase  or  polyphase. 

4081.  Polyphase  alternator.  A polyphase  alternator  is  a polyphase 
ynchronous  alternating-current  generator,  as  distinguished  from  a single- 
base  alternator. 

4088.  Inductor  alternator.  An  inductor  alternator  is  an  alternator  in 
rhich  both  field  and  armature  windings  are  stationary,  and  in  which  masses 
f iron  or  inductors,  by  moving  past  the  coils,  alter  the  magnetic  flux  through 
hem.  It  may  be  either  single-phase  or  polyphase. 

4088.  Synchronous  motor.  A synchronous  motor  is  a machine  struc 
urally  identical  with  an  alternator,  but  operated  as  a motor. 

4084.  Induction  machine.  An  induction  machine  is  a machine  wherein 
rimary  and  secondary  windings  rotate  with  respect  to  each  other;  c.p., 
iduction  motors,  induction  generators,  certain  types  of  frequency  converters 
nd  certain  types  of  rotary  phase  converters. 

4088.  Induction  motor.  An  induction  motor  is  an  alternating-current 
lotor,  either  single-phase  or  polyphase,  comprising  independent  primary 
nd  secondary  windings,  one  of  which,  usually  the  secondary,  is  on  the  rotat- 
ig  member.  The  secondary  winding  receives  power  from  the  primary  by 
Icctromagnetic  induction. 

4088.  Induction  generator.  An  induction  generator  is  a machine 
tructurally  identical  with  an  induction  motor,  but  driven  above  synchron- 
us  speed  as  an  alternating-current  generator. 

4087.  Inline  type  generator.  An  engine  type  generator  is  one  coupled 

0 an  engine  in  suen  a way  that  it  cannot  be  run  independently  of  the  engine. 

4088 U nipolar  or  acyclic  machine.  A unipolar,  or  acyclic  machine, 

1 a direct-current  machine,  in  which  the  voltage  generated  in  the  active 
onductors  maintains  the  same  direction  with  respect  to  those  conductors. 

Speed  Classification  of  Motors 

4181.  Constant-speed  motor.  A constant- speed  motor  is  one  whose 
peed  is  either  constant  or  does  not  materially  vary ; suoh  as  a synchronous 
lotor,  an  induction  motor  with  small  slip,  and  an  ordinary  direct-current 
bunt  motor. 

4086.  Multi-speed  motor  (or  change-speed  motor) . A multi-speed 
lotor  is  a motor  which  can  be  operated  at  any  one  of  several  distinct  speeds 
these  speeds  being  practically  independent  of  the  load),  but  which  cannot 
e operated  at  intermediate  speeds. 

4087.  Adjustable-speed  motor.  An  adjustable-speed  motor  is  one  in 
rhich  the  speed  can  be  varied  gradually  over  a considerable  range,  but  when 
nee  adjusted  remains  practically  unaffected  by  the  load;  suen  as  a shunt 
lotor  designed  for  a considerable  range  of  speed  variation. 

4088.  Base  speed  of  an  adjustable-speed  motor.  The  base  speed  of 
n adjustable-speed  motor  is  that  speed  of  the  motor  obtained  with  full 
eld  under  full  load  with  no  resistor  in  the  armature  circuit. 

4088.  Varying-speed  motor.  A varying -speed  motor  is  one  whose 
^eed  varies  with  tne  load,  ordinarily  decreasing  when  the  load  increases; 
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suoh  ae  a aeries  motor,  a oompound-  wound  motor,  and  a Berios  about  motor. 
Aa  a subclass  of  varying-epeed  motors  may  be  cited  adjustable  vaiyiag- 
apeed  motors,  or  motors  in  which  the  speed  can  be  varied  over  a considerable 
range  at  any  given  load,,  but  when  once  adjusted  varies  with  the  load;  «4., 
compound-wound  motors  arranged  for  adjustment  of  speed  by  varying  the 
strength  of  the  shunt  field. 

Classification  of  Rotating  Electric  Machines  Relative  to  their  Degree 
of  Enclosure 

4041.  Open  machine.  An  open  machine  is  of  either  the  pedestal- 
bearing  or  end-bracket  type  where  there  is  no  restriction  to  ventilation 
other  than  that  necessitated  by  good  mechanical  construction. 

4042.  Protected  machine.  A protected  machine  is  one  in  which  the 
armature,  field  coils,  and  other  live  parts  are  protected  mechanically  from 
accidental  or  careless  contact,  while  free  ventilation  is  not  materially 
obstructed. 

4042.  Enclosed  ventilated  machine.  An  enclosed  ventilated  (or  semi- 
enclosed)  machine  is  one  in  which  the  ventilating  openings  in  the  frame  are 
protected  with  wire  screen,  expanded  metal,  or  other  suitable  perforated 
covers,  having  apertures  not  exceeding  12  sq.  in.  (3.2  sq.  cm.)  in  area.  (See 
Par.  4210.) 

4044.  Totally  enclosed  machine.  A totally  enclosed  machine  is  one 
so  enclosed  as  to  prevent  circulation  of  air  between  the  inside  and  the  outside 
of  the  case,  but  not  sufficiently  to  be  termed  air-tight. 

4040.  Separately  ventilated  machine.  A separately  ventilated  ma- 
chine has  its  ventilating  sir  supplied  by  an  independent  fan  or  blower 
external  to  the  machine. 

4040.  Self-ventilated  machine.  A self-ventilated  machine  differs 
from  a separately  ventilated  machine  only  in  having  its  ventilating  air  circu- 
lated by  a fan,  blower,  or  centrifugal  device  integral  with  the  machine. 

If  the  heated  air  expelled  from  the  machine  is  conveyed  away  through 
a pipe  attached  to  the  machine,  this  should  be  so  stated. 

4047.  Wgter-cooled  machine.  A water-cooled  machine  is  one  which 
mainly  depends  on  water  circulation  for  the  removal  of  its  heat. 

4048.  Drip-proof  machine.  A drip-proof  machine  is  one  so  protected 
as  to  exclude  falling  moisture  or  dirt.  A drip-proof  machine  may  be  either 
open  or  semi-enclosed,  if  it  is  provided  with  suitable  protection  integral  with 
the  machine,  or  so  enclosed  as  to  exclude  effectively  falling  solid  or  liquid 
material. 

4051.  Explosion-proof  machlns  (or  flame-proof  machine).  An  ex- 
plosion-proof machine  is  a machine  in  which  the  enclosing  case  can  with- 
stand, without  injury,  any  explosion  of  gas  that  may  occur  within  it,  and 
will  not  transmit  the  flame  to  any  inflammable  gas  outside  it. 

4052.  Machine  with  explosion-proof  slip-ring  enclosure.  A ma- 
chine in  which  the  slip  rings  and  brushes  alone  are  included  within  an  ex- 

Klosion-proof  cnee  should  not  be  described  aa  an  explosion-proof  madias, 
ut  as  a machine  with  explosion-proof  slip-ring  enclosure. 

Classification  of  Alternating-ourrent  Commutator  Motors 

(An  alternating-current  commutator  motor  may  be  classified  under  mot* 
than  one  of  the  following  groups) 

Classification  by  phases  of  energy  supply 

4051.  Single-phase  commutator  motor.  A single-phase  commutator 
motor  is  one  that  receives  the  whole  of  its  energy  from  only  one  phase  «f 
an  alternating-current  supply  system,  without  requiring  external  phase- 
converting  apparatus. 

4052.  Polyphase  commutator  motor.  A polyphase  commutator 
motor  is  one  that  receives  its  energy  from  a plurality  of  phases  of  an  dta* 
na  ting-cur  rent  aypply  system,  or  from  a single-phase  system  through  phew 
converting  apparatus  external  to  the  motor. 


*VI| 

4052.  General.  For  convenience 
ton  may  be  classified  with  referenc 
constant-speed  motors,  (2 j multi-spec 
and  (4)  varving-speed  motors.  Deft 
4BM  to  4025  for  motors  in  general,  sh 
commutator  motors,  in  so  Tar  as  they 


dasshleation 
1.  Stator-excited  commutat 

t&tor  motor  is  one  in  which  the  torque 
a winding  located  on  the  stator.  By  < 
that  component  of  the  magnetic  field 
of  the  current,  produces  the  torque  of 

4005.  Rotor-excited  commute  to 

tutor  motor  is  one  in  which  the  torqu 
in  a winding  located  cm  the  rotor. 

4055.  Stator-  and  rotor-excited  c 

rotor-excited  commutator  motor  i«  on. 
is  due  to  currents  in  windings  located 


Par.  4054.) 

Constant-Sold  commutate 


*4007. 


independent  of  the  load. 
fiOOS.  Varying-field  commutator 

k — motor  is  one  in  which  the  torn!/ 


portion  with  the  current  in  the  arm**!,,!! 
(See  Par.  4054.)  lUrt 


Classification  by  R«QtnU|& 
Ml.  Neutralised  commutator  n 

tor  is  one  in  which  use  is  made  of  a11 
e which  at  each  instant  and  at  each* 
i is  practically  equal  and  oppQjjJr® 
tature  current.  u 


4470.  Compensated  commut*^ 

mrrfnr  >■  nno  in  wkinh  *— 


tator  motor  is  one  in  which  meaL H . 


provided  within  the  motor  for  in,. 


Provioj 


C unification  5 

40T1.  Conduction  oouuoat.io.~~' 
motor  is  one  in  which  the  wor 

—-“"•’“era,  and  is  conveyed  to  it  hJ  ~yer, 
the  energy  which  is  direct  ,?nd 
includes  the  shaft  energy  outp°fV< 


which 

4fft.  Transformer 

motor  is  one  in  w[ 


rmer  commuta*.  p 


to  the  other  by  transformer  action  ^ 
otor  in  which  the  energy  Jr.  , 


A motor  in  which  the  energy 
the  rotor)  is  conveyed  to  >t  byj£j®^b 
motion  may  properly  be  referred  to*?*1?01 
transformer  motor.  Although 
■ 


uutator.  the  term 
without  a commutator 


* n»oto 


— u 

therefore  recommended  for  uae  tm 
type  having  commutators.  ®otor 


• Alternating-current  com®ut-. 
load-speed  characteristics  ^otor 

bat  not  all  alternating-current  co®^hose  c 


characteristics  are  constant-fidH 
t Such  a motor  will  in 
those  of  the  direct-current  aeri^ 


L«*tato 
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im  Transformer-conduction oommatotor motor.  Atrenafore*r 
conduction  commutator  motor  is  one  in  which  the  energy  required  by  is 
armature  (which  is  generally  the  rotor)  is  conveyed  to  it  by  both  wadset* 
and  electromagnetic  induction. 

40T4.  Repulsion  commutator  motor.  A repulsion  commutator  mm 
is  a transformer  commutator  motor  in  which  use  is  made  of  brafca  k 
short-circuiting  a number  of  coils  of  the  commutated  winding. 


Miscellaneous  Definitions 


4061.  Saturation  factor.  The  saturation  factor  of  a machine  a tb 
ratio  of  a small  percentage  increase  in  field  excitatioa  to  the  corrapnahi 
percentage  increase  in  voltage  thereby  produced.  Unless  otherwise  spec 
fled  the  saturation  factor  of  a machine  refers  to  the  no-load  exaUbot  in- 
quired at  normal  rated  speed  and  voltage.  It  is  determined  from  metcarr 
ments  of  saturation  made  on  open  circuit  at  rated  speed. 

4061.  Percentage  saturation.  The  percentage  saturation  of  s mock* 
at  any  excitation  may  be  found  from  its  saturation  curve  (generated  rotuf 
as  ordinates,  against  excitation  as  abscissas),  by  drawing  a tangent  to  Ur 
curve  at  the  ordinate  corresponding  to  the  assigned  excitation,  and  extred 
ing  the  tangent  to  intercept  the  axis  of  ordinates  drawn  through  the  oriffc 
The  ratio  of  the  intercept  on  this  axis  to  the  ordinate  at  the  asugned  aa* 
tion,  when  expressed  in  per  cent.,  is  the  percentage  saturation,  and  is  i*b- 
pendent  of  the  scales  selected  for  excitation  ana  voltage.  This  ratio  u * 
fraction  is  equal  to  the  reciprocal  of  the  saturation-factor  at  the  mmc  re- 
citation, deducted  from  unity;  or,  if  / be  the  saturation-factor  sad  p th 
percentage  saturation. 


P - 100(1  - i) 


*4068.  Variation  in  alternators.  The  variation  in  alternators.  * 
alternating-current  circuits  in  general  is  the  maximum  angular  dupbeearei 
expressed  in  electrical  degrees  (see  Par.  SSSS)  of  corresponding  ordinaire* 
the  voltage  wave  and  of  a wave  of  absolutely  constant  frequency  eqml « 
the  average  frequency  of  the  alternator  or  circuit  in  question,  and  nay  b 
due  to  the  variation  of  the  prime  mover.  (8ee  Pars.  14010  and  14111.1 

4080.  Per  cent,  resistance  drop.  The  per  cent,  resistance  drop  is  *» 
electric  machine  is  the  ratio  of  the  internal  resistance  drop  at  75  deg 
to  the  terminal  voltage  expressed  in  per  cent. 

Unless  otherwise  specified  this  per  cent,  drop  shall  be  referred  to  ratec 
load  and  rated  power  factor. 

The  per  cent,  resistance  drop  in  an  induction  motor  is  expreosed  in  term 
of  the  internally  induced  electromotive  force. 

4000.  Per  oent.  reactance  drop.  The  per  oent.  reactance  drop  a ^ 
electric  machine  or  apparatus  is  the  ratio  of  the  internal  reaetaaee  dnp  a 
the  terminal  voltage,  expressed  in  per  oent. 

Unless  otherwise  specified  this  per  cent,  drop  shall  be  referred  to  i*b 
load  and  rated  power  factor. 

The  per  cent,  reactance  drop  in  an  induction  motor  is  expramed  in  ton 
of  the  internally  induced  electromotive  force. 

4001.  Per  cent.  Impedance  drop.  The  per  cent,  impedance  daM 

an  electric  machine  is  the  ratio  of  tne  internal  impedance  drop  st  75  «« 
cent,  to  the  terminal  voltage,  expressed  in  per  cent.  . 

Unless  otherwise  specified  this  per  oent.  drop  shall  be  referred  to 
load  and  rated  power  factor.  . # _ 

The  per  oent.  impedance  drop  in  an  induction  motor  is  expressed  *»  ***■ 
of  the  internally  induced  electromotive  force. 

4801.  Magnetic  degree.  A magnetic  degree  is  the  360th  part  of  tb 
angle  subtended,  at  the  axis  of  a machine,  by*  a pair  of  its  field  polea 
mechanical  degree  is  thus  equal  to  as  many  magnetic  degrees  ss  there  ** 
pairs  of  poles  in  the  machine.  _ 

* If  p is  the  number  of  pairs  of  pole«,  the  variation  of  an  alternator 
times  the  variation  of  its  pnme  mover,  u direct-connected,  and  pn 
variation  of  the  prime  mover  if  rigidly  connected  thereto  in  such  • mtem 
that  the  angular  spsed  of  the  alternator  is  n times  tb*t  of  the  prime  mam- 
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1094.  Regulation  of  direct-current  generators.  The  regulation  of  a 
-eet-current  generator  ia  usually  stated  by  giving  the  numerical  values  of 
® voltage  at%o  load  and  rated  load,  and  in  some  cases  it  is  advisable  to 
ite  regulation  at  intermediate  loads.  The  regulation  pf  direct-current 
aerators  refers  to  changes  in  voltage  corresponding  to  gradual  changes  in 
k1.  and  does  not  relate  to  the  comparatively  large  momentary  fluctuations 
voltage  that  frequently  accompany  instantaneous  changes  in  load. 
4094.  Regulation  of  constant-potential  alternating-current  gen- 
atora.  In  constant-potential  alternating-current  generators,  the  regu- 
ion  is  the  rise  in  voltage  (when  the  specified  load  at  specified  power  factor 
reduced  to  scro)  expressed  in  per  cent,  of  normal  rated-load  voltage. 
4094.  Regulation  of  constant-current  machines.  In  oonstant-cur- 
xt  machines  the  regulation  is  the  ratio  of  the  maximum  difference  of 
rrent  from  the  ra tea-load  value  (occurring  in  the  range  from  rated-load 
short-circuit,  or  minimum  limit  of  operation),  to  the  rated-load  current. 

4097.  Regulation  of  constant-speed  motors.  In  oonstant-speed 
reot-current  motors  and  induction  motors,  the  regulation  is  the  ratio  of 
e difference  between  full-load  and  no-load  speeds  to  the  no-load  speed. 

4098.  Regulation  of  converters,  dynamoton,  motor-generators  and 
squsncj  converters.  In  converters,  dynamotors,  motor-generators, 
id  frequency  converters,  the  regulation  is  the  change  in  the  terminal  volt- 
e of  the  output  side  between  the  two  specified  loads.  This  may  be  ex- 
eeood  by  giving  the  numerical  values,  or  as  the  percentage  of  the  terminal 
dtage  at  rated  load. 


OPERATION 
Temperature  Limits 

4108.  Exceptions  to  general  temperature  limits  given  In  Chapter 

(a)  Railway  motors:  See  Par.  fitOfl  and  5101. 

f6)  Automobile  propulsion  machines:  See  Par.  5845. 

le)  Railway  substation  machines:  See  Par.  5101  and  5101. 

(a)  Squirrel  cage  and  amortisseur  windings.  The  temperature  may 
tain  any  value  such  as  will  not  occasion  mechanical  injury  to  the  machine, 
(e)  Field  control  railway  motors:  See  Par.  5104. 

4104.  Collector  rings.  The  observable  temperature  of  collector  rings 
all  not  be  permitted  to  exceed  the  values  set  forth  in  Par.  1151  (c)  for  the 
sulations  employed  cither  in  the  collector  rings  themselves  or  in  adjacent 
Bulations  whose  life  would  be  affected  by  the  heat  from  the  collector  rings. 

4107.  Commutators.  The  observable  temperature  shall  in  no  case  be 
emitted  to  exceed  the  values  given  in  Par.  1151  {c)  for  the  insulation  em- 
oyed  either  in  the  commutator  or  in  an  insulation  whose  life  would  be 
fected  by  the  heat  of  the  commutator.  These  temperature  limits  are 
tended  only  to  protect  the  insulation  of  the  commutator  and  of  the  adja- 
nt  parts  and  are  not  intended  as  a criterion  of  successful  commutation. 

4108.  Coras.  The  observable  temperature  of  those  parts  of  the  iron 
*re  in  contact  with  insulating  materials  shall  in  no  case  be  permitted  to 
weed  the  values  given  in  Par.  1151  (c)  for  the  insulation  employed. 

4100.  Other  parts  (such  as  brush-holders,  brushes,  bearings,  pole- 
ps,  cores,  etc.).  All  parts  of  electrical  machinery  other  than  those  whose 
mperature  affects  the  temperature  of  the  insulating  material  may  be  oper- 
ed  at  such  temperatures  as  shall  not  be  injurious  in  any  other  respect. 
4110.  Maximum  temperature  rise  In  service.  Whatever  may  be  the 
nbient  temperature  when  the  machine  is  in  service,  the  limits  of  the  maxi- 
uoi  observable  temperature  or  of  temperature  rise  specified  in  the  rules 
lould  not  be  exceeded  in  service;  for,  if  the  maximum  temperature  be 
weeded,  the  insulation  may  be  endangered,  and  if  the  nse  be  exceeded, 
te  excess  load  may  lead  to  injury,  by  exceeding  limits  other  than  those  of 
mperature;  such  as  commutation,  stalling  load  and  mechanical  strength, 
or  similar  reasons,  loads  in  excess  of  the  rating  should  not  be  taken  from  a 
achine. 
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Units  in  Which  Rating  Shall  be  Expressed 

4110.  Rating  of  direct-current  generators.  Tbe  rating  of  Arm- 
current  generators,  shall  be  expressed  in  kilowatts  (kw.)  available  at  A 
terminals  at  a specified  voltage. 

4111.  Rating  of  alternators.  The  ratine  of  alternators  shall  be  n 
pressed  in  kilovolt-amperes  (kv-a.j  available  at  tbe  output  terminals,  a * 
specified  voltage  and  power  factor. 

*4111.  Rating  of  motors.  It  is  strongly  recommended  that  the  rauu 
of  motors  shall  be  expressed  in  kilowatts  (kw.)  available  at  the  shaft. 
exception  to  this  rule  is  made  in  the  case  of  railway  motors,  which,  for  sort 
purposes,  are  also  rated  by  their  input.  See  Par.  4101. 

4111.  Rating  of  auxiliary  machinery.  Auxiliary  machinery,-  sack  a 
regulators,  balancer  seta,  synchronous-condensers,  etc.,  shall  have  tsar 
ratings  appropriately  expressed.  It  is  also  essential  to  specify  the  vefear 
(and  frequency,  if  alternating  current),  of  the  circuits  on  which  the  mark*- 
ery  may  appropriately  be  used. 


Limitations  Other  than  Temperature  Rise 

4110.  Mechanical  limitations.  (a)t  General:  All  types  of  rotstui 
machines  shall  be  so  constructed  that  they  will  safely  withstand  sa  am 
speed  of  25  per  cent.,  except  in  the  case  of  steam  turbines,  which,  vbr 
equipped  with  emergency  governors,  shall  be  constructed  to  withstand  A 
per  cent,  over-speed. 

(6)  Generators:  Water-wheel  generators  shall  be  constructed  for  the  nxv 
mum  runaway  speed  which  can  be  attained  by  the  combined  unit. 

(c)  Motors:  Motors  for  continuous  service  shall,  except  when  other** 
specified,  be  required  to  develop  running  torque  at  least  175  per  ceat  s' 
that  corresponding  to  the  running  torque  at  their  rated  load,  without  sttfot 
Obviously,  duty-cycle  machines  must  carry  their  peak  loads  without  stattat 

4181.  Commutation  limitations,  (a)  Continuously  rated  mack* 
Continuously  rated  machines  shall  be  required  to  commutate  auccewfiE’ 
momentary  loads  of  150  per  cent,  of  tbe  amperes  corresponding  to  tbe 
tinuous  rating,  keeping  the  rheostat  set  for  rated  load  excitation.  Sue eewx 
commutation  is  such  that  neither  brushes  nor  commutator  are  injured  ^ 
the  test.  See  Par.  1110  and  0101. 

(b)  Machines  for  duty-cycle  operation:  Machines  for  duty-cycle  opersac 
with  widely  fluctuating  loads,  shall  commutate  successfully  under  ibex 
specified  operating  conditions.  See  Par.  1111  and  MSS. 

4101.  Limitations  of  Stability.  Continuously  rated  machines  shall  bi 
required  to  carry  momentary  loads  of  150  per  cent,  of  the  amperes  cone- 
sponding  to  the  continuous  rating,  keeping  the  rheostat  set  for  rated  lad 
excitation. 

In  the  case  of  direct-connected  generators,  this  elause  is  not  to  be  isar 
preted  as  requiring  the  prime  mover  to  drive  the  generator  at  this  crwksf 


* Since  the  input  of  machinery  of  this  class  is  measured  in  electrical  ask 
and  since  the  output  has  a definite  relation  to  the  input,  it  is  logical  ad, 
desirable  to  measure  tbe  delivered  power  in  the  same  units  as  are  emftaM 
for  the  received  power.  Therefore,  tbe  output  of  motors  should  be  txprmd 
in  kilowatts  instead  of  in  horse  power.  However,  on  account  of  the  hahrfW 
prevailing  practice  of  expressing  mechanical  output  in  horse  power,  it  h 
recommended  that  for  machinery  of  this  class  the  rating  should,  for  tfej 
present,  be  expressed  both  in  kilowatts  and  in  horse  power;  as  follow 

Kw. Approx,  equiv.  h.p. 

For  the  purposes  of  these  rules  the  horsepower  shall  be  taken  ss  7#4j 
watts.  ] 

In  order  to  lay  stress  upon  the  preferred  future  basis,  it  is  desirable  tai; 
on  rating  plates,  the  rating  in  kilowatts  shall  be  shown  in  larger  sad 
prominent  characters  than  the  rating  in  horse  power. 

One  kilowatt  is  equal  to  102  kilogram  meters  per  second. 

Jin  the  case  of  series  motors,  it  is  impracticable  to  specify 
ties  for  the  guaranteed  overspeed,  on  account  of  the  varyii« 
conditions. 
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TESTS 

Ambient  Temperature 

4S00.  Measurement  of  the  ambient  temperature  during  tests  of 
machines.  (See  Par.  1800) (a)  Machines  cooled  by  forced  draught:  In  the 
testing  of  rotating  machines,  cooled  by  forced  draught,  a conventional 
weighted  mean  shall  be  employed,  a weight  of  four  being  given  to  the  tem- 
perature of  the  circulating  air  supplied  through  ducts  ana  a weight  of  one 
to  the  surrounding  room  air.  See  Par.  If 00  Note. 

(6)  Machine*  below  floor  line:  Where  machines  are  partly  below  the  floor 
line  in  pits,  the  temperature  of  the  rotor  shall  be  referred  to  a weighted  mean 
of  the  pit  and  room  temperatures,  the  weight  of  each  being  based  on  the 
relative  proportions  of  the  rotor  in  and  above  the  pit.  Parts  of  the  stator 
constantly  in  the  pit  shall  be  referred  to  the  ambient  temperature  in  the  pit. 

Machine  Temperatures 

4816.  Machines  with  small  ventilating  apertures.  Machines  having 
ventilating  openings  snvUler  than  0.02  sq.  in.  (0.13  sq.  cm.)  in  area,  when 
intended  to  be  operated  in  locations  or  under  conditions  where  the  openings 
are  liable  to  become  clogged,  should  be  considered  as  totally  enclosed 
machines  and  tested  as  suen  with  openings  closed,  and  in  all  cases  the  ratingB 
on  this  basis  should  be  indicated  on  the  rating  plate. 

4819.  Exception  to  temperature  limits  used  In  method  1.  In  the 
case  of  enclosed  motors  and  generators,  the  limits  of  the  observable  tempera- 
ture rise  shall  be  5 deg.  cent,  higher  than  allowed  by  the  general  rule.  This 
rule  does  not  apply  to 'those  types  of  machines  defined  in  Par.  404S,  4048 
and  4046. 

4880.  Exception  to  temperature  limits  used  In  Method  t.  In  the 

case  of  enclosed  motors  and  generators,  the  limits  of  the  observable  tempera- 
ture rise  shall  be  5 deg.  cent,  higher  than  allowed  by  the  general  rule.  This 
rule  does  not  apply  to  those  types  of  machines  defined  m Par.  4048,  4048 
and  4046. 

4881.  Method  of  temperature  measurement  used  in  determining 
temperature  of  stators  of  machines.  Method  3 should  be  applied  to 
all  stators  of  machines  with  cores  having  a width  of  50  cm.  (2(Hn.)  or  over. 
It  should  also  be  applied  to  all  machines  of  5000  volts  or  more.  If  rated  over 
500  kv-a.,  regardless  of  core  width. 

Efficiency 

*4884.  Classification  of  losses.  Losses  are  classified  as  shown  in  Table 
401. 

f4888.  Losses  to  be  considered  in  machines.  Conventional  efficiencies 


* The  losses  in  constant- potential  machinery,  either  of  the  stationary 
type,  or  of  the  constant-speed  rotary  type,  are  of  two  classes;  namely,  those 
which  remain  substantially  constant  at  all  loads,  and  those  which  vary  with 
the  load.  The  former  include  iron  losses,  windage  and  friction,  also  I*R 
loeees  in  any  shunt  windings.  The  latter  include  I*R  losses  in  series  windings. 
The  constant  losses  may  be  determined  by  measuring  the  power  required  to 
operate  the  machine  at  no  load,  deducting  any  scries  I*R  losses.  The  vari- 
able loss  at  any  load  may  be  computed  from  the  measured  resistance  of  the 
series  windings  and  the  given  load  current. 

JThis  simple  method  of  determining  the  losses  and  hence  the  efficiency  is 
y approximate,  since  the  losses  which  are  assumed  to  be  constant  do 
actually  vary  to  some  extent  with  the  load,  and  also  because  the  actual  loss 
in  the  copper  windings  is  sometimes  appreciably  greater  than  the  calculated 
I*R  loss.  The  difference  between  the  approximate  losses,  as  above  deter- 
mined, and  the  actual  losses,  is  termed  “stray  load  losses.”  # These  latter 
are  due  to  distortions  in  electric  or  magnetic  fluxes  from  their  no-load  dis- 
tributions or  values,  brought  about  by  the  load  current.  They  are  usually 
only  approximately  measurable,  or  may  be  indeterminable,  but  certain  of 
them  reach  values  in  various  kinds  of  machinery,  which  require  that  they 
should  be  taken  into  account. 

Dielectric  losses  are  usually  negligible.  ^ ^ t . . 

The  stray  load  losses  include  the  items  in  the  column  of  Table  401  headed 
“Indeterminable”  but  do  not  include  the  increased  core  losses  due  to  in- 
creased excitation  for  compensating  internal  drop  under  load. 
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shall  be  based  upon  the  looses  listed  in  Table  40S,  and  these  loans  dal  be 
measured  as  specified  in  Par.  ,4181  iMI  inclusive. 


Table  401.  Classification  of  losses  In  machinery 


Accurately  measurable 

Approximately 
measurable  or 
determinable 

— 

Indeterminable 

No-load  core  losses  in- 
eluding eddy-current 
losses  in  conductors  at 
no-load 

Brush  friction  loss 

Iron  loss  due  to  flux  «fe- 
tortion 

Load  DR  losses  in  wind- 
ings. 

No-load  DR  losses  in 
windings 

Brush-contact  loss 

Eddy-current  loam  is 
conductors  due  t* 
-transverse  fluxes  oceir  , 
sioned  by  the  load  ear- 
rents 

Losses  due  to  windage 
and  to  bearing  fric- 
tion 

Eddy-current  lower  is 
oonduetors  due  to 
tooth  saturation  re- 
sulting from  distortion 
of  the  main  flux 

Tooth-frequenmr  has 
due  to  flux  distortion 
Under  load 

Dielectric  losses 

Short-circuit  lore  of  j 
commutation 

4SI0.  DR  loss,  (a)  General:  The  DR  loss  shall  be  based  upon  the  n*- 
rent  and  the  measured  resistance. 

(6)  Polyphase  induction-motor  rotor:  The  DR  lose  in  the  rotors  of  polyphnw 
induction  motors  should  be  determined  from  the  slip,  whenever  the  latter  m 
accurately  determinable,  uring  the  following  equation: 

_ y,D  , output  X slip 

Rotor  I'R  1cm , _ 


Table  401.  Losses  in  rotating  electric  machines 

(References  are  to  Pars.) 


DR 

loss 

wind- 

ings 

Friction 

and 

wind- 

age 

Brush 

fric- 

tion 

Core 

loss 

Brush 

contact 

DR 

loss 

13 

low* 

D.-C.  commutating 
machines  (Note  1). 
A.-C.  commutating 
machines  (Note  1). 
Railway  motors. . . . 

Synchronous  motors 
and  generators 

(Note  4) 

Synchronous  con- 
verters  

Induction  machines 

4336(a) 

4336(a) 

4336(a) 

4336(a) 

4336(c) 

4336(6) 

4337(a) 

4337(a) 
6337 
5338  , 

4337(a) 

4337(a) 

4337(a) 

4338 

4338 

5338 

5339 

4338 
Note  3 
4338 

4338 

4339 

4339 

5339 

5339 

4339 

4339(a) 

4339(6) 

4339(a) 

4339(c) 

4341 

5341 

4341 

4341 

4341 
Note  3 

4341 
Note  2 

No *5 
Note  5 
5339 
Not*  3 
5339 

434$* 

Not*  5 

4342<> 
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Notm. — (1)  Except  railway  motors. 

(2)  When  there  are  collector  rings. 

(3)  Brush  friction  and  brush  contact  losses  are  negligible  exoept  in  tbs 

aae  of  revolving  armature  machines.  % 

(4)  For  the  booster  type  of  synchronous  converter,  where  the  booster 
orms  an  integral  part  of  the  unit,  its  losses  shall  be  included  in  the  total 
onverter  lasses  in  estimating  the  efficiency. 

(5)  These  losses,  while  usually  of  low  magnitude,  are  erratic,  and  the  Insti- 
ute  is  not  at  this  time  prepared  to  make  recommendations  for  approximating 
hem. 

In  large  slip-ring  motors,  in  which  the  slip  cannot  be  directly  measured  by 
oading,  the  rotor  DR  loss  shall  be  determined  by  direct  resistance  measure- 
uent;  the  rotor  full-load  current  to  be  calculated  by  the  following  equation: 

.n,  . watts  output 

Current  per  ring  — — 

rotor  voltage  at  stand-still  X v3  X K 

This  equation  applies  to  three-phase  rotors.  For  rotors  wound  for  two 
thane,  use  2 instead  of  the  y/Z  . K may  be  taken  as  0.95  for  motors  of  150 
:w.  or  larger.  The  factor  K usually  decreases  as  the  size  of  motor  is  reduced, 
tut  no  specific  value  can  be  stated  for  smaller  sixes. 

(c)  Synchronoun  converter:  The  DR  losses  in  the  armature  winding  shall 
•e. derived  from  those  corresponding  to  its  use  as  a direct-current  generator, 
ty  using  suitable  factors. 

4887.  Bearing  friction  and  windage,  (a)  General:  Drive  the  machine 

rom  an  independent  motor,  the  output  of  which  shall  be  suitably  deter- 
nined.  The  machine  under  test  shall  have  its  brushes  removed  and  shall 
tot  be  excited.  This  output  represents  the  bearing  friction  and  windage 
•f  the  machine  under  test.  # 

(b)  Induction  motors:  The  bearing  friction  and  windage  of  induction 
notors  may  be  measured  by  running  motors  free  at  the  lowest  voltage  at 
rhich  they  will  rotate  continuously  at  approximately  rated  speed:  the  watts 
nput,  minus  DR  loss,  under  these  conditions  being  taken  as  the  friction 
nd  windage. 

(c)  Engine-type  generators:  In  the  case  of  engine-type  generators,  (see 
>ar.  4017)  the  windage  and  bearing  friction  loss  is  ordinarily  very  small, 
imounting  to  a fraction  of  one  per  cent,  of  the  output.  This  loss  shall  be 
leglected  owing  to  its  small  value  and  the  difficulty  of  measuring  it. 

(d)  Direct-current  railway  motors:  See  Par.  5887. 

4888.  Brush  friction  of  commutator  and  collector  rings,  (a)  G en- 
rol: Drive  the  machine  from  an  independent  motor,  the  output  of  which 
hall  be  suitably  determined.  The  brushes  shall  be  in  contact  with  the 
commutator  or  collector  rings,  but  the  machine  shall  not  be  excited.  The 
lifference  between  the  output  obtained  in  the  test  in  Par.  4887  and  this 
output  shall  be  taken  as  the  brush  friction.  The  surfaces  of  the  commutator 
end  brushes  should  be  smooth  and  glased  from  running  when  this  test  is 
nade. 

(6)  Direct-current  railway  motors:  Sec  Par.  5888. 

4889.  Core  losses,  (a)  General:  Drive  the  machine  from  an  independent 
notor,  the  output  of  which  shall  be  suitably  determined.  The  brushes  shall 

in  contact,  and  the  machine  shall  be  excited,  so  as  to  produce  at  the  ter- 
ninals  a voltage  corresponding  to  the  calculated  internal  voltage  for  the 
oad  under  consideration.  The  difference  between  the  output  obtained  by 
•his  test  and  that  obtained  by  test  under  Par.  4888  (a)  shall  be  taken  as  the 
tore  loss. 

(b)  Synchronous  machines:  The  internal  voltage  of  synchronous  machines 
ihall  be  determined  by  correcting  the  terminal  voltage  for  the  resistance 
irop  only. 

.(c)  Induction  motors:  The  core  loss  of  an  induction  motor  may  be  deter- 
nined  by  measuring  the  watts  input  to  the  motor  when  runmng  free  at 
ated  voltage  and  frequency  and  subtracting  therefrom  the  no-load  copper 
oss,  bearing  friction  and  windage. 

(d)  Direct-current  railway  motors:  See  Par.  5889. 
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*4141.  Bruth-oontftCt  DR  loos,  (a)  General:  One  volt  drop  per  brwi 
shall  be  considered  as  the  Institute  standard  drop  corresponding  to  the  14 
brush-contaet  loss,  for  carbon  and  graphite  brushes  with  pigtaui  attached. 
One  and  one-half  volts  per  brush  shall  be  allowed  where  pigtails  sre  set 
attached.  Metal-graphite  brushes  shall  be  considered  as  speoaL 

(6)  Automobile  motors:  See  Par.  §141. 

f4141.  Stray  load-losses,  (a)  Synchronous  machines:  These  isdai* 
iron  lossee,  ana  eddy-current  losses  in  the  copper,  due  to  fluxes  varying  vrl 
load  and  also  to  saturation. 

Stray  load-losses  shall  be  determined  by  operating  the  machine  on  &r. 
circuit  and  at  rated-load  current.  This,  after  deducting  the  windage  isi 
friction  and  DR  loss,  gives  the  stray  load-loss  for  polyphase  generators  ssd 
motors.  These  losses  in  single-phase  machines  are  large:  but  the  InsttaJr 
is  not  yet  prepared  to  specify  a method  for  measuring  them. 

(6)  Induction  machines:  These  include  eddy-current  losses  in  the  rtiw 
copper,  and  other  eddy-current  losses  due  to  fluxes  vanring  with  the  bai 
In  windings  consisting  of  relatively  small  conductors,  these  eddy-cwres 
losses  are  usually  negligible. 

With  rotor  removed,  measure  the  power  input  to  the  stator  with  differs*, 
values  of  current  at  the  rated  frequency.  The  curve  plotted  with  tbw 
values  gives  the  combined  DR  and  stray  load-losses  due  to  eddy-cams# 
in  the  stator  copper.  Deduct  the  DR  loss  determined  from  the  rewtam, 
and  the  difference  will  represent  the  stray  load-losses  corresponding  to  t» 
various  currents.  While  this  method  is  not  accurate  for  some  typa  a 
motors  it  usually  represents  a sufficiently  good  approximation. 

4843.  Miscellaneous  losses,  (a)  Field-rheostat  losses:  Field-rhc®*1 
losses  shall  be  included  in  the  generator  losses  where  there  is  a field  rhea** 
in  series  with  the  field  magnets  of  the  generator,  even  when  the  machiw  * 
separately  excited. 

(6)  Ventilating  blower:  When  a blower'  is  supplied  as  part  of  a m»ch» 
set,  the  power  required  to  drive  it  shall  be  charged  against  the  complex 
unit,  but  not  against  the  machine  alone. 

(c)  Other  auxiliary  apparatus:  Auxiliary  apparatus,  such  as  s 
exciter  for  a generator  or  motor,  shall  have  its  losses  charged  again« 
plant  of  which  the  generator  and  exciter  are  a part,  and  not  against  tie 
generator.  An  exception  should  be  noted  in  the  case  of  turbo-*ener»t<» 
sets  with  direct-connected  exciters,  in  which  case  the  losses  in  the  «cter 
shall  be  charged  against  the  generator.  The  actual  energy  of  ciousca 
and  the  field-rheostat  losses,  if  any  shall  be  charged  against  the  generator 
See  Par.  4848  (a). 


Wave  Shape 

4881.  Deviation  factor  of  a wave.  The  deviation  factor  of  the  ope* 
circuit  terminal  voltage  wave  of  synchronous  machines  shall  not 
10  per  oent.  unless  otherwise  specified.  See  Par.  8874. 

• The  brush-contact  DR  loss  depends  largely  upon  the  material  of  vfcd 
the  brush  is  composed.  , „ „ . , , ... , . ■ , 

As  indicating  tne  range  of  variation  the  following  table  will  be  at  into® 


Table  408.  Brush-contact  drop 


Grade  of  brush 

Volta  drop  across  one  brush-contact 
(Average  of  positive  and  negative  brushes 

Hard  carbon 

Soft  carbon 

Graphite 

Metal-graphite  types 

1.1 

0.9 

0.5  to  0.8 

0. 15  to  0.5  (The  former  for  largest  propoc 
tion  of  metal)  

f Values  of  the  indeterminable  losses  may  also  be  .obtained  by 
other  direct  test  and  used  in  estimating  actual  efficiencies  of  similar  mse®*" 
by  the  separate-loss  method. 
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With  thu 
•he  ratio 


M*_h?*?ctwork  the  telephone  interference  factor  of  a voltage  wave  is 
_n®Ja“0.°,f  the  current  I in  micro-amperes  in  the  meter  branch  of  the  net- 
work to  the  voltage  E applied  to  the  external  terminals  of  the  network. 
L™m°aS!}rc,ne“t  may  1,6  made  on  the  low  tension  side  of  a potential  trana- 
A 8en8l.tJVe  vacuum  thermocouple  provided  with  a shunt.,  and  a 
nrect-current  mil-ammeter  have  been  found  convenient  for  measuring  the 
•urrent. 
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( b ) The  appropriate  limiting  value  of  the  telephone  iaterferean factors 
a wave  (eee  Par.  SSTt),  either  for  machines  or  for  circuits,  he#  not  yrtbea 
determined,  and  cannot  now  be  specified.  The  whole  matter  of  ialefe 
•nee,  including  reasonable  requirements  for  both  power  and  rowmiiainns 
systems,  is  under  discussion,  in  consultation  with  power,  telephone,  sad  oh 
interests  oooosrntd. 

Tests  of  Dielectric  Strength 

4IM.  Frequency  of  test  voltage.  In  direct-current  nudnses,  tad: 
general  commercial  application  of  alternating  machines,  the  testing  freqwar- 
of  00  cycles  per  second  is  recommended. 

*4M1.  exceptions  to  standard  test  voltage  given  in  section  Sift 

(а)  Field  winding* * *  of  alternating-current  generator s:  Field  winding*  of  *he- 
nating-current  generators  shall  be  tested  with  10  times  the  exciter  value 
but  in  no  case  with  less  than  1,500  volts  nor  more  than  3,500  voh*. 

•(61  Field  winding*  of  eynchronou*  machine *r  Field  windings  of  syadrx- 
ous  machines  including  motors  and  converters  which  are  to  be  started  «n 
alternating  current  are  to  be  tested  as  follows: 

When  machines  are  to  be  started  with  field  short  circuited,  the  6eMvia£ 
ings  shall  be  tested  as  specified  in  Par.  4M1  (a). 

When  machines  are  to  be  started  with  fields  open  circuited  sad  mebw 
-alised  while  starting,  the  field  windings  shall  be  tested  with  5,000  volt* 

When  machines  are  to  be  started  with  fields  open  circuited  sad  coMcrtc: 
all  in  series  while  starting,  the  windings  shall  be  tested  with  5,000  voh?  f* 
less  than  275  volts  excitation  and  8,000  volts  for  excitation  of  275  rob  tc 
275  volts. 

t(c)  Pkaee-wound  rotor * of  induction  motor:  The  secondary  windiup  d 
wound  rotors  of  induction  motors  shall  be  tested  with  twice  their  dots* 
induced  voltage,  plus  1,000  volts.  When  induction  motors  with  pkv 
wound  rotors  are  to  be  reversed,  while  running  at  approximately  sarci. 
speed,  by  reversing  the  primary  connections,  the  test  snail  be  four  time  the 
normal  induced  voltage  plus  1,000  volts. 

(d)  Smalt  motor*  and  generator*:  Small  machines  taking  not  over  660  saw 
or  having  an  output  not  exceeding  M h.p.  (373  watts),  such  asfractwm 
horsepower  motors,  and  intended  solely  for  operation  on  supply  circuit* 
exceeding  275  volta,  shall  be  tested  with  900  volts. 

(e)  Alternating-current  machine*  connected  to  permanently  grounded  tiagt- 
phase  *y*tem*:  Alternating-current  machines  connected  to  perm*M*n 
grounded  single-phase  systems,  for  use  on  permanently  grounded  am&i 
operating  at  more  than  300  volts  shall  be  tested  with  2.73  times  the  vdur 
of  the  circuit  to  ground,  plus  1,000  volta.  This  does  not  refer  to  three-pb* 
machines  with  grounded  star  neutral. 

X(J)  Machine*  for  use  on  circuit*  of  25  softs  or  lower:  Machines  for  wt  oc 
circuits  of  25  volts  or  lower,  such  as  bell  ringing  apparatus,  electric  weehats 
used  in  automobiles,  machines  used  on  low  voltage  battery  circuit*,  tv 
■hall  be  tested  with  500  volts. 

Regulation 

48t0.  Conditions  for  tests  of  regulation  (see  Par.  1999).  (a)  Fwe 

factor:  In  alternating-current  generators  the  power  factor  of  the  losa* 
which  the  regulation  refers  should  be  specified.  Unless  otherwise 
it  shall  be  understood  as  referring  to  non-inductive  load,  that  is.  to  * m* 
in  which  the  current  is  in  phase  with  the  e.m.f.  at  the  terminals  « t* 
machine. 

(б)  Excitation:  In  commutating  machines,  rectifying  machines  sadtra* 
chronous  machines,  the  regulation  shall  be  determined  under  such  eoomtws* 
as  to  maintain  the  field  adjustment  constant  at  a value  which  gives  rs*®* 
load  voltage  at  rated-load  current.  These  conditions  are  as  follows: 

In  the  case  of  separately  excited  fields:  constant  excitation. 

' In  the  case  of  shunt  machines:  constant  resistance  in  the  shuat-fe* 
circuit.  

• Series-field  windings  should  be  regarded  as  part  of  the  armature 

and  tested  as  such. 

t By  normal  induced  voltage  is  here  meant  the  voltage  between  slip  nap 
on  open  circuit  at  standstill  with  normal  voltage  impressed  on  the 

t The  present  National  Electrical  Code  limit  for  a single  outlet  is  aw**** 


Digitized  by  CiO$f4c 


STANDARDS  Sec.  24-4394 

In  the  eaae  of  series  or  compound  machines:  constant  resistance  shunting 
ie  series  field  windings. 

•4St4.  Tests  and  computation  of  regulation  of  alternating-current 
inorators,  (a)  Methods  available:  The  regulation  of  alternating-current 
aerators  may  be  determined  by  any  one  of  the  three  following  methods, 
hich  are  given  in  the  order  of  preference: 

(6)  Method  I.  By  loading:  1 he  regulation  can  be  measured  directly,  by 
acting  the  generator  at  the  specified  output  and  power  factor,  then  reducing 
ie  load  to  sero,  and  measuring  the  terminal  voltage,  with  speed  and  ex- 
tation  adjusted  to  the  same  values  as  before  the  change.  Tnis  method  is 
H generally  applicable  for  shop  tests,  particularly  on  large  generators  and 
becomes  necessary  to  determine  the  regulation  from  such  other  tests  as 
in  be  readily  made.  * 

•(c)  Method  II.  From  test  curves:  This  method  consists  in  computing 
ie  regulation  from  experimental  data  of  the  open-circuit  saturation  curves 
ad  the  sero-power-f actor  saturation  curve.  The  latter  cfi^-vg-  or  one 
^proxi mating  very  closely  to  it,  can  be  obtained  bv  over-exciting  the  gen- 
*ator  while  carrying  a load  of  idle-running  under-excited  synchronous 
lotors.  The  power  factor  under  these  conditions  is  very  low  and  the  load 
duration  curve  approximates  very  closely  the  sero  power-factor  saturation 
irve.  From  this  curve  and  the  open  circuit  curve,  points  for  the  load 
duration  curve  for  any  specified  power  factor  can  be  obtained  by  means  of 

ector  diagrams. 

* Method  II  for  deducing  the  load  saturation  curve,  at  any  assigned  power 
ictor.  from  no-load  and  sero  powei^factor  saturation  curves  obtained  by  test, 
iust  be  regarded  as  empirical.  Its  value  depends  upon  the  fact  that  ex- 
erienoe  has  demonstrated  the  reasonable  correctness  of  the  results  obtained 
yit. 
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tM)  Method  111.  From  estimated  zero  oouxr-facUr  cure*.  J^”**** 
•wJmKIa  to  obtain  by  teat  a aero  power-factor  curve  a*  in  Method  li  u» 
®urvecan° beeatimated  doeely  from  open-circuit  and  *hort^^1^: 
bv  reference  to  tests  at  aero  power-factor  on  other  machine*  of 
netic  circuit.  Having  obtained  the  estimated  . Method  E 

load  saturation  for  any  other  power  factor  ia  obtained  as 
Par.  4»t4(c). 


52s  stass-s! 

Uoiw  ia  cb  Mid  the  nppnrent  internal  drop  m at.  The  terminal  touf 


at  any  other  power  factor  can  then  be 

M in  Fin  4-4.  where  * is  an  angle  such  that  cos  * » the  pow«  «2,VJrj 

faeUi^ooe  ^Tiethen'SI^a-^b*  whichwhen  kW  o§\in^*^j3^?r'j  ( 

^ 100  X O d aince  a,d,  Jg  the  jiae  |n  voltage  when  the  load  at  pos» 
°“t  Method  HI “P'^^^^bi,deoneIMt^noS»  *U 

SEE  opeScircuU  eaturation  curve  and  OB the jhgtgrwtt  fa  ?.*gj 
from  test.  The  sero  power-factor  curve  low  eatursw®  m 

will  start  from  point  B,  and  for  machines  deagned  mtb  low 
W reactance,  ^1  follow  parallel  to  OA  as  ahown  by  the  ^^eeOjJ 
which  is  OA  shifted  hon*  on  tally  parallel  to  itself  by  the  m ^ 
hiffh-sDeed  machines,  or  in  others  having  low  reactance,  ana  ■ ^ * 

of  ^saturation  in  the  magnetic 

oitite  close  to  BD  particularly  in  those  parts  that  are 
tCregiSion  Tfi*  Ls  the  cie  with  mnny  turbo-generatcr.  « 
water-wheel  generators. 
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Generally,  the  ohmic  drop  can  be  neglected  as  it  has  little  influence  on 
be  regulation,  except  in  very  low-epeed  machines  where  the  armature  drop 
i relatively  high  or  in  some  cases  where  regulation  at  unity  power  factor  is 
eing  estimated.  For  low  power  factors  its  effect  is  negligible  in  practically 
tl  cases.  If  resistance  is  neglected,  the  simpler  diagram,  Fig.  4-6,  may  be 
sed. 

In  many  cases,  however,  the  sero  power-factor  curve  will  deviate  from 
D,  as  shown  by  BC  and  the  deviation  will  be  most  pronounced  in  machines 
: high  reactance,  high  saturation  and  large  magnetic  leakage.  The  position 
‘ curve  BC  with  relation  to  BD  can  be  approximated  with  sufficient  exact- 
»s  by  investigating  the  corresponding  relation  as  obtained  by  test  at  aero 
>wer  factor  on  machines  of  similar  characteristics  and  magnetic  circuit, 
urve  BC  can  also  be  calculated  by  methods  based  on  the  results  of  tests 
sero  power-factor.  After  curve  BC  has  been  obtained,  the  load  satura- 
m curve  and  regulation  for  any  other  power  factor  can  be  derived  as  in 
ethod  II,  Par.  4894(c). 

4898.  Compound  wound  direct- current  generator.  In  determining 
e regulation  of  a com  pound- wound  direct-current  generator,  two  tests 
all  be  made,  one  bringing  the  load  down  and  the  other  bringing  the  load 
>,  between  no-load  and  rated  load.  These  may  differ  somewhat,  owing  to 
sidual  magnetism.  The  mean  of  the  two  results  shall  be  used. 
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CHAPTER  V 

STANDARDS  FOR  ELECTRIC  RAILWAYS  AND  FOR 
AUTOMOBILE  PROPULSION  MACHINES 

he  A.  I.  E.  E.  standards  for  electric  railways  and  for  automobile  propul- 
m&chines  are  the  general  standards  shown  in  Chapters  II  and  III,  and 
standards  in  other  chapters  which  are  applicable  to  the  devices  involved 
ther  with  the  modifications  and  extensions  given  in  this  chapter. 

definitions 

General 

KM).  Contact  conductors.  A contact  conductor  is  that  part  of  the 
ibution  system  other  than  the  traffic  rails,  which  is  in  immediate  eleo- 
1 contact  with  the  circuits  of  the  cars  or  locomotives. 

Contact  Rails 

003.  Contact  rail,  (a)  Central:  A contact  rail  is  a rigid  contact 
uctor. 

5>)  Overhead  contact  rad:  An  overhead  contact  rail  is  a contact  rail  which 
owe  the  elevation  of  the  maximum  equipment  line. 


rise  maximum  equipment  line  is  the  contour  which  embraces  croas-seo- 
of  all  rolling  stock  under  all  normal  operating  conditions. 
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(e)  Third  rati:  A third  rail  is  a contact  conductor  placed  at  csthtr  mk  4 
the  track,  the  contact  surface  of  which  is  a few  inches  shore  the  lerd  d ib 
top  of  the  track  rails. 

(d)  Center  contact  rad:  A center  contact  rail  is  a contact  conductor  pint 
between  the  track  rails,  having  its  contact  surface  shore  the  ground  kwt 

(e)  Underground  contact  ratL  An  underground  contact  rail  is  % tooac 
conductor  placed  beneath  the  ground  level. 

(/)  Oaoe  of  third  tad : The  gage  of  a third  rail  is  the  distance,  mew.: 
parallel  to  the  plane  of  running  rails,  between  the  gage  line  of  the  star 
track  rail  and  the  inside  gage  line  of  the  contact  surface  of  the  third  m. 

(g)  Elevation  of  third  rail : The  elevation  of  a third  rail  is  the  efcrati** 
the  contact-surface  of  the  third  rail,  with  respect  to  the  plane  of  the  topi* 
running  rails. 

(h)  Third  rad  protection:  A third  rail  protection  is  a guard  for  the  psrpoe 
of  preventing  accidental  contact  with  the  third  rail. 

Trolley  Wires 

•004.  Trolley  wire.  A trolley  wire  is  a flexible  contact  eosdtrttr 
customarily  supported  above  the  cars. 

•000.  Messenger  wire  or  cable.  A messenger  wire  or  cable  »»*n 
or  cable  running  along  with  and  supporting  other  wires,  cables  or  wasr 
conductors. 

A primary  messenger  is  directly  attached  to  the  supporting  syrtea  A 
secondary  messenger  is  intermediate  between  a primary  messenger  ud  ti* 

ires,  cables  or  contact  conductors. 

•000.  Classes  Of  construction,  (a;  General:  Overhead  trolley  et 
structions  are  classed  as  direct  suspension  and  messenger  or  catenary  nsvtsen 

(b)  Direct  suspension:  A direct  suspension  is  the  form  of  overhead  trsir 
construction  in  which  the  trolley  wires  are  attached,  by  insulating  denm 
directly  to  the  main  supporting  system. 

(c)  Messenger  or  catenary  suspension : A messenger  or  catena™  mmpema 
is  the  form  of  overhead  trolley  construction  in  which  the  trolley  mm  «■ 
attached,  by  suitable  devices,  to  one  or  more  messenger  cables,  which  n tsrr 
may  be  carried  either  in  simple  catenary . i.e.,  by  primary  messengers.  or  ii 
compound  catenary , ».e.,  by  secondary  messengers. 

•007.  Supporting  systems,  (a)  General:  Supporting  systems  for  troifr 
wires  shall  be  classed  as  follows: 

(6)  Simple  cross-span  systems:  Simple  cross-span  systems  are  those  hsc« 
at  each  support  a single  flexible  span  across  the  track  or  tracks. 

(c)  Messenqer  cross-span  systems:  Messenger  cross-span  systems  sre  th* 
having  at  each  support  two  or  more  flexible  spans  across  the  track  or  tnrb 
the  upper  span  carrying  part  or  all  of  the  vertical  load  of  the  lower  *pn& 

(d)  Bracket  systems:  Bracket  systems  are  those  having  at  each  v 
arm  or  similar  rigid  member,  supported  at  only  one  side  of  the  trad  ? 
tracks. 

(c)  Bridge  systems:  Bridge  systems  are  those  having  at  each  snppfln  1 
rigid  member,  supported  at  both  sides  of  the  track  or  tracks. 

*•030.  Transmission  system.  When  the  current  generated  far  « 
electric  railway  is  changed  in  kind  or  voltage,  between  the  generator  ^ 
the  cars  or  locomotives,  that  portion  of  the  conductor  system  carry** 
rent  of  a kind  or  voltage  substantially  different  from  that  received  by  tw 
cars  or  locomotives,  coostitutew'the  transmission  system. 

•MSI.  Distribution  system.  That  portion  of  the  conductor  ***= 
of  an  electric  railway  which  carries  current  of  the  kind  and  voltage  tteer* 
by  the  cars  or  locomotives,  constitutes  the  distribution  system. 

•OSS.  Substation.  A substation  is  a group  of  apparatus 
which  receives  current  from  a transmission  system,  changes  its  kind  or 
age,  and  delivers  it  to  a distribution  system. 

• These  definitions  are  identical  in  sense,  although  not  in  vorjk 
those  of  the  Interstate  Commerce  Commission,  as  given  in  their  Cw* 
tion  of  Accounts  for  Electric  Railways. 
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OPERATION 
Temperature  Limits 

*•101.  Railway  motors  in  continuous  sendee.  The  following  maxi- 
ma observable  temperatures  are  permissible  in  the  windings  of  railway 
>tors,  when  in  continuous  service. 


fable  SOI.  Temperatures  of  railway  motors  in  continuous  service 


Class  of  material 
(see  Par.  1004) 

Temperature 

By  thermometer 
(see  Par.  1003) 

By  resistance 
(see  Par.  1001)  . 

V 

85  deg.  cent. 

100  deg.  cent. 

1 10  deg.  cent. 

130  deg.  cent. 

J 

8 ISO.  Railway  substation  machines  and  transformers.  Under  con- 
ions  specified  in  Par.  8101,  the  windings  of  rail  wav  substation  machines 
d transformers  carrying  traction  loads  may  have  observable  temperature 
es  5 deg.  cent,  in  excess  of  the  limiting  observable  temperature  rises  speci- 
d in  Table  100. 

*6130.  Automobile  propulsion  machines.  On  stand  test,  the  obterv- 
le  temperature  rises  snail  not  exceed  the  limits  specified  in  Par.  6S06. 

RATING 

Ratings  of  Railway  Substation  Machinery  and  Transformers 
fSSOl.  Nominal  rating  of  rail  wav  substation  machines  and  trans- 
rmers.  The  nominal  rating  of  a substation  machine  or  transformer  carry- 
C traction  loads  shall  be  the  kv-a.  output  at  a stated  power-factor  input, 
tich,  having  produced  a constant  temperature  in  the  machine  or  trans- 
•raer  may  be  increased  50  per  cent-  for  two  hours,  without  producing  tern- 
rat  ure  rises  exceeding  by  more  than  5 deg.  cent,  the  limiting  values  given 
Table  100.  These  machines  or  transformers  should  be  capable  of  carry- 
l a load  of  twice  their  nominal  rating  for  a period  of  one  minute,  without 
(qualifying  them  for  continuous  service.  The  name  plate  should  be 
irked  “nominal  rating." 

Ratings  of  Railway  Motors 

t6303.  Nominal  rating  of  railway  motors.  The  nominal  rating  of  a 
Jway  motor  shall  be  the  mechanical  output  at  the  car  or  locomotive  axle, 
jasured  in  kilowatts,  which  causes  a rise  of  temperature  above  the  sur- 
inding  air,  by  thermometer,  not  exceeding  90  deg.  cent,  at  the  commuta- 
r,  and  75  deg.  cent,  at  any  other  normally  accessible  part  after  one  hour’s 
ntinuous  run  at  its  rated  voltage  (and  frequency  in  the  case  of  an  alter- 
ting-current  motor)  on  a stand  with  the  motor  covers  arranged  to  secure 
ixiraum  ventilation  without  external  blower.  The  rise  in  temperature 
measured  by  resistance,  shall  not  exceed  100  deg.  cent.  The  statement 
the  nominal  rating  shall  include  the  corresponding  voltage  and  armature 
Bed. 

§5303.  Continuous  ratings  of  railway  motors.  The  continuous  rat- 


* Under  extreme  ambient  temperatures  it  is  permissible  to  operate,  for 
ort  infrequent  periods,  at  15  deg.  cent,  higher  temperature  than  specified 
this  rule. 

Owing  to  space  limitations  and  the  cost  of  carrying  dead  weight  on 
hides,  it  is  considered  good  practise  to  operate  propulsion  machinery  at 
(her  temperatures  than  would  be  advisable  in  stationary  machines.  (See 
ible  601.) 

t In  the  abeence  of  any  specification  as  to  the  kind  of  rating  the  "nominal" 
ing  shall  be  understood. 

§ The  temperature  rise  in  service  may  be  very  different  from  that  on  stand- 
it.  See  Par.  6603  for  the  relation  between  stand-test  and  service  tempera- 
res  as  affected  by  ventilation. 
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ings  of  a railway  motor  ahftll  be  the  input*  in  amperes  at  which  it  my  b 
operated  continuously  ftt  H.  H and  full  voltage  respectively.  without  o- 
oeeding  the  observable  temperature  rieee  specified  in  Table  Sift,  when  ope 
ated  on  stand  test  with  motor  covers  and  cooling  system,  if  any,  amass 
as  in  service.  Inasmuch  as  the  same  motor  may  be  operated  under  Aim 
conditions  as  regards  ventilation,  it  will  be  necessary  in  each  esse  to  ids 
the  system  of  ventilation  which  is  used.  In  case  motors  are  cooled  bj  a- 
terns!  blowers,  the  flow  of  air  on  which  the  rating  is  based  shall  be  fim 


Table  ftOft.  Stand-teat  temperature  rises  of  railway  melon 


Temperature  rises  of  windinp 

(see  Par.  1004) 

By  thermometer 
(see  Par.  100ft) 

By  resirisser 
(see  Par.  1MB 

A 

05  deg.  oent. 

80  deg.  cent. 

85  deg.  cent 

105  deg  Mat 

B 

SS04.  Field-eontrol  railway  motors.  The  nominal  and  coodsaos 
ratings  of  field-control  motors  shall  relate  to  their  performance  vkfa  tb 
operating  field  which  gives  the  maximum  motor  rating.  Each  wedos  a 
the  field  windings  shall  be  adequate  to  perform  the  service  required  d s 
without  exceeding  the  specified  temperature  rises. 

Eatings  of  Automobile  Propulsion  Machines 

ilOft.  Automobile  propulsion  machines.  The  rating  of  sstoos* 
motors  and  generators  shall  be  based  upon  temperature  rise,  on  a oUad  » 
and  with  motor  covers  arranged  as  in  service,  fifteen  degrees  by  thtrmcmts 
or  twenty  five  degrees  by  resistance,  above  those  of  Table  tOA 

Eatings  of  Electric  Locomotives 

•110.  Eating.  Locomotives  shall  be  rated  in  terms  of  the  wdfht  a 
drivers,  nominal  one-hour  tractive  effort,  continuous  tractive  effort  tad  w- 
responding  speeds. 

Mil.  Weight  on  drivers.  The  weight  on  drivers,  expressed  in  posafa 
shall  be  the  sum  of  the  weights  carried  by  the  drivers  and  of  the  An** 
themselves. 

Mil.  Nominal  tractive  effort.  The  nominal  tractive  effort,  expnsK 
in  pounds,  shall  be  that  exerted  at  the  rims  of  the  drivers  when  the 
are  operating  at  their  nominal  (one-hour)  rating. 

Mil.  Continuous  tractive  effort.  The  continuous  tractive  effort.  • 
pressed  in  pounds,  shall  be  that  exerted  at  the  rims  of  the  driven  what* 
motors  are  operating  at  their  full- voltage  continuous  rating,  ss  Industrie 
Par.  MOS. 

In  the  case  of  locomotives  operating  on  intermittent  service,  the  coster 
oua  tractive  effort  may  be  given  for  H or  ^ voltage,  but  in  such  cm »■* 
voltage  shall  be  clearly  specified. 

M14.  Speed.  The  rated  speed,  expressed  in  miles  per  hour,  shsS  far 
that  at  which  the  continuous  tractive  effort  is  exerted. 


TESTS 

Efficiency 

Losses  in  Direct-current  Railway  Motors 

ftftST.  Losses  in  gearing  and  axle  bearings.  The  lasses  in  «e«n*f 

axle  bearings  for  single-reduction  single-geared  motors,  varies  with  tfae Oft1 
mechanical  finish,  age  and  lubrication.  The  following  values,  bswo he* 
accumulated  tests,  snail  be  used  in  the  comparison  of  single  wdwtietw 
geared  motors.  Par.  ffttt. 
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ible  SOS.  Losses  in  axle  bearings  and  single-reduction  gearing  of 
railway  motors 


’er  cent,  of  input 
%t  nominal  rating 

, Losses  as  per 
cent,  of  input 

Per  cent,  of  input  1 

1 at  nominal  rating 

Losses  as  per 
cent,  of  input 

200 

3.5 

00 

1 27 

150 

3.0 

50 

' 3.2 

125 

2.7 

40 

4.4 

100 

2.5 

30 

6.7 

75 

2.5 

25 

8.5 

Note. — Further  investigation  may  indicate  the  desirability  of  givin/ 
parate  values  of  the  losses  for  full  and  tapped  fields,  or  low-  and  high-speec. 

otora. 


5338.  Brush  friction,  armature-bearing  friction  and  windage.  The 

ush  friction,  armature-bearing  friction  and  windage,  shall  be  determined 
a total  under  the  following  conditions: 

In  making  the  test,  the  motor  shall  be  run  without  gears.  .The  kind  of 
ushes  and  the  brush  pressure  shall  be  the  same  as  in  commercial  service, 
rive  the  machine  idle  as  a series  motor  on  low  voltage.  The  product  of 
mature  counter-electromotive-force  and  amperes  at  any  speed  shall  be 
e sum  of  the  above  losses  at  that  speed.  See  Par.  5339. 

*5339.  No-load  core  loss,  brush  friction,  armature-bearing  friction 
id  windage.  The  no-load  core  loss,  brush  friction,  armature-bearing 
iction  and  windage  shall  be  determined  as  a total  under  the  following 
inditiona: 

In  making  the  test,  the  motor  shall  be  run  without  gears.  The  kind  of 
ushes  and  the  brush  pressure  shall  lie  the  same  as  in  commercial  service, 
ith  the  field  separately  excited,  such  a voltage  shall  be  applied  to  the 
mature  terminals  as  will  give  the  same  speed  for  any  given  field  current 
is  obtained  with  that  field  current  when  operating  at  normal  voltage  under 
sd.  The  sum  of  the  losses  above-mentioned,  is  equal  to  the  product  of 
le  counter-electromotive  force  and  the  armature  current. 

The  no-load  core  loss  is  obtained  by  deducting  from  the  total  losses  thus 
itained  the  power  required  to  drive  the  motor  at  corresponding  speeds  as 
Jtermined  under  Par  5338. 

The  core  loss  under  load  shall  be  assumed  to  have  the  values  given  in 

uble  504. 


able  604.  Core  loss  in  direct- current  railway  motors  at  various  loads 


Per  cent,  of  input 
at  nominal  rating 

Loss  as  per  cent. 

1 of  no-load  core 
loss 

Per  cent,  of  input 
at  nominal  rating 

Loss  as  per  cent, 
of  no-load  core 
loss 

200 

165 

75 

125 

150 

145 

50 

123 

100 

130 

25  and  under 

122 

Note. — With  motors  designed  for  field  control  the  core  losses  shall  be 
Burned  as  the  same  for  both  full  and  permanent  field.  It  shall  be  the 
iean  between  the  no-load  losses  at  full  and  permanent  field,  increased  by 
le  percentages  given  in  the  above  Table. 

5341.  Automobile  motors.  When  automobile  motors  are  of  low  volt- 
je,  the  great  influence  of  brush-contact  losses  on  the  efficiency  requires 
lat  these  losses  be  determined  experimentally  for  the  type  of  brush  used. 


* In  comparing  projected  railway  motors,  and  in  case  it  is  not  possible  or 
esirable  to  make  tests  to  determine  mechanical  losses,  the  following  values 
[ these  losses,  see  table  506,  determined  from  the  averages  of  many  tests 
for  a wide  range  of  sixes  of  single-reduction  single-geared  motors,  will  be 
mnd  useful,  as  approximations.  They  include  axle-bearing,  gear,  armature- 
earing,  brush-friction,  windage,  and  stray-load  losses. 
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Table  CM.  Approximate  Losses  in  direct- currant  railway  tnotcn 


Input  in  per  cent, 
of  that  at 
nominal  rating 

Losses  as  per 
cent,  of  input 

Input  in  per  cent, 
of  that  at 
nominal  rating 

Losses  as  per 
cent,  of  input 

100  or  over 

5.0 

40 

8.8 

75 

5.0 

30 

13.3 

00 

6.3 

25 

17.0 

50 

6.5 

The  oore  lose  of  railway  motors  may  also  be  determined  as  specified  for 
ther  machines. 


CHARACTERISTIC  CURVES  OF  RAILWAY  MOTORS 

•401.  General.  The  characteristic  curves  of  railway  motors  shall  be 
lotted  with  the  current  as  abscissas  and  the  tractive  effort,  speed  and  effi- 
iency  as  ordinates,  fn  the  case  of  alternating-current  motors,  the  power 
actor  shall  also  be  plotted  as  ordinates. 

•401.  Voltage.  Characteristic  curves  of  direct-current  motors  shall  be 
ssed  upon  full  voltage,  which  shall  be  taken  as  600  volts,  or  a multiple 
hereof. 

640S.  Field-control  motors.  In  the  case  of  field-control  motors,  ebsr* 
cteristic  curves  shall  be  given  for  all  operating  field  connections. 

SELECTION  OF  RAILWAY  MOTOR  FOR  SPECIFIED  8ERVIC1 

•501.  Data  required  In  selecting  motor.  The  following  information 
elative  to  the  service  to  be  performed,  is  required,  in  order  that  an  appre- 
ciate motor  mav  be  selected. 

(a)  Weight  of  total  number  of  cars  in  train  (in  tons  of  2,000  lb.)  exclusive 
f electrical  equipment  and  load. 

(b)  Average  weight  of  load  and  durations  of  same,  and  maximum  weight 
•f  load  and  durations  of  same. 

( r ) Number  of  motor  oars  or  locomotives  in  train,  and  number  of  trailer 
are  in  train. 

(d)  Diameter  of  driving  wheels. 

(e)  Weight  on  driving  wheels,  exclusive  of  electrical  equipment. 

(f)  Number  of  motors  per  motor  car. 

G)  Voltage  at  train  with  power  on  the  motors — average,  maximum  snd 
aim  mum. 

(h)  Rate  of  acceleration  in  miles  per  hour  per  second. 

ft)  Rate  of  braking  (in  miles  per  hour  per  second). 

(i)  Speed  limitations,  if  any  (including  slowdowns). 

(it)  Distances  between  stopping  points. 

(1)  Average  duration  of  stops. 

(m)  Schedule  speed,  including  stops,  in  miles  per  hour. 

(n)  Train  resistance  in  pounds  per  ton  of  2,000  lb.  at  stated  speeds. 

(o)  Moment  of  inertia  of  revolving  parts,  exclusive  of  electrical  equip- 
nent. 

(p)  Profile  and  alignment  of  track. 

(q)  Distance  coasted  as  a percentage  of  the  distance  between  stoping 
>oints. 

(r)  Duration  of  layover  at  end  of  run,  if  any. 

*•802.  Method  of  comparing  motor  capacity  with  service  rsqtdrs- 
nents.  When  it  is  not  convenient  to  test  motors  under  actual  specific 


* Calculation  for  comparing  motor  capacity  with  service  requirements. 
The  heating  of  a motor  should  be  determined,  wherever  possible,  by  testisf 
t in  service,  or  with  an  equivalent  duty-cycle.  When  the  service  or  squire* 
ent  duty-cycle  tests  are  not  practicable,  the  ratings  of  the  motor  may  be 
itilised  as  follows  to  determine  its  temperature  rise. 

The  motor  losses  which  affect  the  heating  of  the  windings  are  as  stated 
•bove,  those  in  the  windings  and  in  the  core.  The  former  are  proportional 
o the  square  of  the  current.  The  latter  vary  with  the  voltage  and  current* 


service  conditions,  recourse  ms 
mining  temperature  rise  from  tl 
The  essential  motor  losses  aJ 
the  motor  windings,  core  and 
may  be  expressed,  as  a close  i 
current  and  oore  loss  which  wi 
of  losses  as  the  average  in  aervi 
A stand  test  with  the  current 
those  in  service,  will  determini 
to  meet  the  service  requiremei 
, enclosed  motor  (Par.  4044),  we 
moving  car  or  locomotive,  will 
the  character  of  the  service)  of  1 
with  the  motor  completely  en 
ventilated  motor  (Par.  4041  am 
will  be  90  to  100  per  cent,  of  tl 
with  the  same  laeees. 

1 In  making  a stand  test  to  d 
service,  it  is  essential  in  the  ca 


i according  to  curves  which  can  fc 
! cedure  is  therefore  as  follows: 
(a)  Plot  a time-current  curve 
curve  for  the  duty-cycle  which 
these  the  root-mean-square  curr 
! <6)  If  the  calculated  r.mjj.  ee 

when  run  with  average  service  c< 
powerful  for  the  duty-cycle  coni 
(c)  If  the  calculated  r.m.s.  ser 
rating,  when  run  with  average  m 
oarily  suitable  for  the  service. 

In  some  cases,  however,  it  m 
avoid  excessive  temperature  rise* 
cases  a further  calculation  is  rec 
the  equivalent  voltage  which,  wi 
age  core  lass.  Having  obtained 
rise  due  to  the  r.m.s.  service  cur 
Let  t temperature  rise  _ 
pc  - DR  less,  kw. 
pc  - oore  loss,  kw. 

T — temperature  rise  _ 
Pc  - /‘fllosa.  kw.  w 

Pc  ■ core  loss,  kw. 

Then 


(d)  The  thermal  capacity  of 
ratio  of  the  electrical  loss  in  kilo 
the  corresponding  maximum  oh 
test  starting  at  ambient  temper; 

(«)  Consider  any  period  of  p 
in  kilowatt-hours  during  that 
Find  the  excess  of  the  above  lose 
and  equivalent  voltage.  The  e 
mal  capacity,  will  equal  the  ei 
This  temperature  rise  added  tc 
equivalent  voltage,  gives  the  to 
tore  rise  in  any  such  period  exce# 
powerful  for  the  service. 

(J)  If  the  temperature  reache 
■ale  Emit,  the  motor  may  yet  be 
may  cause  excessive  sparking 
therefore,  necessary  to  compare 
load  capacity  If  the  peaks  « 
may  be  considered  suitable  for 
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rviee  condition*,  recourse  may  be  had  to  the  following  method  of  deter- 
mine temperature  rise  from  the  stand-tests. 

The  essential  motor  losses  affecting  temperatures  in  service  are  those  in 
e motor  windings,  core  and  commutator.  The  mean  service  conditions 
ay  be  expressed,  as  a close  approximation,  in  terms  of  that  continuous 
xrent  ana  oore  loss  which  will  produce  the  same  losses  and  distribution 
losses  as  the  average  in  service. 

A stand  test  with  the  current  and  voltage  which  will  give  losses  equal  to 
ose  in  servioe,  will  determine  whether  the  motor  has  sufficient  capacity 
meet  the  service  requirements.  In  servioe,  the  temperature  rise  of  an 
closed  motor  (Par.  4044),  well  exposed  to  the  draught  of  air  incident  to  a 
wing  car  or  locomotive,  will  be  from  75  to  90  per  cent,  (depending  upon 
e character  of  the  service)  of  the  temperature  rise  obtained  on  a stand  test 
th  the  motor  completely  enclosed  and  with  the  same  losses.  With  a 
ntilated  motor  (Par.  4040  and  Par.  4044),  the  temperature  rise  in  service 
11  be  90  to  100  per  cent,  of  the  temperature  rise  obtained  on  a stand  test 
th  the  same  losses. 

In  making  a stand  test  to  determine  the  temperature  rise  in  a specific 
•vioe,  it  is  essential  in  the  case  of  a self-ventilated  motor  (Par.  4046)  to 


wording  to  curves  which  can  be  supplied  by  the  manufacturers.  The  pro- 
lure is  therefore  as  follows: 

(a)  Plot  a time-current  curve,  a time-voltage  curve,  and  a time-core  loss 
rve  for  the  duty-cycle  which  the  motor  is  to  perform,  and  calculate  from 
see  the  root-mean-sauare  current  and  the  average  core  loss. 

(b)  If  the  calculated  r.m.s.  servioe  current  exceeds  the  continuous  rating, 
ten  run  with  average  service  core  loss  and  speed,  the  motor  is  not  sufficiently 
werful  for  the  duty-cycle  contemplated. 

(c)  If  the  calculated  r.m.s.  service  current  does  not  exceed  the  continuous 
ing,  when  run  with  average  service  core  loss  and  speed,  the  motor  is  ordi- 
rily  suitable  for  the  service. 

In  some  cases,  however,  it  may  not  have  sufficient  thermal  capacity  to 
rid  excessive  temperature  rises  during  the  periods  of  heavy  load.  In  such 
«e  a further  calculation  is  reguired,  the  first  step  of  which  is  to  compute 
i equivalent  voltage  which,  with  the  r.m.s.  current,  will  produce  the  aver- 
> core  loss.  Having  obtained  this,  determine,  as  follows,  the  temperature 
t due  to  the  r.m.s.  service  current  and  equivalent  voltage. 
t «■  temperature  rise 
po  — llR  loss,  kw. 
pm  - core  loss,  kw. 


T — temperature  rise 
P%  — PR  loss,  kw. 

Pm  — core  loss,  kw. 
en 

t - 


with  r.m.s.  service  current,  and  equivalent 
service  voltage. 


with  continuous  load  current  corresponding 
to  the  equivalent  service  voltage. 


aPProximately- 


d ) The  thermal  capacity  of  a motor  is  approximately  measured  by  the 
io  of  the  electrical  loss  in  kilowatts  at  its  nominal  (one-hour)  capacity,  to 

corresponding  maximum  observable  temperature  rise  during  a one-hour 
t starting  at  ambient  temperature. 

e)  Consider  any  period  of  peak  load  and  determine  the  electrical  losses 
kilowatt-hours  during  that  period  from  the  electrical  efficiency  curve, 
id  the  excess  of  the  above  losses  over  the  losses  with  r.m.s.  service  current 
1 equivalent  voltage.  The  excess  loss,  divided  by  the  coefficient  of  ther- 
I capacity,  will  equal  the  extra  temperature  rise  due  to  the  peak  load, 
is  temperature  rise  added  to  that  due  to  the  r.m.s.  service  current,  and 
livalent  voltage,  gives  the  total  temperature  rise.  If  the  total  tempera- 
e rise  in  any  suen  period  exceeds  the  safe  limit,  the  motor  is  not  sufficiently 
rerful  for  the  service. 

/)  If  the  temperature  reached,  due  to  the  peak  loads,  does  not  exceed  the 
> limit,  the  motor  may  yet  be  unsuitable  for  the  service,  as  the  peak  loads 
y cause  excessive  sparking  and  dangerous  mechanical  stresses  It  is, 
ref  ore,  necessary  to  compare  the  peak  loads  with  the  short-period  over- 
1 capacity.  If  the  peaks  are  also  within  the  oapacity  of  the  motor,  it 
y be  considered  suitable  for  the  given  duty-cycle. 
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run  the  armature  at  a speed  which  correspond*  to  the  schedule  i peed  a 
service.  In  order  to  obtain  this  speed  it  may  be  necessary,  while  mains* 
in«  the  same  total  armature  losses,  to  chance  somewhat  the  ratio  bet**’’ 
the  DR  and  core-loss  components. 

CONSTRUCTION 

•6601.  Standard  heicht  of  trolley  wire  on  street  and  intsrwte 

railways.  It  is  recommended  that  supporting  structures  shall  be  cf  «r- 
height  that  the  lowest  point  of  the  trolley  wire  shall  be  at  a height  c#  l! 1 
(5.5  m.)  above  the  top  of  rail  under  conditions  of  maximum  sag.  unle*  m 
conditions  prevent.  On  trackage  operating  electric  and  steam  roidtee 
ment  and  at  crossings  over  steam  roads,  it  is  recommended  that  the  trcir 
wire  shall  be  not  less  than  21  ft.  (6.4  m.)  above  the  top  of  rail,  underway 
tions  of  maximum  sag. 

•60S.  Standard  rage  of  third  rails.  The  gage  of  third  rails  shall  > 
not  less  than  26  in.  (66  cm.)  and  not  more  than  27  in.  (68.6  cm.). 

UOt.  Standard  elevation  of  third  rails.  The  elevation  of  third  rs l* 
shall  not  be  lees  than  2^*  in.  (7  cm.)  and  not  more  than  3.4  in.  (8.0  era.' 
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CHAPTER  VI 


STANDARDS  FOR  TRANSFORMERS  AND  OTHER 
STATIONARY  INDUCTION  APPARATUS 


Wherever  the  general  standards  in  Chapters  II  and  III  sppl,  to trl> 
formers  they  are  referred  to  in  the  following  chapter  by  cross  reference* 
Certain  rules  applying  exclusively  to  railway  machinery  have,  for  «* 
venience,  been  placed  in  Chapter  V with  cross  reference  in  all  case*  t#  w 
chapter.  .Rules  in  Chapter  VI  apply  to  railway  machinery  except  m 
are  modified  by  the  rules  in  Chapter  V.  A 

Note. — The  word  “Transformer"  will  be  used  throughout  tins  »{**, 
as  an  abbreviation  of  “Transformer  or  other  stationary  induction  appw*1* 


DEFINITIONS 

Apparatus 

6000.  Stationary  Induction  apparatus.  For  the  purpose  of 
standards  stationary  induction  apparatus  is  defined  as  electnc  *pp^  _ 
which  changes  electric  energy  to  electric  energy  through  the  rofrrL 
magnetic  energy,  without  mechanical  motion,  it  comprises  several  nr** 
as  defined  in  Pars.  6001  and  6010  to  6016. 

6001.  Transformer.  A transformer  is  & form  of  stationary 
apparatus  in  which  the  primary  and  secondary  windings  are  ordwsniy* 
lated  one  from  another. 

6010.  Auto-transformer.  An  auto-transformer  is  one  which  ha*  * J* 
of  its  turns  common  to  both  primary  and  secondary  circuits. 


• A.  E.  R.  A.  Standard. 
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•Oil.  Voltage-regulator.  A voltage-regulator  is  a form  of  stationary 
iuotion  apparatus  which  has  turns  in  shunt  and  turns  in  series  with  this 
cuit,  so  arranged  that  the  voltage  ratio  of  the  transformation,  or  the  phase 
ation  between  \ he  circuit-voltages,  is  variable  at  will. 

•Oil.  Contact  voltage  regulator.  A contact  voltage  regulator  is  a 
Itage  regulator  in  which  the  number  of  turns  in  one  or  both  of  the  coils  is 
just  able. 

•013.  Induction  voltage  regulator.  An  induction  voltage  regulator 
one  in  which  the  relative  position  of  the  primary  and  secondary  coils  is 
jus  table. 

•014.  Magneto  voltage  regulator.  A magneto  voltage  regulator *is  one  in 
rich  the  direction  of  the  magnetic  flux  with  respect  to  the  colls  is  adjustable. 
•010.  Reactor.  A reactor  is  a device  used  primarily  because  it  possesses 
e property  of  reactance.  Reactors  are  used  in  electric  circuits  for  pur- 
ees of  operation,  protection  or  control. 

Parts  of  Apparatus 

•010.  High-voltage  and  low-voltage  winding.  The  terms  "high 
»ltage"  and  "low  voltage"  are  used  to  distinguish  the  winding  having  the 
eater  from  that  having  the  lesser  number  of  turns. 

•Oil.  Primary  and  secondary  windings.  The  term  "primary"  and 
econdary"  serve  to  distinguish  the  windings  in  regard  to  energy  flow,  the 
innary  being  that  which  receives  the  energy  from  the  supply  circuit,  and 
c secondary  that  which  receives  the  energy  by  induction  from  the  primary. 

Properties  of  Apparatus 

•031.  Rated  current  of  a constant-potential  transformer.  The 

ted  current  of  a constant- potential  transformer  is  that  secondary  ourrent 
lich,  multiplied  by  the  rated-load  secondary  voltage,  gives  the  kilovolt- 
np«re  rated  output.  That  is,  a transformer  of  given  kilovolt-ampere 
ting  must  be  capable  of  delivering  the  rated  output  at  rated  secondary 
•Itage.  while  the  primary  impressed  voltage  is  increased  to  whatever  value 
necessary  to  give  rated  secondary  voltage. 

<033.  Rated  primary  voltage  of  a constant-potential  transformer. 
m rated  primary  voltage  of  a constant-potential  transformer  is  the  rated 
condary  voltage  multiplied  by  the  turn  ratio. 

6033.  Ratio  of  a transformer.  The  ratio  of  a transformer,  unless  other- 
se  specified,  shall  be  the  ratio  of  the  number  of  turns  in  the  high-voltage 
nding  to  that  in  the  low-voltage  winding;  i.e.,  the  "turn-ratio.' 

•034.  Voltage  ratio  of  a transformer.  The  voltage  ratio  of  a trans- 
rmcr  is  the  ratio  of  the  r.m.s.  primary  terminal  voltage  to  the  r.m.s.  sec- 
idary  terminal  voltage,  under  specified  conditions  of  load. 

4033.  Current  ratio  of  a transformer.  The  current  ratio  of  a currcnt- 
snsformer  is  the  ratio  of  the  r.m.s.  primary  current  to  the  r.m.s.  secondary 
irrent,  under  specified  conditions  of  load. 

•036.  Volt-ampere  ratio  of  transformer.  The  volt-ampere  ratio, 
lich  should  not  be  confused  with  real  efficiency,  is  the  ratio  of  the  volt- 
npere  output  to  the  volt-ampere  input  of  a transformer,  at  any  given 
>wer  factor. 

*•030.  Per  cent,  resistance  drop.  The  per  cent,  resistance  drop  in  a 
insformer  is  the  ratio  of  the  internal  resistance  drop  at  75  deg.  cent,  to  the 
condary  terminal  voltage  expressed  in  per  cent. 

*3031.  Per  cent,  reactance  drop.  The  per  cent,  reactance  drop  in  a 
ttnsformer  is  the  ratio  of  the  internal  reactance  drop  to  the  secondary 
rminal  voltage  expressed  in  per  cent. 

*3031.  Per  cent,  impedance  drop.  The  per  cent,  impedance  drop  in 
transformer  is  the  ratio  of  the  internal  impedance  drop  at  75  deg.  cent,  to 
e secondary  terminal  voltage  expressed  in  per  cent. 


• The  internal  drop  in  a transformer  is  the  sum  of  the  primary  drop  (re- 
toed to  secondary  terms)  snd  the  secondary  drop. 
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MM.  Ra filiation  of  eonstont-potantUl  transformer.  It  cossir- 
petential  transformers,  the  regulation  is  the  difference  between  the  sebs 
and  rated-load  values  of  the  secondary  terminal  voltage  at  the  aptoin 
power  factor  (with  constant  primary  impressed  terminal  voltage)  tspwt 
in  per  cent,  of  the  rated-load  secondary  voltage,  the  primary  vohsfli  b ms 
adjusted  to  such  a value  that  the  apparatus  delivers  rated  ontpvt  strain 
secondary  voltage.  See  Par.  SMO. 

Ambient  temperature.  See  Par.  SOOO. 


RATING 


•101.*  General 

Table  Ml.  Limiting  observable  temperatures  and  tempsratertrhi 
for  transformers  using  Class  A*  Insulation 


Airt  cooled 
and  air  blast 

Oil 

cooled 

Water 

cooled 

Limiting  Observable  tempera- 
ture  

95  deg.  cent. 

95  deg.  cent. 

80  <fcf  <** 

Standard  ambient  tempera- 

| 

I j 

ture 

40  deg.  cent. 

40  deg.  cent. 

25  deg.  ctx 

The  temperature  of  the  windings  of  transformers  is  always  to  be  ur 
tained  by  Method  2. 

•SOS.  Limiting  observable  temperature  of  oil  (from  Par.  SSSS).  T* 

oil  in  which  apparatus  is  permanently  immersed  shall,  in  no  part,  hsn  t 
temperature,  observable  by  thermometer,  in  excess  of  90  deg.  cent. 

Permissible  temperatures  of  insulations  of  more  than  one  dm 
See  Par.  1104. 

Temperatures  of  metallic  parts  of  transformers.  See  Par.  Sill 
Protection  against  short  circuit.  See  Par.  SIM. 

Nominal  rating  of  railway  substation  transformers.  See  Par-  IN. 
Expression  of  rating.  See  Par.  IS 01. 

Institute  rating.  See  Par.  SS04. 

* *6S04.  Rating  of.  protective  reactors.  Protective  reactors  ahsil  b 

rated  by  the  following  characteristics: 

(а)  Kilovolt-amperes  absorbed  by  normal  current. 

(б)  Normal  current,  frequency  and  line  (delta)  voltage. 

(ej  Current  which  the  device  is  required  to  stand  under  short  area 
conditions. 

Ambient  Temperature  of  Reference 
Ambient  temperature  of  reference  for  air.  See  Par.  Sill. 
Ambient  temperature  of  reference  for  water-cooled  transfarwu*- 
See  Par.  MIS. 

Transformers  cooled  by  other  means.  See  Par.  SS1S. 

Outdoor  transformers  exposed  to  sun’s  rays.  See  Par.  StlA 

Altitude  Correction 


Altitude.  See  Par.  SS18. 

•SIS.  Exception  to  “altitude.”  See  Par.  SSI#.  Water-cooled  ^ 
immersed  transformers  are  exempt  from  this  reduction.  

• For  cotton,  silk,  paper  and  similar  materials  when  neither  treated,  iv 

pregnated  nor  immersed  in  oil,  the  limits  of  the  observable  ***PPey*tl*! 
rise  shall  be  15  deg.  oeni.  below  the  limits  fixed  for  these  mstensb  wm 
impregnated.  ... 

T For  exceptions  in  the  case  of  air  blast  transformers,  see  Par.  , 

• • Reactors  shall  be  so  designed  ss  to  be  capable  of  withstanding  the 
application,  without  mechanical  injury,  of  rated  current  at  normal  freqwsQ 
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Unite  in  Which  Ratine  Shall  be  Expressed 
mi.  Rating  of  transformers.  The  rating  of  transformers  shall  be 
pressed  in  kilovolt-amperes  (kv-a.)  available  at  the  output  terminals,  at 
ipecified  frequency  and  voltage. 

BRR3.  Rating  of  other  stationary  induction  apparatus.  Other  sta- 
narv  induction  apparatus  such  as  auto-transformers,  regulators,  reactors, 
shall  have  their  ratings  appropriately  expressed.  It  is  also  essential 
specify  the  voltage  and  frequency  of  the  circuits  on  which  the  apparatus 
ty  be  used. 

Kinds  of  Rating 

Continuous  rating.  See  Par.  1SS0. 

Bliort-time  rating.  See  Par.  till. 

Duty-cycle  operation.  See  Par.  ISIS. 

Standard  short-time  ratings.  See  Par.  Slit. 

A.  I.  E.  E.  and  I.  E.  G.  ratings.  See  Par.  US4. 

Continuous  rating  implied.  See  Par.  RSI. 

6111.  Nominal  ratings.  Nominal  ratings  are  ratings  whieh  do  not  oon- 
m with  Pars.  1SS0  ana  Ml.  They  arc  sometimes  used  for  railway  sub- 
ition  transformers  carrying  traction  loads.  Transformers  with  nominal 
tin^shall  be  capable  of  operating  under  the  conditions  enumerated  in 

Rating  by  Temperature  Rise 

Permissible  temperature  rises  for  various  ambient  temperatures 
tore  standard.  See  Par.  1131  (d). 

TESTS 

Ambient  Temperature 

Measurement  of  ambient  temperatures  during  tests  of  trans- 
rxners.  See  Par.  1100. 

4100.  Measurement  of  the  ambient  temperature  during  tests  of 
ater-cooled  transformers.  The  temperature  rise  of  water-cooled  trans- 
rmers  shall  be  based  entirely  upon  the  temperature  of  the  cooling  water 
id  it  is  not  necessary  to  take  into  account  the  heat  carried  off  by  the  air. 
ileus  it  exceeds  the  amount  specified  below.  If  under  assumed  standard 
nditions  of  water  at  25  deg.  cent.,  and  air  at  40  deg.  cent.,  the  amount 
heat  which  would  be  earned  of!  by  the  air  is  15  per  cent,  or  more  of  the 
tal.  the  temperature  of  the  cooling  water,  during  test,  should  be  maintained 
ithin  5 deg.  cent,  of  that  of  the  surrounding  air.  Where  this  is  impracti- 
ble  the  ambient  temperature  should  be  determined  from  the  change  in 
e resistance  of  the  windings,  using  a disconnected  transformer,  supplied 
th  the  normal  amount  of  cooling  water,  until  the  temperature  of  the  wind- 
gs  has  become  constant. 

Oil  cup.  See  Par.  1301. 

Transformer  Temperatures 

Temperature  rise  for  any  ambient  temperature.  See  Par.  1310. 
Correction  for  the  duration  of  the  ambient  temperature  of  the 
»oling  medium,  at  the  time  of  the  heat  test,  from  the  standard 
nbient  temperature  of  reference.  See  Par.  1311. 

*4311.  Correction  for  the  deviation  of  the  ambient  temperature 
' the  pooling  medium,  at  the  time  ef  the  heat  test  of  air-blast  trans- 
nners  from  the  standard  ambient  temperature  of  referenoe.  A 
•rrection  shall  be  applied  to  the  observed  temperature  rise  of  the  windings 


* Thus,  a cooling-air  room  temperature  of  30  deg.  cent,  would  correspond 

• an  inferred  absolute  temperature  of  264.5  deg.  on  the  scale  of  copper 
sistivity,  and  the  correction  to  40  deg.  cent.  (274.5  deg.  inferred  absolute 
mperature)  would  be  274.5/264.5  — 1.04,  making  the  correction  factor 
04:  so  that  an  observed  temperature  rise  of  say  50  deg.  cent,  at  the  testing 
nbient  temperature  of  30  deg.  cent,  would  be  corrected  to  50  X 1 04  — 52 
jg.  cent.,  this  being  the  temperature  rise  which  would  have  occurred  had 
is  test  been  made  with  the  standard  ingoing  cooling- air  temperature  of 
) deg.  oent. 
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of  air-blast  transformer*  doe  to  difference  in  resistance,  when  the  temper* 
ture  of  the  ingoing  cooling  air  differs  from  that  of  the  standard  cl  refaw 
This  correction  shall  be  the  ratio  of  the  inferred  absolute  ambient  tenpin 
ture  of  reference  to  the  inferred  absolute  temperature  of  the  ingdaf  ex- 
ing  air,  *.«.,  the  ratio  274.5/(234.5  + t);  where  t is  the  ingoing  eoaiuri 
temperature. 

Duration  of  temperature  test  of  transformers  for  eootisMs 
aerrice.  See  Par.  1311. 

Duration  of  temperature  test  of  transformer  with  s ihort-ta 
rating.  See  Par.  1313. 

Duration  of  temperature  test  for  transformer  haring  man  tin 
one  rating.  See  Par.  1314. 

Temperature  measurements  during  heat  run.  See  Par.  Dll 

4317.  Methods  of  loading  transformers  for  temper  stars  taste,  t 

General:  Whenever  practicable,  transformers  should  be  tested  seder  tom i 
tions  that  will  give  losses  approximating  as  nearly  as  possible  to  thae  :*> 
tained  under  normal  or  specified  load  conditions,  maintained  for  the  rtov* 
time.  The  wnaximum  temperature  rises  measured  durii*  this  test  thou 
be  considered  as  the  observable  temperature  rises  for  the  given  load  >- 
Pars.  1311  to  1314. 

An  approved  method  of  making  these  tests  is  the  loading-back 
The  principal  variations  of  this  method  are  given  in  Par.  4317  (ft),  (e)  ssd  i 

(6)  Loading-back  with  duplicate  single-phase  transformer* : Duplicate  anti- 
phase transformers  may  be  tested  in  banks  of  two,  with  both  primary  if. 
secondary  windings  connected  in  parallel.  Normal  magnetising  wtar 
should  then  be  applied  and  the  required  current  circulated  from  an  sdr 
source.  One  transformer  can  be  held  under  normal  voltage  and  current® 
ditions  while  the  other  may  be  operating  under  slightly  abnormal  cowfae 

(c)  Load i ng-back  with  one  three-phase  transformer:  One  three-phase 
former  may  be  tested  in  a manner  similar  to  Par.  <317  (6)  provided  tb 
primary  and  secondary  windings  are  each  connected  in  delta  for  the  :** 
Normal  three-phase  magnetising  voltage  should  be  applied  and  the  requ.-’l 
current  circulated  from  an  auxiliary  single-phase  source. 

(d)  Loading-back  with  three  single-phase  transformers:  Duplicate 
phase  transformers  may  be  tested  in  banks  of  three  in  a manner  stsahr 
that  described  in  Par.  <317  (c),  by  connecting  both  primary  and  seeowfan 
windings  in  delta,  applying  normal  three-phase  magnetising  red  Ur 
circulating  the  required  current  from  an  auxiliary  single-phase  soaret 

(e)  Other  methods:  Among  other  methods  that  have  a limited  appfcest 1 
and  can  be  used  only  under  special  conditions  may  be  mentioned. 

Applying  dead  load  by  means  of  some  form  of  rheostat. 

Running  alternately  lor  certain  short  intervals  of  time  on  open  arc 
and  then  on  short  circuit,  alternating  in  this  way  until  the  transfer*" 
reaches  a steady  temperature.  In  this  test,  the  voltage  for  the  opes -or* 
interval  and  the  current  for  the  short-circuit  interval  shall  be  sorb  ■»  1 
give  the  same  integrated  core  loss,  and  the  same  integrated  copper  km  ► 
normal  operation. 


<310.  Method  of  temperature  measurement,  (a)  Ikscrifti**-  ^ 
temperature  of  transformer  windings  shall  be  measured  by  their  iscrev  r 
resistance,  corrected  to  the  instant  of  shut-down  when  nec essary. 
thermometers.  Whichever  measurement  yields  the  higher  tempers*^ 
that  temperature  shall.be  taken  as  the  highest  observable  temperalsrr  r 
Method  2. 

(6)  In  the  case  of  air-blast  transformers,  it  is  important  to  hare  tk  tw 
mometers  well  distributed  and  in  good  contact  with  the  coils,  and  d hay 
daily  important  to  note  the  temperature  near  the  air  outlet.  Is  aiw»«W 
the  temperature  of  air-blast  transformers,  the  air  supply  shall  be  * 
immediately  at  the  end  of  the  temperature  run  and  the  air  intake 
prevent  further  admission  of  cooling  air.  With  the  above  pmeedmrf-j* 
observable  temperature  rise  for  air-blast  transformers  may  •jJJ 
not  in  excess  of  GO  deg.  cent,  as  determined  by  thermometer,  aKbwgM 
must  not  exceed  55  deg.  cent,  as  determined  by  resistance.  A 

(c)  Temperature  correction  for  cooling  of  transformer  windings  after* 1 
down:  Since  a drop  in  temperature  occurs  in  a winding  between  tbe  wdte 
of  shut-down  and  the  time  of  measuring  the  hot  resistance,  s corTertk»*| 
be  applied  to  the  temperature  determined  from  this  measurement 
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tain,  as. nearly  as  practicable,  the  temperature  at  the  instant  of  shut-down, 
lia  correction  may  be  determined  approximately  by  plotting  a ti me- tern- 
rat  ure  curve  with  temperatures  as  ordinates  and  times  as  abscisses  and 
tra-polatina  back  to  the  instant  of  shut-down. 

In  cases  where  successive  measurements  show  increasing  temperatures 
ter  shut-down  the  highest  value  shall  be  taken. 

In  certain  cases,  however,  other  correction  factors  may  be  applied  as 
lows: 

Oil-immersed  transformers:  For  the  purpose  of  simplifying,  the  applica- 
»n  of  the  rule  to  transformers  when  the  weight  of  copper  in  each  winding  is 
town  and  the  copper  loss  as  determined  by  wattmeter  measurement  does 
•t  exceed  30  watts  per  lb.,  the  extrapolation  method  has  been  reduced  to 
e following  form  which  is  recommended  on  account  of  the  greater  accuracy 
tmnable  under  ordinary  conditions  of  testing.  The  correction  in  degrees 
ntigrade  shall  be  the  product  of  the  watts  Toss  per  pound  of  copper  for 
ch  winding  multiplied  by  a factor  depending  upon  the  time  elapsed  between 
ut-down  and  the  time  of  the  temperature  reading  as  given  in  Che  following 
ble: 

Time  in  minutes  Factor  * 

1 0.19 

2 0.32 


3 0.43 

4 0.50 


For  intermediate  times,  the  value  of  the  factor  can  be  obtained  by 
terpolation. 

When  the  copper  loss,  measured  by  wattmeter,  does  not  exceed  7 watts 
?r  lb.  an  arbitrary  correction  of  one  degree  per  minute  may  be  used  pro- 
ded  the  time  elapsed  between  the  instant  of  shut-down  and  the  measure- 
ent  of  the  hot  resistance  does  not  exceed  4 minutes. 

For  determining  the  copper  loss  in  watts  per  lb.,  the  total  loss  in  both 
indings  as  measured  by  the  wattmeter  should  be  apportioned  between  the 
gh-  and  low-voltage  windings  in  the  same  ratio  as  their  respective  DR 


sees. 

Air-blast  transformers:  An  arbitrary  correction  of  one  degree  per  minute 
av  be  used  provided  the  time  elapsed  between  the  instant  of  shut-down 
id  the  measurement  of  the  hot  resistance  does  not  exceed  4 minutes. 
id)  Covering  of  thermometers : Thermometers  used  for  taking  the  tempera- 
ire  of  air-cooled  or  air-blast  transformers  shall  have  their  bulbs  covered 
r protection  from  air  currents.  This  shall  be  done  by  felt  pads,  approxi- 
ately  4 cm.  X 6 cm.  (1  in.  X 2 in.)  and  3 mm.  m in.)  thick,  except  that 
here  pads  are  inconvenient,  as  in  ventilating  ducts  between  coils,  grooved 
ooden  sticks  may  be  used. 

Temperature  coefficient  of  copper.  See  Par.  1311. 

Efficiency  \ 

Efficiencies  reoognised.  See  Par.  1311. 

Normal  conditions  for  efficiency  tests.  See  Par.  1331. 

Direct  measurement  of  efficiency.  See  Par.  1333. 

3334.  Glassification  of  losses,  (a)  General:  Losses  are  classified  as 
town  below. 

(6)  NoAoad  losses:  No-load  losses  include  the  core  loss,  the  DR  loss  due 

> the  exciting  current  and  the  dielectric  loss  in  the  insulation. 

(c)  Load  losses:  Load  losses  include  PR  losses,  and  stray  load-losses  due 

> eddy-currents  caused  by  fluxes  varying  with  load. 

<333.  Lowe*  to  be  considered  in  transformers.  Conventional  effi- 
encies  shall  be  based  upon  the  losses  listed  in  Par.  3334  and  these  losses 
sail  be  measured  as  specified  in  Pars.  3336  and  333T. 

3333.  No-load  losses.  The  no-load  losses  shall  be  measured  with  open 
>condary  circuit  at  the  rated  frequency,  and  with  an  applied  primary  volt- 
Ite  giving  the  rated  secondary  voltage  plus  the  IR  drop  which  occurs  in 
ie  secondary  under  rated  load  conditions. 

3S3T.  Load  losses.  The  load  losses  include  DR  and  stray  load-losses, 
'hey  shall  be  measured  by  applying  a primary  voltage,  at  rated  frequency, 
ifficient  to  produce  rated  load  current  in  the  windings,  with  the  secondary 
indings  short-circuited. 
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Standard  wave  shape. 


Wave  Bbapt 
Bee  Par.  SS40. 
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Testa  of  Dielectric  Strength 
Condition  of  transformers  to  be  tested.  See  Par.  SMS. 

Where  high-voltage  tests  are  to  be  made.  See  Par.  IML 
Temperature  at  which  high-voltage  tests  are  to  be  made. 

SS6S. 

Points  of  application  of  voltage.  See  Par.  MSS. 

Frequency  and  wave  form  of  test  voltage.  See  Par.  S344. 
Duration  of  application  of  test  voltage.  See  Par.  1346. 

SSM.  Standard  test  voltage  (from  Par.  SSSS).  General:  The  i ns* 
ard  teat  voltage  for  all  mac  hi  nee,  except  aa  otherwise  specified,  shall  wri- 
the normal  voltage  of  the  circuit  to  which  the  machine  is  connected  pre 
1,000  volts.  See  exception  Par.  6361. 

§340.  Transformers  for  star  connection.  Transformers  which 
be  used  in  star  connection  on  three-phase  circuits  shall  be  tested  on  the  but 
of  the  line  to  line  voltage  for  which  they  are  rated.  See  Par.  6341-f. 

*4361.  Exceptions  to  standard  test  voltage  given  in  Section  OK 
(a)  Distributing  transformers : Transformers  for  primary  pressure*  froa  m 
to  4,600  volts,  the  secondaries  of  which  are  directly  connected  to  eoosanm 
circuits  and  commonly  known  as  distributing  transformers,  shall  be  wre 
with  10,000  volts  from  primary  to  core  and  secondary  combined. 
ondary  windings  shall  be  tested  with  twice  their  normal  voltage  plw 
volts. 

(6)  Auto-transformers:  Auto-transformers  used  for  starting  purposes. 
be  tested  with  the  same  voltage  as  the  test  voltage  of  the  apparatus  to  »3» 

they  are  connected.  „ . . , . 

(c)  Household  devices:  Transformers  taking  not  over  660  watts  and  tatowj 
solely  for  operation  on  supply  circuits  not  exceeding  275  volts,  shall  be  test* 
with  900  volts.  , _ , . 

•(d)  Transformers  for  use  on  circuits  of  25  volts  or  lower:  Transformer*  tec 
use  on  circuits  of  25  volts  or  lower,  such  as  bell-ringing  apparatus,  shall  t< 
tasted  with  500  volts.  . . 

(e)  Alternating-current  transformers  connected  to  permanently 
single-phase  systems,  for  use  on  permanently  grounded  circuits  of  mart  **«•  *» 
volts:  Transformers  used  under  these  conditions  shall  be  tested  mtJ» 
times  the  voltage  of  the  circuit  to  ground  plus  1,000  volts.  This  do*  a* 
refer  to  three-phase  transformers  operating  with  grounded  neutral. 

(/)  Transformers  to  be  used  on  star-connected  three-phase  circuits:  Tranr 
formers  which  may  be  used  in  star  connection  on  three-phase  circuit* 
have  the  line  to  line  (as  distinguished  from  line  to  neutral)  voltage  « 
circuits  on  which  they  may  be  used  indicated  on  the  rating  piate  sad  tae 
test's  hall  be  based  on  the  line  to  line  voltage.  See  Par.  4340. 

(g)  Protective  reactors:  Protective  reactors  shall  be  tested  from  couducwn 
to  ground  with  2,000  volts  plus  2\i  times  the  line  voltage. 

t4343.  Testing  transformers  by  induced  voltage.  Uader  eat** 
conditions  it  is  permissible  to  test  transformers  by  inducing  t» 
voltage  in  their  windings  in  place  of  using  a separate  testing : uantfw®* 
By  “required  voltage’’  is  meant  a voltage  such  that  the  line  end  of  the 
ings  shall  receive  a test  to  ground  equal  to  that  required  by  the  general  i*9, 
4343.  Transformers  with  graded  insulation.  Where  *«■**“" 
have  graded  insulation  they  shall  be  so  marked.  They  shall  b*  ******  , 
inducing  the  required  test  voltage  in  the  transformer  and  conaecoai 
successive  line  lesds  to  ground.  ._q.c 

Transformer  windings  permanently  grounded  Within  the  transforms 
be  tested  by  inducing  the  required  test  voltage  in  such  windings.  » 1 
4341. 

• This  rule  does  not  include  bell-ringing  transformers  of  ratio  125to6™b 
t This  test  can  be  made  by  connecting  the  windings  of  two  or  **** 
formers  in  series,  with  one  end  of  the  series  grounded  and  a voltagi  WFT: 
such  as  will  give  the  test  from  the  free  end,  to  ground  required  by  tta 
rule. 
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TXm  of  voltmeter  and  spark-gaps  in  dielectric  tests.  See  Par.  SUI. 
Usa  of  spark-gap  with  transformers  of  low  capacitance.  See  Par. 
60. 

of  spark-gap  with  transformers  of  high  capacitance.  See  Par. 

BKoasurements  with  voltmeter.  See  Par.  UU. 

Measurements  with  spark-gap.  See  Par.  S363. 


Regulation 

Conditions  for  tests  of  regulation.  See  Par.  tttO. 

6190.  Conditions  for  tests  of  regulation,  (a)  Frequency:  The  regu- 
taon  of  transformers  is  to  be  determined  at  constant  frequency. 

C&>  Power  factor:  In  transformers,  the  power  factor  of  the  load  to  which 
i-e  regulation  refers  should  be  specified.  Unless  otherwise  specified,  it 
tall  be  understood  as  referring  to  non-inductive  load,  that  is,  to  a load  in 
hich  the  current  is  in  phase  with  the  e.m.f.  at  the  output  side  of  the  trana- 
nner.  See  Par.  1390. 

•Mil.  Tests  and  computation  of  regulation,  (a)*  Method  I.  By 
ruling:  The  regulation  of  a constant  potential  transformer  can  be  determ- 
ined by  loading  the  transformer  and  measuring  the  change  in  voltage  with 
tange  in  load,  at  the  specified  power  factor. 

(6)  Method  11.  From  impedance  watts  and  volte:  The  regulation  of  a 
instant  potential  transformer  for  any  specified  load  and  power  factor  can 
? computed  from  the  measured  impedance  watts  and  impedance  volts  as 
illows: 


et: 


E. 

IX 

I 

B 

Qr 


impedance  watts,  as  measured  in  the  short-circuit  test  and  cor- 
rected to  75  deg.  cent. 

impedance  volts,  as  measured  in  the  short-circuit  test. 

reactance  drop  in  volts. 

rated  primary  current. 

rated  primary  voltage. 

per  cent,  drop  in  phase  with  current. 

per  cent,  drop  in  quadrature  with  current. 


Qr 

Qm 


100 


100 


El 

IX 


'hen — 

For  unity  power  factor , we  have  approximately,  f 
Per  cent,  regulation  **  Qr  + ^55 

For  inductive  loads  of  power-factor  m and  reactive-factor  n. 

n . . . . (mq*  — a^r)* 

Per  cent,  regulation  •«  mqT  + nqs  H 


CONSTRUCTION 
Eating  Plates 

Marking  of  rating  plates.  See  Par.  S401. 

Transformer  Connections 

( These  rules  do  not  apply  to  auto-transformers) 

General 

fMQfi.  Scope.  These  rules  specify  the  markings  of  leads  brought  out  of 
he  ease  but  not  the  markings  of  winding  terminals  inside  of  the  oase,  ex- 


• This  method  is  not  generally  applicable  for  shop  tests,  particularly  on 
arge  transformers. 

t It  is  recognised  that  special  cases  will  arise  from  time  to  time  that  these 
•tiles  will  not  cover  and  tnat  it  would  be  very  difficult  to  cover  by  any  set 
>f  general  rules. 
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omit  that  theae  terminal*  shall  be  marked  with  numbers  in  an j tht 

will  permit  of  convenient  referenoe  and  that  cannot  be  ronfwd  with  t* 
markings  of  the  leads  brought  out  of  the  case. 

nuuvsroKKix  lead  mamohos  single  phase  Tugsromns 


no.  e-3 

Series  Multiple  Low-Voltsge  Wladiag 
Without  Taps 


Series  Multiple  Uv-TtiUp 
With  Tape 


Not*? — The  shove  figures  illustrate  the  application  of  the  rules  on  lead  a 

transformers  having  subtractive  and  additive  polarity. 


*6403.  Markings  of  leads,  (a)  * General:  The  leads  shall  be  d&zo- 


* By  "tertiary  winding”  is  meant  a third  winding  that,  compared  aid 
both  of  the  other  two  windings,  has  smaller  kilovolt-ampere  rating  than  either 
or,  if  the  kilovolt-ampere  rating  is  the  same  as  one  or  both  of  the  other  tua. 
has  lower  voltage.  B.g.t  if  a transformer  has  three  separate  winding*,  ear 
for  1,000  kv-a.,  33,000  volts,  one  for  600  kv-a.,  550  volte  and  one  for  400  kv-a 
6,600  volte,  the  400  kv-a.  winding  is  the  teritary  winding;  or,  if  a transferee 
has  three  separate  windings  each  with  a capacity  of  1,000  kv-a.,  and  vttl 
voltages  of  $3,000,  6,600  and  550  respectively,  the  550  volt  winding  » thr 
tertiary  winding. 

According  to  this  definition  neither  one  of  two  mmilnr  windings  arranged  far 
series-parallel  connection  is  to  be  classed  as  a tertiary  winding. 

1934 

Digitized  by  Google 


STANDARDS 


Sec.  24-6404 


iish«d  from  one  another  by  marking  each  lead  with  a capital  letter  followed 
V a.  number.  The  letters  to  be  used  are:  H for  high-voltage  leads,  X for 
w-voltage  leads  and  Y for  tertiary  winding  leads.  The  numbers  to  be 
led  sue  1,  2,  3,  etc. 

*(&)  Neutral  lead : A neutral  lead  shall  be  marked  with  the  proper  letter 
•11  owed  by  O,  e.g.,  HO,  XO. 

•404.  Diagrammatic  sketch  of  connections.  The  manufacturer  shall 
irniah  with  each  transformer  a complete  diagrammatic  sketch  showing 
te  leads  and  internal  connections  and  their  markings  and  the  voltages 
>t*inable  with  the  various  connections. 

This  sketch  should  preferably  be  on  a metal  plate  attached  to  the  trans- 
irmer  case. 


Single-phase  Transformers 

•405.  Order  of  numbering  leads  in  any  winding.  The  leads  of  any 
inding  (high-voltage,  low-voltage  or  tertiary)  brought  out  of  case  shall  be 
umbered  1,  2,  3,  4,  5,  etc.,  the  lowest  and  highest  numbers  marking  the 
ill  winding  and  the  intermediate  numbers  marking  fractions  of  winding  or 
ips.  AU  numbers  shall  be  so  applied  that  the  potential  difference  from 
ay  lead  having  a lower  number  toward  any  lead  having  a higher  number 
uul  have  the  same  sign  at  any  instant. 

If  a winding  is  divided  into  two  or  more  parts  for  series  parallel  conneo- 
ons,  and  the  leads  of  these  parts  are  brought  out  of  case,  the  above  rule 
laU  apply  for  the  series  connection  with  the  addition  that  the  leads  of  each 
ortion  of  winding  shall  be  given  consecutive  numbers.  See  Figs.  6-5  and 
6. 

4404.  Delation  of  order  of  numbering  leads  of  different  windings. 

he  numbering  of  the  high-voltage  and  low-voltage  leads  shall  be  so  applied 
mt  when  Hi  and  Xi  are  connected  together  and  voltage  applied  to  the  trans- 
irmer,  the  voltage  between  the  highest  numbered  H lead  and  the  highest 
umbered  X lead  shall  be  less  than  the  voltage  of  the  full  high-voltage 
i nding- 

The  same  relation  shall  apply  between  high-voltage  and  tertiary  and  low- 
ed t age  and  tertiary  winding. 

•407.  Polarity.  When  leads  are  marked  in  accordance  with  the  above 
tlea,  the  polarity  of  a transformer  is 

Subtractive  when  H\  and  X\  are  adjacent.  See  Figs.  6-1,  6-3  and  6-5. 
Atlditiee  when  Hi  is  diagonally  located  with  respect  toXi.  See  Figs.  6-2, 
-4  and  6-6. 

•405.  location  of  Hi  lead.  To  simplify  the  work  of  connecting  trans- 
irmers  in  parallel  it  is  recommended  that  the  Hi  lead  shall  be  brought  out 
a the  right  hand  side  of  the  case,  facing  high-voltage  side  of  the  case. 

|g4Qt.  Parallel  operation.  Transformers  having  leads  marked  in 
soordance  with  these  rules  may  be  operated  in  parallel  by  connecting  sim- 
arly  marked  leads  together,  provided  their  ratio,  voltages,  resistances  and 
>actances  are  such  as  to  permit  parallel  operation. 

Three-phase  Transformers 

•410.  Marking  of  full  winding  leads.  The  three  high-voltage  leads 
nd  the  three  low-voltage  leads  which  connect  to  the  full -phase  windings, 
mil  be  marked  Hi,  Ht,  Hi,  and  Xi,  Xt,  Xi.  The  full-phase  winding  of  a 
•rtiary  winding  shall  be  marked  Ft,  Ft,  Ft. 


• A lead  brought  out  from  the  middle  of  a winding  for  some  other  use,  than 
iat  of  neutral  lead,  e.g.,  a 50  per  cent,  starting  tap,  shall  be  marked  as  a 
ip  lead. 

f In  some  cases  design  may  be  such  as  to  permit  parallel  operation, 
(though  due  to  the  difference  in  the  number  of  tap  leads,  the  leads  to  be 
onnected  together  may  not  have  the  same  number. 
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Transformer  load  markings  and  roltare  rector  diagrams  lor  tit 
usual  three-phase  transformer  connections 


Not*. — The  above  figures  are  included  to  illustrate  the  method  of  Bart' 
mg  transformer  leads  that  are  brought  out  of  the  case  and  are  not  iatwed 
to  standardise  connections,  vector  diagrams  or  polarity. 


*6411.  Relation  between  high-voltage  and  low-voltage  windtan 

(a)  General:  The  markings  shall  be  so  applied  that  if  the  phase  w<jue»  ® 
voltage  on  the  high-voltage  side  is  in  the  time  order  Hu  Ht,  fft  it  a i*  th 
time  order  of,  Xu  Xt,  X»  on  the  low-voltage  side  and  Fi,  F*,  Ft  foratertinj 
winding. 

*(b)  Angular  dieplaeement:  In  order  that  the  markings  of  lead  eomneette* 
between  phases  shall  indicate  definite  phase  relations,  they  shall  be  nidi  e 

* Any  three-phase  transformer  having  a delta  Y connection  may  be  repre- 
sented by  volti^e  vector  diagram  either  in  accordance  with  Fig.  6-11  * 
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xsordanoe  with  one  of  the  three  three-phase  groups  as  shown.  The  angular 
spl&oement  between  the  high-voltage  and  low-voltage  windings  is  the  angle 
each  of  the  voltage  vector  diagrams  (Figs.  0-7  to  0-14  inclusive)  between 
ie  lines  passing  from  its  neutral  point  through  Hi  and  Xi  respectively. 

ranaformer  lead  markings  and  voltage  vector  diagrams  for  the 
usual  six-phase  transformer  connections 


Note. — The  above  figures  arc  included  to  illustrate  the  method  of  mark- 

ig  transformer  leads  that  are  brought  out  of  the  case  and  are  not  intended 
> standardise  connections,  vector  diagrams  or  polarity. 


MIS.  Tap  leads,  (a)  General:  Where  tap  leads  are  brought  out  of  the 
ise  (neutral  lead  excepted)  they  shall  be  marked  with  the  proper  letter 
»Uowed  by  the  numbers  4,  7,  etc.,  for  one  phase  5,  8,  etc.,  for  another 
base  and  6,  9,  etc.,  for  the  third  phase.  See  Fig.  6-15. 

(6)  Delta  connection:  The  order  of  numbeiing  tap  leads  shall  be  as  follows: 
, 7,  etc.,  from  lead  1 toward  lead  2;  5,  8,  etc.,  from  lead  2 toward  lead  3; 
nd  6,  9,  etc.,  from  lead  3 toward  lead  1.  See  Fig.  6-15. 

(e)  Star  connection:  The  order  of  numbering  tap  leads  shall  be  as  follows: 
, 7,  etc.,  from  lead  1 toward  neutral;  5,  8,  etc.,  from  lead  2 toward  neutral; 
nd  6,  9,  etc.,  from  lead  3 toward  neutral.  See  Fig.  6-15. 

M13.  Interphase  connection  made  outside  of  case.  Where  the 
aterphase  connections  are  made  outside  of  case,  the  leads  shall  be  marked 
rith  the  proper  letter  followed  by  the  numbers  1,  4,  7,  10,  etc.,  for  one  phase; 
!,  5,  8,  11,  etc.,  for  the  second  phase;  and  3,  6,  9,  12,  etc.,  for  the  third  phase. 


•*ig.  6-13.  Any  three-phase  transformer  having  Y delta  connection  may  be 
epresented  by  voltage  vector  diagram  either  m accordance  with  Fig.  6-12 
a Fig.  6-14.  Since  these  voltage  vector  diagrams  are  equivalent,  it  is  recom- 
nended  that  the  terminal  markings  for  three-phase  transformers  having 
lelta  Y connection  be  always  made  in  accordance  with  Fig.  6-11  and  that 
-he  terminal  markings  fbr  tnree-phase  transformers  having  Y delta  conneo- 
ion  be  always  made  in  accordance  with  Fig.  6-12. 
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The  markings  shall  be  so  applied  that  when  a star  connection  is  made  by 
joining  together  the  highest  numbered  leads  of  each  phase,  all  rules  here 
given,  excepting  Par.  640S  (6)  apply. 

*•414.  Parallel  operation.  Transformers  having  leads  marked  in 
aooordance  with  these  rfilae  may  be  operated  in  parallel  by  connecting  simi- 
larly marked  leads  together  provided  their  angular  displacements  are  the 
same  and  provided  also  their  ratios,  voltages,  resistances,  and  reactance* 
are  such  as  to  permit  parallel  operation. 

4411.  Location  of  HI  lead.  To  simplify  the  work  of  connecting  trass- 
formers  in  parallel  it  is  recommended  that  the  HI  lead  shall  be  brought  oat 
on  the  right  hand  side  of  the  case,  facing  the  high-voltage  side  of  the  case. 

Three-phase  to  Six-phase  Transformers 

4414.  Rules  that  are  applicable  for  three-phase  transformers. 
Sections  4411  (Jb)  and  6411  shall  apply  to  three-phase  to  six-phase  trans- 
formers. Rules  4410  and  4411  shall  apply  to  three-phase  windings  but  not 
to  six-phase  windings. 

4417.  Markings  of  six-phase  leads.  The  six  leads  which  connect  to 
the  full-phase  windings  shall  be  marked  XI,  X2 , X3,  X4,  X5,  X6.  See  Rga. 
0-10  to  6-19  inclusive. 

4414.  Relation  between  three-phase  and  six-phase  windings,  (a) 

Generate  The  markings  shall  be  so  applied  that  if  the  phase  sequence  of  volt- 
age on  the  three-phase  side  is  in  the  time  order  Hi,  H2,  i/3,  it  is  in  the  time 
evder  of  XI,  X2,  X3,  X4,  X5,  X6  on  the  six-phase  side. 

(6)  Angular  displacement:  In  order  that  the  markings  of  lead  connections 
between  phases  shall  indicate  definite  phase  relations,  they  shall  be  made  is 
accordance  with  one  of  the  four  six-phase  groups  shown  in  Figs.  0-10  to  0*19 
inclusive.  The  angular  displacement  between  the  high-voltage  and  low- 
voltage  windings  is  the  angle  in  each  of  the  voltage  vector  diagrams  from 
its  neutral  through  HI  and  XI  respectively. 

f4419.  Tap  leads,  (a)  General:  Where  tap  leads  from  low-voltage  wind- 
inn  are  brought  out  of  the  ease  (neutral  lead  excepted),  they  shall  be  marked 
asfollows: 

(6)  Diametrical  connection : Diametrical  connection  tap  leads  shall  be 
marked  from  the  two  ends  of  each  phase  winding  toward  the  middle  or 
neutral  point  in  the  following  order:  X7,  X13,  etc.,  from  XI  toward  neutral; 
X8,  X 14,  etc.,  from  X2  toward  neutral;  X9,  X15,  etc.,  from  X3  toward 
neutral;  X10,  X16,  etc.,  from  X4  toward  neutral;  XU,  X17,  etc.,  from  XS 
toward  neutral;  X12,  A 18,  etc.,  from  X6  toward  neutral.  See  Fig.  6-20. 

A tap  from  the  middle  point  of  any  phase  winding,  not  intended  as  s 
neutral,  shall  be  given  a number  determined  by  counting  from  XI,  X2  or 
X3  and  not  from  X4,  XS,  or  X6;  e.g„  if  the  only  taps  brought  out  are  50 
per  cent,  starting  tape,  they  shall  be  numbered  X7,  X8,  and  X9. 

t(r)  Double-delta  connection:  Tap  leads  shall  be  marked  in  the  folio  wins 
order:  X7,  X13,  etc.,  from  XI  toward  X3;  X8,  X14,  etc.,  from  X2  toward 
X4;  X9,  X 15,  etc.,  from  X3  toward  X5;  X10,  Xld,  etc.,  from  X4  toward 
X6;  XU,  X17,  etc.,  from  X6  toward  XI;  X12,  X18,  etc.,  from  X6  toward 
X2.  See  Fig.  6-21. 
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CHAPTER  VII 

STANDARDS  FOR  SWITCHING,  CONTROL  AND 
PROTECTIVE  APPARATUS 

The  A.  I.  E.  E.  Standards  for  switching  control  and  protective  apparatus 
e the  general  standards  shown  in  Chapters  II  and  III  and  the  standards 
other  chapters  whioh  are  applicable  to  the  devices  involved,  together 
th  the  modifications  and  extensions  given  in  this  chapter. 

oirnrmoiis 

Devices 

*7000.  Switching  and  control  apparatus.  For  the  purpose  of  these 
indardixation  rules  switching  and  control  apparatus  is  defined  as  electric 
paratus  whose  function  is  primarily  to  control  or  protect  in  some  prede- 
fined manner  electrio  apparatus  to  which  it  is  connected. 

7001.  Switch.  A switch  is  a device  for  making,  breaking  or  changing 
j connections  in  an  electric  circuit. 

7002.  Master-switch.  A master-switch  is  a switch  which  serves  to 
rern  the  operation  of  contactors  and  auxiliary  devices  of  an  electric 
itroller. 

700S.  Control  switch.  A control  switch  is  a switch  for  controlling 
ctrically-operated  switches  and  circuit  breakers. 

7004.  Auxiliary  switch.  An  auxiliary  switch  is  a switch  actuated  by 
ne  main  device,  for  signalling,  interlocking,  etc. 

7005.  Circuit  breaker.  A circuit  breaker  is  a device  (other  than  a 
e)  constructed  primarily  for  the  interruption  of  a circuit  under  infrequent 
urrmal  conditions. 

r006.  Contactor.  A contactor  is  a device  for  repeatedly  establishing 
1 interrupting  an  electrio  circuit  under  normal  conditions. 

F7007.  Electric  controller.  An  electric  controller  is  a device,  or  group 
devices,  which  is  designed  to  control  in  some  predetermined  manner  the 
oration  of  the  apparatus  to  which  it  is  connected. 

7008.  Motor-starter.  A motor-starter  is  an  electric  controller  designed 
accelerating  a motor  to  normal  speed  in  one  direction  of  rotation. 

’009.  Automatic  motor-starter.  An  automatic  motor-starter  is  a 
tor-etarter  designed  to  automatically  control  the  acceleration  of  a motor. 
’010.  Auto-trangformer  motor-starter.  An  auto-transformer  motor- 
rter  is  a motor-starter  having  an  auto-transformer  to  furnish  a reduced 
tage  for  starting.  The  device  includes  the  necessary  switching  mecha- 
n,  and  Is'  frequently  called  a compensator  or  auto-starter. 


• The  “National  Electrical  Code"  of  the  National  Fire  Protection  Associa- 
i deala  with  certain  circuit  breakers  up  to  550  volts  rating  and  switches 
1 fuses  up  to  600  volts  rating  fuses. 

• A switch  (see  Par.  7001)  should  not  be  called  a controller. 

A device  designed  for  starting  a motor  in  either  direction  of  rotation  is 
led  a controller  (see  Par.  7007). 
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*7019.  Fuse.  A fuse  is  an  element  deafened  to  melt  or  dnaqnfe  it  i 
predetermined  current  value,  and  intended  to  protect  against  abaca 
conditions  of  current. 

7014.  Relay.  A relay  is  a device  by  means  of  which  contact*  in  ose  cr 
cuit  are  operated  by  change  in  conditions  in  the  same  or  other  circuits. 

7019.  Rheostat.  A rheostat  is  a resistor  which  is  provided  with  ana 
for  readily  varying  its  resistance  See  Par.  SOM. 

7019.  Protective  reactor.  A protective  reactor  (see  Par.  S9TI)  a > 
device  for  protecting  circuits  by  limiting  the  current  flow  and  loeafcsK 
the  disturbance  under  short-circuit  conditions. 

*7090.  Lightning  arrester.  A lightning  arrester  is  a device  for  pr«« 
ing  circuits  and  apparatus  against  lightning  or  other  abnormal  potest* 
rises  of  short  duration. 

7091.  Under-voltage  or  low- voltage  release  switching  and  esurei 
apparatus.  Under- voltage  or  low- volt  age  release  switching  sod  ess ca 
apparatus  is  apparatus  which,  on  the  reduction  or  failure  of  voltage,  •pr- 
ates to  cause  the  interruption  of  power  to  the  main  circuit,  but  which' <W 
not  prevent  the  re-establishment  of  the  main  circuit  on  return  of  vofcig 

7091.  Under-voltage  cr  low-voltage  protection  switching  sad  Me- 
tro! apparatus.  Under- voltage  or  low- voltage  protection  swtiefcua  nd 
control  apparatus  is  apparatus  which,  on  the  reduction  or  failure  of  vokap 
operates  to  cause  and  maintain  the  interruption  of  power  to  the  main  arrmt 

7099.  Phase-failure  protection  switching  and  control  appsntoa 
Phase-failure  protection  switching  and  control  apparatus  is  appsna* 
which,  on  the  failure  of  power  in  one  ware  of  a polyphase  circuit,  open* 
to  cause  and  maintain  the  interruption  of  power  on  the  circuit. 

7094.  Phase-reversal  protection  switching  and  control  apparatus 
Phase-reversal  protection  switching  and  control  apparatus  as  sppsata 
which,  on  the  reversal  of  the  phase  relations  in  a polyphase  circuit,  openta 
to  cause  and  maintain  the  interruption  of  power  on  the  circuit. 

Characteristics  of  Devices 

7030.  “Air”  as  a prefix.  The  prefix  “air"  applied  to  a deviet  whet 
interrupts  an  electric  circuit  indicates  that  the  interruption  occur*  in  v* 

7031.  “Oil”  as  a prefix.  The  prefix  “oil  * applied  to  a device  wfce i 
interrupts  an  electric  circuit  indicates  that  the  interruption  occur*  in 

7039.  Fume-resisting.  Fume-resisting  switching  and  control  spptmt* 
is  apparatus  so  constructed  that  it  wrill  not  be  readily  injured  by  the  spsefee 
fumes. 

£7033.  Drip-proof.  Drip-proof  switching  and  control  apparato*  ■ 
apparatus  so  protected  as  to  exclude  falling  moisture  or  dirt. 

7034.  Dust-proof.  Dust-proof  switching  and  control  apparatus  * 
apparatus  so  constructed  or  protected  that  the  accumulation  of  oust  wida 
or  without  the  device  will  not  interfere  with  its  successful  operation. 


* Any  terminals,  tubes,  etc.,  integral  with  this  element  are  included  » 
part  of  the  fuse. 

Fuses  may  be  divided  into  two  classes:  • 

(а)  Those  designed  to  protect  the  circuit  and  apparatus  both  apis* 
short-circuit  and  against  definite  amounts  of  overload  («-*..  fuse*  of  tk 
National  Electric  Code  which  open  on  25  per  cent,  overload). 

(б)  Those  designed  to  protect  the  system  only  against  short-circuit*  Us 
expulsion  fusee,  which  blow  at  several  times  the  current  which  they 
designed  to  carry  continuously).  The  line  separating  these  two  chusa  > 
not  definitely  fixed. 

t Lightning  arresters  may  be  divided  into  two  classes: 

(а)  Those  intended  to  discharge  for  a very  short  time. 

(б)  Those  intended  to  discharge  for  a period  of  several  minutes.  , 

t Drip-proof  apparatus  may  be  either  open  or  semi-enclosed,  if  ft  *P^ 
vided  witn  suitable  protection  integral  with  the  apparatus,  or  so  endow: 
as  to  exclude  effectively  falling  solid  or  liquid  material. 
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TOM.  Doit- tight.  Dust-tight  switching  and  control  apparatus  is 
apparatus  so  constructed  that  the  dust  will  not  enter  the  enclosing  oase. 

7030.  Explosion-proof.  Explosion-proof  switching  and  control  appara- 
us  is  apparatus  so  constructed  that  explosions  of  gas  within  the  casing 
rill  not  injure  it  or  ignite  inflammable  gas  outside  it. 

TOOT.  Gas-proof.  Gas-proof  switching  and  control  apparatus  is  appara- 
tus so  constructed  or  protected  that  the  specified  gas  wifi  not  interfere  with 
ts  successful  operation. 

TOM.  Gas-tight.  Gas-tight  switching  and  control  apparatus  is  appara- 
tus so  constructed  that  the  specified  gas  will  not  enter  the  enclosing  case. 

7059.  Moisture-resisting.  Moisture-resisting  switching  and  control 
pparatus  is  apparatus  so  constructed  or  treated  that  it  will  not  be  readily 
oj  ured  by  moisture.  (Such  apparatus  shall  be  capable  of  operating  in  a 
ery  humid  atmosphere,  such  as  found  in  mines,  evaporating  rooms,  etc.) 

T040.  Splash-proof.  Splash-proof  switching  and  control  apparatus  is 
pparatus  so  constructed  or  protected  that  external  splashing  wifi  not  inter- 
ere  with  its  successful  operation. 

7041.  Submersible.  Submersible  switching  and  control  apparatus  is 
.pparatus  so  constructed  that  it  will  operate  successfully  when  submerged 
n water  under  specified  conditions  of  pressure  and  time. 

7041.  Sleet-proof.  Sleet-proof  switching  and  control  apparatus  is 
pparatus  so  constructed  or  protected  that  the  accumulation  of  sleet  will 
lot  interfere  with  its  successful  operation. 

Parts  of  Device# 

7000.  Conducting  Parts.  Conducting  parts  of  switching  and  control 
ippar&tus  are  those  designed  to  carry  current  or  which  are  conduotively 
connected  therewith. 

7001.  Contact.  A contact  is  a surface  common  to  two  conducting  parts, 
inited  by  pressure,  for  the  purpose  of  carrying  current. 

7001.  Magnet  brake.  A magnet  brake  is  a friction  brake  controlled  by 
lectro-magnetic  means. 

700#-.  Grounded  parts.  Grounded  parts  are  those  parts  which  may  be 
considered  to  have  the  same  potential  as  the  earth. 

Properties  of  Devices 

7060.  Interrupting  rating.  Interrupting  (breaking  or  rupturing)  rat- 
ng  is  a rating  based  upon  the  r.ra.s.  current  at  norrmu  voltage  which  the 
levice  can  interrupt  under  prescribed  conditions  as  stated  intervals  a spcci- 
ied  number  of  times. 

OPERATION 
Temperature  Limits 

*7101.  Circuit  breakers,  relays  and  switches.  The  maximum  observ- 
able temperature  rises  of  the  various  parts  of  circuit  breakers,  relays  and 
twitches  shall  not  exceed  the  following  limits  for  ambient  temperatures  up 
a>  and  including  but  not  greater  than  40  deg.  cent.  See  Par.  7301. 


Contacts  in  air,  when  clean  and  bright 30  deg.  cent. 

Oil  and  contacts  therein 30  deg.  eent. 

Coils,  if  insulation  is  of  unimpregnated  fibrous 

material 35  deg.  eent. 

Coils,  if  insulation  is  of  fibrous  material  treated 

to  withstand  heat 50  deg.  oent. 

Coils,  if  insulation  is  of  asbestos,  mioa  or  similar 

heat  resisting  material 70  deg.  cent. 


• The  Institute  calls  attention  to  the  inherent  decrease  in  current  which 
?an  be  carried  by  switch  and  circuit  breaker  contacts  in  air,  due  to  oxidisa- 
tion of  the  contact  surfaces.  The  rating  of  air  switches  and  circuit  breakers 
s,  therefore,  based  on  sufficient  maintenance  to  keep  the  temperature  rise 
within  the  specified  limits.  Relays  which  formpart  of  controllers  are  to 
have  the  temperature  limits  specified  in  Par.  710*. 
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Coils  on  which  i thermometer  can  be  applied  directly  to  the  surface  of 
the  bare  winding,  such  as  those  having  Dare  edgewise  strip  eondeften 
shall  be  allowed  10  deg.  cent,  higher  maximum  observable  teoperttc? 
rise  than  permitted  above  for  each  kind  of  insulation. 

Other  parts:  All  other  parts  than  those  whose  temperature  affeeta  tk 
temperature  of  the  insulating  material  may  be  operated  at  such  temperates 
as  shall  not  be  injurious  in  any  other  respect. 

7101.  Magnetic  contactors.  The  maximum  observable'  temperate? 
rises  of  the  various  parts  of  magnetic  contactors  shall  not  exceed  the  faBe*- 
ing  limits  for  ambient  temperatures  up  to  and  including  but  not  greater  tea 
40  deg.  cent.  See  Par.  TSOI. 


Laminated  contacts 65  deg.  ceot. 

Operating  coils 70  deg.  cent. 

8olid  contacts 100  deg.  cent. 

Current-carrying  parts  insulated  with  asbestos 

or  other  fireproof  material 150  deg.  cent. 


*710f . Fuses.  The  maximum  observable  temperature  rise  of  coil « 
windings,  measured  by  thermometer,  shall  not  exceed  the  following  hvti 
for  ambient  temperatures  up  to  and  including  but  not  greater  than  40  deg 
oent. 

If  insulation  is  of  unimpregnated  fibrous  material  35  dog.  cent 
If  insulation  is  of  fibrous  material  treated  to 


withstand  heat 50  deg.  eent. 

If  insulation  is  of  asbestos,  mica  or  similar  heat 

resisting  material  with  a cotton  binder 70  deg.  cent, 


7101.  Cast  grid  resistors.  The  maximum  observable  temper*:** 
rises  of  oast  grids  used  as  resistors  shall  not  exoeed  350  deg.  cent,  for  antes: 
temperatures  up  to  and  including  but  not  greater  than  40  deg.  cent. 

BATIKO 

. Kxpresaioh  of  Rating 

7101.  Bating  of  circuit  breakers  and  switches.  The  rating  of  s ar- 
oint breaker  or  switch  shall  include  the  following  items: 

(а)  The  normal  r.m.s.  current  which  it  is  designed  to  carry. 

(б)  The  normal  r.m.s.  pressure  (voltage)  of  the  circuit  on  winch  it  s 
intended  to  operate. 

(c)  The  normal  frequency  of  the  current. 

( d ) The  interrupting  rating  of  the  device.  See  Par.  TOM. 

7101.  Continuous  current-carrying  capacity  of  fuses.  Fun  tel 
be  so  constructed  that  they  will  carry  continuously  110  per  cent,  of  tev 
rated  current. 

7105.  Bating  of  lightning  arresters.  The  rating  of  a lightning  arrester 
shall  be  the  voltage  of  the  circuit  on  which  it  is  to  be  used. 

TXST8 

Beat  Tests 

7101.  Circuit  breakers,  relays  and  switches.  The  rated  rarest  « 
circuit-breakers,  relays  and  switches  at  rated  frequency  shall  be  appled 
continuously  until  the  temperature  becomes  constant.  The  temperatsrr 
rises  measured  by  thermometer  shall  not  exceed  the  limits  specified  in  Px 
7101. 

7301.  Magnetic  contactors.  The  rated  current  of  magnetic  contactor? 
at  rated  frequencies  shall  be  applied  continuously  or  until  the  temperarort 
becomes  constant  when  continuous  duty  is  specified.  It  shall  be  appfied 
for  the  specified  length  of  time  when  given  a short  time  ratii^.  The  tcas- 
perature  rises  measured  by  thermometer  shall  not  exceed  the  Emits  specific 
in  Par.  7101. 


• Coils  or  windings  such  as  accompany  fuses  of  the  magnetic  bterte 
type. 
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Tests  of  Dielectric  Strength 

*TSSI.  Standard  test  voltage.  (a)  Apparatus  rated  at  600  volts  or  less: 
'he  standard  teet  voltage  for  all  switching  and  control  apparatus  rated  at 
<00  volts  or  less  shall  be  twice  the  normal  voltage  of  the  circuit  to  which 
he  apparatus  is  to  be  connected  plus  1,000  volts. 

(6)  Apparatus  rated  above  600  volts : Apparatus  rated  above  600  volts  shall 
*e  tested  at  times  rated  voltage,  plus  2,000  volts,  at  a specified  altitude. 

*As  a supplementary  test,  devices  for  outdoor  use  should  be  capable  of 
rithstanding  for  10  sec.  a dielectric  wet  test  at  twice  rated  voltage  plus 
,000  volts. 

(<*)  Auto-transformers  for  motor-starters:  Auto-transformers  for  motor- 
tart  era  shall  be  tested  with  the  same  voltage  as  the  test  voltage  of  the 
pparatua  to  which  they  are  to  be  connected. 

Tests  of  Lightning  Arresters 

7971.  Assistance.  The  resistance  of  the  arrester  at  double  potential 
ad  also  at  normal  potential,  shall  be  determined  by  observing  the  discharge 
urrents  through  the  arrester. 

7372.  Arrester  with  gap.  In  the  case  of  any  arrester  using  a gap,  a 
est  shall  be  made  of  the  spark  potential  on  either  direct-current  or  60-cycle 
Iternating-current  excitation. 

7373.  equivalent  sphere  gap.  The  equivalent  sphere  gap  under  dis- 
uptive  discharge  shall  be  measured,  using  a considerable  quantity  of 
lectricity. 

7374.  Continuous  surges.  The  endurance  of  the  arrester  to  continuous 
urges  shall  be  tested. 

73T3.  Dielectric  strength.  See  Pars.  I3M  and  7333. 
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CHAPTER  VIII 

STANDARDS  FOR  METERS,  INSTRUMENTS  AND 
INSTRUMENT  TRANSFORMERS 

The  A.  1.  E.  E.  Standards  for  meters,  instruments  and  instrument  trans- 
orroers  are  the  general  standards  shown  in  Chapters  II  and  III,  and  the 
tandards  in  other  chapters  which  are  applicable  to  the  devices  involved, 
ogether  with  the  modifications  and  extensions  given  in  this  chapter. 

DEFINITIONS 

tSOOO.  Meter.  A meter  is  a device  which  registers  through  a totalising 
nechanism,  the  integral,  with  respect  to  time,  of  the  electrical  quantity  to 
rhich  it  responds.  (This  definition  does  not  preclude  the  general  use  of 
‘meter"  as  a suffix  or  in  compound  words,  to  mean  a "measuring  device.") 

fSOOl.  Instrument.  An  instrument  is  a device  which  indicates  or 
ecords  the  present  value  of  the  quantity  under  observation. 


• This  assumes  a precipitation  of  K0  in.  (2.54  mm.)  per  min.  at  an  angle 
»f  45  deg.  from  the  perpendicular  with  water  having  a resistivity  as  low  as 
',000  ohm-centimeters. 

f While  the  word  "instrument"  is  a general  term  which  may  properly 
nclude  indicating,  integrating  and  recording  devices,  there  is  a tendency  to 
c*trict  its  use  to  indicating  devices  and  to  recording  (graphic  or  curve  draw- 
ng)  devices.  Integrating  devices  are  then  denoted  by  the  word  "meter.’’ 
This  distinction  gives  rise  to  the  above  general  definitions. 
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800t.  General  nomenclature.  In  general,  the  names  of  meters  id 
instruments  are  self-defining.  The  following  names  are  preferred  to  otben 
sometimes  used  for  the  same  devices:  Reactive-factor  meter.  pow»-fs«ff 
meter,  watt  hour  meter,  reactive  volt-ammeter  (or  reactive  rolt-aapm 
indicator),  etc. 

000S.  Recording  instruments.  Recording  ammeters,  voltmeters,  w. 
meters,  etc.,  are  instruments  which  record  graphically,  upon  tune  daft, 
the  values  of  the  quantities  they  measure. 

8004.  Crest  voltmeter.  A crest  voltmeter  is  a voltmeter  depending  I* 
its  indications  upon  the  crest,  or  maximum  value  of  the  voltage  of  the 
tern  to  which  it  is  connected.  Crest  voltmeters  shall  be  marked  is  try 
crest  volts  and  also  in  the  r.m.s.  value  of  the  sinusoidal  wave  haring  the 
same  crest  value.  (See  Par.  1*41.) 

8005.  Bynchronoscops  (also  called  a synchroscope  or  sjncbn- 
nlsm  Indicator).  A synchronoscope  is  a device  which  indicates  ayie£r> 
nism  between  two  machines,  and  in  addition  shows  whether  the  in-cess* 
machine  is  fast  or  slow. 

8000.  Uns-drop  voltmeter  compensator.  A line-drop  Totem: 
compensator  is  a device  used  in  connection  with  a voltmeter  which  tmaa 
the  latter  to  indicate  the  voltage  at  some  distant  point  of  the  ciwmt 

8007.  Demand-meter,  (a)  General:  A demand-meter  is  a device  shd 
indicates  or  records  the  demand  or  maximum  demand.  In  practice,  tvs 
types  are  recognised.  Bee  Pam.  5454,  3458,  5400  and  3484. 

(b)  I ntegrrated-demand-meter:  An  integrated-demand-meter  is  s Heat’d- 
meter  which  indicates  or  records  the  maximum  demand  obtained  thrap 

(<$* \aQQed-demand-meter : A lagged-demand-meter  is  a demand-mete  a 
which  the  indication  of  maximum  demand  is  subject  to  a chsracterisde 
time  lag. 

•8030.  Period  Of  4n  Instrument.  The  period  of  an  instrument,  war- 
times called  the  "periodic  time,"  is  the  time  taken  for  the  pointer  to  ash 
one  complete  oscillation  (two  consecutive  swings).  A swing  is  s coaplrt * 
movement  in  either  direction. 

8030.  Instrument  transformer.  An  instrument  transformer  • i 
transformer  suitable  for  use  with  measuring  instruments;  that  is.  oee  a 
which  the  conditions  of  phase  and  of  current  or  potential  in  the  primary 
circuit,  are  represented  with  acceptable  accuracy  m the  secondary  cirtwt 
An  instrument  transformer  may  be  either  an  instrument  current  transfarwr 
or  an  instrument  potential  (voltage)  transformer. 

•8031.  Secondary  burden.  The  secondary  burden  of  a current  tram- 
former  is  an  expression  in  ohms  and  henrys  of  the  resistance  and  indactae^r 
of  the  external  circuit  connected  to  the  secondary  of  that  transformer- 

8033.  Voltage  ratio  of  instrument  transformer.  The  voltage  ratio 
of  an  instrument  potential  transformer  is  the  ratio  of  the  r.ma.  pomarr 
terminal  voltage  to  the  r.m.s.  secondary  terminal  voltage,  under  specified 
secondary  burden. 

8038.  Current  ratio  of  Instrument  transformer.  The  current  rads 
of  an  instrument  current  transformer  is  the  ratio  of  r.m.a  primary  curreat 
to  r.m.s.  secondary  current,  under  specified  secondary  burden. 

8084.  Marked  ratio  of  Instrument  transformer.  The  marked  moo 
of  an  instrument  transformer  is  the  ratio  which  the  apparatus  » Heegard 
to  give  under  average  conditions  of  use.  When  a precise  ratio  is  reqsra- 
it  is  necessary  to  specify  the  voltage  or  current,  frequency,  load  and  »«*• 
dary  burden. 

• In  strongly  damped  instruments,  the  period  is  influenced  by  theampfiwk 
of  the  movement.  . 

t Considerable  uncertainty  of  meaning  has  been  occasioned  by  the  » 
the  terms,  load,  secondary  load,  and  secondary  connected  load  for 
quantity,  and  such  use  is  aiscouraged. 
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OPERATION 

8101.  Permissible  temperature  in  shunts,  (a)  General:  The  limiting 
eervable  temperature  of  shunts  measured  by  Method  I shall  not  exceed 
O den.  cent. 

(6)  Exception*:  The  above  rule  shall  not  apply  to  shunts  having  no  sol- 
red  joint  and  made  of  material  which  is  not  permanently  changed  in  resis- 
nce  if  continuously  subjected  to  a higher  temperature. 

8110.  Grounding  of  meters  and  instruments.  The  oovers  of  meters 
d instruments,  which  are  used  with  current  and  potential  transformers, 
all  be  connected  to  the  grounded  sides  of  the  secondary  cirucits  of  such 
wsformers  in  all  cases  where  the  indications  of  the  instrument  are  liable 
be  influenced  by  electrostatic  action. 

8111.  Instrument  current  transformers  on  open  secondary  circuit. 

ader  conditions  of  open  secondary  circuit,  current  transformers  shall  be 
pable  of  carrying  continuously  rated  primary  current  without  damage  to 
e primary  insulation  and  without  interruption  of  service. 

8118.  Instrument  current  transformers  on  closed  secondary  dr- 
ift. Under  conditions  of  closed  secondary  circuit,  current  transformers 
all  withstand  40  times  rated  current  applied  for  1 second,  without  injury. 

EATING 

8800.  General.  The  rating  of  a meter  is  a designation  assigned  by  the 
anufacturer  to  indicate* its  operating  limitations.  The  full  scale  marking 

an  instrument  does  not  necessarily  correspond  to  its  rating,  but  if  the 
.ting  differs  from  the  full  scale  marking,  the  rating  shall  be  marked  on  the 
strument. 

8801.  Standard  ambient  temperature.  For  purposes  of  rating  meters 
id  shunts,  the  standard  ambient  temperature  shall  be  40  deg.  cent.  See 
ara.  8801  and  8811. 

8808.  Eating  limitation  of  the  circuits  of  meters  and  instruments. 

o circuit  of  a meter  or  instrument  shall  be  given  a rating  higher  than  that 
^responding  to  the  maximum  current  or  voltage  to  which  it  may  be  con- 
nuously  subjected. 

*8808.  Temperature  rise  of  meter  and  instrument  windings.  The 

irxnissiblc  temperature  rises  in  meters  and  instruments  shall  be  based  upon 
e temperatures  specified  in  Par.  1005  and  the  standard  ambient  tempera- 
re  of  40  deg.  cent. 

8804.  Temperature  rise  in  shunts.  Shunts  shall  be  rated  in  accord- 
toe  with  their  observable  temperature  rise  by  Method  1,  assuming  the 
timate  temperatures  specified  in  Par.  8101  and  an  ambient  temperature 
ecified  in  Par.  8801. 

TESTS 

1800.  Measurement  of  temperature  rise  of  shunts.  Observable 
nperature  shall  be  measured  in  such  a manner  as  not  to  cause  local  change 
temperature. 

1801.  Standard  temperature  of  reference  for  meter  and  instrument 
aracterisitcs.  The  standard  temperature  of  reference  for  meter  and 
Irument  characteristics  shall  be  20  deg.  cent.  See  Para.  8801,  8811. 
1808.  Damping.  The  pointer  being  at  sero  before  any  \oad  \s  applied. 
Aping  shall  be  measured  by  suddemy  applying  and  maintaining  a load 
pen  mil  give  a steady  deflection  of  one- half  full  angular  scale,  and  observ- 
, the  following  quantities: 

k)  The  number  of  swings  taken  by  the  pointer  in  coming  to  rest. 

4)  The  time,  in  seconds,  required  for  the  pointer  to  come  to  rest. 

*)  The  overshooting,  in  per  oent.  of  the  angular  displacement  due  to  \n 
tarbanoe. 


Heating  is  frequently  an  immaterial  consideration  in  d e*f ndot her 
jag  of  meters  and  instruments.  Losses,  impairment  of  accuracy 
tors  often  determine  the  rating. 
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Dielectric  Strength  of  Instrument  TTsnaf orxnen 

M10.  Test  voltage  instrument  potential  transformers.  TW  m 

voltage  for  instrument  potential  transformers  shall  be  twice  the  norm 
voltage  of  the  circuit  to  which  it  «a  connected  plus  1,000  volts. 

MU.  Test  voltage  of  instrument  current  transformers.  The  w 
voltage  of  instrument  current  transformers  shall  be  2M  times  the  rated  rotor 
plus  2,000  volts. 

till.  Test  voltage  for  meters  and  instruments.  (The  InsUtw*  * 
not  at  present  in  a position  to  make  recommendations.) 

8PEGIFICATIOE  OF  CHARACTERISTICS 

M00.  Errors  of  indicating  instruments.  In  specifying  the  mnr 
of  an  indicating  instrument,  the  error  at  any  point  on  the  scale  del  i* 
expressed  as  a percentage  of  the  full  scale  reading. 

M01.  Torque.  The  torque  of  meters  and  instruments  shall  be  expewerd 
in  millimeter-grams. 

MOt.  Damping.  The  damping  of  an  instrument  shall  be  exprewed  t 
terms  of  the  quantities  enumerated  in  Par.  SSOS,  all  three  of  which  r 
essential  to  a complete  description. 

*M0S.  Marking  of  switchboard  shunts.  The  marking  of  ewitskbsnd 
shunts  shall  include  the  rating  in  amperes,  the  drop  in  volts  at  thss  mat. 
and  the  serial  number  of  any  instrument  in  connection  with  which  theatas; 
may  be  calibrated.  When  shunts  are  designed  to  be  used  with  drrva 
taking  sufficient  current  to  be  an  appreciable  proportion  of  the  whole,  the 
fact  shall  be  indicated. 
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STANDARDS  FOR  WIRES  AND  CABLES 


DEFIHITION8 


ft000.  Wire.  A wire  is  a slender  rod  or  filament  of  drawn  metal. 


£9001.  Conductor.  A conductor  is  a wire  or  combination  of  sire*  M 
insulated  from  one  another,  suitable  for  carrying  a single  electric  ram* 


* For  example,  if  with  100  amperes  rated  load  in  the  main  eircmt,  s ratse- 
uring  device  takes  10  amperes,  leaving  100  less  10  amperes  in  the  shut  sto 
a drop  of  0.050  volts,  the  shunt  shall  be  marked:  Volta  0.05a  Aapcn* 
100  lees  10. 

t The  definition  restricts  the  term  to  what  would  ordinarily  be  undertuod 
by  the  terra  ‘‘solid  wire.”  In  the  definition,  the  word  ‘‘slender'*  is  media 
the  sense  that  the  length  is  great  in  comparison  with  the  diameter.  If  * i 
wire  is  covered  with  insulation,  it  is  properly  called  an  insulated  wire:  »hl» 
primarily  the  term  “wire”  refers  to  the  metal,  nevertheless  when  the  con- 
text shows  that  the  wire  is  insulated,  the  term  “wire”  will  be  undcntmdj 
to  include  the  insulation.  # J 

£ The  term  “conductor”  is  not  to  include  a combination  of  coadurt^l 
insulated  from  one  another,  which  would  be  suitable  for  cerryug  srm*IJ 
different  electric  currents.  Rolled  conductors  (such  as  bus-bars)  are. 
course,  conductors,  but  are  not  considered  under  the  terminology  here  free*  1 
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*9001.  Stranded  conductor.  A stranded  conductor  is  a conductor 
>inpoeed  of  a group  of  wires,  or  of  any  combination  of  groups  of  wires. 
•001.  Strand.  A strand  is  one  of  the  wires,  or  groups  of  wires,  of  any 
randed  conductor. 

t0004.  Cable.  A cable  is  either  a stranded  conductor  (single-conductor 
tble),  or  a combination  of  conductors  insulated  from  one  another  (multiple- 
inductor  cable). 

£9001.  Stranded  wire.  A stranded  wire  is  a group  of  small  wires,  used 
i a single  wire. 

{•001.  Cord.  A oord  is  a small  cable,  very  flexible  and  substantially 
taulated  to  withstand  wear. 

•007.  Concentric  strand.  A concentric  strand  is  a strand  composed 
r a central  core  surrounded  by  one  or  more  layers  of  helically-laid  wires  or 
roups  of  wires. 

•008.  Concentric-lay  cable.  A concentric-lay  cable  is  a single-conduo- 
>r  cable  composed  of  a central  core  surrounded  by  one  or  more  layers  of 
elically-laid  wires. 

S9000.  Rope-lay  cable.  A rope-lay  cable  is  a single-conductor  cable 
imposed  of  a central  core  surrounded  by  one  or  more  layers  of  helically-laid 
roups  of  wires. 

79010.  H- conductor  cable.  An  N-conductor  cable  is  a combination  of 
[-conductors  insulated  from  one  another. 

**•011.  H-conductor  concentric  cable.  An  N-conductor  concentric 
fcble  is  a cable  composed  of  an  insulated  central  conductor  with  (N-l)  tubu- 
r stranded  conductors  laid  over  it  concentrically  and  separated  by  layers 
f insulation. 

tftOll.  Duplex  cable.  A duplex  cable  is  a cable  composed  of  two  insu- 
lted stranded  conductors  twisted  together. 


* The  wires  in  a stranded  conductor  are  usually  twisted  or  braided  together. 

t The  first  kind  of  cable  is  a single  oonductor,  while  the  second  kind  is  a 
roup  of  several  conductors.  The  component  conductors  of  the  second  kind 
f cable  may  be  either  solid  or  stranded,  and  this  kind  of  cable  may  or  may 
ot  have  a common  insulating  covering.  The  term  "cable"  is  applied  bp 
)me  manufacturers  to  a solid  wire  heavily  insulated  and  lead-covered;  this 
sage  arises  from  the  manner  of  the  insulation,  but  such  a conductor  is  not 
lduded  under  this  definition  of  "cable."  The  term  "cable"  is  a general 
ne.  and  in  practice,  it  is  usually  applied  only  to  the  larger  Bises.  A small 
able  is  called  a "stranded  wire"  or  a "cord,"  both  of  which  are  defined 
elow.  Cables  may  be  bare  or  insulated,  and  the  latter  may  be  armored 
rith  lead,  or  with  steel  wires  or  bands. 

t A wire  has  been  defined  as  a slender  rod  or  filament  of  drawn  metal, 
f such  a filament  is  subdivided  into  several  smaller  filaments  or  strands, 
nd  is  used  as  a single  wire,  it  is  called  a "stranded  wire."  There  is  no 
harp  dividing  line  of  sise  between  a "stranded  wire"  and  a "cable."  If 
sed  as  a wire,  for  example  in  winding  inductance  ooils  or  magnets,  it  is 
ailed  a stranded  wire  and  not  a cable.  If  it  is  substantially  insulated,  it 
i called  a “cord,"  defined  below. 

I There  is  no  sharp  dividing  line  in  respect  to  sise  between  a "cord”  and 

"cable,”  and  likewise  no  sharp  dividing  line  in  respect  to  the  character 
f insulation  between  a "cord"  and  a "stranded  wire."  Rubber  is  used  as 
he  insulating  material  for  many  classes  of  cords. 

R This  kind  of  cable  differs  from  the  preceding  in  that  the  main  strands 
re  themselves  stranded. 

7 It  is  not  intended  that  the  name  as  here  given  be  actually,  used.  One 
rould  instead  speak  of  a "3-conductor  cable,"  a "12-conductor  cable,"  etc. 
n referring  to  the  general  case,  one  may  speak  of  a "multiple-conductor 
able”  (as  in  Par.  9004  above). 

**This  kind  of  cable  usually  has  only  two  or  three  conductors.  Such 
ables  are  used  particularly  for  alternating  currents.  The  remark  on  the 
xpression  "N-conductor"  given  for  the  preceding  definition  also  applies 
iere. 

ft  They  may  or  may  not  have  a common  insulating  covering. 
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•01S.  Twin  cable.  A twin  cable  is  a cable  composed  of  two  inditid 
stranded  conductors  laid  parallel,  bavins  a common  covering. 

•014.  Twin  wire.  A twin  wire  is  a cable  composed  of  two  mal  i» 
lated  conductors  laid  parallel,  having  a common  covering. 

*0015.  Triplex  cable.  A triplex  cable  is  a cable  composed  at  three  sat- 
iated single-conductor  cables  twisted  together. 

fOOlt.  Twisted  pair.  A twisted  pair  is  a cable  composed  of  two  ami 
insulated  conductors,  twisted  together,  without  a common  covering. 

£0017.  Sector  cable.  A sector  cable  is  a multiple-conductor  cable  a 
which  the  cross  section  of  each  conductor  is  substantially  a sector,  u 
ellipse,  or  a figure  intermediate  between  them. 

•018.  Round  conductor.  A round  conductor  is  either  a sofed  * 
stranded  conductor  of  which  the  cross-section  is  substantially  rircubr. 

§•019.  Split  conductor.  A split  conductor  is  a conductor  which  i» 
divided  into  two  or  more  parts,  separated  from  one  another  by  msabom 
which  is  thin  compared  with  the  insulation  around  the  conductor. 

•030.  Factor  of  assurance.  The  factor  of  assurance  of  wire  or  e*b> 
insulation  is  the  ratio  of  the  voltage  at  which  it  is  Rested  to  that  at  vfcxa 
it  is  used. 

•031.  Insulation  resistance.  The  insulation  resistance  of  an  iaadifrd 
conductor  is  the  electrical  resistance  offered  by  its  insulation,  to  an  impresari 
voltage  tending  to  produce  a leakage  of  current  through  the  same. 

pOSl.  Circular  mil.  A circular  mil  is  a unit  of  area  equal  to 
~(—  0.7854. . .)  of  a square  mil. 

The  cross-sectional  area  of  a circle  in  circular  mils  is  therefore  equal  te  u* 
square  of  its  diameter  in  mils.  A circular  inch  is  equal  to  a mflfioa  ccrula- 
mils. 

70083.  Lay.  The  lay  of  any  helical  element  of  a cable  is  the  axial  leafi 
of  a turn  of  the  helix  of  that  elemept. 

9034.  Direction  of  lay.  The  direction  of  lay  is  the  lateral  daecrisa  a 
which  the  strands  of  a cable  run  over  the  top  of  the  cable  as  they  reed* 
from  an  observer  looking  along  the  axis  of  the  cable. 


ANNEALED  COPPER  STANDARD 
**9060.  Standard  annealed  copper,  (a)  General:  The  following 
be  taken  as  normal  values  for  standard  annealed  copper. 

(6)  Resistance:  At  a temperature  of  20  deg.  cent.,  the  resistance 
of  standard  annealed  copper  one  meter  in  length  and  of  a uniform  aectst  ® 
1 sq.  mm.  is  ohm  ■ 0.017241. . . .ohm. _________ 


• They  may  or  may  not  have  a common  insulating  covering, 
f The  two  conductors  of  a "twisted  pair”  are  usually  substantially  iso- 
lated, so  that  the  combination  is  a special  case  of  a "cord.” 

J Sector  cables  are  used  in  order  to  obtain  decreased  overall  diameter  siw 
thus  permit  the  use  of  larger  conductors  in  a cable  of  given  diameter. 

& The  term  split  conductor  usually  designates  & conductor  in  two  parts  « 
splits,  which  may  be  either  concentric  or  external  to  one  another. 

[|  A mil  is  the  one-thousandth  part  of  an  inch.  There  are  1974  wreaJsr 
nils  in  a square  millimeter. 


trie 


7 Among  the  helical  elements  of  a cable  may  be  each  strand  in  s 
c-lay  cable,  or  each  insulated  conductor  in  a multiple  conductor  cable 


international  Standard  of 


••  See  I.  E.  C.  Publication  No.  28,  ' 
for  Copper,’  March,  1914.  , „_r  , 

Paragraphs  (6)  and  (e)  define  what  are  sometimes  called  \ olumc  Bw 
tivity”  and  “Mass  Resistivity”  respectively.  This  may  be  expnsnec  a 
other  units  as  follows:  , . , 

Volume  resistivity  - 1.7241  microhms-cm.  (microhms  in  a centime 
cube)  at  20  deg.  cent.  ,v  A __  , 

Mass  resistivity  - 875.20  ohms  (mile,  pound)  at  20  deg.  cent. 

For  detailed  specifications  of  commercial  copper  see  the  Standard  spw 
fications  of  the  American  Society  for  Testing  Materials. 
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STANDARDS  Sec.  24-9100 

(c)  Density:  At  a temperature  of  20  deg.  oent.,  the  density  of  standard 
sealed  copper  is  8.89  grams  per  cubic  centimeter. 

id)  Temperature  coefficient  of  resistance:  At  a temperature  of  20  deg.  cent., 
e “constant  mass"  temperature  coefficient  of  resistance  of  standard 
sealed  copper,  measured  between  two  potential  points  rigidly  fixed  to 
e wire,  is  0.00393  — Hse  4« per  deg.  cent. 

( e ) Resistance  of  standard  annealed  copper  at  20  deg.  cent.:  As  a consc- 
ience, it  follows  from  (a)  and  (6)  that,  at  a temperature  of  20  deg.  cent, 
e resistance  of  a wire  of  standard  annealed  copper  of  uniform  section,  one 
eter  in  length  and  weighing  one  gram,  is  (He)  X 8.89  - 0.15328 ohm. 

OPERATION 

Temperature  Limits 

*•100.  Maximum  temperatures.  The  temperature  of  the  insulation 
a wire  or  cable  at  the  surface  of  the  conductor  shall  not  be  allowed  to 
:ceed  the  following  values. 

Let  t • maximum  safe  temperature 

R ""  r.m.s.  operating  electromotive  force  in  kilovolts  between  con- 
ductors 

Impregnated  paper,  t — 85  — E 
Varnished  cambric,  t — 75  — B 
E 

Rubber  insulation,  1 — 60  — — 

DESIGNATION 

MOO.  Designation  of  wires  by  diameter  or  gage  number.  The  sises 
‘ wires  shall  be  stated  by  their  diameters  in  rails,  the  American  Wire  Gage 
3rown  and  Sharpe)  sises  being  taken  as  standard.  For  brevity,  in  cases 
here  the  most  careful  specification  is  not  required,  the  sises  of  wires  may 
e stated  by  the  gage  number  in  the  American  Wire  Gage. 

M01.  Designation  of  oables  by  cross-sectional  area.  The  sises  of 
randed  conductors  shall  be  stated  by  their  cross-eectional  area  in  circular 
tils  or  circular  inches,  exoept  in  the  case  of  flexible  stranded  conductors, 
>r  which  see  Par.  9401.  The  cross-sectional  aera  of  a cable  shall  be  con- 
dered  to  be  the  sum  of  the  cross-sectional  areas  of  its  component  wires, 
'hen  measured  perpendicular  to  their  axes.  The  sises  of  stranded  conduc- 
es smaller  than  250,000  circular  mils  (».«.,  No.  0000  A.W.G.  or  smaller) 
lay  be  stated  by  means  of  the  gage  number  of  a solid  wire  having  the  same 
rose-sectional  area. 


* For  example:  At  a working  pressure  of  3.3  kv.,  the  maximum  safe 
raiting  temperature  at  the  surface  of  the  conductor,  or  conductors,  in  a 
able  would  be  as  follows: 

For  impregnated  paper 81.7  deg.  cent. 

For  varnisned  cambric 71.7  deg.  cent. 

For  rubber  insulation 59.2  deg.  cent. 

The  life  of  the  insulation  of  a cable  depends  in  a great  measure  upon  the 
•ctual  temperature  attained  by  the  insulation.  The  result  of  operating  at 
emperaturea  in  excess  of  the  safe  limit  is  to  shorten  the  life  of  the  insulating 
naterial.  When  the  safe  limits  are  exceeded,  deterioration  is  rapid  ana 
termanent,  the  damage  increasing  with  the  length  of  time  that  the  excessive 
emperature  is  maintained  and  with  the  amount  of  excess  temperature  until 
inally  the  insulation  breaks  down. 

Some  of  the  older  types  of  cable  for  voltages  above  7,500  have  a dielectric 
ooa  that  is  so  high  that  it  may  add  considerably  to  the  heating  that  would 
>t  her  wise  result.  In  such  cases  the  dielectric  loes  is  a material  factor  in 
letermining  the  safe  load  to  be  carried  by  the  cable,  and  the  safe  operating 
emperature  will  be  determined  by  the  temperature  at  which  cumulative 
leating  occurs  under  the  conditions  of  service,  if  this  occurs  at  a lower  tem- 
>erature  than  that  at  which  the  insulation  deteriorates. 
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STANDARDS 


1101'.  Conductivity.  The  conductivity  of  the  metal  of  we*  dai  fa> 
expressed  in  terms  of  the  conductivity  of  the  Annealed  Copper  Stands! 
ss  defined  in  Par.  1000. 

+1101.  Copper-wire  tables.  The  copper-wire  tables  published  by  th 
Bureau  of  Standards  in  Circular  No.  31  are  adopted.  Table  VI  ttaw 
aives  the  values  of  diameters  and  cross-sections  of  A.  W.  G.  aises  to  far 
significant  figures.  These  Tables  are  based  upon  the  Annealed  Cepe* 
Standard  described  in  Par.  1000. 


General 

Cable  lengths  tested.  Electrical  testa  of 

and  cables  shall  be  made  on  the  entire  lengths  to  be  shipped. 

•101.  Immersion  in  water,  (a)  General:  The  outer  surface  rf  tto 
insulation  of  complete  insulated  wires  and  cables  shall  be  grounded 
being  electrically  tested.  If  the  insulation  is  not  provided  with  a ooaduefcei 
covering,  and  if  the  covering  is  not  liable  to  injury  by  water,  the  grams 
shall  be  obtained  by  immersing  the  insulated  wire  or  cable  in  water  a 
least  twelve  hours  and  testing  at  the  end  of  that  .period  while  immswt 
If  the  outer  covering  is  susceptible  to  injury  by  immersion,  the  imosom 
conductor  shall  be  tested  before  the  application  of  such  covering.  „ 

Dry  core  paper  insulated  lead  covered  cables,  such  as  telephone  sad  mv- 
praph  cables,  for  use  in  water,  shall  be  tested  after  at  least  twelve 
immersion.  ^ 

(6)  Mui&ipU-conductor  cable : In  the  case  of  multiple-conductor  esw» 
without  waterproof  overall  jacket  of  insulation,  no  immersion  test 
be  made  on  finished  cables,  but  only  on  the  individual  conductor* 
assembling. 

Tests  of  Dielectric  Strength 

9110.  Object  Of  Tests.  High-voltage  testa  are  intended  to  detect  vest 
spots  in  the  insulation  and  to  determine  whether  its  dielectric  rtzengt*  b 
sufficient  for  enabling  it  to  withstand  the  voltage  to  which  it  is  likely  to  t» 
subjected  in  service,  with  a suitable  factor  of  aasuranoe. 

9111.  Nature  of  tests.  High-voltage  teats  shall  be  made  at  the  facts? 
by  applying  an  alternating  voltage  between  the  conductor  and  ahcsUi  or 
water.  The  initially  applied  voltage  must  not  be  greater  than  the  wortat 
voltage,  and  the  rate  of  increase  shall  be  approximately  uniform  sad  se? 
over  100  per  cent,  in  10  sec. 

19111.  Magnitude  and  duration  of  the  tost  voltage.  («) 

Wires  and  cables  shall  be  tested  at  the  place  of  manufacture  for  five  coatee* 
tive  minutes,  except  as  provided  in  Par.  9111  (6)  and  (/). 

(6)  Rubber  insulation.  National  Electrical  Code : Rubber  covered  wires** 
cables  for  working  pressures  up  to  600  volts  ^rnaUhg,  insulated  ins^ 
*nce  with  the  requirements  of  the  National  Electrical  Code,  shall  be  wm 
in  accordance  with  that  Code. 


• For  any  given  wire,  let  , , ^ „ . , 

C - conductivity,  in  per  cent,  of  Annealed  Copper  Standard 
L — length,  meters 
R « resistance,  ohms 
W — weight,  grams 

t - temperature,  deg.  cent.  . . 

Then  the  conductivity  may  be  derived  from  the  following  formula: 
c _ 15.328 


WR 


+ 0.000507(20  - t, 


f For  detailed  specifications  of  commercial  copper,  see  the  Standard  Spec- 
fi  cations  of  the  American  Society  for  Testing  Materials. 

X Hevea  rubber  is  rubber  from  the  Hevea  Brasiliensis  tree.  Compos*® 
containing  30  to  40  per  cent,  of  Hevea  rubber  have  electrical  and  meek**5** 
properties  superior  to  compounds  insulated  in  accordance  with  the  reqwr 
* ‘ a National  Electric  Code. 
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(c)  Thirty  to  forty  per  cent.  Hevea  rubber  insulation  for  pressures  up  to  600 
*Ust  alternating-current, : Wires  and  cables  for  working  pressures  up  to  600 
olts  alternating,  insulated  with  30  to  40  per  cent.  Hevea  rubber  compound, 
nleea  the  insulation  thickness  is  less  than  specified  in  Par.  9406,  shall  be 
isted  in  accordance  with  Table  901. 


rable  901.  High-voltage  tests  for  rubber-insulated  wires  and  cables 
10  to  40  per  oent.  Hevea  rubber  insulation  for  working  pressures  up  to 
600  volts  alternating-current) 


Size  A.  W.  G.  or 

Site 

Test  pressure 

cir.  mils 

sq.  mm. 

kilovolts 

14-8 

2.081-  8.366 

3.0 

7-0000 

10.55  -107.2 

3.5 

250,000  and  larger 

127  and  larger 

4.0 

(d)  Thirty  to  forty  per  cent.  Hevea  rubber  insulation  for  pressures  over  600 
Me  alter  noting- current:  Wires  and  cables  insulated  with  30  per  cent.  Hevea 
nbber  compound  for  working  pressures  over  600  volts  alternating,  shall  be 
eeted  with  one  kilovolt  per  64th  in.  of  thickness  (2.53  kv.  per  mm.)  up  to 
94«ths  in.  (3.96  mm.).  Above  1H«thsin.  (3.96  mm.),  the  test  pressure  shall 
e 10  kv.  plus  1.5  kv.  per  64th  in.  (3.79  kv.  per  mm.)  additional  up  to  s%4ths 
i.  (11.89  mm.).  Where  the  insulation  thickness  is  1Haths  in.  (6.34  mm.)  or 
ver,  this  rule  shall  apply  only  to  conductors  over  26,000  dr.  mils  (13.2  sq. 
am.)  area. 

t(e)  Varnished  cambric  and  impregnated  paper  insulation : Varnished  cam- 
rie  and  impregnated  paper  insulated  wires  or  cables  shall  be  tested  in  accord- 
nce  with  Table  90S. 


'able  901.  High-voltage  testa  for  varnished  cambric  or  impregnated 
paper  insulated  cables 


iv  . i ..  (Minimum  Values) 


b Operating  kv. 

Test  kv. 

j Operating  kv. 

Test  kv. 

bsow  0.5 

2.5* 

I 5.0 

14.0 

3.0 

1 7.5 

19.5 

i iffeMp; 

4.0 

1 10.0 

25.0 

; ' V" 

! over  10 

2\  times  oper- 

F”1' 3.0 

• 9.0 

[ 

ating  pressure 

L 40 

11.5 

* * The  minimum  thickness  of  insulation  shall  be  Ms  ha*  (1*9  nun.) 

For  intermediate  working  voltages,  the  test  voltage  shall  be  interpolated. 


Telephone , telegraph  and  annunciator  wires  and  cables:  Section  9911 
not  apply  to  wires  and  cables  for  telephone,  telegraph,  annunciator  and 
timilar  devices. 


9919.  Frequency  of  test  voltage.  The  frequency  of  the  test  voltage 
ihall  not  exceed  100  cycles  per  second,  and  should  approximate  as  closely  as 
possible  to  a sine  wave.  The  source  of  energy  Bhoufd  be  of  ample  capacity. 

9914.  Dielectric  strength  tests.  Ultimate  dielectric  strength  tests, 
irhen  required,  shall  be  made  on  samples  not  more  than  6 meters  (20  ft.) 
ong.  The  maximum  allowable  temperature,  at  which  the  test  is  made,  for 
the  particular  type  of  insulation  and  the  particular  working  pressure,  shall 
ye  not  greater  than  the  temperature  limits  given  in  Par.  9100. 


t Different  engineers  specify  different  thickness  of  insulation  for  the  same 
working  voltages.  Therefore,  at  the  present  time  the  test  kilovolt  corre- 
sponding to  working  kilovolt  given  in  Table  909,  are  based  on  the  minimum 
thickness  of  insulation  specified  by  engineers  and  operating  companies. 
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Mil.  Multiple-conductor  cables.  If  * multiple  conductor  cable  is 
designed  for  the  tame  operating  voltage  between  conductors  and  sheath  or 
water  as  between  conductors,  each  conductor  shall  be  tested  sgsisst  the 
other  conductors  connected  together  and  to  the  sheath  or  water.  If  the 
cable  is  designed  for  an  operating  voltage  between  conductors  and  grosaf 
different  from  that  between  conductors,  the  test  between  conductors  sad 
the  Bheath  or  water  shall  be  made  separately  and  shall  be  based  on  the  Der- 
mal operating  voltage  between  conductors  and  sheath  or  water  as  prescribed 
in  Par.  MU. 

Insulation  Insistence 

*MSO.  Expression  of  insulation  resistance.  Insulation  resistance 
shall  be  expressed  in  megohms.  Linear  insulation  resistance,  or  the  ian- 
lation  resistance  of  unit  length,  shall  be  expressed  in  terms  of  the  mefste- 
kilometer,  or  the  megohm-mile*  or  the  megohm-thousand-feet,  and  shall  be 
corrected  to  a temperature  of  15.5  deg.  cent.,  using  a temperature  coefficient 
determined  experimentally  for  the  insulation  under  consideration. 

•Ml.  Megohms  constant.  The  megohms  constant  of  an  insulated 
oonduotor  shall  be  the  factor  “ K ” in  the  following  equation: 

R — K log.,  j 

where  R — insulation  resistance,  in  megohms,  for  a specified  unit  length. 

D - outside  diameter  of  insulation. 
d — diameter  of  conductor. 

Unless  otherwise  stated,  K will  be  assumed  to  correspond  to  the  nh 
unit  of  length. 

•MS.  Measurement  of  insulation  resistance.  The  apparent  inssb- 

tion  resistance  should  be  measured  after  the  high-voltage  test,  meansriag 
the  leakage  current  after  a one-minute  electrification,  with  a continuous 
e.m.f.  of  from  100  to  500  volts,  the  conductor  being  maintained  negative 
to  the  sheath  or  water. 

•SIS.  Insulation  resistance  of  multiple-conductor  cablet.  The  in- 
sulation resistance  of  each  conductor  of  a multiple-conductor  cable  shell  be 
the  insulation  resistance  measured  from  each  conductor  to  all  the  other  con- 
ductors in  multiple  with  the  sheath  or  water. 

Capacitance  or  Electrostatic  Capacity 

t$!S0.  Expression  of  capacitance.  Capacitance  shall  be  expressed  ii 
microfarads.  Linear  capacitance,  or  the  capacitance  of  unit  length,  shall  be 
expressed  in  microfarads  per  unit  length  (kilometer,  or  mile,  or  one  thousand 
feet),  and  shall  be  corrected  to  a temperature  of  15.5  deg.  cent.,  arise  » 
temperature  coefficient  determined  experimentally  for  the  insulation  under 
consideration. 

•SSI.  Microfarads  constant.  The  microfarads  constant  of  aa  inss* 
lated  conductor  shall  be  the  factor  “X"  in  the  following  equation: 


T D 
Logi.j 

where  C — capacitance  in  microfarads  per  unit  length. 

D — outside  diameter  of  insulation. 
d — diameter  of  conductor. 

Unless  otherwise  stated,  K will  be  assumed  to  refer  to  the  mile  nit  d | 
length. 

• In  the  case  of  dry  core  paper  insulated  cables,  the  temperature  ooeffiotri 
of  insulation  resistance  cannot  be  closely  determined  on  account  of  variatiow 
in  design  and  manufacture.  Therefore  no  temperature  corrections  shall  U 
applied  to  insulation  resistance  tests.  Tests  should  be  made  at  a temper* 
ture  of  15.5  deg.  cent,  or  higher. 

f In  the  case  of  dry  core  paper  insulated  cables,  the  temperature  eoeSrie* 
of  capacitance  cannot  be  determined  closely  on  account  of  variations  ia 
design  and  manufacture.  Therefore  no  temperature  corrections  shall  1* 
applied  to  capacitance  tests.  Tests  should  be  made  at  a temperature  i 
deg.  cent,  or  higher. 
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Table  MI.  Proposed  standard  cables 


(This  table  is  offered  for  consideration  but  will  not  be  recommended  fo 
nal  adoption  until  ratified  by  other  societies  interested.) 


Strands 

Total 
npminal 
cross- section 
circular 
mils 

Total 

diameter 

inches 

Number  and  sise. 
See  Note  4 

Individual  wires 

Nominal 

diameter 

mils 

Nominal 

circular 

mils 

127  No.  8 

128.5 

16,510.0 

2,097,000 

1.671 

127  No.  9 

114.4 

13,090.0 

1,662,000 

1.487 

01  No.  8 

128.6 

16,510.0 

1,502,000 

1.414 

91  No.  9 

114.4 

13,090.0 

1,191,000 

1.258 

61  No.  8 

128.5 

16,510.0 

1,007,000 

1.157 

61-121  mils 

121.0 

14,64 10 

893,100 

1.089 

61  No.  0 

114.4 

13,090.0 

798,500 

1.030 

61-107  mils 

107.0 

11,449.0 

.698,400 

0.963 

61  No.  10 

101.9 

10,380.0 

633,200 

0.917 

37-116  mis 

116.0 

13,456.0 

497,900 

0.812 

37  No.  10 

101.9 

10,380.0 

384,100 

0.713 

37-97  mils 

97.0 

9,409.0 

348,100 

0.679 

37  No.  11 

90.74 

8,234.0 

304,700 

0.635 

19  No.  9 

114.4 

13,090.0 

248,700 

0.572 

19-107  mils 

107.0 

11,449.0 

217,500 

0.535 

19  No.  11 

90.74 

8,234.0 

156,400 

0.454 

19  No.  12 

80.81 

6,530.0 

124,100 

0.404 

19  No.  13 

71.96 

5,178.0 

98,380 

0.360 

19  No.  14 

64.08 

4,107.0 

78,030 

0.320 

7 No.  10 

101.9 

10,380.0  | 

72,660 

0.306 

7 No.  11 

90.74 

8,234.0 

67,640 

0.272 

7 No.  12 

80.81 

6,630.0 

46,710 

0.242 

7 No.  14 

64.08 

4,107.0 

28,750 

0.192 

7 No.  16 

50.82 

2,583.0 

18,080 

0.152 

7 No.  18 

40.30 

1,624.0 

11,370 

0.121 

7 No.  20 

31.96 

1,022.0 

7.154 

0.096 

7 No.  22 

25.35 

642.4 

. 4,497  | 

0.076 

7 No.  24 

20.10 

404.0 

2,828  1 

0.060 

Notb  1. — Nominal  diameters  and  circular  mils  of  the  individual  wires  ar 
iken  from  Table  VI,  circular  No.  31  of  the  Bureau  of  Standards. 

Notb  2. — The  variation  of  the  mean  diameter  of  any  wires  shall  not  ex 
;ed  1 per  cent,  above  or  below  the  nominal  diameter. 

Notb  3. — The  variation  of  the  total  cross-section  of  the  cable  shall  no 
iceed  1 per  cent,  above  or  below  the  nominal  cross-section. 

Notb  4. — Sites  are  expressed  as  A.W.G.  numbers  except  where  diameter 
*e  given  in  mils. 

ISIS.  Measurement  of  capacitance.  The  capacitance  of  cable  sha 
i measured  with  alternating  current  by  comparison  *ith  a standard  cor 
snser.  It  is  preferable  that  the  measurement  be  made  either  at  a frequenc 
pproximatmg  that  of  operation  or  at  a frequency  giving  results  approxi 
ating  those  corresponding  to  the  operating  frequency  or  frequencies. 

•III.  Capacitance  of  paired  cablea.  The  capacitance  of  paired  cable 
rail  be  measured  between  the  two  conductors  of  any  pair, ‘the  other  wire 
sing  connected  to  the  sheath  or  ground. 
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MM.  CapaoiUne*  of  mult&to-oonduetor  cablet  (not  ptM).  7% 

capacitance  of  multiple  conductor  (not  paired)  cables  shall  be  mtaeci 
between  conductors,  and  also  between  each  conductor  and  the  other 
ductors  connected  to  the  sheath  or  ground. 


CONSTRUCTION 

Stranding 

*9400.  Proposed  standard  cables.  Insulated  cables  not  rwpssi 
special  flexibility  shall  be  made  of  the  number  and  sise  strands  specie  2 
Table  90S. 

•401.  Cables  not  requiring  special  flexibility.  Cables  not  nqpkm 
special  flexibility  and  not  made  in  accordance  with  Par.  9400  shall  bestrsa» 
in  accordance  with  Table  904. 

Table  904.  Standard  stranding  of  conoentric-lay  cables 


Number  of  wires  (see  Note  2) 


Sise  Square  A B 

(see  Note  1)  millimeters  Bare,  insulated  or  Insulated  esbks 
weatherproof  for  other  than 

cables  for  aerial  use  aerial  use 


Note  1. — For  intermediate  sixes,  use  stranding  for  next  larger  sise. 

Nora  2. — Conductors  of  0000  A.W.G.  and  smaller  are  often  made  soki 
and  this  table  of  stranding  should  not  be  interpreted  as  excluding  tto 
practice. 

Not*  3. — Class  A cable,  sixes  0000  and  000  A.W.G.,  is  usually  made  d 
7 strands  when  bare  and  10  strands  when  insulated  or  weatherproof. 

f940t.  Flexible  cablet.  Conductors  of  special  flexibility  should  ordi- 
narily be  made  with  wires  of  regular  A.W.G.  sixes,  and  rated  by  the  ssa- 
ber  and  sise  of  wires.  The  stranding  of  flexible  cables  is  given  in  Table*#- 


* The  basis  of  this  rule  is  the  use  of  strands  of  American  Wire  Gage  sat* 
To  meet  existing  operating  conditions,  four  sixes  of  strands  other  thu 
American  Wire  Gage  sixes  have  been  deemed  necessary  and  their  dixneien 
are  shown  in  mils. 

t Where  necessary  to  closely  approximate  a regular  sise  cable,  the  strand* 
may  be  made  of  half-use  wiree  from  No.  15  to  No.  30  A.W.G. 


STANDARDS 


Sec.  24-940 


Table  90S.  Stranding  of  flexible  cables 


Nearest 
A.W.G. 
sise  (see 
Note  1) 

Circular 

Diam. 

of 

cable, 

mils 

No.  of 
wires 

Sise  of  each  wire 

Construe- 

mils  (see 
Note  2) 

A.W.G. 

Diam. 

mils 

tion  (see 
Note  3) 

2,039,000 

1,885 

703 

15.5 

53.9 

37X19 

1,816,000 

1,779 

703 

BK9 

50.8 

37X19 

1,617,000 

1,679 

703 

16.5 

48.0 

37X19 

1.440.000 

1.584 

17.0 

45.3 

37X19 

1.284,000 

1,496 

17.5 

42.7 

37X19 

1,103,000 

1,372 

427 

16.0 

61X7 

874,600 

1,222 

427 

45.3 

61X7 

693,600 

1,088 

427 

KFjTiV 

40.3 

@1X7 

550,000 

969 

427 

35.9 

61X7 

436,200 

863 

427 

32.0 

61X7 

345,900 

7m 

427 

28.5 

©1X7 

274,300 

684 

427 

22.0 

25.3 

61X7 

671 

259 

20.0 

37X7 

598 

259 

21.0 

28.5 

37X7 

171,300 

538 

133 

19.0 

35.9 

19X7 

135,900 

479 

133 

19X7 

107,700 

427 

133 

28.5 

19X7 

1 

82,780 

332 

91 

20.5 

30.2 

Concentric 

2 

65,650 

295 

91 

21.5 

26.9 

Concentric 

3 

52,060 

263 

91 

22.5 

23.9 

1 Concentric 

4 

39,190 

228 

61 

22.0 

25.3 

Concentric 

5 

31,080 

203 

61 

22.6 

Concentrio 

6 

24,650 

181 

61 

20.1 

Concentric 

8 

17,410 

152 

25.5 

16.9 

Concentrio 

10 

10,560 

118 

37 

25.5 

16.9 

Concentric 

12 

6,640 

94 

37 

27.5 

13.4 

Concentric 

% 14 

4,176 

74 

37 

29.5 

10.6 

Concentrio 

Smaller 

To  equal 
required 
sise 

30.0 

Bunched 

Not*  1. — The  A.W.G.  cross-sectional  areas  except  for  61  strands,  ar 
approximated  within  2 per  oent.  In  the  case  of  61  strand  cables  the  approxi 
mation  is  6 per  cent. 

Not*  2.-~Circular  mils  are  based  on  theoretical  diameters  of  A.W.G 
uses,  which  vary  above  or  below  values  given  in  table  by  less  than  0.1  mil 
Not*  3. — “61X7”  in  the  rating  of  a rope-lay  cable  signifies  61  strand: 
5f  7 wires  each. 

*9408.  Correction  for  ley.  Two  per  sent,  shall  be  taken  as  the  standan 
ncrement  of  resistance  and  of  mass,  due  to  stranding.  In  cases  where  th< 
ay  is  definitely  known,  the  increment  should  be  calculated  and  not  assumed 

Thickness  of  Insulation 

9408.  Thickness  of  insulation  for  rubber  insulated  wires  and  cables 

Unless  special  conditions  warrant  departures  from  this  rule,  the  thicknes 


* The  resistance  and  mass  of  a stranded  conductor  are  greater  than  in  i 
lolid  conductor  of  the  same  cross-sectional  area,  depending  on  the  lay  ( i.e . 
the  pitch  of  the  twist  of  the  wires). 
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of  insulation  for  rubber  compounds  containing  from  30  to  40  per  cent  4 
Hevea  rubber,  shall  be  in  accordance  with  Table  906. 


Table  906.  Thickness  of  Insulation 
SO  to  40  per  cent,  here*  rubber  compound 

Recommended  Walls  of  Insulation,  64 tbs  Inch 


8ise 

A.W.G. 

or 

cir.  mils 

Square 

Working  pressure,  volts  alternating 

1 

t 

milli- 

meters 

600 

or 

lessj 

1500 

2500 

3500j5000 

6000 

7000 

soooImoo 

1 

* 1 

1000011 A 

14-8 

2.08- 

8.37 

3 

6 

8 

10 

12 

14 

16 

18 

20 

22 

24 

7-2 

10.6- 

33.6 

4 

7 

9 

10 

12 

14 

16 

18 

20 

» 

24 

1-0000 

4i6t~ 

127-253 

5 

8 

10 

10 

12 

14 

16 

18 

20 

22 

24 

250,000- 

500,000 

6 

9 

10 

11 

12 

14 

*16 

18 

20 

22 

24 

550,000- 

1,000,000 

279-507 

7 

10 

10 

12 

12 

14 

16 

18 

20 

22 

24 

1,250,000- 

2,000,000 

633- 

1013 

8 

10 

10 

12 

14 

16 

18 

18 

20 

22 

24 

Notes. — In  multiple  conductor  cables,  the  thickness  of  insulation  « mi 
conductor  shall  be  based  on  the  highest  r.  m.  a.  voltage  between  the  eoehnor 
and  the  outside  of  this  insulation.  The  above  table  is  based  upas  ate* 
dating  voltages  of  commercial  frequencies.  For  voltages  over  600.  tk  iso- 
lation thickness  for  direct-current  cable  has  not  been  established.  Far 
intermediate  sises  the  insulation  thickness  should  be  the  same  u for  tb 
next  larger  sises. 
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CHAPTER  X 

STANDARDS  FOR  STORAGE  BATTERIES 

Rules  to  be  included  in  the  Chapter  have  been  prepared,  and  await  kd 
consideration  before  publication. 
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CHAPTER  XI 

STANDARDS  FOR  ILLUMINATION 

Thia  chapter  consist®  of  extract®  from  the  Report  of  the  Committee  on 
oxxiendature  and  Standard®  of  the  Illuminating  Engineering  Society  for 
e year  1918.  It  is  here  included  by  permission. 

General 

11000.  Radiant  flux.  4>,  is  the  rate  of  flow  of  radiation  evaluated  with 
ference  to  energy,  and  is  expressed  in  ergs  per  second  or  in  watts. 
11001.  Luminous  flux,  F,  is  the  rate  of  flow  of  radiation  evaluated  with 
ference  to  visual  sensation,  and  is  expressed  in  lumens. 
llOOfl.  Visibility,  K\,  of  radiation  of  a particular  wave-length  is  the  ratio 
the  luminous  flux  at  that  ware-length  to  the  corresponding  radiant  flux. 
Defining  equation: 

, Fx 

*11008.  The  mechanical  equivalent  of  light  is  the  ratio  of  radiant 
ix  to  luminous  flux  for  the  wave-length  of  maximum  visibility,  and  is 
tpreened  in  ergs  per  second  per  lumen,  or  in  watts  per  lumen.  It  is  the 
•ciprocal  of  the  maximum  visibility. 

11004.  Luminosity  of  a particular  wave-length  is  the  product  of  the 
isibility  of  that  wave-length  and  the  corresponding  ordinate  of  the  spectral 
irve  of  radiant  flux,  and  is  represented  by  the  ordinate  of  the  spectral  curve 
* luminous  flux.  This  curve  is  called  the  spectral  luminosity  curve  and 
different  with  different  sources. 

11008.  The  luminous  efficiency  of  any  source  is  the  ratio  of  the  lumi- 
3 us  flux  to  the  radiant  flux  from  the  source  and  is  expressed  in  lumens  per 
att. 

11008.  Luminous  intensity  I,  of  a source  of  light  in  a given  direction 
the  solid  angular  density  of  the  luminous  flux  emitted  by  the  source  in 
le  direction  considered,  when  the  flux  involved  acts  as  far  as  computation 
tid  measurements  are  concerned,  as  if  it  came  from  a point.  # Or,  it  is  the 
ux  per  unit  solid  angle  from  that  source  in  the  direction  considered.  The 
ux  from  any  source  of  dimensions  which  are  negligibly  small  by  comparison 
ith  the  distance  at  which  it  is  observed,  may  be  treated  as  if  it  were  emitted 
ora  a point. 

Defining  equation: 

r,  if  the  intensity  is  uniform, 

/-? 

w 

here  * is  the  solid  angle. 

11007.  Illumination,  B,  of  a surface  at  any  point  is  the  luminous  flux 
ensity  on  the  surface  at  that  point,  or  the  flux  per  unit  of  intercepting  area. 
Defining  equation: 

« dF 

B~dS 

r,  when  uniform, 

F 


g - 


S 


here  S is  the  area  of  the  intercepting  surface. 


* This  term  has  been  used  in  a variety  of  senses.  As  here  defined  it  refers 
nly  to  the  minimum  mechanical  equivalent  of  light.  The  reciprocal  of 
his  quantity  is  sometimes  called  the  luminous  equivalent  of  radiation. 
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*11008.  Candle  is  the  unit  of  luminous  intensity  maintains!  by  & 
national  laboratories  of  France,  Great  Britain,  and  the  United  State*. 

11000.  Candlepowsr,  cp.,  is  luminous  intensity  expressed  in  caste 

1 11010.  Lumen*  l.f  is  the  unit  of  luminous  flux  equal  to  the  flax  enutw 
in  a unit  solid  angle  (stored ian)  by  a point  source  of  unit  candlepovcf. 

11011.  Lux  is  a unit  of  illumination  equal  to  one  lumen  per  sq.  m.  Cot 
the'  centimeter  as  the  unit  of  length,  the  unit  of  illumination  u ooe  huw 
per  sq.  cm.,  for  which  Blondel  has  proposed  the  name  phot.  One  Bi- 
tumen per  sq.  cm.  (mllliphot)  is  more  useful  as  a practical  unit  ("» 
foot- candle  is  one  lumen  per  sq.  ft.,  and  is  eoual  to  1.0764  milKpbot*.  Ti* 
milliphot  is  recommended  for  scientific  records. 

11018.  Brightness  of  an  element  of  a luminous  surface  may  be  ex- 
pressed in  either  of  two  ways:  (a)  in  terms  of  intensity,  l,  (6)  in  term  & 
flux,  F. 

(a)  Brightness  in  terms  of  the  luminous  intensity  I (or  candle-pow*)  prt 
unit  of  projected  ares  of  the  surface  (candlepowsr  brightness  corraposih 
to  the 

defining  equation,  hi  — -r^ 

do  COS  f 


where  # is  the  an^le  between  the  normal  to  the  surface  and  the  line  of  sfkt 

(6)  Brightness  in  terms  of  the  flux,  P,  proceeding  from  a wt  ms  d tb 
surface,  on  the  assumption  that  the  surface  is  a perfect  diffuser;  ia,  dd  f 
obeys  the  cosine  law  of  emission  or  reflection,  (lumen  brightness)  esaispsfi 
to  the 

defining  equation,  bp  — ^ 

ao 

(perfect  diffusion  assumed). 

The  units  in  which  brightness  is  measured  according  to  (a)  and  (i) 
only  in  numerical  value. 

11018.  Lambert,  L,  is  the  unit  of  brightness  in  the  lumen  system-  Tb 
lambert  is  the  brightness  of  a perfectly  diffusing  surface  emitting  or  refetut 
one  lumen  per  sq.  cm.  For  most  purposes  the  millllambsrt,  0.001  hate, 
is  the  preferable  practical  unit. 

To  say  that  the  brightness  of  a surface  as  viewed  from  a given  post  s • 
lamberts,  signifies  that  its  brightness  is  the  same  as  that  of  a pcrfcu 
diffusing  surface  emitting  or  reflecting  n lumens  per  sq.  cm. 

In  practice  no  surface  obeys  exactly  the  cosine  law  of  emission  or  reflects 
hence  the  brightness  of  a surface  generally  is  not  uniform  bat  van**  scat 
what  with  the  angle  at  which  it  is  viewed. 

A perfectly  diffusing  surface  emitting  one  lumen  per  sq.  ft  sill  bo* 1 
brightness  of  1.076  miflilamberts. 

Brightness  expressed  in  candles  per  sq.  cm.  may  be  reduced  to  last** 
by  multiplying  by  r - 3.14.  t _ 

Brightness  expressed  in  candles  per  sq.  in.  may  be  reduced  to  laafas* 
by  multiplying  by  v/6.45  ~ 0.487.  ; 


Surfaces  and  Media  Modifying  Luminous  Flux 

110M.  Diffusing  surfaces  and  media  are  those  which  break  up  te 
dent  flux  and  distribute  it  more  or  less  in  accordance  with  the  oosar  a*, 
as  for  example,  white  plaster  and  opal  glass. 

11081.  Redirecting  surfaces  and  media  are  those  which  change  the  ** 
tion  of  the  luminous  flux  in  a definite  manner;  as  for  example,  a minw^ 
a lens. 

11088.  Scattering  surfaces  and  media  are  those  which  redirect  j 
luminous  flux  and  break  it  up  into  a multiplicity  of  separate  pearib;  ■** 
example,  ripple  glass,  reflecting  or  transmitting. 


* This  unit,  which  is  used  also  by  many  other  countries,  has  fneqw^ 
been  referred  to  ss  the  international  candle. 

t A uniform  source  of  one  oandlepower  emita  4r  lumens 
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of  a body  p,  is  the  ratio  of  the  flux  reflected 
/ the  body  to  the  flux  incident  upon  it.  The  reflection  from  a body  may 
i regular,  diffuse  or  mixed.  In  regular  reflection  the  flux  is  reflected  at  an 
lgle  of  reflection  equal  to  the  angle  of  incidence.  In  diffuse  reflection  the 
xx  is  reflected  in  all  directions.  In  perfectly  diffuse  reflection,  the  distri- 
ition  of  the  reflected  flux  is  in  accordance  with  Lambert's  cosine  law.  In 
oet  practical  cases,  there  is  a superposition  of  regular  and  diffuse  reflection. 

**  *0**-  Absorption  factor,  of  a body  o,  is  the  ratio  of  the  flux  absorbed 
7 the  body  to  the  flux  incident  upon  it. 

.•}*?*••  Tnmsmhmlon  factor,  of  a body  r,  is  the  ratio  of  the  flux  trans- 
ited by  the  body  to  the  flux  incident  upon  it. 


Illumination 

Unidirectional  illumination  on  a surface  is  that  produced  by  a 
ngle  light  source  of  relatively  small  dimensions.  It  is  characterised  by 
ie  fact  that  a small  opaque  object  placed  near  the  illuminated  surface  casts 
sharp  shadow. 

11031.  Multidirectional  illumination  on  a surface  is  that  produced  by 
veral  separated  light  sources  of  relatively  small  area.  It  is  characterised 
r the  fact  that  a small  opaque  object  placed  near  the  illuminated  surface 
at*  several  shadows. 

11082.  Diffused  illumination  is  that  produced  either  by  primary  or  seo- 
tdary  light  sources  having  dimensions  relatively  large  with  respect  to  the 
stance  from  the  point  illuminated,  and  scattering  fight  in  all  directions 
is  characterised  by  relative  lack  of  shadow.  Diffused  illumination  may 
> derived  principally  from  a single  direction  as  in  the  light  from  a skylit 
indow  or  from  all  directions  as  in  the  open  air.  Perfectly  diffused  illumina- 
on  on  a surfaoe  is  shadowless. 

In  any  practical  case  of  illumination  on  a surface  there  is  usually  a mixture 
the  above  types. 

11088.  Coefficient  of  utilisation  oi  an  illumination  installation  on  a 
ven  plane  is  the  total  flux  received  by  that  plane  divided  by  the  total  flux 
om  the  lamps  illuminating  it.  When  not  otherwise  specified,  the  plane 
reference  is  assumed  to  be  a horizontal  plane  30  inches  (76  cm  ) from 
ie  floor.  | 

11084.  Variation  factor  of  an  illumination  installation  is  the  ratio  of 
ther  the  maximum  or  minimum  illumination  on  a given  plane  to  the  aver- 
se illumination  on  that  plane. 

11088.  Variation  range  of  illumination  on  a given  plane  is  the  ratio  of 
ie  maximum  illumination  to  the  minimum  illumination  on  that  plane. 
11088.  Hemispherical  ratio  for  a given  lighting  unit  is  the  ratio  of  the 
iminous  flux  in  the  upper  hemisphere  to  that  in  the  lower  hemisphere. 
11087.  Brightnesa  ratio  is  the  ratio  of  the  brightness  of  any  two  sur- 
*©ea.  When  the  two  surfaces  are  opposed,  the  brightness  ratio  is  commonly 
died  the  "brightness  contrast." 

Dluminanti 

11040.  The  output  of  all  illuminants  should  be  expressed  in  lumens. 
11041.  Illuminants  should  be  rated  upon  a lumen  basis  rather  than  a 
mdlepower  basis. 

11042.  Lamp  efficiency  is  the  ratio  of  the  luminous  flux  output  to  the 
®wer  input. 


• These  terms  are  introduced  to  replace  the  more  commonly  used  terms, 
efficient  of  reflection,  coefficient  of  absorption,  coefficient  of  transmission, 
hich  latter  terms  refer  to  the  specific  properties  of  materials  rather  than 
> the  behavior  of  bodies  under  specified  conditions,  such  as  angle  of  inci- 
ence,  etc. 
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11049.  The  limp  efficiency  or  ip»cttc  ontputd  alactric  limp  AwM 

be  stated  in  terms  of  lumens  per  watt  and  that  of  illuminants  depeedm 
upon  combustion  should  be  stated  in  lumens  per  British  thcnnsl  uit  w 
hour. 

11044.  The  Power  consumption  of  auxiliary  devices  which  in  s» 
sarilv  employed  in  circuit  with  a lamp  should  be  included  in  the  hpa  4 
the  lamp.  For  example,  the  watts  lost  in  the  ballast  resistance  (fur 
lamp  are  properly  chargeable  to  the  lamp. 

11049.  The  specific  consumption  of  an  electric  lamp  is  its  ntt  w 
sumption  per  lumen.  /'Watts  per  candle”  is  a term  used  cosuneraskr  a 
connection  with  electric  incandescent  lamps,  and  denotes  watts  per  mm 
horisontal  candle. 

11044.  Life  teste.  Electric  incandescent  lamps  of  s given  type  nay  be 
assumed  to  operate  under  comparable  conditions  only  when  their  hunesi  per 
watt  consumed  are  the  same.  Life  test  results,  in  order  to  be  compute 
must  be  either  conducted  under,  or  reduced  to,  comparable  eosditioae « 
operation. 

11047.  In  comparing  different  luminous  sources  not  only  sbodf 

their  candlepower  be  compared,  but  also  their  relative  form.  brigfetM*. 
distribution  of  illumination  and  character  of  light. 

Lamp  Accessories 

11048.  A reflector  is  an  appliance  the  chief  use  of  which  is  to  ndrect 
the  luminous  flux  of  a lamp  in  a desired  direction  or  directions. 

11049.  A shade  is  an  appliance  the  chief  use  of  which  is  to  dimied  * 
to  interrupt  the  flux  of  a lamp  in  certain  directions  where  such  flux  » ** 
desirable.  The  function  of  a shade  is  commonly  combined  with  the  d i 
reflector. 

11080.  A globe  is  an  enclosing  appliance  of  clear  or  diffusing  material  th 
ohief  use  of  which  is  either  to  protect  the  lamp  or  to  diffuse  its  light 
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11090.  Performance  curve  is  a curve  representing  the  behavior  of  j 
lamp  in  any  particular  (candlepower,  consumption,  etc.)  at  different  period 
during  its  life. 

11091.  Characteristic  curve  is  a curve  expressing  a relation  bet  wees  c« 
variable  properties  of  a luminous  source,  as  candlepower  and  volts,  orif 
power  and  rate  of  fuel  consumption,  etc. 


ft 


11091.  Mean  horisontal  candlepower  of  a lamp  is  the  average  eaadb- 
wer  in  the  horisontal  plane  passing  through  the  luminous  center  of  t* 

jnp.  . 

It  is  here  assumed  that  the  lamp  (or  other  light  source)  is  mounted  » tk 
usual  manner,  or.  as  in  the  case  of  an  incandescent  lamp,  with  its  sxa  ^ 
symmetry  vertical. 

11063.  Moan  spherical  candlepower  of  a lamp  is  the  averagr  csad>- 

power  of  a lamp  in  all  directions  in  space.  It  is  equal  to  the  total  lumisow 
flux  of  the  lamp  in  lumens  divided  by  4*. 


11044.  Mean  hemispherical  candlepower  of  a lamp  (upper  or  low 
is  the  average  candlepower  of  a lamp  in  the  hemisphere  considered.  It  * 
equal  to  the  total  luminous  flux  emitted  by  the  lamp  in  that  henuspher* 
divided  by  2w. 


11049.  Moan  sonal  candlepower  of  a lamp  is  the  average  candlepo*^ 
of  a lamp  over  the  given  sone.  It  is  equal  to  the  total  luminous  flux  emittn 
by  the  lamp  in  that  sone  divided  by  the  solid  angle  of  the  sone. 

*11099.  Spherical  reduction  factor  of  a lamp  is  the  ratio  of  the  ns» 
spherical  to  the  mean  horisontal  candlepower  of  the  lamp. 


* In  the  ease  of  a uniform  point-source,  this  factor  would  be  unity,  a* 
for  a straight  cylindrical  filament  obeying  the  cosine  law  it  would  be  r/4. 
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Table  1100 

HOOT.  Photometric  units  and  abbreviations 


Photometric 

quantity 


Name  of  unit 


Abbrevia^ 
Symbols  and  tion  for 
defining  equations  name  of 
unit 


Luminous  flux 
Luminous  intensity 


3.  Illumination 
I.  Exposure 

5.  Brightness 


Lumen 

Candle 

/ Phot,  foot-candle. 
1 lux 

/ Phot-second 
Micro  phot-second 
Apparent  candle 
per  sq.  cm. 
Apparent  candle 
per  aq.  in. 

Lambert 


F.*  , 

(Ua'  doa 

r ■ 


1. 


dS 


Et 


ph.  fc. 

phs.  m ph»* 


bi  — 


bi  - 


dl 

dLS  oos  6 
dP 
dS 
P 


L.  mL. 


K Reflection  factor... 

r.  Absorption  factor _ 

1.  Transmission  factor  t 

t.  Mean  spherical  candlepower  «cp. 

).  Mean  lower  hemispherical  candlepower  lcp* 

. Mean  upper  hemispherical  candlepower  ucp. 

!.  Mean  sonal  candlepower  scp. 

:.  Mean  horizontal  candlepower  mho. 

. 1 lumen  is  emitted  by  0.07958  spherical  candlepower. 

1 spherical  candlepower  emits  12.57  lumens. 

1 lux  — 1 lumen  incident  per  square  meter  — 0.0001  phot  * 0.1  milli- 
phot. 

/ 1 phot  *»  1 lumen  incident  per  sq.  cm.  — 10,000  lux  ■»  1,000  milliphots 
— 1,000,000  microphots. 

. 1 milliphot  ■ 0.001  phot  * 0.929  foot-candle. 

. 1 foot-candle  * 1 lumen  incident  per  sq.  ft.  “ 1.076  milliphots  « 10.76 
lux. 

. 1 lambert  * 1 lumen  emitted  per  sq.  cm.  of  a perfectly  diffusing  surface. 
. 1 millilambert  — 0,001  lambert. 

2.  1 lumen,  emitted,  per  so.  ft.  1.076  millilamberts. 

3.  1 millilambert  — 0.929  lumen,  emitted,  per  sq.  ft. 

. 1 lambert  — 0.3183  candle  per  sq.  cm.  «—  2.054  candled  per  sq.  in. 

. 1 candle  per  Bq.  cm.  * 3.1416  lamberts. 

..  1 candle  per  sq.  in.  - 0.487  lambert  - 487  millilamberts. 


CHAPTER  XII 

STANDARDS  FOR  TELEPHONY  AND  TELEGRAPHY 

Many  of  the  following  definitions  are  tentative  and  not  yet  fully  cstab- 
hed.  Criticisms  and  suggestions,  addressed  to  the  Secretary  of  the  Stand- 
ds  Committee,  will  be  welcomed.  Some  of  the  definitions  are  specific  to 
tephony,  and  differ  in  detail  from  similar  definitions  appearing  in  other 
,rts  of  the  rules. 

DEFINITIONS 
Line  Circuits 

1*000.  Oround-retum  circuit.  A ground-return  circuit  is  a circuit 
nsisting  of  one  or  more  metallic  conductors  in  parallel,  with  the  circuit 
mpleted  through  the  earth. 

1S001.  Metallic  circuit.  A metallic  circuit  is  a circuit  of  which  the 
rth  forms  no  part. 
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lSOOt.  Two-wire  circuit.  A two-wire  circuit  is  a metallic  drac 
formed  by  two  parallel  conductors  insulated  from  each  other. 

HOOS.  Superposed  circuit.  A superposed  circuit  is  an  additioad  cir- 
cuit obtained  from  a circuit  normally  required  for  another  service,  sad  a 
such  a manner  that  the  two  services  can  be  given  simultaneously  vista 
mutual  interference. 

11004.  Phantom  circuit.  A phantom  circuit  is  a superposed  arm 
each  side  of  which  consists  of  the  two  conductors  of  a two-wire  areas  a 
parallel. 

11000.  Side  circuit.  A side  circuit  is  a two-wire  circuit  fonmaf  ov 
side  of  a phantom  circuit. 

11000.  Non-phan tomed  circuit.  A non-phantomed  circuit  is  s tv*- 
wire  circuit,  which  is  not  arranged  for  use  as  the  aide  of  a phantom  dretet 

HOOT.  Simplezed  circuit.  A simplexed  c remit  is  a two-wire  tdephoB'r 
circuit,  arranged  for  the  superposition  of  a single  ground-return  dgaalfct 
circuit  operating  over  the  wires  in  parallel. 

11000.  Composited  circuit.  A composited  circuit  is  a two-wire  tele- 
phone circuit,  arranged  for  the  superposition  on  each  of  its  eornpc&rv- 
metallic  conductors,  of  a single  independent  ground-return  signafing  drrsr- 

11000.  Quadded  or  phantomed  cable.  A quadded  or  phutoned 
cable  is  a cable  adapted  for  the  use  of  phantom  circuits. 

11010.  Simplex  circuit.  A simplex  circuit  in  telegraphy  is  one 
for  operation  in  one  direction  at  one  time. 

11011.  Duplex  circuit.  A duplex  circuit  in  telegraphy  is  oae  arTsafsd 
for  simultaneous  operation  in  opposite  directions. 

11011.  Diplex  circuit.  A diplex  circuit  in  telegraphy  is  one  trusted 
for  the  simultaneous  transmission  of  two  messages  in  the  same  dineta. 

11011.  Quadruple!  circuit.  A quadruplex  circuit  in  telegraphy  it  w 
arranged  for  the  simultaneous  transmission  of  two  messages  in  each  drreefcoa 

11014.  Multiplex  circuit.  A multiplex  circuit  in  telegraphy  is  <w 
arranged  for  the  simultaneous  transmission  of  one  or  more  in  bed 

directions.  Both  duplex  and  quadruplex  are  examples  of  multiplex  whereat 
diplex  is  not. 

HOIS.  Linear  electrical  oonstanta.  The  linear  electrical  coastaats  sr 
a line  are  the  electrical  oonstanta  per  unit  length  of  the  line,  *.g.,  linear  root 
anoe,  linear  inductanoe,  etc. 

HOIS.  Smooth  line.  A smooth  line  is  a line  whose  electric  darnels 
are  all  continuously  and  uniformly  distributed  throughout  its  length. 

*11017.  Periodic  line.  A periodic  line  is  a line  consisting  of  success™ 
similar  sections  in  each  of  which  one  or  more  electric  elements  are  not  dis- 
tributed uniformly.  As  examples  of  periodic  lines  are  (1)  loaded  lux*  sad 
(2)  artificial  lines  consisting  of  successive  similar  sections  of  lumped  comtafits 

H018.  Equivalent  smooth  line.  - An  equivalent  smooth  line  of  s peri- 
odic line  is  a smooth  line  having  the  same  electrical  behavior  as  the  period  ' 
line,  at  a given  single  frequency,  when  measured  at  terminals  or  at  eww- 
sponding  section  junctions. 

HOIS.  Equivalent  periodic  line.  An  equivalent  periodic  fine  of  a 
smooth  line  is  a periodic  line  having  the  same  electrical  behavior  for  ar. 
assumed  single  frequency,  as  the  smooth  line,  when  measured  at  ternisah 
or  at  corresponding  section  junctions.  The  terms  conjugate  smooth  fit? 
and  conjugate  periodic  line  are  also  sometimes  used. 

H0S0.  Composite  line.  A composite  line  is  a Hne  eonswring  ot  a 
plurality  of  successive  sections  having  different  linear  electrical  constant* 
as  in  the  case  where  an  underground  cable  section  ia  joined  to  an  overhead 
open-wire  section. 

U0S1.  Loaded  line.  A loaded  line  is  one  in  which  the  normal  reacts*? 
of  the  circuit  has  been  altered  for  the  purpose  of  increasing  its  tnrssisi  ' 
efficiency. 


* The  term  periodic  in  this  definition  refers  to  the  line  constants  and  net 
to  time  relations. 
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MmdLmm  lotdid  line.  A aeries  loaded  line  is  one  in  whioh  the 
eactanoe  has  been  altered  by  reactance  aerially  applied. 

. ihimt  loaded  line.  A shunt  loaded  line  ia  one  in  which  the 
reactance  of  the  circuit  has  been  altered  by  reactance  applied  in 
trooa  the  circuit. 

. Continuous  loading.  A continuous  loading  ia  a series  loading 
i the  added  inductance  ia  uniformly  distributed  along  the  conductors. 
8.  Coil  loading.  A coil  loading  is  one  in  which  the  normal  indue- 
altered  by  the  insertion  of  lumped  inductance  in  the  circuit  at 

a. 

Circuit  Constants  and  Characteristics 
>.  Camping  of  a circuit.  The  damping  at  a given  point  in  a Gir- 
in which  the  source  of  energy  has  been  withdrawn,  is  the  progressive 
-ion  in  the  effective  value  of  electromotive  foroe  and  current  at  that 
vaulting  from  the  withdrawal  of  electrical  energy. 

II.  Damping  constant.  The  damping  constant  of  a circuit  is  a 
e of  the  ratio  of  the  dissipative  to  the  reactive  component  of  its  admit- 
r impedance. 

U.  Mutual  impedance. — The  mutual  impedance  for  single  fre- 
alternating  currents,  between  a pair  of  terminals  and  a second  pair 
unala  of  a network,  under  any  given  condition,  ia  the  negative  ratio 
electromotive  force  produced  between  either  pair  of  terminal®  on 
ircuit  to  the  current  flowing  between  the  other  pair  of  terminals. 

►88.  Self -impedance . The  self-impedance  between  a pair  of  ter- 
of  a network,  under  any  given  ooncution,  is  the  ratio  of  the  electro- 
5 foroe  applied  across  the  terminals  to  the  entering  current. 

184.  Characteristic  impedance.  The  characteristic  impedance  of 
ia  the  ratio  of  the  applied  electromotive  foroe  to  the  resulting  steady- 
current  upon  a line  of  infinite  length  and  uniform  structure,  or  of 
io  recurrent  structure. 

088.  Bending-end  impedance.  The  sending-end  impedance  of  a 


da  lumped  inductance  may  be  applied  either  in  series  or  m shunt, 
commonly  understood,  coil  loading  is  a series  loading,  in  which  the 
<i  inductance  is  applied  at  uniformly  spaced  recurring  intervale, 
pplied  to  the  admittance  of  a condenser  or  other  simple  circuit  having 
ity  reactance,  the  damping  constant  for  a harmonic  electromotive  force 
en  frequency  is  the  ratio  of  the  conductance  O,  of  the  condenser  or 
b circuit  at  that  frequency  to  twice  the  capacitance,  C,  of  the  condenser 

► same  frequency  (G/2C).  . 

plied  to  the  reactance  of  a coil  or  other  simple  circuit  having  inductive 
inoe,  the  damping  constant  for  a harmonic  current  of  a given  frequency 

> ratio  of  the  resistance,  R,  of  the  coil  or  circuit  at  that  frequency  to 
the  inductance,  L,  at  the  same  frequency  (,R/2L) . 

k.  receiving-end  impedance  is  an  example  of  a mutual  impedance, 
igle  frequency  voltages  and  currents  are  here  supposed  to  be  represented 
implex  numbers.  Their  ratio  is  therefore  a complex  number, 
fingle  frequency  voltages  and  currents  are  here  supposed  to  be  repre- 
jd  By  complex  numbers.  Their  ratio  is  therefore  a complex  number. 

In  practice,  the  terms  (1)  line  impedanoe,  (2)  surge  impedance,  (3j  ^cra- 
imped&nce,  (4)  sending-end  impedance,  (5)  initial  eending-end  lmpod- 
, (6)  final  sending-end  impedance,  (7)  natural  impedance  and  (8)  free 
idanee,  have  apparently  been  more  or  less  indefinitely  and  lnaiscnmi- 
ly  used  as  synonyms  with  what  is  here  defined  as  “characteristic  i cri- 
ngle frequency  voltages  and  currents  are  here  supposed  to  be  represented 
lomplex  numbers.  Their  ratio  is  therefore  a complex  number.  t 
Sec  note  under  “Characteristic  Impedance."  In  case  the  line  is  of  m- 
e length  of  uniform  structure  or  of  periodic  recurrent  structure,  the  Bend- 
end  impedsnee  and  the  characteristic  impedance  are  the  warns, 
ingle  frequency  voltages  and  currents  are  here  suppoeed  to  berepresentea 
complex  numbers.  Their  ratio  is  therefore  a complex  number. 
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line  is  the  ratio  of  the  applied  electromotive  foree  to  the  resuhiac  aCaatr 
state  current  at  the  point  where  the  electromotive  force  is  applied. 

•110—.  Propagation  constant.  The  propagation  constant  of  s s* 
form  line,  or  section  of  a line  of  periodic  recurrent  struct  ore.  is  the  asters, 
logarithm  of  the  ratio  of  the  steady-state  currents  at  various  points  «p- 
rated  by  unit  length  in  a uniform  line  of  infinite  length,  or  at  enceeaaivtar 
responding  points  in  a line  of  recurrent  structure  of  infinite  length.  Th 
ratio  is  determined  by  dividing  the  value  of  the  current  at  the  point  nesnr 
the  transmitting  end  by  the  value  of  the  current  at  the  point  more  remote 
11—7.  Attenuation  constant.  The  attenuation  constant  for  s acg> 
frequency  is  the  real  part  of  the  propagation  constant  taken  at  that  freqwccy 
110— . Wave-length  constant.  The  wave-length  constant  is  t k 
imaginary  part  of  the  propagation  constant. 

11—0.  Standard  cable.  A standard  cable  is  an  ideal  uniform  b is 
terms  of  which  the  attenuation  of  a line  or  network  may  be  specified.  It» 
characterised  by  the  following  constants:  Linear  resistance,  SS  ohms  p* 
loop  mile  (54.7  ohms  per  loop  km.).  Linear  capacitance  between  vim 
0.054  microfarad  per  loop  mile  (0.03355  microfarad  per  loop  km.).  Liam 
inductance  and  linear  leakance,  0. 

Equivalent  Circuits 

fill—.  Equivalent  circuit.  An  equivalent  circuit  is  a simple  setvoi 
of  series  and  shunt  impedances,  which,  at  a given  frequency,  is  the  sppco- 
mate  electrical  equivalent  of  a complex  network. 

fill—.  “7"  equivalent  circuit.  A “7"  equivalent  circuit  is  a trior 
star  or  “f  connection  of  three  impedanoee  externally  equivalent  to* 
complex  network.  See  Fig.  12-1  for  symbol. 


FlO.  12-3  Fig.  12-4 

t—104.  equivalent  circuit.  An  " I ” equivalent  circuit  is  a tear 
nection  of  five  impedances  in  the  form  shown  in  Fig.  12-2,  which  is  extant fly 
equivalent  to  a complex  network.  It  differs  from  the  "T*  equivalent  ar- 
oint in  that  the  impedances  are  arranged  symmetrically  on  the  two  ridw  « 
the  circuit,  which  is  often  desirable  in  connection  with  practical  problems, 
as  indicating  that  the  circuit  is  balanced  with  respect  to  ground. 

till—.  “II ” equivalent  circuit.  A “II**  equivalent  circuit  is  a ddta 
connection  of  three  impedances  externally  equivalent  to  a complex  Detwtrk. 
It  is  also  called  a '*  IT*  equivalent  circuit.  See  Fig.  12-3  for  symbol. 

fl21— . “O”  equivalent  circuit.  An  "O”  equivalent  circuit  is  a con- 
nection of  four  impedances  in  the  form  shown  in  Fig.  12-4,  externally  cqmTw- 

• Single  frequency  voltages  and  currents  are  here  supposed  to  be  rrp**- 
sented  by  complex  numbers.  Their  ratio  is  therefore  a complex  number 

t As  ordinarily  considered,  the  simple  networks  as  defined,  are  the  elec- 
trical equivalents  of  complex  networks  only  with  respect  to  definite  pain  « 
terminals. 
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©d^iicSi  aj-e^iTaAged  ay mn^tricaSv  ***  5 eQuival6nt  owouit  in  that 
i often  desirable  in  connwti^n^th^011  .t.he.two  ®dee  of  the  circuit, 
J circuit  ib  balanced  with  reSpeS  to^uL'd  probIemB»  ®« indicating 

I Telephony . 

b calling  P^y^giv!es^a^Md#.r  manuftl  telephone  system  is  one 
octly  by  hand,  either  with  or  withi?wK0p®rator  who  °°*nplctee  the 
oal  operators.  n " wlthout  th«  assistance  of  one  Comoro 

>r  foil  m^hanicaT tel#p?lon*  An  auto- 

rator.°  C°mp,et*  • 

otomatTc  telephone  ayatem.  A 

part.y  »ves  his  order  to  an  operator  whj!3?*0111!1?  oaf  w*uoh  the 
^-control  switches.  operator  who  completes  the  call  through 

‘jjfcphone  'exchange  consists  of  one  or 

I4"  Tm  T “ * °f  Which  *''Pb<>“ 

«r  diaxriot'ls  the* OT^tri^r^d^^u  £ weP>»one  exchange 

OS.  Central  office  . . by  a ‘•M'one  exchange. 

•eUng  Unes  terminating  thwi£#  °ffice  " * switcWnc  center  for  inter- 

distance  line.  termhSta  ’ ^ *°^  centraf  office  is  one  in  which  toll  and 

sr’a  linea  terminate?  °®c**  ^ looal  central  office  is  one  in  which  sub- 

‘vfte^SnS? e^^c^V««°”>Uy  abbreviated  "V.  B.  X.”). 

°f,  » *u^tiber,  including  a »m\cKhn»THgen!.raUy  instaUed  on  the 
ected  to  a central  ^“a  ^.switchboard  and  extemunn  an<i 


Dranch  exchange  is  7^  »uorenatea  "P.  B.  X.”). 

°f,  * *u^tiber,  including  a »m\cKhn»THgen!.raUy  instaUed  on  the 
ected  to  a central  office  afforSi  and.  extension  sets,  and 

asion  Bets  and  also  between  these  J»1!l^minuni<!?^on  between  the 
*09.  Private  exchan™  a • and  the  antral  office, 
aess  organization  or  indi^duaf  i8e°5e  which  aerves  one 

«10.  Private  autnm^  L not  connected  to  a central  office, 
n automatic  exchange  which* serve?  one 4p?i  vate  automatic  exchange 
Mll^  1tn^0nnected  to  a central  office*1**8  °rgamsation  or  i^ 

oer  set  is  an  asaemblv^o/0***11  abbfeT^ted  to  “subset”).  A sub- 
9 assembly  of  apparatus  for  sending  and  receiving  teltpho^ 

«criber^s^U^^eanBij^®nM0^^?^  abbreviated  to  “substation”)  A 

mttZT*'  “^^"^ho°n eT.lLd  t0  a 0B“tral  °«~ 

.of  “>«  publican  thePpaymant>of“aaf^,b9xLb<!r<  "tation  '™il»b'«  for 

I«1  “to T2W  " ^ fo  on  att^dinr  * f"  may  b«  •“»*«  d- 

ocsl  serviw  "Wwrf'affordilL'tSuMd  iSnW  S.tl>tion  ,oc»ted  outside  of 
19*1#.  Subscribe  ii.  *""«  tou  and  long  distance  service  only. 

*iber  loop  is  the  wire  conneoti!Ii*KCf*ber  ^°°P-  A subscriber  Kne  or  sub- 
il  office  Fe  connection  between  a subscriber  station  and  the  cen- 

riber  8ub*cr’iber  line  circuit  is  a sub- 

1**17.  IndiTiduAl  11^  in.dual  <***&  officer  apparatus, 
mneota  one  Bubecriber^Hr^ n*«n«dl vid*Ual  a aubscriber  line  which 

' more  extension  sets.  Btatlon  *°  a cent|,al  office;  though  it  may  have  one 

r^?'.utaSft;ti0MPtoif  c^t^iaJaS,“CribOT  *tae  WhiCh  °°bm,CTU  two 
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1SS19.  Tip  side  or  tip  wire,  ring  tide  or  rise  wire.  The  % aUt  or 

wire,  or  the  ring  side  or  wire,  is  that  conductor  of  a circuit  which  is  isomw 
with  the  corresponding  member  of  a jack. 

IStSO.  Negative  side  or  negative  wire,  positive  side  or  positive  Wi 
The  negative  side  or  wire,  or  the  positive  side  or  wire,  is  that  conductor  of » 
circuit  which  is  normally  connected  to  the  corresponding  pole  of  a better 
lltSl.  Main  distributing  frame.  A miun  distributing  frame  s t 
structure  for  terminating  the  permanent  inside  and  outside  wires  dace  i 
tr&l  office  and  for  effecting  flexible  junctions  between  them. 

tttlt.  Intermediate  distributing  frame.  An  intermediate  afeteb 
uting  frame  is  a structure  for  terminating  permanent  inside  wires  of  a cestni  ; 
offioe  and  for  effecting  flexible  junctions  between  them. 

1118  S.  Switchboard.  A switchboard  is  an  assemblage  of  apparatus  b i j 
coordinate  structure  for  switching  talking  and  signaling  circuits. 

lltil  Switchboard  section.  ^ A switchboard  section  is  an  element  or 
unit  one  or  more  of  which  constitutes  a complete  manual  switchboard. 

11819.  Operating  room.  An  operating  room  is  a room  which  contain 
a manual  switchboard  and  associated  apparatus. 

lhSI.  Combination  currant.  A combination  current  consists  of  tw 
or  more  currents  of  different  characteristics  in  the  same  circuit.  As  ordi- 
narily used  the  term  refers  to  currents  whose  characteristics  are  sie*£ij 
maintained,  as  for  example,  a combination  of  direct  current  and  u alter- 
nating current. 

INST.  Manual  ringing.  Manual  ringing  is  ringing  which  is  affect 
by  and  continues  with  the  operation  of  a key. 

HIM.  Machine  ringing.  Machine  ringing  is  intermittent  a ad  a 
caused  to  act  periodically  by  the  apparatus  itself. 

11119.  Superimposed  ringing  currant.  A superimposed  ringisc  fff-  j 
rent  is  a combination  current  for  ringing,  consisting  of  a direct  and  so  ahee 
Dating  current. 

1SS30.  Pulsating  ringing  currant.  A pulsating  ringing  current  is  i 
current  for  ringing  in  which  the  succeeding  impulses  are  separated  by  inter- 
vals approximately  equal  to  those  of  the  impulses  themselves. 

1SS31.  Harmonic  selective  signaling.  Harmonic  selective  signsSas 
employs  devices  tuned  mechanically  or  electrically  to  the  frequency  of  t be 
ringing  current,  so  that  each  device  will  not  operate  when  receiving  cwres. 
intended  to  operate  another  device. 

11US.  Multiple  harmonic  signaling.  Multiple  harmonic  sigosfog 
employs  frequencies  which  are  integral  multiple®  of  the  lowest  frequency 
11131.  Non- multiple  harmonic  signaling.  Non-multiple  harmed 
signaling  employs  frequencies  which  are  not  integral  multiples  of  the  lerot  | 
frequency. 

11134.  "To  call.”  “To  call”  is  to  originate  a telephone  calL 
11333.  **To  dial.”  “To  dial”  a number  is  to  use  a dial  type  of  eaflbt 
device  in  order  to  control  automatic  switches. 

18333.  “To  act  Up.”  “To  set  up”  a number  is  to  use  a key  type  or 
multiple  lever  type  of  calling  device  in  order  to  control  automatic  swatch®. 

11137.  Calling  devioe.  A calling  device  is  an  apparatus  by  mease  of 
which  automatic  switches  are  controlled  for  the  purpose  of  cstablishisg  * 
connection. 

13338.  Calling  party.  A calling  party  is  a person  who  originates  a tele- 
phone call. 

13339.  Called  party.  A called  party  is  the  person  who  answers  when  a 
station  is  called. 

11340.  Reverting  call.  A reverting  call  is  one  between  two  stations  ca 
the  same  subscriber  line. 

11341.  Telephone  traffic.  Telephone  traffic  is  the  aggregate  vdiat  d 
communication  bandied  in  a given  time. 

1900 

Digitized  by  Google 


STANDARDS 


Sec.  24-12242 


ISIH.  "Busy."  "Busy"  i s the  condition  of  a line  or  an  apparatus  whefi 
is  in  use. 

mil.  Free.  Free  is  the  condition  of  a line  or  an  apparatus  when  it  is 
t in  use.  Free  is  the  opposite  of  busy. 

12944.  "To  make  busy."  “To  make  busy"  is  to  cause  a line  or  an 
paratus  to  appear  to  be  busy. 

12244.  "To  release"  or  to  “disconnect."  “To  release”  or  “to  die- 
nnect”  is  to  terminate  a telephone  connection  by  disengaging  the  apparatus. 
12244.  "To  dear."  “To  clear”  is  to  restore  a line  or  an  apparatus  to 
e free  condition. 

12247.  Trunk.  A trunk  is  the  wire  connection  between  switching  devices 
central  offices. 

12244.  Trunk  circuit.  A trunk  circuit  is  a trunk  with  its  associated 
dividual  apparatus. 

12244.  Trunked  call.  A trunked  call  is  one  which  employs  an  inter- 
face trunk  or  a trunk  between  two  switchboard  positions. 

12240.  Belay.  A relay  is  a device  by  means  of  which  contacts  in  one 
rcuit  are  operated  by  a change  in  conditions  in  the  same  circuit  or  in  one 
r more  associated  circuits.  (See  Rule  4014  Standardisation  Rules,  A.  I.  E. 
.,1918). 

12241.  Polar  relay.  A polar  relay  is  a relay  which  operates  in  response 
> a change  in  the  direction  of  the  current  in  the  controlling  circuit. 

12202.  Quick  operating  relay.  A quick  operating  relay  is  one  which 
pe rates  its  contacts  within  a specified  brief  time  limit. 

122 54.  Quick  release  relay.  A quick  release  relay  is  one  which  releases 
a contacts  within  a specified  brief  time  limit. 

12244.  Quick  acting  relay.  A quick  acting  relay  is  one  which  has  the 
roperties  of  both  a quick  operating  and  a quick  release  relay. 

12244.  Slow  operating  relay.  A slow  operating  relay  i«  one  which  will 
ot  operate  until  after  a specified  delay. 

12244.  Slow  rdease  relay.  A slow  release  relay  is  one  which  when 
perated  will  not  release  until  after  a specified  delay. 

12247.  Slow  acting  relay.  A slow  acting  relay  is  one  which  has  the 
iroperties  of  both  a slow  operating  and  a slow  release  relay. 

12244.  Line  relay.  A line  relay  is  one  whose  coil  is  normally  in  the  line 
ircuit. 

12244.  Out-off  relay.  A cut-off  relay  is  one  which  when  operated  dis- 
connects from  a line  apparatus  normally  connected  to  it. 

12240.  Belay  coil  section.  A relay  coil  section  ia  one  of  two  or  more 
windings  of  a coil  on  one  and  the  same  core.  The  several  sections  may  be 
concentric  or  placed  side  by  side  on  the  core. 

12241.  Tension  spring.  A tension  spring  is  one  which  functions  to 
sxert  mechanical  pressure  hut  does  not  carry  an  electrical  current. 

12242.  Contact  spring.  A contact  spring  is  one  which  takes  an  elec- 
trical part  in  switching  a circuit. 

12244.  Main  contact  spring.  A main  contact  spring  is  one  which  may 
switch  a circuit  between  two  or  more  other  contact  springs. 

12444.  Armature  spring.  An  armature  spring  is  the  first  of  a group 
to  be  moved  by  the  armature.  It  may  or  may  not  be  a main  oontact  spring. 

12244.  Plunger  spring.  A plunger  spring  is  the  first  of  a group  to  be 
moved  by  the  plunger. 

12244.  Impulse  springs.  Impulse  springs  are  those  which  act  to  make 
or  break  a circuit  for  the  purpose  of  sending  impulses. 

12247.  Make-before-break  contact  springs  (abbreviation 
"M.B.B.”).  Make-before-break  contact  springs  are  those  in  which  the 
main  spring  touches  the  front  contact  before  it  breaks  away  from  the  baok 
oontact.  Also  called  a continuity  preserving  contact. 

12144.  Back  contact  spring.  A back  contact  spring  is  one  against 
which  the  miun  contact  spring  rests  when  in  the  normal  position. 
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1M89.  Front  oontact  spring.  A front  contact  spring  » «e  **»* 
which  the  main  contact  spring  rests  when  in  the  operated  position. 

11170.  Automatic  rifnaltny.  Automatic  signaling  is  affeetad  mike 

the  aid  of  an  operator. 

11171.  Autoznatio  switch.  An  automatic  switch  is  a remote  main 
device  for  controlling  talking  dr  signaling  circuits. 

11171.  Finder  switch.  A finder  switch  is  a switch  oouneetsd  to  oar  d 
a smaller  number  of  circuits  and  which  finds  automatically  a circuit  out  d t 
larger  number  of  circuits  from  whence  the  signal  comes. 

1117S.  Line  switch.  A line  switch  is  a switch  connected  tomoli 
larger  number  of  circuits  from  which  a signal  comes  and  which  finds  asth- 
matically a circuit  out  of  a smaller  number  of  circuits. 

11174.  Selector  switch.  A selector  switch  is  a switch  whose  duty  i>  u> 
select  a particular  group  of  trunks  and  one  trunk  of  the  group  selected.  U 
particular  cases,  one  of  theee  functions  may  be  omitted. 

11171.  Connector  switch  or  final  selector.  A connector  switch  or 
final  selector  is  a switch  whose  duty  is  to  establish  a connection  with  tk 
called  line.  It  is  usually  operated  by  the  last  digit  or  digits  of  the  tail 
number. 

11174.  Switch  frame.  A switch  frame  is  a structure  for  mountisg  si 
assembly  of  switching  apparatus  which  may  be  integral  therewith. 

11177.  Section  of  switches.  A section  of  switches,  considered  from  t 
trunking  standpoint,  is  a group  of  adjacent  switches  whose  banks  sre  ash- 
plied  together.' 

11178.  Switchroom.  A switchroom  is  a room  which  contains  an  mesr 
blage  of  automatic  switches  and  associated  apparatus. 

11174.  Bank  wires.  Bank  wires  are  those  wires  which  multiple  sdjsoet 
switch  banks  to  each  other. 

11140.  Bank  cable.  A bank  cable  is  one  which  connects  a switch  bask 
to  a terminal  rack. 

11181.  Multiple  cable.  A multiple  cable  is  one  which  mohipfis  to- 
gether two  or  more  sections  of  switch  banks  by  connecting  together  the? 
terminals. 

11181.  Impulse.  An  impulse  is  any  sudden  change  of  brief  durst** 
produced  in  the  current  of  a circuit. 

•11188.  Make  impulse.  A make  impulse  is  an  impulse  due  to  a tempor- 
ary flow  of  current. 

11184.  Break  impulse.  A break  impulse  Is  an  impulse  dae  to  a tem- 
porary interruption  of  current. 

11188.  Impulse  frequency.  The  impulse  frequency  is  the  number  of 
impulses  occurring  per  second.  Tne  reciprocal  of  this  is  the  impulse  psied 

18888.  Impulse  period.  The  impulse  period  is  the  period  of  time  in- 
cluded between  the  corresponding  points  in  periodically  recording  ispka. 
It  thus  corresponds  to  the  period  of  alternating  current. 

18887.  Impulse  ratio.  Impulse  ratio  is  the  ratio  of  duration  of  as  im- 
pulse to  the  impulse  period. 

18888.  Impulse  circuit.  An  impulse  circuit  is  one  through  which  im- 
pulses are  transmitted. 

18889.  Telephone  impulse  repeater.  A telephone  impulse  repute 
is  a device  for  repeating  impulses  from  one  line  circuit  into  another  aad  for 
performing  other  duties. 

18880.  Supervisory  signal.  A supervisory  sign  si  is  a device  for  attract- 
ing attention  of  an  attendant  to  a duty  in  connection  with  switching  appar- 
atus or  its  aocesjKmeS.  This  includes  cord  supervisory  lamps  on  a mama] 
switchboard  and  the  supervisory  lamps  in  an  automatic  exchange  vkd 
indicates  that  a switch  has  been  occupied  but  has  not  completed  its  runctice 

18881.  Tell-tale  signal.  A tell-tale  signal  is  a device  for  locating  thr 
failure  of  some  apparatus;  for  example,  the  blowing  of  a fuse,  the  cootineea 
drawing  of  heavy  current  by  apparatus  intended  to  receive  only  Momentary 
current,  etc. 
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fi.  Alarm  signal.  An  alarm  signal  is  a sound  producing  device  for 
iog  attention  to  either  a supervisory  or  a tell-tale  signal. 

S.  Amplifier.  See  Par.  13040. 

>4.  Telephone  repeater.  A telephone  repeater  is  a device  for  am- 
g a voioe  current  from  one  line  circuit  into  another  line  circuit. 

>0.  Telephone  receiver.  A telephone  receiver  is  an  electrically  oper- 
evice  designed  to  produce  sound  waves  or  vibrations  which  correspond 
electromagnetic  waves  or  vibrations  actuating  it. 

01.  Microphone.  A contact  device  designed  to  have  its  electrical 
tnce  directly  and  materially  altered  by  slight  differences  in  mechanical 
ire. 

Ol.  Telephone  transmitter.  A telephone  transmitter  is  a sound- 
operated  or  vibration-operated  device  designed  to  produce  electro- 
nic waves  or  vibrations  which  correspond  to  the  sound  waves  or  vibra- 
actu&ting  it. 

ISOS.  Coefficient  of  coupling  of  a transformer.  The  coefficient  of 
ling  of  a transformer  at  a given  frequency  is  the  ratio  of  the  mutual 
danoe  between  the  primary  and  secondary  of  the  transformer,  to  the 
re  root  of  the  product  of  the  self-impedances  of  the  primary  and  of  the 
id&ry. 

304.  Repeating  coil.  A term  used  in  telephone  practice  meaning  the 
3 as  transformer,  and  ordinarily  a transformer  of  unity  ratio. 
l1305.  Retardation  coil.  A retardation  coil  is  a reactor  (reactance 
used  in  a circuit  for  the  purpose  of  selectively  reacting  on  currents  which 
f at  different  rates. 


Telegraphy 

1300.  Relay.  A relay  is  a device  by  means  of  which  contacts  in  one 
:uit  are  operated  by  a change  in  conditions  in  the  same  circuit  or  in  one 
more  associated  circuits. 

3301.  Polar  relay.  A polar  relay  is  a relay  which  operates  in  response 
a change  in  the  direction  of  the  current  in  the  controlling  circuit. 

3301.  Mon- polar  relay,  or  neutral  relay.  A non-polar  relay  is  a 
ay  which  operates  in  response  to  a change  in  the  strength  of  the  current 
the  controlling  circuit,  irrespective  of  the  direction  of  the  current. 

11303.  Neutral  relay.  See  non-polar  relay. 

13304.  Selector.  A selector  is  a device  which  performs  certain  functions 
oh  as  oausing  an  electric  lamp  to  light,  or  an  electric  hell  to  sound,  in 
iponse  to  a definite  signal  or  group  of  successive  signals  received  over  a 
ntrolling  circuit. 

3303.  Direct-point  repeater.  A direct-point  repeater  is  a repeater  in 
hich  the  receiving  relay  controlled  by  the  signals  received  over  a line  repeats 
tese  signals  into  another  line  or  lines  without  the  interposition  of  any  other 
seating  or  transmitting  apparatus. 

3303.  Concentrator.  A concentrator  is  a traffic  distributing  device 
y means  of  which  a number  of  telegraph  or  telephone  lines,  and  connections 
o operating  instruments  are  brought  together  at  one  point  to  facilitate 
heir  interconnection  at  such  times  as  signals  or  messages  are  to  be  trans- 
acted from  one  to  the  other. 

1*307.  Transmitter.  A transmitter  is  a device  for  effecting  electrical 
?han$ea  in  a controlled  circuit.  The  term  transmitter  is  oommonly  applied 
principally  to  devices,  which  in  response  to  a controlling  means  effects  in  a 
main  line  telegraph  circuit  electrical  changes  necessary  to  send  signals  over 
the  line. 


• Single  frequency  voltages  and  currents  are  here  supposed  to  be  repre- 
sented by  complex  numbers.  Their  ratio  is  therefore  a complex  number. 

t In  telephone  and  telegraph  usage,  the  terms  "impedance  coil,"  "induo- 
tance  coil,  "choke  coil"  ana  "reactance  coil"  are  sometimes  used  in  place 
of  the  term  "retardation  coil." 


1060 

Digitized  by  Google 


Sec.  24-12508 


STANDARDS 


11800.  Sfnchroaoui  system.  A synchronous  system  of  tehgriphy  n 
one  in  which  the  proper  transmission  and  reception  of  «gn*h  « dependent  i 
upon  the  synchronous  operation  of  similar  commutators  or  other  define 
located  at  the  sending  ana  receiving  stations  of  a circuit. 

11509.  Differential  duplex.  A differential  duplex  is  a duplex  qntea 
in  which  at  each  station  one  of  two  portions  of  the  receiving  instrument  m 
connected  in  series  with  the  line  wire  and  the  other  in  series  with  act  srtifiml 
line  of  such  electrical  characteristics  that  the  effects  upon  the  receiver  of 
currents  passing  through  the  main  and  artificial  lines,  as  a result  of  outgoisc 
signals,  are  neutralised. 

11510.  Bridge  duplex.  A bridge  duplex  is  a duplex  system  in  did  , 
the  receiving  instruments  at  each  station  is  connected  across  two  impedsone. 
one  in  series  with  the  line  wire  and  the  other  in  series  with  the  artificial  Hw  ! 
in  such  manner  that  no  electrical  change  in  the  receiver  circuit  is  effected  j 
by  outgoing  signals.  I 

ISfll.  Half-set  repeater.  A half-set  repeater  is  a repeater  used  for  1 
connecting  together  a simplex  circuit  and  a duplexed  circuit  converting  then 
into  the  equivalent  of  a single  simplex  circuit. 

ISflS.  Intermediate  current  supply.  An  intermediate  current  mppfr 
is  an  ungrounded  source  of  current  connected  in  series  with  a line  wire  it  a 
station  other  than  a terminal  on  a ground  return  telegraph  circuit.  i 

Ilf  18.  Phantoplex  circuit.  A phantoplex  circuit  is  a superposed  cir- 
cuit operated  by  alternating  current  over  a simplex,  duplex  or  quadruples 
circuit  operated  from  direct  current  sources. 

ilf  14.  Spark  condenser,  A spark  condenser  is  a condenser,  with  m 
without  associated  non-inductive  resistance,  connected  with  a pair  of  issfrt- 
ment  contact  points  for  the  purpose  of  diminishing  sparking  at  these  pout* 
11818.  Current  margin.  In  a non-polar  simplex  system,  the  differme* 
between  the  current  flowing  through  a receiving  instrument  when  operated 
to  that  flowing  when  not  operated. 

11818.  Margin  ratio.  In  a non-polar  simplex  system,  the  ratio  of  the 
current  flowing  through  a receiving  instrument  when  operated  to  that  lov- 
ing when  not  operated. 

11817.  Percentage  Margin.  In  a non-polar  simplex,  the  current  naegu 
expressed  as  a percentage  of  the  current  flowing  through  the  relay  «hes 
operated. 

11818.  Main  circuit.  A main  circuit  is  a major  electrical  circuit  of  * ; 
telegraph  system  and  includes  both  transmitting  and  receiving  devices 
11811.  Local  circuit.  A local  circuit  is  a circuit,  within  the  limits  cf 
the  station,  usually  controlled  by  a receiving  instrument  in  a main  drewt  , 
or  controlling  a transmitter  effecting  changes  in  a main  line  circuit. 


CHAPTER  XIII 

STANDARDS  FOR  RADIO  COMMUNICATION 

General 

This  chapter  has  been  mainly  abstracted  from  the  report  of  the  standardi- 
sation committee  of  the  institute  of  radio  engineers,  and  is  here  included 
by  permission,  until  further  revised.  For  full  particulars,  see  the  I It  E. 
Standardisation  Committee  report. 

13000.  Acoustic  resonance  device.  One  which  utilises,  in  its  operation, 
resonance  to  the  audio  frequency  of  the  received  signals. 

18001.  Antenna.  A system  of  conductors  designed  far  radiating  « 
absorbing  the  energy  of  electromagnetic  waves. 

18001.  Atmospheric  absorption.  That  portion  of  the  total  low  of 
radiated  energy  due  to  atmospheric  oonduotivity. 

18008.  Audio  frequencies.  Frequencies  corresponding  to  the  normal^ 
audible  vibrations.  These  are  assumed  to  lie  below  10,000  cycles  per  second 
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1SI04.  Oapidtive  ooupler.  An  apparatus  whioh,  by  electric  fields 
3tns  portions  of  two  radio-frequency  circuits,  and  which  is  used  to  transfer 
Lee tn cal  energy  between  these  circuits  through  the  action  of  electric  forces. 

13008.  Coefficient  of  coupling  (inductive).  The  ratio  of  the  effective 
mtual  inductance  of  two  circuits  to  the  square  root  of  the  product  of  the 
ffective  self-inductances  of  eaoh  of  these  circuits. 

13009.  Direct  coupler.  A coupler  which  magnetically  joins  two  circuits 
aving  a common  conductive  portion. 

13007.  Counterpoise.  A system  of  electrical  conductors  forming  one 
ortion  of  a radiating  oscillator,  the  other  portion  of  which  is  the  antenna, 
n land  stations  a counterpoise  forms  a capacitive  connection  to  ground. 
13008.  Damped  alternating  current.  A damped  alternating  current 
an  alternating  current  whose  amplitude  progressively  diminishes. 
13009.  Damping  factor.  The  damping  factor  of  an  exponentially 
amped  alternating  current  is  the  product  of  the  logarithmic  decrement 
nd  the  frequency. 

Let  I o «=»  initial  amplitude 

It  — amplitude  at  the  time  t 
« « base  of  Napierian  logarithms 
a — damping  factor 
hen:  It  — 

13010.  Detector.  That  portion  of  the  receiving  apparatus  which,  con-i 
eeted  to  a circuit  carrying  currents  of  radio  frequency,  and  in  conjunction 
ith  a self-contained  or  separate  indicator,  translates  the  radio-frequency 
lergv  into  a form  suitable  for  operation  of  the  indicator.  This  translation 
iay  be  effected  either  by  the  conversion  of  the  radio  frequency  energy,  or 
y means  of  the  control  of  local  energy  by  the  energy  received. 

13018.  Electromagnetic  wave.  A periodic  electromagnetic  disturbance 
rogressing  through  space. 

13018.  Forced  alternating  current.  A current,  the  frequency  and 
imping  of  which  are  equal  to  the  frequency  and  damping  of  the  exciting 
ectromotive  force. 

13017.  Free  alternating  current.  The  current  following  any  electro- 
tagnetio  disturbance  in  a circuit  having  capacitance,  inductance,  and  Um 
inn  the  critical  resistance. 

13018.  Critical  resistance  of  a circuit.  That  resistance  which  deter- 
ines  the  limiting  condition  at  which  the  oscillatory  discharge  of  a circuit 
isses  into  an  aperiodic  discharge. 

13019.  Group  frequency.  The  number  per  second  of  periodic  changes 
amplitude  or  frequency  of  an  alternating  current. 

None  1. — Where  there  is  more  than  one  periodically  recurrent  ohange  of 
nplitude  or  frequency,  there  is  more  than  one  group  frequency  present. 
Non  2. — The  term  "group  frequency"  replaces  the  term  "spark 
equency." 

13030.  Inductive  coupler.  An  apparatus  which,  by  magnetic  forces, 
in n portions  of  two  radio-frequenoy  circuits  and  is  used  to  transfer  elcc- 
ical  energy  between  these  circuits,  through  the  action  of  these  magnetic 
rc«s. 

13038.  Logarithmic  decrement.  The  logarithmio  decrement  of  an 
:ponentially  damped  alternating  ourrent  is  the  logarithm  of  the  ratio  of 
tocessive  current  amplitudes  in  the  same  direction. 

Not*. — Logarithmic  decrements  are  standard  for  a complete  period  or 
role. 


Let:  1%  and  /*+ i be  successive  current  amplitudes  in  the  same  direction. 
d — logarithmic  decrement 

bon:  d — log*  -~- 

in+l 

18038.  Radio  frequencies.  The  frequencies  are  higher  than  those  cor- 
sponding  to  the  normally  audible  vibrations,  which  are  generally  taken 
i 10,000  cycles  per  second.  See  also  Audio  Frequencies. 
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Not*. — It  is  not  implied  that  radiation  cannot  be  eecnred  it  low  fre- 
quencies and  the  distinction  from  .audio  frequencies  is  merely  oas  of  dota- 
tion based  on  convenience. 

IMiT.  Resonance.  Resonance  of  a circuit  to  a given  exoting  ite- 
noting  e.m.f.  is  that  condition  due  to  variation  of  the  inductance  or  es$sot? 
in  which  the  resulting  effective  current  (or  voltage)  in  that  dread  i§  > 
maximum. 

1108S.  Standard  resonance  curve.  A standard  resonance  com  » » 
ourve  the  ordinates  of  which  are  the  ratios  of  the  square  of  the  current  i 
any  frequency  to  the  square  of  the  resonant  current,  and  the  abeciMai  m 
the  ratios  of  the  corresponding  wave  length  to  the  resonant  ware  kagtk. 
the  abscissas  and  ordinates  having  the  same  scale. 

1S0S9.  Sustained  radiation.  Sustained  radiation  consists  of  urn 
radiated  from  a conductor  in  which  an  alternating  current  flows. 

11010.  Tuning.  The  process  of  securing  the  maximum  indication  b 
adjusting  the  time  period  of  a driven  element.  (See  Resonance.) 

ISOM.  Wave-meter.  A wave-meter  is  a radio-frequency  meacssn 
instrument,  calibrated  to  read  wave  lengths. 

ISOM.  Decrsmeter.  An  instrument  for  measuring  the  logaritfcnK 
decrement  of  a circuit  or  of  a train  of  electromagnetic  waves. 

1S0S7.  Attenuation,  radio.  The  decrease  with  distance  from  t ht 
radiating  source,  of  the  amplitude  of  the  elec  trie  and  magnetic  forces  we- 
panying  (and  constituting)  an  electromagnetic  wave. 

ISOM.  Attenuation,  coefficient  of  (radio).  The  coefficient  whirl, 
when  multiplied  by  the  distance  of  transmission  through  a uniform  medisa. 
gives  the  natural  logarithm  of  the  ratio  of  the  amplitude  of  the  elector  s 
magnetic  forces  at  that  distance,  to  the  initial  value  of  the  corresponds* 
quantities. 

1S0S9.  Coupler.  An  apparatus  which  is  used  to  transfer  radio-freqaesr? 
energy  from  one  circuit  to  another  by  associating  portions  of  these  ear 

1S040.  Amplifier.  An  amplifier  is  an  instrument  which  modifies  th# 
effect  of  a local  source  of  energy  in  substantial  accordance  with  the  w»t*~ 
form  of  the  received  energy,  and  gives  out  a wave  of  greater  ampfitsde  thu 
that  which  it  receives. 

1S041.  Interference.  See  Par.  11048. 

11041.  Phase  angle  defect.  The  phase  angle  defect  of  a condenser  * 
the  departure  from  quadrature  of  the  phase  difference  between  poteota- 
and  current  at  terminals.  This  is  sometimes  called  the  phase  angle  of » 
condenser:  although  strictly  speaking  the  phase  angle  of  a condenser  is 
90  deg.  less  the  phase  angle  defect,  and  is  therefore  exactly  90  deg.  who 
the  phase  angle  aefect  is  sero. 

11041.  Impulse  e.mi.  An  e.m.f.  the  effective  value  of  which  become 
small  compared  with  its  maximum  value  in  a time  which  is  short  comper'd 
with  the  duration  of  the  current  which  it  causes. 

11044.  Directive  coefficient.  The  directive  coefficient  of  a transmittac 
antenna  at  a given  distance  therefrom  on  the  surface  of  the  earth  or  so. 
for  a given  wave  length,  is  the  ratio  of  average  field  intensity  within  an  angk 
of  stated  degrees  centered  about -the  direction  of  maximum  radiation,  tc 
the  average  field  intensity  in  all  direction*. 

11048.  Directional  selectivity.  The  directional  selectivity  of  a reced- 
ing antenna  at  a given  wave  length  is  the  ratio  of  the  average  e.m.f.  induced 
in  that  antenna  for  waves  of  equal  intensity  coming  from  directions  compnwd 
within  an  angle  of  stated  degrees  centered  about  the  direction  of  best  recep- 
tion, to  the  average  e.m.f.  induced  in  the  antenna  for  waves  of  equal  internet? 
coming  from  all  directions. 

1)048.  Radiation  efficiency.  The  radiation  efficiency  of  an  an  tense  » 
a given  wave  length  is  the  ratio  of  radiation  resistance  to  the  antes* 
resistance. 

11047.  Selectivity.  The  (overall)  selectivity  of  a receiving  system  r 
the  product  of  the  several  selectivity  of  that  system. 

1972 

Digitized  by  Google 


STANDARDS 


Sec.  24-13048 


• At arage  seleet&yitar.  The  average  selectivity  of  a receiving  sys- 
ae  nth  root  of  the  product  of  the  n selectivitiea  of  that  system. 

9.  Radio-frequency  selectivity.  The  radio-frequency  selectivity 
pie  element*  of  a receiving  system  is  the  ratio  of  resonant  response 
is  of  effective  voltage  or  current  measured  at  the  indicator)  to  the 
mant  response  when  the  radio-frequency  portions  of  the  elements 
system  are  detuned  by  1 per  cent,  of  the  resonant  frequency. 

CHAPTER  XIV 

BARDS  FOR  PRIME  MOVERS  AND  GENERATOR 
UNITS 

General 

).  Regulation  of  steam  engines,  steam  turbines  and  internal 
istion  engines.  In  steam  engines,  steam  turbines  and  internal 
tion  engines,  the  percentage  speed  regulation  is  usually  expressed  as 
centals  ratio  of  the  maximum  variation  of  speed,  to  the  ratod-load 
i passing  slowly  from  rated-load  to  no-load  (with  constant  conditions 
supply). 

1.  Fluctuation  of  steam  engines,  steam  turbines  and  internal 
istion  engines.  The  percentage  Actuation  of  a steam  engine, 
turbine  or  internal  combustion  engine,  is  the  immediate  percentage 
regulation  corresponding  to  a sudden  change  from  rated-load  to 

S.  Regulation  of  hydraulic  turbines.  In  a hydraulic  turbine,  or 
rater  motor,  the  percentage  speed  regulation  is  expressed  as  the  per- 
9 ratio  of  the  maximum  variation  is  speed  in  passing  slowly  from  rated- 
> no-load  (at  constant  head  of  water),  to  the  rated-load  speed. 
iS.  Regulation  of  generator  units.  In  a generator  unit  consisting 
nerator  combined  with  a prime  mover,  the  speed  or  voltage  regulation 
e based  upon  constant  conditions  of  the  pnme  mover;  t.e.,  constant 
pressure,  head,  etc.  It  includes  the  inherent  speed  variations  of  the 
mover.  For*  this  reason,  the  regulation  of  a generator  unit  is  to  be 
;uished  from  the  regulation  of  either  the  prime' mover,  or  of  the  gen- 
combined  with  it,  when  taken  separately. 

110.  Variation  in  prime  movers.  The  variation  in  prime  movers 
do  not  give  an  absolutely  uniform  rate  of  rotation  or  speed,  as  in 
>cating  steam  engines,  is  the  maximum  angular  displacement  in  posi- 
f the  revolving  member  expressed  in  degrees,  from  the  position  it 
occupy  with  uniform  rotation,  and  with  one  revolution  taken  as  360 
See  Par.  4088. 

LI.  Pulsation  in  a prime  mover,  or  in  the  alternator  connected 

to.  The  pulsation  in  a prime  mover,  or  in  the  alternator  connected 
o,  is  the  ratio  of  the  difference  between  the  maximum  and  minimum 
ties  in  an  engine-cycle  to  the  average  velocity. 
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. simple  element  as  referred  to  a combination  of  an  inductance,  a capaoi- 
sna  optionally  a resistance;  or  their  mechanical  equivalent, 
f v is  the  number  of  pairs  of  poles,  the  variation  of  an  alternator  is  p 
i tne  variation  of  its  prime  mover,  if  direct  connected,  and  p n times  the 
tion  of  the  prime  mover  if  rigidly  connected  thereto  in  such  a manner 
the  angular  speed  of  the  alternator  is  n times  that  of  the  prime  mover. 
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CHAPTER  XV 

STANDARDS  FOR  TRANSMISSION  LINES  AND 
DISTRIBUTION  LINES 

Note. — For  fl»ah-over  testa  of  insulators,  see  foot-note  to  Par.  SMI. 
Oenaral 

19000.  BtguUtlon  of  transmission  linos,  feeders,  dc.  The  «i*- 

tion  of  transmission  lines,  feeders,  etc.,  is  the  chance  in  the  voltage  si  » 
receiving  end  between  rated  non-inductive  load  ana  no-load,  vita  eaasta*a 
impressed  voltage  upon  the  sending  end.  The  percentage  regulation  m tie 
percentage  change  in  voltage  to  the  normal  rated  voltage  at  the  receug 
end. 


CHAPTER  XVI 

MISCELLANEOUS  STANDARDS 

HRATHfGI  DKV1CXB 

19000.  Value  of  alternating-current  tost  voltage  for  hotuafceM 
devices.  Heating  device*  taking  not  over  660  watte,  intended  solely  kr 
operation  on  supply  circuits  not  exceeding  275  volte,  shall  be  tested  vita  5K> 
volts  at  operating  temperature. 
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GENERAL  ENGINEERING  ECONOMICS 

BY  nUKK  F.  FOWLS,  S.B. 

OINKBAL  DEFINITIONS 

1.  Engineering  is  defined  in  its  modern  sense  by  Webster’s  New  IsUr- 
nationai Dictionary  as,  “The  art  and  science  by  which  the  Beefcakes! 
properties  of  matter  are  made  useful  to  man  in  structures  and  marhmw" 
A broader  and  perhaps  better  definition  is,  “The  art  of  organising  sad 
directing  men  and  of  controlling  the  forces  and  materials  of  nature  for  tk 
benefit  of  the  human  race.'*  Telford  defined  an  engineer  as  one  who  sppbs 
the  foroes  of  nature  to  the  service  of  man  (Trana.  A.  I.  E.  £.,  VoL  XlU, 
1903,  p.  620). 

S.  Branches  or  subdivisions  of  engineering.  Originally  engumrac 
was  regarded  as  having  but  two  subdivisions  or  branches:  (1)  mMkm 
engineering,  or  the  design  and  construction  of  offensive  and  defeasw 
military  works;  (2)  civil  engineering,  or  the  design  and  constructioa  of  pdbk 
works,  roads,  bridges,  canals,  tunnels,  lighthouses,  etc.  This  dirtuefiat 
has  long  since  become  obsolete,  and  engineering  is  now  suoh  an  indispenmfak 
factor  in  our  modern  complex  civilisation,  that  it  is  necessary  to  recogsuti 

Seat  many  different  fields  or  branches  of  it.  To  classify  these  in  detads 
fficult,  because  there  is  frequently  no  sharp  line  of  demarcation  betwws 
one  field  and  another,  and  different  fields  frequently  overlap  one  another. 

The  well-recognised  major  divisions  of  engineering  are  civil.  mechssksL 
electrical,  and  chemical;  each  of  these  broad  fields  is  subdivided  into  Bias; 
branches  and  specialties,  some  distinct  and  some  overlapping.  Enspis 
of  these  subdivisions  are  hydraulic,  highway,  structural,  steam,  refrigerant 
illuminating,  telephone,  radio,  electrochemical,  sanitary,  metallurgical,  gaa 
aerial  engineering,  etc.  These  major  and  secondary  classifications  do  set 
define  all  of  the  recognised  fields,  however,  because  there  are  munsrov 
industries  which  are  so  important  and  so  broad  in  their  scope  as  to  ksn 
created  special  engineering  fields,  combining  in  practically  every  case  two 
or  more  of  the  major  divisions  or  subdivisions  given  above.  Among  the* 
can  be  named  railroad,  marine,  mining,  water-works,  central  station,  mmsn- 
pal,  industrial,  naval,  ordinance  engineering,  etc. 

Thus  there  is  no  simple  classification  of  the  different  branches  of  en- 
gineering which  readily  defines  or  embraces  the  whole  field.  Yet  all  tk 
branches  of  engineering  have  much  in  common,  in  the  respect  that  the  under- 
lying technical  foundation  in  every  ease  consists  of  a thorough  knowledge  d 
physios,  chemistry  and  mathematics. 

8.  Economics  or  political  economy  is  defined  as  the  science  of  waslth. 
and  is  concerned  with  the  general  laws  affecting  the  production,  diatribstxe. 
exchange  and  consumption  of  wealth.  It  is  not  in  place  to  go  into  the 
abstract  general  principles  of  the  subject  here;  several  of  the  lesdUg 
authorities  are  named  below*  for  the  benefit  of  any  who  wish  to  study  tk 


* Walker,  F.  A.  “Political  Economy;’’  H.  Holt  A Co.,  New  York,  3rd «<L 
1888. 

Hadley,  A.  T.  “Economics;*’  G.  P.  Putnam’s  Sons,  New  York.*  1897. 
Ely,  R.  T.  “Outlines  of  Economics;"  The  MacMillan  Co.,  New  York 
1908;  rev.  ed.;  see  Bibliography  in  Appendix  B. 

Taussig,  F.  W.  “Principles  of  Economics;*’  The  MacMillan  Co.,  N«* 
York,  1911,  2 vol. 

Seligman,  E.  R.  A.  “Principles  of  Economics;**  Longmans.  Green  A CV  . 
New  York,  3rd.  ed.,  1907;  see  “Suggestions  For  Students  and  Geasnl 
References,”  pp.  XVII  to  L. 

Marshall,  A.  “Principles  of  Economics;'*  The  MacMillan  Co.,  New  York. 
1907;  5th  ed. 
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»neral  subject.  Those  principles  of  economics  which  are  especially  useful 
> fet&e  engineer  are  covered  or  touched  upon  in  the  succeeding  treatment. 

4.  Engineering  economics  may  be  defined  as  that  field  or  body  of  knowl- 
ige  which  is  concerned  with  the  economic  results  of  engineering,  and  the 
pj>li  cation  of  the  principles  and  laws  of  economics  to  engineering  nodes** 
ikingw.  Since  the  purpose  of  all  engineering  is  avowedly  utilitarian,  it 
sems  unnecessary  to  offer  proof  that  engineering  should  invariably  justify 
self  upon  economic  grounds.  Obviously  no  contemplated  engineering 
roject  can  be  reasonably  sure  of  sucoess,  however  sound  it  may  oe  upon 
urely  technical  grounds,  until  it  has  been  most  carefully  considered  on 
;onomic  grounds  and  the  conclusion  reached  that  barring  unforeseen  casual* 
it  will  become  a paying  and  profitable  enterprise. 

9.  The  fundamental  elements  of  engineering  economics  may 
e>  grouped  into  four  broad  classes,  with  certain  subdivisions,  as  indicated 
plow.  This  classification  is  here  presented  for  the  first  time  and  hence  it 
lould  be  regarded  as  tentative.  The  main  thought,  however,  is  to  make 
n clear  as  possible  the  principal  economic  considerations  in  engineering 
rork  as  they  exist  to-day. 

Principles  of  accountancy 
Capital  and  operating  charges 

f Coat  Analysis  — 

Fixed  and  variable  costs 
Cost  balance 

Social-Economic  Traffic  analysis 

Investigations  Statistics  of  consumption 

'ho  Elements  of  Engi-  Probable  future  development 

neering  Economics  Purchase  or  Bale 

Valuation  of  Rate  making 

Property  ' Taxation 

Issuance  of  securities 
Adjustment  of  book  values 
- „ / Public  utilities 
Rate  Making  { Common  carriers 

The  skeleton  definition  of  engineering  economics  given  above  should  be 
uterpreted  in  a somewhat  liberal  sense:  the  predominant  idea  to  be  em- 
ihasised  is  the  unavoidable  contact  of  the  modern  engineer  with  countless 
oonomio  questions  involving  cost,  price  and  value,  and  those  social-economic 
luestions  connected  with  the  operation  and  development  of  engineering 
trojects  directly  affecting  the  public  or  the  public  welfare. 

The  subsequent  presentation  of  the  subject  is  not  offered  in  the  sense  that 
t is  complete  or  exhaustive:  on  the  contrary  it  is  somewhat  fragmentary, 
>ut  has  been  prepared  with  the  object  of  making  it  as  useful  as  possible. 

VALUE,  PRICE  AND  GOST 

6.  Value  defined  in  the  economic  sense  is  power  in  exchange,  or  pur- 
ihasing  power.  Ely  states  that  value  in  the  generally  accepted  sense  is 
>xohsnge  value,  or  objective  value  as  distinguished  from  subjective  value, 
rhs  measure  of  importance  attached  to  a commodity  or  article  by  some  one 
ndividual  is  subjective  value,  and  obviously  may  differ  in  extreme  degree 
tom  the  value  placed  upon  the  same  commodity  or  article  by  some  other 
icrson.  Hadley  states  that  value  is  essentially  an  ethical  term  and  there- 
ore  there  may  be  as  manv  theories  of  value  as  there  are  views  of  business 
>thics;  he  also  points  out  that  while  the  term  value  may  be  used  in  the  sense 
>f  utility,  it  ordinarily  means  the  proper  and  legitimate  price,  or  an  estimate 
>f  what  the  price  ought  to  be.  Walker  drew  a very  careful  distinction 
between  value  and  utility,  the  latter  being  always  present  where  there  is 
ralue.  whereas  utility  alone  does  not  invariably  imply  value  in  the  economie 
tense.  Utility  does  not  imply  value  in  the  economic  sense  until  it  is  coupled 
with  desire.  Among  other  elements  which  go  to  comprise  economic  value, 
the  factors  of  time,  place,  cost  and  demand  are  of  major  importance.  There- 
fore in  speaking  of  value  it  is  essential  to  employ  such  qualifying  adjectives 
or  phrases  as  will  serve  to  make  clear  the  particular'  kind  of  value  in  mind. 
The  term  value  should  never  be  confused  with  the  terms  price  or  coat, 
since  the  several  meanings  are  distinctly  different. 
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T.  Frie  is  exchange  value  or  purchasing  power  exprwed  m itnm  of 
some  one  article  or  commodity,  which  is  usually  money.  It  a »portus 
to  recognise  that  price  and  value  are  not  synonymous  tsiawwp  a 
ordinary  commercial  usage  the  term  value  is  quite  generally  used  saw 
of  the  reasonable  price,  or  what  the  price  ought  to  be  under  the  nig 
conditions.  The  natural  or  normal  pnoe  is  the  price  which  » proportka ; 
to  the  cost  of  production;  Adam  Smith  called  the  price  in  terms  of  money  Or 
nominal  price,  and  the  price  in  terms  of  units  of  labor  or  ernes  the  ml 
prioe.  Pnoe  and  cost  are  not  synonymous  terms;  for  instance,  the  pm 
paid  for  an  article  represents  the  oost  to  the  purchase-,  but  not  to  the  i* 
It  is  therefore  important  to  preserve  this  distinction  in  general.  Geaenii 
speaking,  price  means  the  amount  of  money  actually  asked  or  paid  w » 
article  or  thing  in  question. 

I.  Competitive  regulation  of  prices.  Except  for  those  oomsoto 
or  services  vested  with  a public  interest,  the  chargee  for  which  are  rcfssm 
by  statute,  prices  are  regulated  by  the  law  of  supply  sad  demand,  uses 
free  competition.  In  other  words,  prioes  ars  regulated  by  econosneuw 
except  for  certain  classes  of  things  which  have  their  prices  regslstsd  fey 
statute. 


9.  Price  regulation  by  statute.  In  the  case  of  services  or  commodtoe 
whioh,  generally  speaking,  are  necessary  to  the  public  convenience  ssdsw 
fare,  such  as  transportation,  water  supply,  gas,  electrical  energy,  cobsw 
cation,  etc.,  it  is  now  universally  accepted  that  the  public  has  themserea 
right  to  regulate  the  prices  or  rates  therefor.  Such  regulation  is 

for  under  tne  Interstate  Commerce  Act  and  the  public  utility  lavs  of  m 
various  states.  The  broad  general  principles  involved1  in  such 
are  three  in  number:  (1)  every  price  or  rate  is  subject  to  the  test  d raw 
ableness,  from  the  standpoint  of  all  the  parties  involved;  (2)  aw* 
conditions  of  servioe  or  supply  there  shall  he  no  discrimination  as  to  prac 
(3)  all  who  come  must  be  served.  For  references  to  the  extensive  btwstan 
on  the  subjeot  of  public  utility  regulation,  see  the  Bibliography,  Far.  m,  lit 

10.  Cost  is  what  the  owner  of  a thing  actually  paid  for  it,  or  bis  total 


outlay  for  the  same,  in  wages,  materials  and  expenses.  When  the  ttfsek 
is  employed  in  its  broadest  sense,  it  is  commonly  understood  to  indode  at 
only  wages,  materials  and  expenses,  but  such  charges  as  interest,  tam. 
insurance  and  depreciation  on  the  plant  required  to  produce  the  artade  tr  a 
service  in  question,  and  perhaps  also  a certain  allowance  for-profit*  m adams 
to  the  foregoing. 


pnoe  increases, 


Thus  it  is  very  essentia],  in  discussing  the  oost  of  a 

or  in  comparing  dinar® 
ooets,  to  define  the  iluswn 
which  coat  is  underdoes  to 
include.  In  meet  esse*  it  ■ 
desirable  to  employ  the  tors 
cost  in  connection  with  ijn- 
fix  or  adjective  which  detw 
it  so  clearly  as  to  jprew* 
confusion  or  nusuadcntiM- 
ing;  for  axamplat  labor  cs*t 
fuel  coat,  productive  cost,  aw- 
ing cost,  distribution  coot,  ffc 
11.  The  law  of  supvb 
and  demand.  The  ten 
demand,  in  the  ecooow 
sense,  means  the  Quantity  « 
an  article  which  will  t* 
purchased  at  a given  price, 
assuming  free  competatoo* 
among  the  buyers.  If  tk 
the  demand  will  diminish,  and  if  the  price  decreases  t» 


Quantity 

Fia.  1. — Graphics  expression  of  the  law  of 
supply  and  demand. 


demand  will  increase.  This  inverse  relation  is  expressed  by  the  de«s^ 
i talcM  different  nositions  and  characteristic*  w 


curve  in  Fig.  1,  which  takes  different  positions  and  characteristic*  I 
different  commodities.  % . . 

The  term  supply,  in  the  economic  sense,  means  the  quantity  of  an  eiik* 
which  will  be  offered  for  sale,  under  a given  price,  assuming  free  compeuto* 
among  the  sellers;  it  is  therefore  distinot  in  meaning  from  the  stock  of  tbs 
article  which  the  producers  or  distributers  have  on  hand,  available  for  offssi 
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a the  market.  When  the  prioe  increases,  the  supply  will  increase;  and  con- 
era^ly,  when  the  price  drops,  the  supply  will  fall.  This  relation  is  expressed 
>y  the  supply  curve  in  Fig.  1,  which  occupies  different  positions  for  different 
om  modi  ties. 

In  a stable  market  the  supply  will  equal  the  demand,  at  the  normal  price, 
f the  price  is  forced  upward,  the  demand  will  fall  and  the  supply  will  in- 
reaae;  the  attendant  reaction  will  naturally  tend  to  restore  the  normal 
onditiona.  If  the  price  is  manipulated  downward  the  demand  will  increase. 
Ail  the  supply  will  diminish;  and  the  attendant  natural  reaction  is  again 
uch  as  to  tend  toward  the  restoration  of  normal  conditions. 

Should  there  come  about  a permanent  condition  in  the  market,  resulting  v 
a greater  normal  demand,  the  position  of  the  demand  curve  will  shift  in 
uch  manner  that  the  demand  at  the  former  normal  price  will  be  greater 
ha.n  before.  The  result  will  be  a higher  normal  price  at  increased  normal 
[u&ntity  or  sales.  In  like  manner,  a permanent  reduction  in  demand  will 
eeult  in  a lower  normal  price,  at  diminished  normal  quantity.  A permanent 
h&ngce  in  the  supply,  such  as  might  result  from  a decrease  in  the  sources  of 
aw  materials,  or,  on  the  other  hand,  a discovery  of  new  sources  of  raw 
aaterimls,  will  likewise  cause  the  supply  curve  to  shift  to  a new  position. 

OeoeraJly  speaking,  a condition  of  gradually  rising  normal  demand  is 
lonely  succeeded  by  a rise  in  prices,  until  the  demand  reaches  an  even  level. 
l falling  demand  is  similarly  followed  by  diminishing  prices,  until  the 
emand  strikes  bottom.  Such  phenomena  will  be  observed  quite  generally 
a studying  the  prices  of  any  article  through  a series  of  years. 

CAPITAL,  &X1TT  AND  INTEREST 

IS.  Wealth  in  the  economic  sense  may  be  defined  as  all  property  which 
K>asssses  money  value  or  economic  utility.  In  the  broadest  possible  sense 
l means  an  abundance  of  things  which  are  Objects  of  human  desire,  but 
speeiiklly  an  abundanoe  of  worldly  estate  or  riches,  such  as  land,  goods,  money 
,xxi  securities. 

If.  Property  is  defined  by  Webster  as  follows:  The  exclusive  right  to 
toesess,  enjoy,  and  dispose  of,  a thing;  ownership;  in  a broad  sense,  any 
’-aiuable  right  or  interest  considered  primarily  as  a source  or  element  of 
vealth;  practically  all  valuable  rights  except,  generally,  those  involved  in 
tublic  or  family  relations;  various  incorporeal  rights,  patents,  copyrights, 
ights  of  action,  etc.;  anything,  or  tboee  tilings  collectively,  in  or  to  which  a 
nan  has  a right  protected  by  law.  Property  is  commonly  regarded  as 
om  prising  two  kinds:  real  property,  or  land,  buildings,  fixed  plant  and 
approvements  in  connection  therewith;  personal  property,  or  furniture, 
ooln.  implements,  live  stock,  money,  securities,  etc.  There  is  also  a more 
a oder n distinction,  as  between  tangible  and  intangible  property:  the  former 
Deludes  real  and  personal  property  which  exists  m tangible  physical  form; 
atangible  property  comprises  rights,  franchises,  good  will,  going-concern 
alue,  patents,  copyrights  and  contracts. 

14.  Capital  may  be  defined  in  the  economic  sense  as  a stock  of  accumu- 
at<ed  wealth;  or  the  amount  of  property  owned  by  an  individual.or  a corpora- 
ion  at  a specified  time,  in  distinction  from  the  income  received  during  a 
riven  period.  Capital  may  be  in  the  form  of  money,  or  some  readily  salable 
xtidc  for  which  there  is  a constant  and  general  demand,  in  which  case  it  is 
aid  to  be  liquid  capital;  or  it  may  be  in  the  form  of  property  which  is  not 
eadily  salable  on  sudden  notice,  such  as  land,  buildings,  or  manufacturing 
>lant.  in  .which  case  it  is  termed  invested  capital.  In  other  words,  liquid 
capital  can  be  readily  and  quickly  converted  into  money  if  it  is  not  already 
uch.  whereas  invested  capital  usually  cannot. 

Xf.  Money  is  a common  medium  of  exchange,  issued  by  duly  constituted 
authorities,  and.  as  such,  is  a commodity  the  same  as  any  other  article  which 
lamsirr  frequently  from  hand  to  hand[  in  trade  or  exchange.  Therefore, 
jgjng  a commodity,  the  price  of  money  is  regrulated  by  the  law  of  supply  and 
lexnand.  Thus  when  money  is  scarce  and  the  demand  normal,  or  heavy,  it 
vill  command  a premium;  conversely,  if  money  is  overplentiful  and  the  de- 
naod  low,  it  can  be  had  at  a discount.  While  true  in  theory,  such  fluctua- 
j00e  in  the  price  of  money  from  its  face  or  par  value,  are  disturbing  to  trade 
in<§  therefore  undesirable;  one  of  the  fundamental  purposes  of  our  present 
•urrency  system  is  to  provide  elasticity  in  the  supply  of  money,  in  order 
uitably  to  meet  changes  in  the  demand  for  it  and  avoid  both  premiums  and 
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discounts.  To  the  end  that  money  may  be  kept  on  a (table  base,  it  a 
usually  founded  upon  a standard  comprised  of  one  of  the  rare  or  proa— 
metals;  thus  the  gold  standard  of  value  is  recognised  in  the  civilised  eoestrie 
the  world  over,  and  is  the  basis  of  the  money  in  our  own  country, 

1C.  Rent  is  defined  as  the  price  paid  for  the  services  or  use  of  land;  ths 
is  the  definition  usually  given  in  Economics.  In  the  ordinary  eemmerm 
sense,  rent  is  the  price  paid  for  the  use  of  real  property,  inducing  {and  u 
the  buildinjgs  and  improvements  thereon.  Under  the  latter  definition,  lit 
term  rent  includes  both  ground  rent  and  capital  rent.  The  term  eapia 
rent  is  synonymous  with  interest,  defined  in  the  next  paragraph. 

17.  Interest  is  the  price  paid  for  the  services  or  use  of  capital;  or  & 
rent  for  the  use  of  capital.  Economists  distinguish  two  kinds  of  interne 
loan  interest,  or  the  rent  for  borrowed  capital;  imputed  interest,  or  that 
increment  in  the  prioe  paid  for  a commodity  or  a service  which  recomp  mm 
the  vendor  for  the  use  of  his  capital  in  the  operation.  Universal  niston 
has  established  the  practice  of  basing  the  interest  charge  or  rental  on  s certaia 
percentage,  per  unit  of  time,  applied  to  the  principal  or  capital. 

Ordinary  interest  is  usually  collected  with  the  repayment  of  the  priaopsl, 
or  at  stated  periods  during  the  term  of  the  loan,  say  annually,  or  wej- 
annually.  Another  form  of  interest  is  termed  discount,  or  banker's  dis- 
count; this  differs  from  ordinary  interest  in  the  respect  that  it  is  collected  is 
advance  by  deducting  it  from  the  principal  of  the  loan  when  handed  to  the 
borrower. 

18.  The  risks  of  Investment.  Capital,  being  a commodity  is  the 
economic  sense,  is  subject  to  the  law  of  supply  and  demand.  Those  poor 
possessing  idle  capital  are  always  seeking  a market  for  it,  or  some  sac  ■ 
return  for  which  it  will  yield  interest;  persons  having  business  opportuhi 
but  lacking  the  necessary  capital  to  embark  in  their  ventures,  are  nstwifir 
seeking  those  who  have  capital  to  invest.  The  investor  or  loaner  of  espial 
is  concerned  with  both  the  safety  of  his  principal  and  the  rate  of  ntoot 
yield,  and  naturally  seeks  the  highest  obtainable  interest  rate  consistent  ritl 
the  nsk  he  is  willing  to  assume  for  the  return  of  his  capital  at  some  stated 
time  or  on  demand.  It  u a fundamental  principle  that  the  interest  rate 
demanded  by  capitalists  increases  with  the  degree  of  risk  assumed  oa  the 
principal;  and  conversely,  the.  less  the  risk,  the  lower  is  the  interert  rat* 
tendered  by  borrowers.  Thus  it  can  be  said,  in  general,  that  the  oommeraal 
rate  of  interest  charged  for  the  use  of  capital  contains  two  components;  o» 
pf  these  is  the  true  interest,  and  the  other  is  virtually  a premium  on  imr* 
ance  against  loss  of  the  principal. 


It.  Legal  ratal  of  interest  under  the  numerous  state  laws  are  given  ia 
the  appended  table. 


States  and 
territories 

•a 

I 

Con- 

tract 

States 

*2 

60 

♦3 

Con- 

tract 

States 

3 

J 

tract 

Alabama 

Alaska 

Arisona 

Arkansas 

California 

Colorado 

Conn 

Dakota,  N 

Dakota,  S 

Delaware 

Dist.  of  Col. . . 

Florida 

Georgia. 

Idaho 

Illinois 

Indian  Ter. . . . 

Indiana 

Iowa 

8 

8 

6 

6 

7 

8 

6 

7 

7 

6 

6 

8 

7 

7 

5 

0 

6 

6 

8 

12 

any 

10 

any 

any 

6 

12 

12 

6 

6 

10 

8 

12 

7 

8 

8 

8 

Kansas 

Kentuoky. . . 
Louisiana.. . . 

Maine 

Maryland. . . 

Mass 

Michigan. . . . 
Minnesota..  . 
Mississippi . . 
Missouri. , . . 
Montana.. . . 
Nebraska.. . . 

Nevada 

New  Ramp.. 
N.  Jersey. . . . 
N.  Mexico. . . 

6 

6 

5 

6 

6 

6 

5 

6 

6 

6 

8 

7 

7 

6 

6 

6 

10 

6 

8 

ang 

an^r 

10 

10 

8 

To 

any 

6 

6 

12 

New  York.. . 
N.  Carolina.. 

Ohio 

Okla.  Ter. . . 

Oregon. 

Penna 

R.  Island 

S.  Carolina.  . 
Tennessee. . 

Texas 

Utah 

Vermont. . . . 

Virginia I 

Wash’t’n .. . | 
W. Virginia. . i 
Wisconsin. . . | 
Wyoming. . . j 

6 

6 

6 

7 

6 

6 

6 

7 

6 1 
6 1 

7 

6 

6 

6 

6 

6 

8 

l 

8 

12 

10 

* 

10 

1 $ 

12 

1 0 
10 
12 
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20.  Interest  rates  vary  to  a considerable  extent,  depending  upon  the  class 
f investment.  U.  S.  Government  bonds  pay  different  rates,  from  2 per 
ant.  to  4 per  oent.;  savings-banks  deposits,  from  3 to  4 per  cent.:  checking 
epooits  in  banks,  above  a certain  minimum  amount,  frequently  draw  2 per 
ent.  on  daily  balances;  certificates  of  bank  deposit,  or  time  deposits,  3 per 
ent.;  railroad  and  public  utility  bonds,  from  3.5  to  6 per  cent.;  industrial 
onda,  5 to  7 per  cent.;  short-term  notes  of  railroads  and  public  utilities, 

to  6 per  cent.;  real-estate  mortgages,  5 to  6 per  cent.;  railroad  and  public 
tility  stocks,  whatever  may  be  earned,  but  seldom  in  excess  of  8 per  cent. 

21 . Compound  interest  is  based  upon  the  computation  of  simple  interest 
stated  periods  and  the  addition  of  tne  interest  to  the  principal  at  the  end 

f each  period,  thus  enlarging  the  principal  for  each  consecutive  period, 
trosreaaively.  Let 

JP  — the  principal  in  dollars. 

n — the  number  of  years  for  which  the  compound  interest  is  to  be  com- 
puted. 

t — the  ratio  of  1 year  to  the  period  during  which  . simple  interest  is  com- 
puted; thus  if  compounded  annually,  t — 1 and  if  compounded  semi- 
annually. t — 0.5. 

r«tbe  annual  percentage  rate  of  interest  expressed  as  a decimal;  thus  if 
the  rate  is  6 per  cent.,  r — 0.06. 

S ™ the  amount  of  P dollars  at  compound  interest  for  a years,  compounded 
at  intervals  of  t years,  at  the  annual  rate  r 

The  formula  for  calculating  8 is  as  follows: 


S-P(l+<r)»  (dollars)  (1) 

rhi*  can  also  be  expressed  in  another  form 


log  5 -log  P+y  log  (1  -Mr)  (2) 

rhe  latter  form  indicates  the  manner  of  calculating  problems;  in  most  cases 
.he  interest  is  compounded  annually,  which  makes  1 ■ 1. 

22.  Present  worth  of  a future  lump  payment.  If  the  sum  of  8 
loll  art  is  due  at  the  end  of  n years,  the  amount  which  would  have  to  be  set 
iside  at  the  present  date,  compounded  at  intervals  of  t years  at  the  annual 
nterest  rate  r (decimally  expressed),  is  expressed  by  the  following  formula: 

P- (dollars)  (3) 

n 

(l+<r)  * 

This  can  also  be  expressed  in  a form  suitable  for  numerical  calculation: 

log  P- log  8 — y log  (1  + ir)  (4) 


The  symbols  used  have  the  same  significance  as  stated  in  Par.  SI. 


2 3.  Annuities.  An  annuity  is  a fixed  sum  of  money  payable  at  equal 
intervals  of  time  (see  Wells,  W.  ‘‘College  Algebra;”  chapter  on  “Compound 
Interest  and  Annuities").  In  most  discussions  of  the  subject  it  is  assumed 
that  the  payments  arc  made  annually  and  the  interest  compounded  annually. 
When  an  annuity  is  defined  as  beginning  at  a certain  date,  the  first  payment 
will  fall  due  1 year  from  that  date. 


24.  The  present  worth  of  an  annuity  of  A dollars  per  annum,  commenc- 
ing at  once  and  continuing  for  n years,  allowing  interest  compounded 
annually  at  the  annual  rate  r (decimally  expressed),  may  be  calculated  from 
the  following  formula: 


A r (14-r)*  — 1~1 

Ur  L (1+r)*  J 


(dollars) 


(5) 


The  present  worth  of  a perpetual  annuity,  commencing  at  once,  is  equal  * 
to  A/r. 

The  present  worth  of  an  annuity  to  commence  after  m years  and  then 
continue  for  n years,  is  expressed  by  the  formula, 

(dol,m)  (#) 
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The  present  worth  of  a perpetual  annuity  to  commence  after 


/>-  — 

r(l+r)« 


(dollars) 


(75 


SC.  A dsHii|  fund  is  one  to  which  equal  annual  payments  are  m* de. 
compounded  at  stated  intervals,  for  the  purpose  of  producing  a eertm 
predetermined  sum  at  the  end  of  a given  period.  Sinking  funds  are  q&t 
commonly  estabhahed  for  the  purpose  of  retiring  bond  issues  or  lout  c 
maturity;  they  are  also  established  occasionally  for  the  purpose  of  Cretan 
depreciation  reserves. 

If  it  is  desired  to  have  a sum  of  8 dollars  at  the  end  of  n years,  crests 
from  n equal  payments,  one  at  the  end  of  each  year,  compounded  aaamlf 
at  the  annual  interest  rate  r (decimally  expressed) , the  amount  of  each  tsniiai 
payment  must  be  that  found  from  the  following  formula: 


rS 

P”(l+r)--l 


(dollars)  ® 


Such  a fund  does  not  accumulate  uniformly,  but  at  a progressively  in- 
creasing rate,  slowly  at  first,  and  rapidly  toward  the  end  of  the  period;  tbs 
effect  becomes  more  pronounced  as  the  period  lengthens.  At  the  ead  «f 
m years  the  total  amount  in  the  fund  bears  to  the  ultimate  fund  (a  yens) 
the  ratio  expressed  by  the  formula. 


(l+r)«-l 

<l+r)«-l 


9) 


This  formula  is  sometimes  made  use  of  in  determining  the  perceatafi  d 
present  condition  in  appraising  depreciated  properties  (Par.  C4). 

fit.  Sinking-fund  table.  The  table  given  below  is  based  an  Eq.  5 a 
Par.  1C,  and  snows  the  sum  which  must  be  set  aside  at  the  end  of  each  jm, 
for  n years,  at  various  rates  of  interest,  compounded  annually,  to  produce  tk* 
total  sum  of  one  dollar  at  the  end  of  the  period.  The  values  gives  is  tke 
table  were  taken  from  a more  comprehensive  table  given  by  Henry  Fh*  a 
his  work,  “ Valuation  of  Public  Utility  Properties”  (McGraw-Hill  BooivX 
New  York,  1912),  Chap.  VIII. 

(Amounts  stated  in  dollars) 


Years 

Annual  rate  of  interest;  per  cent. 

• 

3 

4 

5 

6 

1 

■y  jSftj 

1.000 

1.000 

2 

0.4926 

0.4902 

0.4878 

0.485! 

3 

0.3268 

0.3203 

0.3172 

0.3141 

4 

0.2426 

issai 

0.2355 

0.2820 

0.228C 

5 

0.1922 

0.1884 

0.1846 

0.1810 

0.1774 

6 

0.1585 

0.1546 

0.1508 

0.1470 

0.1434 

8 

0.1165 

0.1125 

0.1085 

0.1047 

0. 1010 

0.09133 

0 . 08723  ^ 

0.08329 

0.07950 

0.07587 

12 

0.07456 

0.07046 

0.06655 

0.06282 

0.05928 

15 

0.05783 

0.05377 

0.049 m 

0.04634 

0.04296 

20 

0.04116 

0.03722 

0.03358 

0.03024 

0.02718 

25 

0.03122 

0.02743 

0.02401 

0.02095 

0 01823 

30 

0.02465 

0.02102 

0.01783 

0.01505 

0.01265 

0.01656 

0.01328 

0.01052 

0.008278 

0.006463 

0.01182 

0.008866 

0.006550 

0.004777 

0 003444 

75 

0.005855 

0.003668 

0.002229 

0.001322 

0.0007687 

100 

0.003203 

0.001647 

0.0008080 

0.0003831 

0.0001774 

ANNUAL  CHAKONS 

17.  Two  general  classes  of  costs.  In  most  enterprises  there  are  tw 
general  classes  of  expenditures  or  costs,  namely:  (1)  expenditures  for  gto* 
or  property,  or  improvements  thereto,  all  constituting  additions  to  capital; 
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[2>  expenditures  for  salaries,  wages,  rents,  taxes,  insurance,  depreciation, 
pairs,  supplies,  etc.,  all  constituting  charges  to  operation,  or  operating 
expenses.  The  distinction  between  these  two  classes  of  costs  is  fundamental 
n ita  importance. 


SS.  Cost  comparisons  are  of  two  kinds:  (1)  comparisons  of  capital  costs, 
>r  construction  costs;  (2)  comparisons  of  operating  costs.  When  comparing 
>ne  plant  with  ^another,  as  to  overall  results,  it  is  necessary  to  reduce  aU 
?oets  to  one  basis;  this  is  most  frequently  done  by  comparing  the  total  annual 
charges  (Par.  19),  but  in  some  instances  the  operating  expenses  (excluding 
nterest  and  profits)  are  capitalised  at  the  prevailing  interest  rate  and  added 
to  the  capital  or  investment.  The  latter  method  is  rarely  used. 

St.  The  total  annual  charges  may  be  defined  as  the  sum  of  all  operating 
expenses  (Par.  ST)  plus  interest  and  profit  on  the  investment  or  capital;  or 
the  total  charge  for  operation.  The  total  annual  chargee  may  be  classified 
as  shown  below. 


Investment  costs 


rotal  annual  charges  for  operation 


Taxes 

Insurance 

Depreciation 

Maintenance 

Interest 

Profits 


^ Production  costs 

These  charges  are  defined  in  the  succeeding  paragraphs. 


Traffio 

Transportation 

Operating 

Commercial 

General 


50.  Taxes  constitute  a charge  based  on  the  assessed  value  of  the  property 
ind  require  no  explanation.  This  charge  varies  from  about  1 per  cent,  to 
i per  cent,  per  annum  on  the  capital  invested  in  physical  Or  tangible  property. 

51.  Insurance  can  be  defined  as  a cooperative  method  of  distributing 
;he  burden  of  losses  or  casualties.  The  annual  assessments  or  rates  are 
le  ter  mined  by  actuaries  who  apply  the  theory  of  probability  to  the  problem 
>f  determining  the  probable  risk  of  loss  or  damage,  based  upon  the  statistics 
>f  a large  number  of  past  losses.  There  are  many  different  kinds  of  insur- 
tnoe,  such  as  life,  health,  fire,  boiler,  accident,  marine,  employers'  liability, 
automobile,  plate  glass,  burglar,  hurricane,  cyclone,  etc.  Toe  insurance  rate 
s usually  based  on  a percentage  of  the  investment  in  insured  property,  or 
ace  value  of  the  total  risk,  per  unit  of  time  or  per  annum. 

Sfi.  Depreciation  is  fully  covered  in  another  portion  of  this  seotion;  see 
Par.  41,  ti  $«q.  It  is  quite  as  much  an  expense  of  operation  as  the  cost  of 
abor.  supplies  and  other  items  which  are  currently  paid  by  the  day,  week  or 
month. 


55.  Maintenance  defined  in  its  broadest  sense  means  upkeep  of  all  kinds, 
ncluding  both  repairs  and  renewals,  but  in  the  technical  sense  in  which 
t is  usually  employed  it  means  repairs  exclusively.  The  repair  charge  is 
requently  reduced  to  terms  of  a percentage  of  the  capital  invested  in  plant, 
>r  the  original  cost  of  the  plant. 

*4.  Interest  has  been  defined  at  length  in  Par.  IT  to  SO,  and  need  not  be 
urther  considered  here. 

S0.  Profits  represent  a return  on  the  investment  over  and  above  the 
lormal  rate  of  interest.  For  instance,  a return  of  8 per  cent,  has  been  held 
easonable  in  the  case  of  certain  public  utilities,  on  the  theory  that  in  addi- 
ion  to  interest  at  a rate,  say.  of  6 per  cent.,  the  investor  is  entitled  to  a 
>rofit  of,  2 per  cent,  as  an  inducement  to  himself  and  others  to  engage  in 
he  particular  class  of  business  in  question.  The  term  profit  is  often  em~ 
>loyed,  however,  in  the  sense  of  including  true  interest  in  addition  to  true 
profit. 

56.  Investment  costs  are  those,  as  the  name  implies,  which  bear  some 
lirect  ratio  or  proportion  to  the  investment.  They  are  defined  in  Par.  19 
o Bff,  above.  In  the  case  of  maintenance  expense,  there  is  probably  some 
x>rtion  of  it,  but  not  all,  which  is  more  nearly  a production  expense  than  an 
n vestment  expense;  this  seems  to  be  obviously  true,  because  of  the  fact  that 
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oertain  repairs  depend  upon  the  amount  of  use,  and  incre— e therewith,  m 
in  the  ease  of  machinery.  The  investment  costs  arc  sometimes  tarad 

fixod  charges. 

ST.  Production  COSt8t  defined  in  Par.  19  as  including  trade,  traaspero- 
tion,  operating,  commercial  and  general  expenses,  can  be  said  to  inciaii  is 
general  all  other  operating  expenses  not  included  under  the  defimtha  4 
investment  costs.  The  classification  of  production  costa  will  follow,  m » 
rule,  the  accounting  classification  for  the  utility  or  common  canid  tad 
consideration. 

18.  How  to  determine  the  annual  charges.  The  determinate  o 
annual  charges,  for  the  purpoeee  of  cost  analysis,  rate  making,  or  comparwc 
should  be  made  as  far  as  possible  with  the  aid  of  the  corporate  aceocsfe  sr 
books  of  the  company,  snowing  every  detail  of  the  business.  Tha  «i 
usually  insure  that  no  element  of  cost  is  overlooked,  and  wiU  substitute  fact 
for  assumption  in  every  case  where  dependable  facta  are  available.  Whea 
the  coiporate  books  are  not  available,  general  experience  and  special  knowl- 
edge of  the  class  of  business  in  question,  are  the  only  means  at  haul 

If.  Constant  and  variable  expenses.  For  the  purposes  of  rate  mhs« 
it  is  frequently  convenient  to  treat  all  operating  charges  as  divisible  into  tw$ 
classes:  (1)  constant  expenses,  or  all  expenses  which  do  not  vary  width 
rate  of  production  or  output;  (2)  variable  expenses,  or  all  expenses  wkkfc 
change  substantially  in  direct  proportion  with  the  output. 

40.  Cost  balance.  One  of  the  most  important  problems  in  engine*^ 
economics  is  to  determine  whether  a given  operation  or  service  is  secured  is 
the  most  economical  manner.  Otherwise  expressed,  this  is  the  proMra  4 
determining  the  particular  set  of  conditions  which  makes  the  total  aoxss 
charge  a minimum.  Such  a problem  is  usually  complicated  by  the  preses* 
of  numerous  variables,  and  it  becomes  impracticable  to  lay  down  any  bra 
general  rules;  each  problem  is  likely  to  represent  a class  by  itself. 

A good  example  of  this  problem  is  that  of  determining  the  particular  an 
of  conductors  which  will  insure  the  transmission  of  electrical  energy,  nnder  * 
given  aet  of  conditions,  at  a minimum  annual  charge.  This  probtaa  w» 
first  solved  by  Sir  William  Thompson  (Lord  Kelvin)  and  the  theoren  which 
he  deduced  is  known  as  Kelvin’s  Law;  see  Sec.  11, 12  and  13. 

DEPRECIATION 

41.  Depreciation  is  defined  by  Webster*  as  follows:  A falling  of  value 
of  money,  a reduction  or  loss  in  exchange  value  or  purchasing  power,  espe- 
cially with  reference  to  the  face  value;  a lessening  in  price  or  estimated value, 
lowering  of  worth.  In  the  case  of  property,  there  are  some  kinds  whew 
exchange  value  seldom  decreases,  and  is  more  likely,  perhaps,  to  inerta&; 
there  are  other  kinds  which  inevitably  depreciate,  and  finally  reach  a eertain 
small  minimum  value  or  possibly  cease  to  possess  any  value  whatever 
The  engineer  is  concerned  for  the  most  part  with  those  kinds  of  propertr 
which  are  perishable,  in  the  ultimate  sense,  and  which  deteriorate  throofi 
physical  causes,  or  through  the  Ioob  of  economical  usefulness. 

41.  The  necessity  for  recognising  depreciation  is  two-fold.  Ia  the 
first  place,  perishable  property  will  ultimately  reach  a point  at  which  if 
possesses  only  a certain  minimum  or  residual  value,  or  ebe  it  will  eesee  ta 
have  any  value  whatever,  in  consequence  of  having  outlived  its  useful** 
Then  replacement  will  become  necessary,  and  in  order  to  provide  the  ropast# 
funds  without  increasing  the  investment  or  drawing  upon  capital,  or  makiw 
an  excessive  charge  against  operating  expenses,  it  is  desirable  to  lay 
each  year  a uniform  amount  for  the  creation  of  a depreciation  reserve  whic 
will  eaual  the  total  cost  of  renewal  at  the  end  of  the  life  period. 

In  the  second  place,  when  perishable  property  is  bought  or  sold  duriaiis 
life  period,  it  is  not  as  a rule  considered  to  be  worth  its  original  value,  beeau« 
it  has  depreciated  m the  meantime;  the  present  worth,  on  any  gives  date. J 
said  to  be  the  original  worth  less  the  accrued  depreciation  to  such  date. 

The  two  phases  of  the  depreciation  problem  are,  therefore:  (1)  To  ttetf 
tain  the  annual  rate  of  depreciation;  (2)  to  ascertain  the  accrued  depredate* 
on  any  given  date,  or  at  any  given  age.  . 
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K.  The  two  classes  of  depreciation  usually  recognised  are  physical 
reoistion  and  functional  depreciation.  These  are  defined  in  the  next 
teeding  paragraphs. 

4.  Physical  depreciation  is  the  result  of  age,  wear  and  tear,  corrosion, 
decay.  This  form  of  depreciation  is  constantly  in  progress;  the  rate  of 
progress  depends  upon  the  conditions  of  service  or  use,  projection  from 
aping  elements,  and  the  degree  of  care  exercised  in  making  prompt 
airs  when  necessary.  This  rate  of  course  varies  greatly  with  different 
ns  of  machinery,  apparatus,  plant,  etc. 

0.  Pu notional  depreciation  is  the  result  of  failure  to  function  properly, 
onsequence  of  lack  of  adaptation  to  the  service  demanded.  It  has  two 
icipal  causes,  inadequacy  and  obsolescence. 

0.  Inadequacy  is  the  result  of  unexpected  or  premature  growth  in  the 
land  for  service,  requiring  enlarged  capacity  which  can  be  provided  only 
removing  the  old  plant  or  equipment  to  make  way  for  new  before  physical 
»reciation  has  run  its  full  course.  Depreciation  resulting  from  this  cause 
ally  makes  it  imperative  to  replace  equipment  or  plant  sooner  than  other- 
e,  but  the  displaced  equipment  is  sometimes  useful  for  a further  period 
e-ins  tailed  in  a new  location  or  in  some  other  plant  where  its  capacity  is 
ted  to  the  demands  for  service.  One  of  the  functions  of  sound  engineering, 
course,  is  to  study  the  probable  future  demands  and  so  arrange  a plant 
installation  that  new  units  can  be  provided  as  occasion  may  demand, 
hout  disturbing  the  units  already  in  operation.  In  other  words,  part  of 
t inherent  economy  in  efficient  engineering  consists  in  securing  if  possible 
t maximum  physical  life  from  any  piece  of  plant  or  apparatus,  unless,  of 
irse,  it  appears  conclusively  that  the  total  annual  charges  (Par.  29)  will  be 
ually  lessened  by  deviating  to  some  other  plan  or  policy.  It  is  oonceiv- 
e,  for  instance,  that  the  maximum  physical  life  will  exceed  the  economical 

1,  but  this  is  predicated  upon  the  assumption  of  a progressively  diminish- 
; efficiency  with  increasing  age,  attended  by  a marked  increase  in  the  total 
aual  charges  per  unit  of  production  or  output  before  approaching  the  end 
the  maximum  physical  life. 

17.  Obsolescence  is  that  form  of  functional  depreciation  which  results 
m new  inventions  or  radical  improvements  in  the  art,  causing  a set-back 
present  methods  or  machinery  in  the  scale  of  efficiency,  or  creating  new 
roands  which  it  was  not  possible  to  serve  under  the  past  state  of  the  art. 
hether  all  forms  of  obsolescence,  or  allowances  for  tneir  probable  ooeur- 
lce  and  effect,  should  be  included  in  depreciation  is  perhaps  an  open  <juee- 
n.  Many  advances  in  the  art  relate  wholly  to  improvements  in  efficiency 
reductions  in  the  cost  of  production.  When  comparing  a new  ana 
proved  machine  with  one  of  obsolete  type  but  not  yet  worn  out  in  the 
ysieal  sense,  the  question  whether  the  new  shall  immediately  supplant 
e old  is  usually  regulated  by  the  consideration  whether  the  saving  in  total 
inual  charges  (Par.  20)  resulting  from  the  substitution  will  extinguish  the 
maining  service  value  of  the  old  machine  within  a reasonable  period,  or 
uch  sooner  than  the  expiration  of  the  probable  life  period  of  the  new 
achine.  Thus  there  are  certain  types  of  cases  in  which  obsolescence  is  not 
proper  charge  against  depreciation,  but  should  be  amortised  (Par.  gg) 
rough  the  application  of  those  annual  charges  which  represent  the  savings 
operation  secured  by  discarding  obsolete  machinery  or  plant.  Cases  of 
»e  latter  type  are  probably  typical,  as  a rule,  of  the  greater  number  of  ad- 
inces  in  tne  art;  whereas  that  type  of  obsolescence  which  makes  it  almost 
iperative  to  discard  the  old  for  the  new,  springs  into  existence  with  the 
latively  infrequent  advances  in  the  arts  which  are  fundamental  or  revolu- 
onarv  in  character,  as  distinguished  from  those  advances  which  can  be 
sssed  as  mere  improvements  of  things  which  are  already  old  in  the  arts. 

40.  The  insurance  element  in  depreciation.  It  is  almost  self-evident 
1st  any  provision  in  depreciation  for  probable  future  inadequacy  and  obeo- 
scence  partakes  of  the  nature  of  insurance  to  cover  a risk.  In  this  sense, 
lerefore,  provisions  for  future  inadequacy  and  obsolescence  are,  in  reality, 
isurance  charges,  and  not  depreciation  in  the  technical  sense — at  least  not 
i the  physical  sense.  Such  provisions  should  be  based,  therefore,  upon  the 
>w  of  probability  applied  to  the  statistics  of  past  occurrences  with  respect 
> the  abandonment  of  plant  or  machinery  strictly  on  account  of  inadequacy 
ad  obsoleeoenoe.  This  mode  of  procedure  will  develop  the  monetary 
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value  of  the  risk,  and  the  annual  insurance  charge  in  terns  of  apcmsttp 
of  the  investment  or  cost  of  the  plant;  the  insuranee  charge  ahoddh 
added  to  the  annual  percentage  charge  for  depreciation  of  a purely  pkjsa 
character. 

Another  element  sometimes  included  in  the  gross  charge  for  deprecate, 
is  the  insurance  increment  to  cover  losses  from  probable  plant  carah» 
such  as  fires,  floods,  cyclones,  storms,  earthquakes,  etc.  This  again  umte 
the  application  of  the  law  of  probability,  to  the  statistics  of  past  casn*lv» 
to  plant;  the  necessary  annual  insurance  charge,  determined  in  terns  4 > 
percentage  of  the  plant  investment  or  cost,  should  be  added  to  tbeothspr 
oentage  dements  comprising  the  gross  annual  allowance  for  depredtia 
Of  oourse  these  charges  which  partake  purely  of  insurance,  can  be  ngrout^ 
from  the  charges  for  physical  depreciation,  if  desired,  and  there  mm  \x 
some  advantage  in  so  doing,  from  the  standpoint  of  cost  keeping  and  ba* 
ness  administration. 


49.  The  terms  employed  in  diaeuaalng  depredation  are  dekd  c 
the  following  Par.  90  to  60. 

WO.  Original  cost  or  Investment  (I)  means  the  total  actual  oothy  * 
expenditure  for  the  physical  plant,  installed  and  in  readiness  for  serm  ~ 
is  also  known  as  the  physical  cost.  It  includes  as  a rule  all  eqx»ft*» 
which  can  be  classed  as  construction  costa,  but  none  of  the  so-called  uteegbr 
property  such  as  franchisee,  good  will,  patent  rights,  licensee,  cooftva. 
cost  of  establishing  the  business,  or  going  value. 

81.  Salvage  or  scrap  value  (S)  is  the  amount  realised  from  th?  ak  of 
worn-out  or  abandoned  plant  for  what  it  will  bring  as  junk  or  seeoaw*® 
materials. 


S3.  Cost  of  removal  ( R ) is  the  ooet  of  labor  and  other  expense  iw^1 
to  the  removal  of  worn-out  or  discarded  plant,  to  make  way  for  tie** 
plant  which  will  replace  it. 

83.  Service  or  wearing  value  (IT)  is  the  sum  of  the  original  cost  pin 
the  cost  of  removal,  less  the  salvage  value,  expressed  by 

FT-J+R-S  (dollars)  H 

This  is  the  net  depreciable  value  of  the  plant,  or  the  sum  of  mono 
will  be  required  to  replace  the  plant  when  it  becomes  useless.  prorKkd  tod 
the  cost  of  labor,  materials  ana  equipment  remains  unchanged. 

84.  Realised  depredation  is  the  term  applied,  in  accounting,  to  tbe  v 
tual  sum  or  amount  charged  to  the  depreciation  reserve  when  plant  is  art®*.- 
displaced  or  abandoned.  In  amount  it  is  identical  with  the  wearing  value,  pi 

88.  Aocrued  depreciation  (A)  is  the  total  or  cumulative  denreriatwa  a 
the  plant  on  any  given  date,  expressed  in  the  same  units  of  value  meaatf 
as  the  original  cost,  or  in  dollars.  The  accrued  depreciation  increase*  a 
amount  as  the  plant  grows  older,  and  finally,  at  the  end  of  thepajs* 
life,  becomes  equal  to  tne  wearing  value,  W. 


88.  Present  worth  (P)  is  the  difference  between  the  original  coat  u| 
and  the  accrued  depreciation  (A),  expressed  by  P — I — A. 

87.  The  life  (0  of  a plant  is  always  expressed  in  yean.  Unless  op' 
wise  qualified,  the  estimated  life  is  usually  stated  for  the  conditions ofer 
vice  which  the  plant  or  apparatus  in  question  will  be  required  to  wj 
In  some  oases,  the  estimated  life  includes  allowances  for  probable 
quacy  and  obsolescense,  and  in  such  instances  will  be  lew  than  the  phy*« 
life  which  ought  to  be  expected.  For  tables  of  life  expectancy  of  dtffcr^ 
kinds  of  machinery  and  plant,  see  other  sections  of  the  Handbook  dewffl 
with  the  same;  also  Foster,  H.  A.  "Engineering  Valuation  of  Pubhc  l 
and  Factories;"  and  Floy,  H.  "Valuation  of  Public  Utility  Properta* 
also  see  Sec.  10,  subsection  on  "Power  Plant  Economics.” 

88.  The  age  (a)  of  e plant  is  always  expressed  in  years,  and  neck  a 
definition  except  to  say  that  it  is  usually  reckoned  from  the  date  the 
machine  is  a completed  structure,  installed  and  ready  for  service. 

89.  Preient  condition  (p)  is  the  ratio  of  wearing  value  lea 
depreciation,  to  wearing  value.  This  cad  be  expressed  as 

y — A A ill! 
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60.  The  annuel  depreciation  charge  (d)  is  the  ratio  of  the  number  of 
»Ilars  which  must  be  set  aside  every  year  and  placed  in  the  depreciation 
serve,  to  the  original  cost  or  investment;  it  is  usually  expressed  as  a 
rcentage.  The  yearly  (or  monthly)  accretions  to  the  depreciation 
serve  are  calculated  in  such  manner  as  to  produce,  at  the  ena  of  the  life 
pectancy,  a total  fund  equal  to  the  wearing  value.  The  annual  sum  (D), 
dollars,  charged  to  expense  and  credited  to  the  depreciation  reserve,  can 
en  be  expressed  by  jD—  dl. 

61.  Segregation  of  plant  into  classes,  for  the  purpose  of  computing 
e annual  depreciation  charge,  is  very  essential  for  the  reason  that  different 
nda  and  types  of  plant  have  different  life  expectancies,  and  therefore 
ipreciate  at  different  rates.  After  the  segregation  process  is  completed 
id  the  annual  depreciation  is  determined  for  each  class  or  type,  the  sum  of 
e annual  charges  for  all  the  classes,  in  dollars,  will  give  the  total  chargo  in 
rilars;  the  latter  sum  divided  by  the  original  cost  or  physical  value  of  the 
bole  plant  will  give  the  composite  depreciation  charge  for  the  physical 
operty  as  a whole. 

66.  .Theories  of  depreciation.*  There  is  no  agreement  at  present 
>ncerning  the  question  as  to  how,  or  in  what  manner,  depreciation  accrues 
om  year  to  year  during  the  life  period.  The  discussion  centres  for  the 
oat  part,  in  this  country,  around  two  well-known  theories,  one  known  as 
>e  straight-line  method  and  the  other  as  the  sinking-fund  method.  There 
also  the  method  of  diminishing  values  or  reducing  balances,  and  the  au- 
nty method.  The  first  two  methods  are  presented  briefly  in  the  following 
xragraphs. 

69.  The  straight-line  method  is  based  on  the  assumption  that  deprecia- 
on  accrues  according  to  a straight-line  law,  in  the  simple  ratio  of  age  to 
re,  as  shown  in  Fig.  2.  The  formulas  expressing  the  several  relationships 
nong  the  foregoing  quantities  or  values  (Par.  60  to  60)  are  as  follows: 


(per  cent.) ; 


P-1  — j - 1 - pp  (per  cent.) ; 
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64.  The  sinking-fund  T.lfw  in  Y H«r» 

umption “thaT 'depi'cda'ti^  Fla-  2— Depreciation  diagram;  straight- 

ccruea  according  to  the  law  *,n®  theory- 

’hlch  expresses  the  accumu- 

ition  of  a sinking  fund  at  compound  interest  (Par.  16),  as  shown  in  Fig.  3. 
’he  formulas  for  use  in  this  case  are  as  follows: 


Fid.  2. — Depreciation  diagram;  straight- 
line  theory. 
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* Erickson,  H.  “Depreciation;”  address  before  Central  Water  Works  As- 
ociation,  Detroit,  Mien.,  Sept.  25,  1912.  Also  see  Bibliography,  Par.  88. 
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The  values  of  W and  I are  expressed  in  dollars,  a and  l in  pin,  nit* 
the  *nnnsl  rate  of  interest  on  the  fund,  decimally  expressed.  TtaistW 
requires  that  the  depreciation  reserves  be  left  undisturbed  lor  thenar 
period  of  life  expectancy,  in  order  that  the  full  amount  or  nun  required  a 
extinguish  the  wearing  value  may  be  realised;  otherwise  the  ran  r«e?*  < 
as  interest  will  be  impaired.  The  sinking-fund  method  has  bee®  erajsow 
by  the  Railroad  Commission  of  Wisconsin:  also  see  Floy,  H.,  "Vihsteei 
Public  Utility  Properties;”  New  York,  1912;  Chap.  VIII. 


Fio.  3. — Depreciation  curves;  based  on  5 per  cent,  sinking  tod 


M.  The  method  of  reducing  balances  is  rarely  used  in  the  omp 
It  consists  briefly  in  reducing  the  book  value  or  worth  of  the  plant  asj« 
by  a fixed  percentage.  If  this  figure,  for  instance,  is  10  per  cent.,  thews 
at  the  commencement  of  the  second  year  will  be  90per  cent.;  the  thins  jm, 
81  per  cent.;  the  fourth  year,  72.9  per  cent.,  etc.  This  method  is  istecetot 
theoretically,  but  is  not  regarded  as  very  practical. 

M.  Reserves  for  accrued  depreciation.  Expert  opinions  differ  as 
whether  it  is  necessary  to  lay  aside  depreciation  reserves  for  future  use.  » 
the  case  of  a new  property,  Just  starting  operations,  there  is  no  doubt  tw 
it  is  very  essential  to  lay  aside  something  for  accruing  depreciation.  emtn 
low  finances  make  it  absolutely  impossible;  unquestionably  the  time  n 
arrive,  st  some  future  date,  when  replacements  in  this  plant  become 
sary  and  the  current  revenues  will  be  inadequate  to  meet  the  outlay,  so  tfcs 
the  wisdom  of  setting  up  a reserve  is  almost  self-evident.  The  case  jsstesra 
represents  one  extreme,  in  the  range  of  possible  or  probable  cases;  tbs  kS 
illustration  will  be  st  the  oppositeextreme.  Conceive  a very  large  propert} 
highly  diversified  as  to  different  kinds  and  types  of  plant  or  equipment,  s* 
built  up  by  piecemeal  growth  extending  over  a very  long  series  of 
in  this  case  the  renewals  from  year  to  year  probably  will  not  vary  to  as? 
great  extent  in  number  and  cost,  but  perhaps  increase  slightly  from  I*** 
year,  on  the  whole,  as  the  property  increases  in  total  bulk  or  rase.  Tsar 
are  many  properties  which  are  intermediate  between  these  two  extrraara 
and  a reserve  for  accrued  depreciation  is  therefore  a very  wise,  if  cot  a wew- 
8 ary  provision;  at  the  same  time,  this  is  not  the  universally  accepted  vw* 

From  another  standpoint,  however,  there  is  a very  strong  reason 
creating  depreciation  reserves.  Quite  aside  from  the  question  as  to 
a reserve  is  necessary  in  order  to  distribute  the  cost  of  renewals  unitormJ> 
from  year  to  year  in  the  expenses  of  operation,  it  is  unquestionably  truemra 
plants  of  practically  every  kind  depreciate  with  age;  that  is  to**y^ocp«as 
tion  is  always  going  on,  beyond  any  power  to  prevent  it.  J"8."®11**0*  c 
becomes  evident  that  the  present  worth  of  almost  every  kind  of  plantec^ 
menoes  to  decrease  from  the  first  day  it  enters  service;  therefore  it  m euscuto- 
from  the  standpoint  of  the  stockholder  or  investor,  to  protect  the  ongis* 
investment  by  creating  a reserve  to  offset  the  accrued  depreoatxoa-  y* 
the  depreciation  which  accrues  annually  is  offset  by  charging  an  equal*** 
to  expenses  and  crediting  it  to  the  reserve,  each  year,  and  if  the  cost  « * 
newals  as  they  occur  is  charged  to  the  reserve,  the  whole  matter  of  protrema 
the  investment  will  take  care  of  itself,  in  theory.  In  other  words,  anger 
plan,  the  sum  of  the  present  worth  of  the  property  plus  the  total  reserve 
Land,  at  any  date,  will  always  equal  the  original  investment;  tins  to  w 
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rue,  whether  the  property  grows  rapidly,  or  slowly,  and  without  regard  to 
he  sise  of  the  expenditures  for  renewals,  provided  only  that  the  life  expect- 
iney  of  each  increment  or  fragment  of  the  property  is  realised  with  substantial 
icouracy. 

•7.  Investment  of  depreciation  reserves.  The  proper  disposition  of 
lepreeiation  reserves,  pending  their  use  for  the  purpose  originally  intended, 
b a subject  which  has  received  much  discussion  without  evolving  any  hard- 
ind-fast  rule  that  meets  with  general  approval.  If  the  funds  are  not  in- 
rested  in  some  form  of  security,  or  in  a business  enterprise,  they  can  hardly 
lraw  a rate  of  interest  in  excess  of  the  usual  rates  on  time  deposits,  or  say 
1 per  cent,  per  annum.  If  invested  in  conservative  bonds,  the  rate  may  be 
ui  high  as  5 per  cent.  If  the  property  is  one  which  earns  more  than  5 per 
?ent.,  there  will  be  some  advantage  in  investing  the  depreciation  reserve, 
>r  some  portion  of  it,  in  extensions  of  the  plant.  The  last  plan  also  possesses 
he  advantage  of  reducing  the  requirements  for  fresh  capital  in  extending  the 
>uainess;  indeed,  in  some  cases  it  has  become  the  policy  to  invest  the  whole 
lepreeiation  reserve  in  this  manner. 

When  the  depreciation  reserve  is  set  up  on  the  basis  that  the  total  reserve 
ihould  always  equal  the  accrued  depreciation  on  the  entire  property,  and  the 
entire  reserve  is  invested  in  the  property,  there  is  one  consequence  which  it 
s important  not  to  overlook;  namely,  the  present  worth  of  the  property  will 
ilwaya  be  equal,  in  theory,  to  the  total  investment  in  it  by  the  stockholders 
>r  owners,  assuming  that  the  property  is  free  of  debt  of  any  kind.  The 
>ropriety  of  investing  the  whole  depreciation  reserve  in  this  manner  is 
jrobably  open  to  some  question:  in  new  plants  just  commencing  operations, 
his  procedure  may  possibly  lead  to  financial  embarrassment  some  years 
ater,  when  extensive  renewals  become  necessary  during  some  particular 
rear,  and  the  necessary  cash  is  not  available  except  through  the  sale  of  new 
tecurities;  in  properties,  however,  of  a highly  diversified  character  as  to 
ypes  and  kinds  of  plant,  built  up  by  piecemeal  growth  through  a long  series 
»f  years,  the  funds  required  for  renewals  during  any  particular  year  are  not 
ikely  to  exceed  the  total  sum  set  aside  that  year  for  accrued  depreciation, 
ind  therefore  this  plan  is  not  very  likely  to  lead  to  difficulties  in  such  cases, 
between  these  extremes,  nevertheless,  there  are  many  intermediate  situations, 
md  the  ruling  local  conditions  in  each  instance  must  largely  determine  the 
rest  course  to  pursue. 

In  the  case  of  publio  utilities,  or  quasi-public  corporations,  the  deprecia- 
ion  reserve  is  virtually  a trust  fund  created  by  public  contribution  through 
be  assessments  or  charges  for  service,  and  the  income  from  the  fund  is 
iroperly  returnable  to  the  fund  and  belongs  thereto;  but  whether  this  in- 
tome is  treated  as  a credit  against  current  charges  (expense)  for  accrued 
lepreeiation,  or  whether  it  is  treated  as  part  of  the  total  corporate  income, 
nakes  no  difference  in  fixing  the  amount  of  the  reasonable  return  on  the 
nveatment. 

Those  who  are  particularly  interested  in  this  question  should  read  the 
iterature  which  is  to  be  found  in  the  transactions  of  engineering>  societies, 
he  technical  press,  the  literature  of  accountancy  and  the  authorities  cited 
n the  Bibliography,  Par.  88. 

•8.  Amortisation  is  a term  used  in  finance  and  accounting  in  the  sense 
►f  extinguishment;  for  example,  to  amortise  a debt  by  means  of  a sinking 
und  (Par.  88),  or  to  amortise  the  principal  of  an  issue  of  bonds,  or  an  indebt- 
dness  represented  by  an  issue  of  notes.  The  term  should  not  be  confused 
rith  depreciation.  It  can  be  correctly  said,  however,  that  the  annual  sums 
ret  aside  for  depreciation,  and  placed  in  a reserve  fund,  are  for  the  purpose 
>f  amortising  the  wearing  value.  Amortisation  means  merely  the  extin- 
guishment of  a parcel  of  value  or  money  equivalent,  by  means  of  periodical 
charges  spread  over  a period  of  time. 

89.  Depreciation  accounting  is  too  extended  a subject  to  explain 
>riefly.  In  general,  the  periodical  sums  necessary  to  cover  depreciation  are 
•harged  to  operating  expenses  and  concurrently  credited  to  the  reserve  for 
iccrued  depreciation,  when  plant  is  displaced,  its  original  cost  is  credited 
o the  fixed  capital  account  and  charged  to  the  reserve;  the  reserve  is  also 
harged  with  the  cost  of  removal  and  credited  with  the  salvage,  the  latter 
rein^  concurrently  charged  to  supplies.  The  new  plant,  which  displaces  the 
rid,  is  charged  to  the  fixed  capital  account,  under  the  appropriate  sub- 
recounts. Some  authorities  hold  that  accrued  depreciation  should  be 

Google 


Sec.  26-70  GENERAL  engineering  economics 


deducted  from  the  plant  investment,  and  the  reserve  for  accrued  decree* 
tion  carried  as  an  asset:  others  hold  that  no  deduction  should  be  naduac 
that  the  reqprve  should  be  carried  as  a liability.  The  accounting  ml«  of  &<■ 
Interstate  Commerce  Commission,  and  those  of  the  State  Public  Scm> 
Commissions  should  be  consulted  by  those  who  wish  for  more  informal 
as  well  as  the  text-book  authorities;  also  see  files  of  the  Journal  oj  ia«v 
o ncy,  for  articles  on  depreciation  and  its  treatment  in  accounting. 

70.  Appreciation  may  be  defined  as  an  increase  in  worth  or  enter 
value;  the  converse  of  depreciation.  In  the  physical  sense,  most  kind : 
property  depreciate;  but  in  the  sense  of  market  value,  when  regulated  bytt? 
law  of  supply  and  demand,  many  kinds  of  property  may  appreciate  A 
familiar  example  of  appreciation  is  found  in  the  case  of  land,  in  a fcrt&  >r 
productive  country  of  increasing  population.  The  market  value  of  !i&: 
which  is  useful  for  business  purposes  often  rises  very  rapidly. 

8OCIAL-SCONOIUC  INVESTIGATIONS 

71.  General.  Lack  of  space  forbids  any  extensive  treatment  d tb 
subject,  or  more  than  a few  references  to  its  fundamental  features,  h fart' 
the  essential  connecting  link  between  engineering  in  the  purely  teetea 
sense,  and  the  social  service  rendered  by  engineering  projects  aedgvd  v 
satisfy  public  needs.  Thus  it  occupies  a position  of  the  highest  imwrtar* 
in  every  type  of  public  utility  engineering,  and  typifies  the  close  relate:  * 
engineering,  as  a whole,  to  the  social  welfare. 

71.  Traffic  analysts  and  considerations  having  to  do  with  the  tete 
of  traffio,  and  the  determination  of  traffic  loads  and  delays,  form  aa  mend 
part  of  public  utility  and  transportation  engineering.  Traffic  question  if 
of  prime  importance  in  all  forms  of  transportation  and  communication.  h 
each  tvpe  of  ease,  the  unit  of  traffic  is  different ; it  may  be  a passenger,  a i 
unit  of  bulk  or  weight,  or  a message.  But  in  every  case  the  traffic  Hsetf  bit 
be  defined  as  the  flow  of  these  units  past  a given  point.  The  miaou-fc- 
minute  or  hour-to-hour  variations  in  the  flow  constitute  the  traffic  load  «r*y 
which  is  usually  extended  to  further  limits  in  order  to  reveal  the  day-to-di? 
week -to- week  and  month-to-month  variations  throughout  a period  ofays’ 
Other  types  of  curves  show  the  delays  to  the  traffic  before  it  moves,  and  tsar 
cate  the  quality  of  the  service  in  this  particular. 

Traffic  data  are  fundamental,  of  course,  in  determining  the  required  §cbe> 
ule  of  traffio  vehicles,  or  the  facilities  needed  to  accommodate  the  traffic  >i 
any  period.  The  volume  of  traffic,  the  quality  of  service  and  the  art 
come  on  the  investment  are  so  intimately  related  that  they  cannot  be  mde 
pendently  considered  in  any  successfully  managed  transportation  or  cm 
munication  enterprise.  For  example,  see  a paper  by  the  author,  enmiec 
“Toll  Telephone  Traffic,"  Proc.  A.  I.  E.  E.,  June,  1914. 

71.  Statistics  of  demand  and  consumption  are  to  electric,  gas  «-j 
water  utilities  what  traffic  analysis  is  to  common  carriers  (transportatioa  aaJ 
communication).  This  analogy,  while  true  in  the  broad  sense,  is  someway 
Imperfect  as  to  detail.  In  the  case  of  utilities,  the  statistics  of  demand  a&J 
consumption  relate  wholly  to  the  quantity  of  service,  whereas  the  quaajy 
the  service  depends  upon  both  the  quality  of  the  delivered  commodity  and  tfca 
continuity  and  uniformity  of  its  supply.  In  other  words,  transportttoca 
and  communication  partake  wholly  of  the  nature  of  a service,  whereas  * 
utility  furnishes  both  commodity  and  service.  It  is  hardly  neceswwry  t j 
dwell  upon  the  importance  of  preserving  continuous  statistics  of  demand  aad 
consumption,  from  the  standpoint  of  the  financial  results  to  the  utility,  be- 
cause it  is  so  evident.  Electric  central  station  statistics  are  give® 
elaborate  consideration  in  another  portion  of  this  Section,  see  Par.  H to  11? 

74.  Probable  future  development  of  the  business  of  a public  utib£ 
or  a oommon  carrier  concerns  itself  with  projecting  or  extrajmtotmf  tnc 
past  and  present  experience  into  the  future,  for  the  purpose  of  forawf* 
guide  in  shaping  present  policies  of  management.  Investigations  maatwf 
this  purpose  are  sometimes  termed  development  studies.  The  dear* 
in  all  such  investigations  is  to  forecast  the  probable  future  demand  *»- 
consumption.  The  methods  employed  are  sometimes  elaborate,  and  »» 
of  space  forbids  any  attempt  to  go  into  details  here.  Passing  reference  ** 
be  made,  however,  to  the  usefulness  of  the  law  of  probability  in  saausi 
investigations  of  this  general  character. 
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75.  Application  of  the  law  of  probability.  Experience  ahowa  that 
smand  and  consumption  fluctuate  to  some  extent,  under  similar  conditions 
to  time,  locality,  weather,  etc.,  even  when  the  periods  compared  are 
parated  by  no  more  than  a day  or  a week  intervening.  Given  a sufficient 
iraber  of  observations  on  demand  or  consumption,  taken  under  precisely 
nilar  conditions  but  on  successive  occasions,  it  becomes  quite  evident 
at  the  mathematical  law  of  probability  may  be  useful  in  computing  the 
oat  probable  demand  or  consumption,  and  also  in  computing  the  probability 
at  the  demand  or  consumption  will  deviate  by  a specified  amount  from  the 
ost probable  value.  The  theory  of  probability  constitutes  the  entire  founda- 
>n  for  the  discussion  of  precision  of  measurements  (Sec.  3),  and  has  been 
•plied  in  a number  of  other  connections  in  engineering,  among  them  being 
e analysis  of  telephone  traffic.  It  also  forms  the  whole  basis,  of  course, 
every  form  of  insurance. 


VALUATION  AND  RATS  MAKING 
75.  General.  Valuation  and  rate  making  have  become  so  important 
at  at  least  five  important  and  authoritative  works  dealing  with  this  field 
.ve  been  published  since  1911.  Only  the  barest  outlines  of  the  subject  can 
given  here,  with  references  i n the  succeeding  paragraphs  and  the  Bibliogra- 
i y to  some  of  the  principal  authorities.  Central-station  valuation  and  rate 
iking  are  treated  at  some  length  in  Par.  1S8  to  158,  which  should  also  be 
naulted  for  a more  detailed  exposition  of  the  fundamentals  of  the  subject. 
77.  Standards  of  Talus  by  which  to  measure  the  fair  value  of  a public 
ility  have  been  the  subject  of  extended  discussion  and  litigation,  without 
tablishing  up  to  this  time  any  well-defined  conclusions  except  of  the  broadest 
aracter.  Although  the  matter  is  still  in  its  formative  phases,  the  general 
inciple  that  investors  in  public  utility  enterprises  are  entitled  to  fair  and 
isonable  treatment  at  the  hands  of  the  public  is  well  recognised.  An 
cellent  discussion  of  the  present  status  of  the  matter  will  be  found  in 
*.  R.  H.  Whitten’s  **  Valuation  of  Public  Service  Corporations;','  Supple- 
rat.  1914,  Chap.  II. 

The  oourts  have  held  that  original  cost,  estimated  present  reproduction 
it,  and  outstanding  securities  issued  against  the  property,  are  all  corn- 
tent  evidence  on  the  question  of  value;  but  the  conclusion  in  every  case 
ist  be  tempered  by  a consideration  of  all  the  facts  and  circumstances, 
•is  is  very  well  expressed  by  the  decision  in  the  Minnesota  Rate  Cases 
JO  U.  S.  352,  33  Sup.  Ct.  729,  June  9, 1913),  “ It  is  not  a matter  of  formulas, 
t there  must  be  a reasonable  judgment  having  its  basis  in  a proper  consid- 
•tion  of  all  relevant  facts." 

f8.  Valuations  under  the  cost-of-reproduction  theory  resolve 
imselves  into  two  main  questions:  (1)  What  is  the  value  of  the  tangible 
>perty;  (2)  what  is  the  value  of  the  intangible  property? 
r§.  Tangible  property  consists  of  physical  plant,  such  as  right-of-way, 
•d,  buildings,  machinery,  distribution  system,  meters,  etc.,  organisation 
d engineering  expense,  interest  and  taxes  duling  construction;  supplies 
d materials  on  hand,  and  working  capital. 

10.  Intangible  property  consists  of  franchises,  licenses,  rights,  contracts, 
xi  will  ana  going  value.  The  modern  rule  is  to  allow  nothing  for  fran- 
ise  value  unless  something  was  or  is  actually  paid  for  it,  or  unless  some 
lue  for  it  has  been  capitalised  in  the  past  with  public  approval.  Under 
•nopoly,  good  will  has  been  held  to  have  no  value  for  rate-making  pur- 
ges. Going  value,  or  going-concern  value,  has  been  extensively  dis- 
wed  by  engineers  and  commissions,  but  no  recognised  or  authoritative 
e is  yet  in  existence;  an  excellent  summary  of  the  theories  of  going  value, 
i the  tendencies  of  courts  and  commissions  with  respect  thereto,  is  con- 
nod  in  Dr.  Whitten’s  two  volumes  on  "Regulation  of  Public  Service 
rporations."  See  also  Par.  158. 

11.  Valuation  of  tangible  property  under  the  coat-of -reproduction 
»ory  involves  two  separate  steps  or  procedures:  (1)  The  preparations  of 
inventory  of  the  property;  (2)  the  determination  of  unit  coata  and  their 
plication  to  the  quantities  in  the  inventory,  for  the  purpose  of  computing 
> total  reproduction  cost-value,  new  or  undepreciated.  The  unit  costs 
>uld  be  tnoee,  if  possible,  determined  from  the  actual  current  construction 
ita  ehown  by  the  corporate  books,  unless  known  to  be  bbjectionable  for 
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some  good  and  sufficient  reason,  and  therefore  unreasonable  for  tbeporpcse 
in  hand.  Unit  costs  which  are  unusually  high  or  low  by  reason  of  esctpocca! 
prevailing  prices  for  labor  or  materials  should  be  avoided;  for  this  resto? 
average  costs  covering  a period  of  several  years  past  are  sometimes  employ*! 

88.  Deduction  of  accrued  depreciation,  or  cost  new  less  depredate: 
is  the  generally  accepted  rule  in  preparing  valuations.  This  has  no  inroad- 
ate  relation  to  the  auestion  whether  a reasonable  return  will  be  percent 
on  the  cost  new,  or  toe  same  less  accrued  depreciation*  the  proper  or  testa- 
able  course  in  connection  with  the  latter  question  will  develop  in  the  se- 
sequent  consideration  of  the  merits  of  each  case. 

88.  A reasonable  return  on  the  legitimate  investment  is  proper?  . 
used  and  useful  in  the  publio  service,  considering  the  risk  invol  veaud&  ' 
usual  return  on  other  investments  involving  similar  degrees  of  risk,  rawt  i- 
the  long  run  be  the  guiding  rule  in  fixing  rates.  If  less  tnan  a fair  team,  v 
determined  by  this  rule,  is  allowed  in  fixing  rates,  the  securities of  psbk: 
utility  enterprises  cannot  compete  successfully  in  the  investment  market 
other  classes  of  investment  and  money  will  not  be  forthcoming  for  then- 
tensions  of  such  properties.  On  the  other  hand,  if  more  than  a fair  mars 
m allowed,  the  price  of  service  to  the  public  or  the  consumers  wifi  be 
high. 

84.  Theories  of  rate  making.  There  are  two  fundamental  thearks  a 
rate  making,  known  respectively  as  the  val ue-of -service  theory  sad  the  twt- 
of -service  theory.  There  has  been  much  controversy  between  the  advocate 
of  these  theories,  the  literature  of  which  is  very  extensive.  Since  the  vfcak 
subject  is  yet  in  the  formative  stage,  it  seems  unwise  to  attempt  more  thsa 
a brief  statement  of  each  theory,  in  the  two  succeeding  paragraphs. 

88.  The  coat-of-service  theory  is  based  on  the  declaration  of  prises* 
that  every  rate  for  service  shall  be  equal,  no  more  or  less,  to  the  coat  d ren- 
dering the  service.  This  definition  comprehends  such  an  interpretatin  ® 
the  term  cost  as  to  include  a reasonable  return  (interest  and  profit)  w lb. 
investment,  in  addition  to  all  the  other  elements  of  cost  or  expense  enbrser. 
in  the  term  total  annual  charge  (Par.  89).  The  correctness  of  this  thro r 
in  its  broader  aspects  is  very  generally  recognised,  but  there  are  nsacro^ 
differences  of  opinion  as  to  how  far  it  can  be  applied  in  determining  indrrids* 
or  dam  rates. 

88.  The  value-of-service  theory  is  the  older  theory,  and  comes  do*: 
from  the  early  days  before  public  utility  regulation  had  become  an  accept* 
institution.  Under  this  theory  the  rates  are  regulated  by  what  the  trt& 
will  bear.  Competition  was  largely  relied  upon,  before  the  days  of  regdsti - i 
to  prevent  the  rates  from  becoming  oppressive.  It  is  not  contended  at  tk 
present  time  that  the  total  profits  of  a public  utility  should  be  regulated  h 
the  value-of-service  theory,  but  it  is  frequently  contended,  however,  that  tie 
theory  should  be  employed  to  temper  the  cost-of-service  theory*  »* 
individual  or  clam  rates. 

87.  Oost  analysis  for  rate  making  involves  the  problem  of  detenunc* 
the  cost  of  each  class  of  service.  The  difficulties  in  this  process  are  nanwro* 
and  it  is  invariably  necessary  to  adopt  certain  assumptions  as  to  how  defer- 
ent kinds  or  elements  of  cost  should  be  distributed  or  prorated  among  differ- 
ent classes  of  expense.  Those  who  are  seeking  detailed  information  should 
consult  the  extensive  literature  on  the  subject,  including  the  opunom  wd 
decisions  of  Public  Utility  Commissions;  also  ee*  the  treatment  of  eeatrd- 
station  rate  making.  Par.  188  to  168. 
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5KNTRAL-8TATION  FACTORS  RELATING  TO  UTILIZATION  OF 
INVZ8TMXNT  AND  APPARATUS 

88.  Definition.  In  all  engineering  study  of  the  economies  of  central 
ttations  for  the  supply  of  electric  light  and  power  for  various  purposes  in 
h community,  it  is  convenient  and  customary  to  use  certain  factors  or  unit 
values  derived  from  other  similar  plants.  The  factors  given  here  apply  to 
;lectric  generating  transmission  and  distribution  systems  only  and  do  not 
nclude  other  utilities  such  as  electric  railways,  water  works,  gas  works,  ice 
>lanta  and  steam  heating  systems  sopaeti rues  operated  in  connection  with 
dec  trie  light  and  power  plants  and  included  in  their  reports. 

90.  Coat  of  plant  per  kw.  of  yearly  maximum  load.  Since  the  cost 
>f  a plant  depends  so  much  upon  the  maximum  load  it  must  carry,  this  is 
tn  important  factor  as  showing  the  amount  of  money  actually  invested  to 
:reate  a plant  sufficient  to  carry  a given  maximum  load.  This  cost  usually 
ranee  between  $200  and  $500  per  kw.  based  on  1913  prices  and  $300  to  $800 
>aeed  on  1920  prices.  The  average  is  probably  somewhere  between  $250 
ind  8300  per  kw.  based  on  1913  prices  and  $375  to  $500  based  on  1920  prices. 
)f  this  50  to  75  per  cent,  is  usually  in  the  distribution  systems  leaving  25 
,o  60  per  cent,  for  the  power  plant.  The  cost  of  the  distribution  system 
>art  will  be  highest  with  underground  distribution  or  where  the  consumers 
ire  scattered,  and  will  be  the  least  with  overhead  construction  or  in  those 
ocalities  where  the  density  of  consumption  per  mile  of  distribution  mains 
s greatest.  The  cost  of  steam  power  plants  is  from  155  per  kw.  up  to  $150 
>aaed  on  1913  prices  and  $75  to  $250  based  on  1920  prices.  The  lower 
igure  is  for  the  largest  steam-turbine  stations  in  locations  where  land  is  cheap 
ind  there  are  no  expensive  preparations  of  the  site.  The  higher  figure  is 
or  reciprocating-engine  plants  on  expensive  land,  with  all  refinements,  so 
i turn  ted  that  the  labor  cost  of  construction  is  high.  If  a plant  has  a very 
arge  reserve  amount  of  apparatus  in  exoees  of  that  required  to  carry  the 
naximum  load  of  the  year,  this  first  cost  per  kw.  of  peak  load  will,  of  course, 
>e  higher  than  if  there  is  little  or  no  reserve. 

91.  Effect  of  transmission  networks.  Where,  in  addition  to  the  gene- 
ating  and  distributing  plants  there  are  transmission  lines  or  networks  the 
;oet  per  kw.  of  yearly  maximum  is  usually  much  increased,  this  cost  increase 
>eing  justified  usually  by  low  operating  costs  of  the  large  generating  plants 
eedmg  the  network.  Transmission  lines  cost  from  $500  per  mile  up,  on  a 
1913  price  basis  and  $800  up  on  a 1920  price  basis. 
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ft.  Gross  annual  eamlnn  per  kw.  of  yearly  maximum  load. 
These  usually  are  between  the  limits  of  $60  and  $140.  They  are  most  fre- 
quently between  $80  and  $100.  This  factor  indicates  whether  the  gras 
earnings  are  high  or  low  for  a given  maximum  load,  and  consequently  wbetbe 
the  plant  is  selling  its  output  to  its  best  financial  advantage.  This  factor  • 
likely  to  be  lowest  when  the  annual  load  factor  is  lowest,  hence  the  imper 
tance  of  improving  the  load  factor. 

IS.  Qrost  yearly  earnings  per  kw.  of  maximum  plant  eapacfc 
This  factor  is  similar  to  the  previous  one  except  that  it  depends  on  pfcr 
capacity  rather  than  the  actual  maximum  load. 

•4.  Gross  yearly  earnings  per  $100  cost  of  plant.  This  factor 
between  $17  and  $56.  Assuming  the  plants  under  consideration  to  ktxt 
been  well  managed  and  developed  for  a number  of  years,  the  lowest  v»h» 
will  be  found  in  some  of  the  large  plants  where  the  operating  expeasw  an 
correspondingly  low  but  the  investment  is  high  on  account  of  the  expea mrt 
distribution  Bystem  construction  necessary  to  serve  large  areas.  A lev 
factor  for  this  value  may  also  be  caused  by  overbuilding  a plant  for  ttf 
territory  it  is  to  serve.  The  highest  values  are  usually  found  in  small  sad 
medium  sized  plants  in  new  territory  where  the  growth  has  been  rapid,  tfc* 
construction  inexpensive  and  the  rates  high.  The  operating  expenses  as? 
be  correspondingly  high  but  this  is  not  always  the  case. 

tS.  Operating  expenses  in  per  cent,  of  groes  earnings.  Coders?** 
ating  expenses  are  here  included  all  expenses  except  depreciation,  isterwt 
dividends  and  new  construction  chargeable  to  plant  or  capital  iwot 
Operating  expenses  of  central  stations  operated  with  water  power  or,  occa- 
sionally, with  very  economically  operated  steam-turbine  plants  may  be  « 
low  as  45  per  cent.  Good  practice  usually  ranges  between  50  and  W P 
cent. 

$$.  Connected  load  per  kw.  of  maximum  station  load.  This » & 
combination  of  the  demand  and  diversity  factors.  These  factors  (tmtad 
in  Par.  10$  to  115)  are  chiefly  of  practical  importance  in  nw 

as  they  show  the  maximum  demand  made  upon  the  station  and  cooseqwnilj 
the  relative  amount  of  investment  required  by  different  Hsus  of  buiin* 
The  total  connected  load  per  kw.  of  maximum  station  load,  ranges  from  1 * 
to  3.6.  On  the  majority  of  systems  it  will  range  between  2 and  3. 

if.  Kilowatts  of  transformer  capacity  per  kw.  of  maximum  sta- 
tion load  in  an  alternating-current  system,  usually  ranges  from  1 to 
It  is  lowest  in  systems  where  transformers  are  large  and  serve  a large  nsmbw 
of  customers  each.  It  is  highest  where  the  transformers  are  small  and 
only  a few  customers  eaoh.  In  the  majority  of  oentral  stations  if  the  traa- 
former  arrangement  is  well  planned  it  is  not  necessary  to  have  this  fseur 
more  than  1.2  to  1.5  kw. 

98.  Kilowatts  of  maximum  load  per  employee  in  all  depart mna 
In  a large  number  of  stations  this  ranges  from  30  to  70.  It  seldom  exceed 
100  excepting  where  a considerable  output  is  sold  wholesale.  That  tbs  hrv 
stations  do  not  show  figures  much  higher  than  the  small  ones  is  probsH? 
due  to  the  fact  that  the  number  of  employees  engaged  on  the  distribute* 
system  and  in  looking  after  the  wants  of  consumers  and  the  perfection  ot 
the  service  is  greater  in  proportion  in  the  large  than  in  the  small  systems 
•i.  Per  cent,  of  kilowatt-hours  lost  and  unaccounted  for.  Tim 
factor  is  the  difference  in  per  cent,  between  the  kilowatt-hours  sent  oat  from 
the  station  bus  bars  and  the  kilowatt-hours  registered  on  meters  or  othems 
accounted  for.  This  loss  includes  loss  in  lines,  loss  in  slow  meters,  core  sad 
copper  loeses  in  transformers  and  leakage  through  defective  insulstica 
This  seldom  is  lees  than  15  per  cent.,  and  it  is  most  commonly  between  20 sad 
30  per  cent.  It  may  be  over  30  per  cent,  in  alternating-current  system* 
with  a large  number  of  small  transformers  and  with  a very  small  amount  dt 
energy  sold  per  mile  of  line  and  per  transformer.  Obviously  if  a system 
operated  without  selling  any  electrical  energy,  these  looses  would  be  l‘f 
per  cent. 

100.  Yearly  load  factor.  This  is  the  average  load  of  the  year  divided  by  ■ 
the  maximum  load  and  expressed  in  per  cent.  A purely  lighting  load  is  • 
small  town  will  yield  a yearly  load  factor  under  20  per  cent.  In  s Uryc 
city  it  will  be  under  25  per  cent.  Addition  of  motor  and  heating  appka on  ■ 
load  has  improved  these  low  load  factors  from  year  to  year  during  the  bistery . 
of  the  central  station  business.  A load  factor  between  30  and  35  per  cso*  jj 
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now  common  in  the  smaller  plants  having  a moderate  amount  of  power 
isinem.  A number  of  the  largest  power  systems  have  over  50  per  cent, 
ad  factor.  A combination  of  lighting,  power,  and  railway  loads  m a large 
ty  gives  a load  factor  between  40  and  45  per  cent.  The  load  factor  indi- 
ites  the  percentage  of  time  which  the  plant  apparatus  is  lying  idle,  and  it  is 
le  constant  aim  of  central  station  companies  to  increase  the  load  factor 
id  reduce  the  idle  time,  because  interest  must  be  paid  on  the  investment 
hether  the  apparatus  is  in  use  or  not. 

ENTRAL  STATION  FACTORS  RELATING  TO  TERRITORY 
SERVED  BY  SYSTEM 

Id.  Gross  yearly  revenue  per  capita  of  population.  This  factor 
aries  through  a large  range.  Fourteen  dollars  per  capita  may  be  considered 
ear  the  maximum  at  the  present  writing.  This  factor  is  usually  higher  in 
le  Western  part  of  the  Umted  States  than  in  the  Eastern.  Some  engineers 
i making  preliminary  estimates  on  the  possibilities  of  future  gross  earnings, 
iopt  a step-by-step  schedule  which  increases  from  East  to  West.  Gross 
urnings  of  $9  to  $10  per  capita  may  now  be  considered  reasonably  attainable 
nder  ordinary  conditions  in  most  towns  on  the  western  side  of  the  Missies- 
►pi  Valley. 

103.  Cost  of  plant  per  capita.  This  is  a factor  used  by  some  engineers 
> indicate  whether  an  excessive  amount  of  plant  has  been  put  in  for  the 
opulation  to  be  served.  Aside  from  this  it  is  evidently  dependent  upon  the 
rose  earnings  per  capita  and  the  degree  to  which  the  territory  has  been 
eveloped  for  electric  service.  An  investment  of  $40  per  capita  in  an  electric 
lant  might  be  justified  if  the  gross  earnings  were  $10  per  capita.  In  prao- 
c«  we  mid  this  varying  from  $3  to  $35  per  capita,  pre-war  cost. 

103.  Watts  maximum  load  per  capita.  This  factor  is  also  an  indica- 
od  of  the  extent  to  which  the  territory  has  been  developed.  If  excessive 
i proportion  to  gross  earnings  per  capita,  it  would  indicate  bad  management, 
t usually  ranges  from  ‘30  to  100. 

104.  Population  per  consumer.  This  will  range  from  5 to  an  indefinite 
gu re.  Of  course  5 represents  near  saturation.  Such  a condition  can  only 
e attained  in  a prosperous  country  or  suburban  town. 

103.  Gross  revenue  per  consumer.  This  factor  when  taken  in  con- 
ection  with  a knowledge  of  the  territory  served  may  help  to  indicate  whether 
be  large  manufacturing  power  business  or  the  small  residential  business 
as  been  neglected.  This  factor  may  vary  between  $18  and  $169,  but  its 
lost  usual  range  is  between  $40  and  $70. 

106.  Demand  factor.  This  is  the  actual  maximum  demand  divided  by 
be  connected  load,  expressed  in  per  cent.  It  may  be  applied  to  a system,  a 
roup  of  consumers  or  any  individual  consumer.  It  is  useful  in  determining 
he  apparatus  which  must  be  provided  and  the  rates  which  oan  be  made  for 
erving  any  given  class  of  business.  These  factors  can  be  determined  only  by 
ctual  measurement  for  different  classes  of  customers  with  maximum-demand 
neters. 

For  example,  suppose  we  find  by  inserting  maximum-demand  meters  in 
he  services  supplying  a number  of  drug-stores  that  the  total  maximum 
lemand  made  by  these  stores  during  a year  is  75  per  cent,  of  what  it  would 
tave  been  had  the  total  connected  load  been  turned  on  by  each  consumer  at 
ome  time  during  the  year.  We  would  then  say  that  the  demand  factor  of 
hese  drug-store  consumers  is  75  per  cent.  In  figuring  on  the  amount  of 
apparatus  needed  to  serve  other  drug-stores  we  would  multiply  the  connected 
oad  by  the  demand  factor  which  would  give  the  probable  maximum  demand. 

Mr.  E.  W.  Lloyd  in  a paper  entitled  “Compilation  of  Load  Factors,” 
►efore  the  National  Electnc  Light  Association  in  1909,  fa ve  the  results  of 
he  experience  of  the  Commonwealth  Edison  Co.  of  Chicago  with  a laige 
lumber  of  consumers  equipped  with  maximum-demand  meters.  The.de- 
nand  factors  of  some  of  the  most  important  classes  of  small  and  medium 
ighting  consumers  given  by  Mr.  Lloya  are  shown  by  the  table  in  Par.  107, 
rhere  the  classification  is  according  to  business,  without  regard  to  the  sise 
>f  the  installation.  Some  of  the  more  important  demand  factors  of  power 
ronsumers  taken  from  the  same  paper  are  also  given  in  Par.  108,  where  the 
tlassification  is  by  sixe  of  installation.  The  load  and.  demand  factors  of  a 
lumber  of  larger  consumers  using  both  power  and  light  as  given  by  Mr. 
Jloyd  appear  in  Par.  108. 
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Some  years  ago  all  consumers  in  Chicago  were  served  through  Bumus 
demand  meters.  This  practice  was  later  changed  so  that  consumer*  han- 
less  than  1 kw.  connected  have  their  maximum  demands  estimated  actorta 
to  a table  prepared  by  averaging  the  previous  experience  of  the  coapa? 
with  consumers  of  this  class.  A table  in  Par.  110  gives  the  demand  facta 
used  for  estimating  maximum-demand  in  Chicago  for  such  small  commcrca 
and  residence-lighting  customers. 

This  paper  by  Mr.  Lloyd  gives  curves  showing  that  the  demand  fact: 
of  residence  customers  having  more  than  1 kw.  in  lamps  connected.  U 
gradually  from  about  47  per  cent,  with  1.5  kw.  connected  load  to  about  U 
per  cent,  with  4.5  kw.  connected  load.  Small  stores  and  offices  art  riiovx  • 
nave  a demand  factor  of  about  63  per  cent.,  with  1.5  kw.  connected  Jc*: 
which  gradually  falls  to  about  50  per  cent,  at  4.5  kw.  connected  load.  Ti 
curve  in  both  cases  following  a straight  line  from  1.5  to  4-5  kw. 

The  Wisconsin  Railroad  and  Public  Service  Commission  in  renderiac  in- 
decision in  the  case  of  the  Madison  Gas  and  Electric  Company'*  raws :: 
1910  assumed  demand  factors  as  indicated  by  the  table  in  Par.  Ill  Tb-v 
demand  factors,  in  turn,  were  derived  from  figures  obtained  by  test*  in 
son,  taking  also  into  consideration  demand  factors  compiled  by  cotnpson 
using  Wright  demand  meters,  summarised  in  Par.  119. 


107.  DemandFactorm  and  Load  Factors  of  Small  and  Medium  Uftt- 
ing  Customers  in  Chicago,  Classified  by  Business 

(E.  W Llovd) 


Kind  of  business 

j Load  factor 

Demand  factor  rv 
of  maximum  to  car 

1 nected  load) 

Per  cent. 

Per  cent. 

Banks 

1 16.  1 

66  8 

Churches 

12.4 

56.0 

Hotels 

24  4 

28  0 

Houses 

7.8 

43  0 

Offices  (business) 

9.2 

64  2 

Office*  (professional) 

6.7 

64.0 

Pool  ana  billiards 

17.4 

64  5 

Printers  and  engravers 

14.7 

59  0 

Restaurants 

23.4 

52  3 

Saloons 

20.8 

62  6 

Shops  (barber) | 

11.5 

70  4 

Shops  (machine) 

8.7 

37  2 

Shops  (tailor) 

8.4 

59  3 

Stables  (livery) | 

22.2 

52  3 

Stores  (book  and  stationery) 1 

11.7 

66  4 

Stores  (cigar) 

16.8 

64.7 

Stores  (dry  goods) 

8.2 

76  5 

Stores  (drug) 

19.3  1 

78. S 

Stores  (furniture) | 

6.0 

69  7 

Stores  (grocery) i 

Stores  (hardware) 

10.3 

73.0 

10.6 

40  0 

Stores  (house  furniture) 1 

7.8 

52.0 

Stores  (jewelry) | 

15.0 

64  1 

Stores  (shoe) i 

9 8 | 

66.5 

Stores  (clothing) | 

* 6.6 

52  9 

Small  hotels  nnd  rooming  houses.  . . 1 

26.0 

67  4 

Laundries 

10.3 

67  5 

Theatres 

17.2 

49.0 

Warehouses 

12.0 

41  4 

Wholesale  houses 

19.4 

46  6 

Manufacturers 

9.5 

53  5 

Hospitals 

12.5 

42.3 

Flats | 

6.9 

54.1 

1996 
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M.  Demand  and  load  facton  of  large  Chicago  consumers ; com 
blned  power  and  light 

(E.  W.  Lloyd) 


Kind  of  business 

Load  factor 
8,760-hr.  year, 

per  cent. 

Demand  factor 
(ratio  of  actual  max 
to  connected  load, 
per  cent.) 

Butter  and  creamery 

20 

60 

Breweries 

45 

60 

Brass  and  iron  beds 

20 

60 

Biscuit  manufacturers 

35 

55 

Boots  and  shoes 

25 

65 

Brass  manufacturing 

28 

50 

Boiler  shops 

18 

45 

San  manufacturers 

30 

70 

^andy  manufacturers 

18 

45 

HMothing  manufacturers 

15 

55 

21ubs  (large) 

40 

85 

Department  stores  (large)  . 

30 

55 

Electrical  manufacturing 

25 

55 

Express  companies 

40 

60 

Electroplating 

25 

75 

Engraving  and  printing 

19 

60 

Fertiliser  manufacturing 

75 

40 

Furniture  manufacturing 

28 

65 

Foundries 

15 

75 

Forge  shops 

30 

49 

Irain  elevators 

10 

75 

jlove  manufacturing 

25 

55 

grocers  (wholesale) 

20 

55 

hotels  (small) 

35 

50 

hotels  (large) 

50 

40 

[ce-cream  manufacturing 

45 

75 

lewelry  manufacturing 

18 

50 

^sundries 

25 

70 

Vlachine  shops 

26 

55 

Newspapers 

20 

75 

Packing  houses 

30 

75 

Paint,  lead  and  ink  manufacturers  . 

23 

45 

^aper-box  manufacturers. 

25 

50 

Plumbing  and  pipe  fitting 

26 

55 

Post  offices | 

50 

30 

’ower  buildings 

27 

40 

Refrigeration 

50 

90 

Railroad  depots 

50 

50 

Pneumatic  tube 

50 

90 

k>ap  manufacturers 

25 

60 

3eed  cleaners 

• 25 

55 

<c row  manufacturers 

30 

75 

>pice  mills 

20 

55 

5a  w manufacturers 

30 

55 

Structural  steel 

22 

40 

Iheet-metal  manufacturers. 

18 

70 

5 tone  cutters 

17 

55 

Twine  mills r 

30 

60 

Theatres 

16 

60 

.irg o restaurants  

50 

60 

'mall  restaurants 

30 

70 

iVoolen  mills • 

27 

80 

iVood- working 

28 

65 

Textile  mills 

20 

65 
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N.  Demand  factors  of  Chletfo  power  consumers;  cl  sailed 
b j iIm 


H.p.  installed 

No.  of  Consumers 

Demand  factors, 
per  cent. 

1 to  5 

2,900 

75.4 

6 to  10 

456 

64  5 

11  to  20 

237 

64.7 

over  20 

307 

42.9 

10.  Demand  factors  used  for  computing  rates  of  small  Chicago 
lighting  consumers;  classified  bj 


Kilowatt 

•onnected 

load 

Demand  factors 

Kilowatt 

connected 

load 

Demand  factors 

Commercial 
(per  cent.) 

Residence 
(per  cent.) 

Commercial 
(per  cent.) 

Rendemr 
(per  eeat) 

0.25 

100 

100 

0 65 

82 

61 

89 

81 

61 

0.35 

95 

86 

0.75 

57 

91 

83 

79 

57 

0.45 

89 

74 

0.85 

78 

55 

0.50 

87 

73 

78 

55 

0.55 

85 

67 

0.95 

77 

53 

0.60 

83 

67 

IHfii 

11.  Demand  factors  assumed  by  Wisconsin  Commission  for  firing 
rates  at  Madison 


Per  seat 

Residence  lighting  over  10  lamps  or  500  wmtts 

Restaurants  and  saloons 

Lodge  and  dance  halls 

Livery  stables 

Churches 

Hotels  mui  clubs 

Schools 

County  and  federal  building ., 

University  of  Wisconsin 

Sign  and  outline  lighting 

( )np  motor  under  10  h.p. . . ,r 

10  h p installation  witn  more  than  one  motor 

Motor  installations  with  more  than  10  and  lees  than  20  h.p.. . 
Motor  installations  20  to  50  h.p 

Motor  installations  50  to  100  h.p 

Motor  installations  100  h.p.  or  over . . . 

1998 
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Lit.  Demand  factors  oompilsd  b j Wisconsin  commission  from 
companies  using  Wright  demand  meters 


Per  cent. 

Per  cent. 

Stores 

40  to  100 
57  to  87 
62  to  92 

52  to  62 

53  to  56 
56  to  85 

28 

28 

37  to  52 

Laundries 

60  to  75 
62  to  58 
68 

75  to  95 
49  to  89 
55 

37  to  54 
66 

33  to  31 

Offices 

Livery  stables 

Saloons 

Restaurants 

Lodge  and  dance  halls 

Depots 

Factories 

Theatres 

Churches 

Shops 

Hotels 

Machine  shops 

Clubs 

Schools 

Blacksmith  shops 

County  and  federal  building. 

lit.  Diversity  factor  is  the  ratio  of  the  sum  of  the  maximum  power 
iemande  of  the  subdivisions  of  any  system  to  the  maximum  demand  of  the 
whole  system.  For  example,  suppose  two  consumers  each  have  a maximum 
lemand  of  50  kw.  The  sum  of  their  maximum  demands  would  therefore 
>e  100  kw.  Suppose,  however,  these  maximum  demands  do  not  occur  at 
;he  same  time  so  that  a maximum  demand  indicator  connected  to  supply 
x>th  services  would  indicate  a maximum  of  only  75  kw.  The  diversity 
actor  would  then  be  100  kw.  divided  by  75  kw.  or  1.33.  In  other  words, 
he  sum  of  the  maximum  demands  of  these  two  consumers  would  be  1.33 
imes  the  actual  demand  on  the  feeder. 

If  the  consumer’s  maximum  demand  is  known  and  the  diversity  factor 
or  that  class  of  business  is  also  known,  the  maximum  effective  demand  of  the 
sinsomer  at  a given  point  (such  as  transformers  or  power  station)  is  deter* 
nined  by  dividing  the  consumer's  actual  maximum  demand  by  the  diversity 
actor  between  the  consumer  and  the  point  under  consideration. 

The  diversity  ^factor  is  a most  important  element  in  central  station  eleotrio 
upply;  in  fact  it  is  one  6f  the  economio  foundation  stones  upon  which  the 
central  station  industry  is  built.  But  for  the  fact  that  the  various  combined 
naximum  demands  of  various  consumers  do  not  coincide,  greater  plant 
■apacity  would  be  required  to  serve  them  and  rates  for  service  would  neces- 
arily  be  high,  because  of  the  higher  investment  required. 

Thorough  study  of  diversity  factors  can  be  made  only  where  maximum- 
lemand  meters  are  used  for  each  consumer.  Mr.  H.  B.  Gear,  distribution 
mdneer  of  the  Chicago  central-station  system  has  reported  the  results  of 
uch  investigations  at  various  times  as  indicated  in  the  Bibliography  at  the 
•nd  of  this  section.  The  accompanying  table  gives  a summary  of  Mr. 
dear’s  figures  on  diversity  factors  for  bghting  and  power  loads  (Par.  115). 

114.  Classification  of  diversity  factor.  In  an  electric  light  and  power 
listribution  System  there  Is  first  a diversity  factor  between  the  individual 
onsumers  and  the  transformer  serving  a group  of  such  consumers  because 
he  maximum  demands  of  the  individual  consumers  do  not  come  at  the  same 
ime.  There  is  next  a diversity  factor  between  different  transformers  and 
heir  feeders  for  similar  reasons.  Going  back  another  step  there  is  a diversity 
actor  between  various  feeders  entering  a power-house  or  substation  and  the 
>us  bars  and  on  large  systems  there  is  a diversity  factor  between  various 
ubstations,  and  the  power  station  bus  bars. 

In  the  case  of  very  large  consumers  their  Individual  diversity  factors, 
vith  reference  to  the  annual  system  peak  load,  must  be  considered. 

Par.  115  gives  the  diversity  factor  for  each  step  from  the  consumer  to  the 
generating  station  in  the  first  four  items,  while  the  last  four  items  give  the 
Liveraity  factors  step  by  Step  from  consumer  to  generator. 

To  combine  the  demand  and  diversity  factors  so  as  to  determine  {he  raaxi- 
num  demand  on  a transformer,  feeder  or  station,  as  caused  by  a given  con- 
tented load,  multiply  the  connected  load  by  the  demand  factor  and  divide 
his  product  by  the  diversity  factor. 

The  yearly  diversity  factor  between  lighting  and  power  load,  and  electric 
treet  and  elevated  railway  loads  in  Chicago  is  reported  by  Mr.  Samuel 
nsull  as  allowing  a saving  in  generating  equipment  of  8.1  per  cent,  for  the 
tcriod  of  heavy  winter  load  of  1911  and  1912,  by  combining  their  sources 
>f  power  supply. 
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lie.  Diversity  Factors 

(H.  B.  Gear) 


Residence 
light, 
per  oent. 

Commercial 
light, 
per  cent. 

General 
power, 
per  cent. 

Large 
am. 
per  cast. 

Between  consumers 

Between  transformers.  . . 

3 35 

1.3 

• 1.46 

1.3 

1.44 

1 35 

1.15 

Between  feeders 

1.15 

1.15 

1.15 

1.15 

Between  sub-stations 

1.1 

1.1 

1.1 

1.1 

Consumer  to  transformer 

3 35 

1.46 

1 44 

Consumer  to  feeder 

4.36 

1.90 

1 95 

1 i.is 

Consumer  to  sub-station . 

5.02 

2.19 

2.24 

1.8 

Consumer  to  generator.  . 

5.52 

2.41 

2 46 

Fio.  4. — Variation  of  central  station 
station  earnings  by  months. 


US.  Variations  in  eanfaip 
from  month  to  month  by  i 

central  station  are  caused  by  ia- 
creaeed  demand  for  %fei  dariag 
the  winter  season.  In  mbs 
estimates  for  the  future  h ii  fre- 
quently desirable  to  know  sheet 
how  these  monthly  variation  res. 
The  curve  of  Fig.  4 shows  bowtk 
earnings  vary  from  month  t» 
month  as  taken  from  a number  al 
typical  electric  light  and  powr 
systems  of  various  aims,  with  nor- 
mal yearly  growth 

117.  Yearly  Increase  In  est- 

put.  The  output  and  consequent 
generating  capacity  of  the  central 
stations  of  the  United  States  as  s 
whole  is  such  as  to  double  about 
every  5 yean.  This  corresponds  to 
an  increase  each  year  of  about  15 
per  cent,  over  the  year  previocs 
This  being  an  average  figure,  doe 
allowance  must  be  made  for  local 
conditions  in  moving  estimates. 


TYPICAL  ZAJLNINOB  OF  ELECTRIC  LIGHT  AMD  POWEE 
COMPANIES  • 

118.  Finances.  The  following  typical  earnings  of  electric  light  sad 
power  companies  in  the  United  States  are  given  as  showing  in  a general  way 
the  relative  values  of  capital  account,  gross  income,  operating  expenses, 
depreciation,  and  net  earnings  available  for  interest  and  dividends,  in  electric 
light  and  power  companies  of  several  sixes,  not  operated  in  connection  with 
any  other  public  utility.  While  the  figures  given  are  typical  of  the  rises  of 
plants  named,  considerable  variation  from  them  is  found  in  practice.  Some 
plants  make  a better  showing  than  indicated  in  these  typical  cases,  wkife 
others  make  a less  favorable  showing.  The  costs  are  pre-war,  1913,  as  1930 
conditions  are  too  unsettled  to  permit  typical  examples. 

119.  Tht  item  of  In  tangible  value  in  the  cases  given  represents  what* 
ever  market  value  there  may  be  in  the  plant  over  and  above  first  cost  of  the 
physical  property.  It  includes  working  capital,  expenses  of  getting  li  winner 
started  and  worked  up  to  a profitable  basis,  and  any  reasonable  losses  is 
connection  therewith  such  as  are  allowed  under  tbe  head  of  going  valuo  by 
the  Wisconsin  Commission.  It  may  in  some  cases  include  some  value  based 
altogether  on  earning  power.  The  intangible  value  of  a property  wbes 
determined  for  rate-making  purposes  by  a public  service  commiamoa  is 
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dually  the  amount  of  capital,  over  and  above  the  oost  of  the  physical  plant, 
ipon  which  the  property  will  be  permitted  to  pay  common  current  interest 
t dividend  rates. 

ISO.  The  market  value  of  such  a property,  if  it  has  such  value  over 
.nd  above  its  physical  value,  is  evidently  its  value  to  a prospective  purchaser, 
.nd  the  purchaser  usually  pays  a price  based  on  present  and  prospective 
swi lings.  What  these  earnings  will  be  depends  on  the  possibilities  of  the 
erritory  served  and  if  there  be  a rate  regulating  public  service  commission, 
l will  also  depend  on  the  rate  of  return  on  the  investment  which  will  be 
Jlowed  by  the  public  service  commission. 

111.  Cantral-station  operation  in  connection  with  ice  plant.  As 
nany  of  the  smaller  light  and  power  central  stations  are  operated  in  connec- 
ion  with  ice  plants  the  effect  upon  the  first  cost  and  earnings  by  adding  such 
. plant  is  given  in  two  cases.  The  amount  of  ice  manufactured  per  year, 
vhich  determines  the  gross  and  net  income,  depends  so  much  on  the  latitude 
n which  the  plant  is  located  that  considerable  allowance  must  be  made  for 
bis  fact. 

Ice  plants,  such  as  are  mentioned  in  cases  4 and  5 (Par.  116  and  11T), 
night  earn  double  the  gross  and  about  double  the  net  earnings  if  located  in 
be  extreme  southern  part  of  the  United  States.  The  income  from  ice 
tepends  also  a great  deal  on  whether  it  is  sold  wholesale  or  retail,  or  whether 
t simply  supplies  the  population  in  its  own  town,  or  in  addition  ships  to 
ither  nearby  points. 

In  comparing  the  typical  cases  given  for  the  various  sises  of  plants,  it  will 
»e  seen  that  in  general  the  gross  earnings  per  $100  invested  are  larger  in  the 
ucoeasful  small  plants  than  in  the  large  ones,  but  in  the  smaller  plants  the 
operating  expenses  are  likely  to  be  a larger  percentage  of  the  gross  receipts. 
The  larger  plants  can  also  obtain  capital  at  a lower  rate  of  interest. 

The  larger  the  plants  the  smaller  the  ratio  of  gross  earningB  to  capital 
nvested.  This  is  mainly  due  to  the  higher  cost  of  transmission  and  distri- 
>ution  plants  necessary  to  serve  the  larger  territories  supplied  from  the 
arger  generating  stations.  In  some  cases  it  is  also  due  to  the  higher  cost 
►f  underground  as  compared  to  overhead  distribution,  and  to  a more  sub- 
tantial  character  of  construction. 

1S2.  Type  of  plant  affecting  various  items.  The  typical  examples 
pven  are  for  steam-driven  stations  where  the  cost  of  fuel  is  near  average, 
ligher  fuel  cost  will,  of  course,  raise  the  percentage  of  operating  expenses, 
►r.  if  more  expensive  machinery  is  put  in  to  keep  the  fuel  cost  down,  the 
apit&l  account  will  be  increased  per  kilowatt  of  peak  load.  Hydroelectric 
dants  operating  central-station  lighting  and  power  systems  frequently 
nvolve  higher  first  cost  per  kilowatt  of  peak  load,  and  a consequent  low  ratio 
if  gross  earnings  to  capitalisation.  Such  high  first  cost,  of  course,  can 
inly  be  justified  by  the  decreased  operating  expenses  caused  by  fuel  saved 
>y  water  power  operation. 


ilt.  Typical  earnings  of  central  stations. 

^irat  cost  of  physical  property 

n tangible  value 

Case  1. 

$37,500 

12,500 

Total  capitalisation 

>om  earnings  (40  per  cent,  of  capital) 

>perating  expenses  (60  per  cent,  of  gross) 

Depreciation  at  6 per  cent,  on  physical  value 

sfet  earnings  for  interest  or  dividends 

$20,000 

$50,000 

$12,000 

2,250 

5,750 

$20,000 

$20,000 

114.  Typical  earnings  of  central  stations. 

i'irst  cost  of  physical  property 

n tangible  value 

Total  capitalisation 

Droes  earnings  (33  per  cent,  of  capital) 

>perating  expenses  (53  per  cent,  of  gross) 

Depreciation  at  6 per  cent,  on  physical  value. . . . 
sfet  earnings  for  interest  or  dividends 

Case  t. 

$33,000 

$75,000 

25,000 

$100,000 

$19,140 

4,600 

9,360 

>eak  load  of  plant  300  kw. 

}ro«  income  per  kw.  of  peak 

$33,000 

$33,000 

$110 

2001 


Sec. 26-125  central  station  economics 


Its.  Typical  earning*  of  central  stations.  Case  S. 

First  ooet  of  physical  property 

Intangible  value 


$750000 

m§i» 


Total  capitalisation fc 

Gross  earnings •••••• 

Operating  expenses  (50  per  cent,  of  gross) 

Depreciation  at  6 per  cent,  on  physical  property 
Net  earnings  for  interest  or  dividends 


$230,000 


$1,000,00) 

S11SJW 

TtLOW 


$230,000  $2300# 


HI.  Typical  earnings  of  oentral  stations.  Case  4. 

Effect  of  10-ton  ice  plant  with  electric  plant  like  that  in  Case  1. 
at  wholesale.  Latitude  of  oentral  Mo.  Compression  plant. 

Cost  of  ice  plant. . • - * • 

Gross  inoome  from  loe $5,800 

Extra  operating  expenses  for  ice 

Depredation  at  6 per  o«it.. 

Net  for  interest  and  dividends 


In  add 

stooo 

$3,800 

510 

ijm 


$5,800  $M» 

Not®. — With  suffident  cooling  water  available  an  absorption  plant  <sdd 
be  put  in  and  would  operate  with  much  greater  coal  economy.  Its  fin*  cost 
would  be  considerably  higher. 

ltT.  Typical  earnings  of  central  stations.  Caso  S. 

Effect  of  15-ton  ice  plant  operated  with  electric  plant  like  that  in  Catel 
Ice  sold  at  wholesale  and  retail.  Latitude  of  southern  Iowa. 

First  cost  of  ice  plant V.  VAArt' 

Gross  earnings,  ice $13,000 

Extra  operating  expenses  for  ice sas*! 

Depredation  at  0 per  cent. 

Net  for  interest  and  depreciation 5.720 


$13,000  $13,000 
PBXNCXPLK8  OF  RATE  MAXIMO 

12$.  Determining  factors.  The  rates  for  service  charged  by  a corps**- 
tion  giving  central  station  electric  light  and  power  service  must  be  sum  u 
to  yield  a gross  revenue  suffident  to  pay  operating  expenses,  istenst. 
depreciation,  and  a fair  profit  on  the  enterprise.  This  constitutes  the 
general  problem  of  rate  making.  There  are  two  general  theories  which 
been  uBed  as  a basis  of  rate  making;  these  are  given  in  Par.  119  ana  ISi. 

119.  The  value-of-service  theory  of  rate  making  is  that  the  rate  of  chm 
should  be  based  on  the  value  to  the  consumer  of  the  service  rendered  la 
railroad  rate  making  this  theory  has  been  commonly  referred  to  as  “Charg- 
ing what  the  traffic  will  bear.*'  Under  this  theory  if  a consumer  v 
unable  to  obtain  service  except  from  some  other  very  ooetly  source,  the  rs» 
to  such  a consumer  could  be  made  very  high  because  of  the  absent*  of 
competition.  Other  consumers  might  be  able  to  serve  themselves  or  tj 
get  other  services  at  such  a low  rate  that  their  business  could  not  be  obttisrd 
except  at  a very  close  margin  ofprofit  for  the  central  station,  and  to  *■«  » 
very  low  rate  would  be  given.  The  vai ue-of-ser vice  theory  has  undoubtedly 
had  much  to  do  with  the  making  of  central-station  rates  in  the  past,  hut 
present  tendencies  are  to  abandon  this  theory  in  favor  of  the  ecet-ofeerrij* 
theory,  explained  later.  The  value-of-service  theory,  or  charging  vhst  tt* 
traffic  will  bear,  if  carried  to  an  extreme  logical  conclusion  might,  is  sow 
cases,  result  in  the  central-station  enterprise  deriving  an  unreasonable  pro** 
from  some  of  its  customers  and  insufficient  profit  from  others.  Ia  ordinary 
lines  of  trade  and  industry  where  there  is  free  competition,  the  value  of  same* 
theory  is  necessarily  the  basis  of  prices.  An  electric  oentral  station,  bawevw. 
is  a public  utility  which  is  in  the  majority  of  eases  a monopoly,  at  Use*  » 
far  as  electric  service  in  a given  community  is  concerned.  Because  of 
fact  that  it  is  a monopoly,  both  public  sentiment  and  public  service  com- 
missions generally  are  opposed  to  the  principle  of  allowing  a larger  pw 
from  one  class  of  consumers  than  from  another.  For  this  reason  the  wtec 
of-service  theory  is  being  abandoned.  Its  use  in  the  past  has  not  grvea 
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rise  to  bo  great  abuses  in  the  rates  of  oentral  station  enterprises  as  might  be 
at  first  supposed,  because,  although  the  central  station  frequently  has  a 
monopoly  of  electrio  service  in  a community,  it  has  on  every  hand  to  meet 
the  competition  of  other  methods.  Electric  lighting  comes  into  competi- 
tion with  gas  and  oil,  and  electrio  power  with  gas,  steam  and  oil  engines. 
However,  as  electrio  servioe  becomes  more  and  more  of  a necessity  and  less 
of  the  nature  of  a luxury,  the  tendency  to  regulate  its  rates  in  accordance 
with  the  cost  of  service  to  the  producer  rather  than  according  to  the  value 
3f  service  to  the  more  or  less  helpless  consumer,  becomes  stronger. 

ISO.  The  cost-of-senrice  theory  of  rate  making  is  that  all  rates  should 
t>e  proportioned  among  the  various  consumers  according  to  the  cost  of 
»erving  them.  The  term  “Cost”  in  this  case  is  assumed  to  include  a rea- 
sonable profit.  The  coet-of-service  theory  is  the  one  now  generally  used 
t>y  the  various  publio  service  commissions  intrusted  by  law  with  the  work  of 
'egulating  and  adjusting  the  rates  of  publio  service  enterprises.  The 
theory  upon  which  the  majority  of  such  commissions  are  proceeding  is  that, 
jn  acoount  of  the  monopolistic  character  of  a publio  utility,  iterates  should 
>e  regulated  in  accordance  with  the  cost  of  service  including  a fair  return 
upon  the  capital  invested  in  the  public  utility. 

1*1.  Definitions.  The  following  definitions  used  in  connection  with 
dec  trio  central-station  rates  have  been  adopted  by  the  Rate  Research  Com- 
mittee of  the  National  Electric.  Light  Association.  (Examples  of  all  the 
'ornu  of  rates  defined  are  given  in  Par.  151.) 

Flat  rate.  The  term  "Flat  rate"  is  applicable  to  any  method  of  charge 
or  electrio  service  which  is  based  on  the  consumer’s  installation  of  energy- 
consuming  devices  or  on  a fixed  sum  per  consumer.  Meters  are  not  used. 

Demand  rate.  The  term  "Demand  rate"  is  applicable  to  any  method 
>f  charge  for  electrio  service  which  is  based  on  the  maximum  demand  dur- 
ng  a given  period  of  time.  The  demand  is  expressed  in  such  units  as 
ciiowatts  or  horse-power.  Maximum-demand  indicators  or  graphic  meters 
ire  used. 

Meter  rata.  The  term  "Meter  rate"  is  applicable  to  any  method  of 
;harge  for  electric  service  which  is  based  on  the  amount  used.  This  amount 
s expressed  in  units,  as  kilowatt-hours  of  electricity.  Integrating  meters 
>r  graphic  meters  are  used. 

Consumer’s  output  rate.  The  term  "Consumer’s  output  rate"  is 
ipplicable  to  any  method  of  charge  for  electric  service  based  on  the  consumer’s 
>utput.  The  unit  of  the  consumer’s  output  may,  for  example,  be  a gallon 
>f  water  pumped,  a barrel  of  flour,  or  a ton  of  ice  made. 

Two-charge  rate.  The  term  '‘Two-charge  rate"  is  applicable  to  any 
method  of  charge  for  electrio  service  in  which  the  price  per  unit  of  metered 
electric  energy  for  each  bill  period  is  based  upon  both  the  actual  or  assumed 

Quantity  of  electric  energy  consumed  and  the  actual  or  assumed  capacity  or 
emana  of  the  installation. 

Three-charge  rate.  The  term  "Three-charge  rate"  is  applicable  to 
iny  method  of  charge  for  electrio  service  in  which  the  charge  made  to  the 
consumer  for  each  bill  period  consists  of,  (a)  a sum  based  upon  the  quantity 
yf ' electric  energy  consumed,  (b)  a sum  based  upon  the  actual  or  assumed 
capacity  or  demand  of  the  installation,  (c)  a charge  per  consumer. 

Straight  line.  The  term  " Straight  line,"  as  used  in  connection  with  and 
is  applied  to  any  method  of  charge,  indicates  that  the  price  charged  per 
unit  is  constant,  %.e.,  docs  not  vary  on  account  of  any  increased  or  decreased 
number  of  units.  The  total  sum  to  be  charged  is  obtained  by  multiplying 
the  total  number  of  units  by  the  price  per  unit. 

Block.  The  term  “Block,"  as  used  in  connection  with  and  as  applied 
to  any  method  of  charge,  indicates  that  a certain  specified  price  per  unit 
s charged  for  all  or  any  part  of  a block  of  such  units,  and  reduced  prices  per 
unit  are  charged  for  all  or  any  part  of  succeeding  blocks  of  the  same  or  a 
different  number  of  such  units,  each  such  reduced  price  per  unit  applying 
3nly  to  a particular  block  or  portion  thereof.  The  total  sum  to  be  charged 
,.®  obtained  by  multiplying  the  number  of  units  in  the  first  block  by  the  price 
per  unit  for  that  block  ana  adding  thereto  the  number  of  units  in  the  second 
block  times  the  price  per  unit  for  that  block,  and  so  on  until  the  sum  of  the 
units  falling  witbin  the  different  blocks  equals  the  number  of  units  to  be 
charged  for. 

Btep.  The  term  "Step,"  as  used  in  connection  with  and  as  applied  to 
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anv  method  of  charge,  indicates  that  a certain  specified  price  per  «nh  » 
JhJrged  for  aU  or  any  part  of  a specified  number  of  umta, 
in  theprice  per  unit  based  upon  increases  in  the 

to  a given  schedule.  The  total  sum  to  be  charged  is  obtained  by  oudtirijiH 
the  total  number  of  units  by  the  price  applying  for  this  DMlwduJlJ 
by  the  primary  price,  and  deducting  the  discount  applying  for  this  number  of 
units.  , 

iff  The  flat  rate  consisting  usually  of  a fixed  rate  per  month  per  ate? 
was  the  common  rate  in  the  early  days  of.  the  electne-lighting 
Its  chief  advantage  is  simplicity,  as  it  requires  no  meter.  It  is  etiHiart 
generally  for  street-lighting  contracts  where  a flat  rate  per  lampperjrw* 
charted  It  is  also  used  to  a limited  extent  for  other  classes  of  buaaecs  wfcr? 
the  kilowatt-hours  used  can  be  definitely  determined  from  the  houresi  »tjcb 
the  suddIy  is  turned  on  and  off  or  where  the  consumers  connected  losas 
iSS  S to  juitify  . meter.  It  ie  aleo  u^ed  to  »m,  extent  ah^  tter 
is  no  check  upon  the  consumption  of  electricity  but  its  use  in  this  waj® 
hardly  come  under  the  head  of  scientific  rate  making  as  it  has  no  jumfaa- 
tion  on  economic  grounds. 

1SS  The  straight-line  meter  rate,  that  is  a rate  under  which  a unrf«« 
prioe  per  kilowatt-hour  is  charged  to  all  consumers  regardless  of  the 
used  orthe  oonditionsof  use.  was  at  one  time  popular  andiastdl  used a i asay 

p>«-  .»<**  «S“.ts  "“riff 


account  of  the  great  differences  in  the  cost  of  Irving  different 
consumers.  The  reason  for  these  differences  is  explained  later  und*  to* 
^Charge  or  Hopkinaon  Rate  (Par.  133).  In  effect  it  makmswaemj- 
turners  pay  the  loss  incurred  in  the  supply  of  other 

more  it  has  a very  dwarfing  effect  upon  the  growth  of  the  centrtin^M 
business  because  of  the  impossibility  of  building  up  a large  P°»er 
or  securing  large  customers  with  such  a uniform  rate  in  vogue.  *»«««» 
secure  such  consumers  means  that  the  existing  consumers  must  be  charge 
higher  rates  than  if  a larger  business  were  conducted  by  the  central  sUtra. 

134  The  block  meter  rate  and  the  stop  motor  rate  have  bees  nwj 
to  a considerable  extent  and  represent  an  unsuccessful  attempt  to  sdjwt 
nroDerly  the  cost  of  service  among  different  consumers  by  giving  the  coe- 
sumers  of  a large  number  of  kilowatt-hours  per  month  a lower  pnee 
kilowatt-hour  than  the  consumers  of  a smaller  number  of  falowatt-hosn. 
These  two  rates  are  based  upon  the  general  law  of  commerce  that  it  «*»  us* 
to  handle  large  or  wholesale  quantities  of  any  commodity  than  to  bandfe 
small  retail  quantities.  However,  these  rates  fail  to  take  into  account  certaia 
factors  of  the  central-station  supply  business  which  affect  the  cost  of 
even  more  than  quantity,  as  explained  in  Par.  133.  Their  pnncxple 
tage  is  that  they  are  easier  to  understand  than  some  of  the  rates  acteotmcsuy 
based  on  cost  of  service.  They  are  used  as  a matter  of  expediency,  teg 
necessity  or  ignorance.  They  cannot  be  classed  as  scientific  rates  under 
the  oost-of-service  theory. 

138  Hopkinaon  two-charge  rate.  Dr.  John  Hopkinson  in  an  address 
before  the  Junior  Engineering  Society  in  England  1892.  appears  totou 
been  the  first  to  publish  and  make  clear  a thorough  analysis  of  the  vsnoas 
elements  which  should  go  to  Aake  up  a rate  based  upon  the  cost  of 
The  Hopkinson  method  of  estimating  rates  is  now  generally  recognised. 
all  authorities  as  correct  where  rates  are  to  be  based  on  cost  of  sernee. 
Various  modifications  and  refinements  of  Hopkinson’s  original  an^rs»  gw 
been  introduced  from  time  to  time  as  mentioned  later.  The  Hopkineoe 
rate  is  one  which  would  come  under  the  head  of  a two-charge  rate  under  u* 
foregoing  definitions.  . _ , . 

The  two-charge  or  Hopkinson  rate  is  based  on  the  facts  that  someoiw 
costs  of  rendering  service  to  a given  customer  are  fixed  annual  expeasw 
regardless  of  the  kilowatt-hours  actually  consumed  by  such  customer, 
while  there  are  other  costs  which  vary  in  accordance  with  the  kflowatt-ftoon 
taken  by  the  customer.  As  a simple  example,  take  a consumer  who  makes » 
maximum  demand  of  1 kw.  at  the  time  of  the  maximum  or  peak  kwd 
the  central-station  plant.  To  serve  this  consumer  a generating  plant  ssa 
distribution  system  must  be  provided,  sufficient  to  supply  that  l ** 
maximum  to  the  consumer.  To  accomplish  this  end  requires  a certain  «««• 
ment  upon  which  interest  and  a fair  profit  must  bepaid  continually,  and jpo® 
which  depreciation  is  continually  taking  place.  There  are,  also,  other  wv* 
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xed  items,  such  as  taxes  and  insurance,  which  are  dependent  entirely  upon 
10  eise  of  the  plant  and  which  go  on  continually  without  regard  to  the  kilo- 
att-hours  output  of  the  plant.  Such  fixed  chargee  are  evidently  propor- 
onal  to  the  maximum  demand  of  the  customer  without  any  regard  to  his 
>nsumption  of  electrical  energy.  If  we  find,  for  example,  that  the  cost  of 
le  power  station  and  distribution  system  per  kw.  of  maximum  load  is 
300,  then  that  consumer  who  requires  1 kw.  maximum  should  pay 
sntinuously,  per  month  or  per  year,  the  interest,  profit,  taxes,  depreciation, 
ksurance,  etc.,  upon  this  $300  investment.  This  should  be  paid  without 
Htard  to  whether  he  uses  a large  or  small  amount  of  electrical  energy  in 
ilowatt-hourst  because  the  investment  has  been  made  to  serve  him.  In 
ddition  to  this  he  should  pay  a meter  rate  or  charge  per  kilowatt-hour, 
'his  latter  is  to  pay  for  the  variable  cost,  principally  fuel  and  labor,  which 
aries  according  to  the  output  of  the  station.  As  a matter  of  fact  there 
re  some  labor  and  fuel  costs  which  are  dependent  more  upon  the  peak 
>ad  of  a station  than  upon  the  kilowatt-hours  output  and  some  authorities 
rould  include  some  of  these  costs  in  the  fixed  yearly  or  monthly  maximum 
emand  charge.  However  these  are  details  aside  from  the  main  principle 
lvolved.  Plant  conditions  change  with  increasing  load  and  it  is  more  cus- 
r>mary  to  count  these  fuel  and  labor  items  as  variable  in  proportion  to  the 
ilo watt-hours  output  than  as  charges  in  proportion  to  the  maximum  de- 
land.  We  see  then  that  the  cost  of  serving  a customer  is  divided  into  two 
iatinct  elements,  vis.,  maximum  demand,  and  kilowatt-hours,  which 
hould  be  combined  in  making  up  a rate.  The  demand  charge  is  sometimes 
ailed  a readiness  to  serve  charge. 

Following  up  our  specific  example;  in  the  case  of  the  customer  making  a 
maximum  demand  of  1 kw.  upon  the  system  at  the  time  of  maximum 
ystem  load,  the  fixed  or  maximum  demand  charges  against  such  a customer 
night  then  be  found  to  be  per  year  as  follows: 


Idtereet  and  profit  on  $300  per  kilowatt  plant  and  distribution 

system  investment  at  8 per  cent 

Taxee  and  insurance,  2 per  cent,  on  $300 

Depredation  at  6 per  cent,  on  $300 

Total  fixed  annual  charges  per  kilowatt  demand 


$24.00 

6.00 

18.00 

$48.00 
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K.W.HourB(or  Hour*  utc  of  Maximum  Demand  per  Year  Assuming 
1 K.W. Maximum). 

5. — Typical  form  of  cost  curve  for  electrical  energy  supply. 
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w«  will  assume  without  itemi*in«  th«t  the  variable  expenses  sack  as  labor, 
fuel,  etc.,  amount  to  5 cents  per  kw -hr.  of  output.  That  is  to  aaj,  tbe  un- 
able expenses  divided  by  too  kilowatt-hours  output  equal  5 cento.  We 
then  have  the  two  elements  of  tbe  coat  which  in  practice  are  either  bukd  to 
the  consumer  as  separate  items  or  added  together  and  converted  mtoachargf 
ner  kw-hr.  If  wo  aeaire  to  determine  the  total  cost  of  the  two  charges  per 
kw-hr.  it  is  determined  by  taking  the  sum  of  the  maximum  demand  aad 
kilowatt-hour  charges  atnd  dividing  this  by  the  number  of  kilowatt-boor* 


The  cost  curve.  Pig.  5.  shows  the  sum  of  the  maximum  demand i id 
kilowatt-hour  charges  under  the  foregoing  assumptions  of  a demand  ebarp 
of  $4S  per  kilowatt  maximum  demand  plus  5 cents  per  kw-hr,  lor  to* 
equivalent  of  various  numbers  of  hours  use  per  year  of  a 1-kw.  man- 
mum  demand.  It  will  bo  noted  that  the  fixed  or  maximum-dcaisd 
charges  constitute  a very  large  proportion  of  the  total  when  the 
energy  is  used  but  a abort  time  per  day  or  per  year,  while  with  efecinau 
energy  used  contimaoaaalv  the  maximum-demand  portion  w matxrej 
small  because  it  is  divided  among  a large  number  of  kilowatt-houra  la 
cost  curve  form  is  typical  of  all  cost  curves  for  electric  supply-  . „ 

In  order  to  overoome  tlxe  objections  of  many  consumers,  eapeoafly  wafa 
consumers,  to  paying  & fixed  maximum-demand  charge  per  month  regardw 
of  whether  any  eiectricaal  energy  is  used  or  not.  it  is  common  practice  to  ac- 
complish practically  tho  same  ends  by  combining  in  some  way.  the  mana**- 
demand  and  kilowatt-bo  air  or  output  chargee.  The  most  common  ay 
of  doing  this  is  to  charge  a relatively  high  rate  per  kw-hr.  oatui 
given  consumer  has  used  enough  electrical  energy  per  month  to  pay 
of  his  maximum-demand  charges  plus  the  output  charges,  and  artw  t» 
amount  or  block  of  electrical  energy  has  been  used  to  make  a much  lower  nx 
tor  additional  blocks.  This  might  be  technically  designated  as  a two-ebrr 
block  rate. 


1M,  The  Wright  demand  rate  2s  such  a two-charge  block  rate. 
Mr  Arthur  Wright  put  such  a rate  in  force  in  Brighton,  England,  and 
described  it  in  1896  before  the  Borough  Electrical  Engineers’  Convent*®. 
He  invented  a simple  meter  for  measuring  the  consumer’s  maximum  demand, 
which  has  been  extensively  used  on  Chicago  consumers.  This  meters  sot 
used,  however,  in  the  majority  of  cases  where  a two-charge  block  rate  » w 


An  example  of  a common  way  of  stating  such  a Wright  demand  or  two- 
charge  block  rate  is  as  follows:  14  cents  per  kw-hr.  until  the  consumer 
has  taken  an  amount  of  electrical  energy  equivalent  to  30  hr.  J** 
month  of  his  maximum  demand  and  7 cents  per  kw-hr.  for  all  elec- 
trical energy  used  in  excess  of  aforesaid  amount.  Of  course  such  a rsto 
does  not  guarantee  to  the  central  station  a minimum  payment  by  the  con- 
sumer per  month  sufficient  to  cover  the  fixed  maximum-demand  charge 
which  the  customer  should  justly  pay  but  in  practical  effect  it  provide*  * 
sufficient  annual  revenue  in  the  great  majority  of  cases  to  cover  these  cost* 
even  though  there  is  a loss  on  some  consumers.  In  connection  with  any 
two-charge  rate  the  determination  of  the  consumer’s  maximum  deiaaw 
at  the  time  of  the  maximum  demand  on  the  central  station  system  becomes 
of  great  importance  and  this  is  discussed  later. 

1ST.  Doherty  three-charge  rate.  The'  Doherty  rate,  proposed  by 
Henry  L.  Doherty  in  a paper  before  the  National  Electric  Light  Assoriatioa 
at  Chicago  in  1900,  differs  from  the  Hopkinson  rate  or  two-charge  rate  oafy 
by  the  addition  of  a third  element  commonly  called  a consumer  charge- 
The  Doherty  rate  is  thus  a three-charge  rate.  In  Doherty's  analysis  of 
the  rate-making  problem  he  recognised  that  there  is  a certain  fixed  expense 
per  consumer  without  regard  to  either  the  maximum  demand  or  the  kilo- 
watt-hours required  by  such  consumer.  These  are  the  expenses  of  bookkeep; 
ing,  meter  reading,  etc.,  which  are  practically  the  same  for  large  and  smalt 


consumers. 

13$.  The  demand  rate  with  no  meter  rate  in  conjunction  ha*  ito 
principal  application  in  sale  of  wholesale  power  from  some  hydroelectric 
plants  where  the  investment  and  operating  costs  are  fixed  or  constant,  re- 
gardless of  the  number  of  kilowatt-houra  used  per  year.  The  kilowatt-bonr 
output  in  some  cases  is  immaterial  to  the  owner  of  tbe  plant  and  the  sum  « 
the  simultaneous  demands  of  the  different  consumers  at  time  of  station  maxi- 
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mum  load  determines  the  amount  of  business  which  can  be  carried  and  the 
consequent  cross  revenue.  A demand  rate  in  effect  is  very  similar  to  a 
flat  rate.  The  only  difference  is  that  the  consumer's  maximum  demand 
instead  of  being  contracted  for  in  advance  is  measured  continuously  and  can 
be  varied  by  the  consumer  from  time  to  time  without  violation  of  contract. 

lit.  Demand  factor  or  the  maximum  demand  made  by  the  con- 
sumer is  determined  for  rate-making  purposes  in  various  ways.  The  most 
common  method  with  small  consumers  is  to  assume  the  consumer's  demand 
factor  or  in  other  words  to  assume  that  the  consumer's  maximum  demand  is 
i certain  percentage  of  the  connected  load.  Such  demand  factors  may  be 
determined  for  different  classes  of  consumers  by  test  of  a sufficient  number  of 
consumers  with  maximum  demand  meters  and  the  results  of  such  tests  then 
taken  as  the  basis  of  assumptions  for  all  similar  consumers.  Suoh  a method  is 
jf  course  somewhat  inaccurate  but  it  avoids  the  investment  expense  of  a 
maximum  demand  meter  for  each  consumer;  which  is  an  important  item  with 
imall  consumers.  Demand  factors  as  determined  by  various  authorities 
or  some  classes  of  business  are  given  in  Par.  107  to  lit. 

With  large  consumers  it  is  frequently  the  practice  to  measure  the  maxi- 
mum demand  for  a comparatively  short  period  of  time  by  means  of  an  indi- 
cating instrument  inserted  at  times  of  greatest  load  and  assume  that  the  maxi- 
mum demand  thereafter  is  the  same  as  that  measured. 

140.  Maximum-demand  meters.  In  the  Wright  demand  system  of 
charging  (Par.  ISO)  the  maximum  demand  is  determined  by  a Wright 
iemana  meter  kept  continuously  in  circuit  alongside  the  kilowatt-hour 
meter.  The  Wright  demand  meter  is  an  instrument  for  recording  the  maxi- 
mum current  which  has  passed  and  operates  by  the  expansion  and  pouring 
ever  of  a liquid  by  the  heating  effects  of  the  current.  It  measures  maximum 
im pores,  not  kilowatts. 

A printing  attachment  on  a recording  watt-hour  meter  can  be 
irranged  to  print  at  regular  intervals  the  reading  of  the  meter  at  that  instant. 
The  difference  between  two  succeeding  readings  divided  by  the  hours  elapsed 
cetween  readings  gives  the  average  demand  in  kilowatts  between  readings. 
By  arranging  the  instrument  to  print  at  intervals  of  a few  minutes,  peak 
oada  of  very  short  duration  can  be  measured.  8uoh  an  instrument  also 
ihowB  the  time  at  which  the  maximum  demand  is  taken,  thus  showing 
whether  at  the  time  of  the  maximum  load  on  the  system  or  not;  which  in 
tome  cases  is  important. 

Similar  results  are  obtained  by  a make  and  break  attachment  on  a watt- 
lour  meter  gear  train  connected  to  a separate  clock  instrument  which  charts 
he  watt  hours  recorded  within  a given  period,  such  as  15  minutes  or  30 
ninutes. 

▲ curve-drawing  watt-meter  which  draws  a curve  of  the  load  upon  a 
oil  of  paper  or  circular  chart  is  sometimes  used  for  determining  maximum 
Iemana  wnere  the  meters  oan  be  looked  after  with  sufficient  frequency, 
[t  is  usually  considered  practicable  only  in  large  installations. 

141.  The  maximum  demand  in  the  case  of  residences  is  sometimes 
assumed  to  be  proportional  to  the  room  area  or  to  the  number  of 
jertain  kinds  of  rooms  in  a house.  This  is  sometimes  called  the  Detroit 
lystem,  having  been  first  used  in  America  at  Detroit.  Under  this  system 
;he  residence  consumer’s  maximum  demand  is  assumed  to  be  a certain 
lumber  of  watts  for  each  different  kind  of  room.  Not  all  rooms  are  counted 
is  only  those  rooms  termed  active  are  included  and  the  number  of  watts  per 
‘oom  is  varied  according  to  a schedule  believed  from  experience  to  corre- 
tpond  to  the  average  actual  demand  of  such  rooms.  While  such  a method 
>t  figuring  maximum  demand  would  appear  peculiar  at  first  sight  it  is  never- 
theless probably  as  fair  as  an  assumption  that  the  maximum  demand  is  a 
sertain  proportion  of  the  connected  load.  Basing  assumed  maximum  de- 
nand  upon  connected  load  in  a residence  has  the  serious  drawback  that  it 
iractically  puts  a penalty  on  the  wiring  of  a house  with  a large  number  of 
doset  lights  and  similar  conveniences.  These  have  but  little  influence  upon 
;he  maximum  demand  but  are  nevertheless  very  convenient  for  the  con- 
tumer  and  have  much  to  do  in  persuading  him  to  use  eleotric  light.  Basing 
;he  maximum  demand  upon  the  active  rooms  in  a house  or  upon  the  size  of 
he  house  eliminates  this  unfairness  and  helps  to  cultivate  the  residence 
>usine88. 

2007  jOOgle 


A 


Sec.  25-142  central  station  economics 


In  England  the  taxable  (rateable)  value  of  a residence  has  been  taken  at 
a basis  for  the  assumed  demand  in  a few  cases. 

Where  the  maximum  demand  is  assumed  rather  than  measured  it  is 
customary  in  residence  business  under  a two-charge  block  rate  to  include  no 
electric  heating  devices,  vacuum  cleaners,  washing-machine  motors  and  the 
like  in  the  connected  apparatus  counted  as  the  basis  of  maximum  demand. 
This  is  done  upon  the  theory  that  such  devices  are  not  ordinarily  wed  dmm 
the  maximum  or  peak  load  of  the  station,  or  of  the  residence  distribetn 
system,  so  that  there  need  be  no  investment  or  maximum-demand  day 
against  them.  The  practical  effect  of  such  a policy  is  to  give  such  beats* 
devices  a low  rate  because  the  ordinary  residence  consumer  will  eossw 
enough  electricity  for  lighting  to  exceed  the  primary  or  high-rats  ports*®  d 
his  bill  so  that  electricity  used  for  heating  and  other  household  corners— 
comes  in  on  the  low-rate  portion  of  the  bill. 

14S.  Active-room-socket  method  of  estimating  maximum  demand. 
(Cleveland  method.)  A further  modification  of  the  active-room  plan  of 
estimating  demand,  used  at  Cleveland,  consists  in  counting  the  demand  * 
being  a certain  number  of  watts  per  lamp  socket  connected  in  the  acthrt 
rooms.  This  is  called  the  active-room-eocket  system. 

lit.  Diversity  of  maximum  demand,  affecting  investment  chaiyas- 
So  far  we  have  considered  only  the  simple  case  of  a consumer  ?bm 
maximum  demand  comes  at  the  same  time  as  the  peak  load  on  the  statics  or 
system.  If  the  consumer's  maximum  demand  is  at  a different  time  the 
problem  is  much  more  elaborate. 

The  maximum  demands  of  different  consumers  do  not  all  coincide  si  ex- 
plained in  Par.  lit.  On  account  of  the  diversity  between  the  demaisb  «f 
different  consumers  it  must  not  be  assumed  that  each  consumer  shosH 
be  charged  with  the  full  station  investment  per  kw.  corresponding  to  the 
maximum  kilowatt  demand  of  such  consumer.  In  order  to  detcrease 
definitely  how  muoh  power-station  investment  should  be  charged  agsxsst  a 
given  consumer,  it  is  essential  to  know  the  diversity  factor  between  the 
consumer  and  the  power  station  or  the  maximum  of  such  s consumer 

at  the  time  of  the  maximum  load  upon  the  power  station.  As  far  aa  the 
power-station  sise  and  investment  is  concerned,  the  maximum  demand  of 
the  consumer  at  times  other  than  that  of  m*«iTnnm  power  station  load  » 
immaterial.  Likewise,  to  determine  the  amount  of  feeder  investsHst 
which  should  be  charged  against  a consumer,  it  is  essential  to  know  the  maxi- 
mum demand  of  certain  consumers  at  the  time  of  the  maximum  load  upon  tb* 
particular  feeder  on  which  the  consumer  is  located.  The  same  proem 
must  be  applied  to  mains  and  transformers. 

A study  of  demand  and  diversity  factors  is  therefore  essential  to  arientiSc 
rate  making  in  order  that  the  proper  relative  amount  of  investment  be 
charged  against  a given  class  of  consumer.  Demand  and  diversity  factor* 
are  given  m Par.  106  to  115. 

144.  To  determine  the  investment  which  should  be  charged  against 
the  service  of  a given  consumer  the  method  of  applying  demand  and 
diversity  factors  is  as  follows:  We  will  assume  the  case  of  a consumer  with 
a connected  load  of  10  kw.  We  will  also  assume  that  the  following  demand 
and  diversity  factors  have  been  found  to  apply  to  this  class  of  consumers. 

fa)  Demand  factor  80  per  cent. 

(b)  Diversity  factor  consumers  to  transformers  1.43. 

tc)  Diversity  factor  transformers  to  feeders  1.25. 

(d)  Diversity  factor  feeders  to  power  station  bus  bars  1.11. 

The  investment  required  for  various  parts  of  the  plant  to  sow  the 
consumer  will  then  be  as  follows: 

10  kw.  in  connected  load  X 80  per  cent,  demand  factor — 8 kw.  maxi- 
mum demand  at  consumer’s  service,  or  8 kw.  meter  investment. 

8 kw.  in  consumer’s  demand  1.43  diversity  factor,  consumer  to  trans- 
former « 5.6  kw.  transformer  investment. 

5.6  kw.  in  transformers  + 1.25  diversity  factor,  transformers  to  feeders  • 
4.48  kw.  feeder  investment. 

4.48  kw.  feeders  4-1.11  diversity  factor,  feeders  to  power-station  bs» 
bars  — 4.03  kw.  power-station  investment.  It  is  of  course  necessary  is 
such  an  analysis  that  the  cost  of  the  various  parts  of  the  system  from  tb 
power  station  to  the  consumer  be  known,  and  the  more  exact  such  u 
analysis  of  cost  the  more  equitable  the  ratee  that  can  be  calculated  there 
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from.  It  ifl  not  however  customary  to  attempt  to  charge  each  consumer 
irith  the  exact  feeder  investment  necessary  to  serve  him.  Some  consumers 
vre  a considerable  distance  from  the  power  station  and  others  are  near,  and 
making  an  exact  analysis  would  complicate  matters  to  such  an  extent  that 
t is  customary  to  take  the  complete  feeder  and  pole-line  equipment  reduced 
:o  a cost  per  kw.  of  demand  basis  and  to  charge  this  investment  equally 
imong  all  consumers. 

141.  Off-peak  rates,  sometimes  called  limited  rates  are  sometimes 
made  for  classes  of  business  where  the  maximum  demand  of  the  consumer  is 
imited  to  certain  hours  of  the  day  so  that  all  or  a large  portion,  of  the 
consumer's  load  is  turned  off  during  the  hours  of  maximum  central  station 
oad.  In  this  way  the  power  station  and  distribution  system  investment 
which  is  installed  to  provide  for  the  demands  of  ordinary  consumers  can  be 
made  to  do  double  duty  and  the  demand  charge  is  considerably  reduced. 
There  is  a difference  of  opinion  among  rate  experts  as  to  how  much  of  the 
iemand  charge  should  be  borne  by  the  off-peak  consumer  in  such  cases. 
Some  argue  that,  inasmuch  as  the  station  and  meter  capacity  are  already 
nstalled  for  serving  the  peak-load  consumer,  it  is  proper  to  eliminate  a 
considerable  percentage  of  the  demand  charge  for  the  off-peak  consumer, 
because  the  power-station  capacity  service  supplied  to  such  a customer 
s in  the  nature  of  a by-product  which  would  not  otherwise  be  utilised. 
The  general  practice  is  to  divide  such  charges  between  the  peak  and  the 
)ff-peak  consumers.  However,  in  cases  where  it  is  necessary  for  competitive 
*easons  to  remove  the  demand  charge  of  the  off-peak  consumers  in  so  far 
is  it  applies  to  investment  already  made  for  peak  consumers,  and  allow 
t to  be  borne  altogether  by  the  peak  consumers,  the  by-product  theory  offers 
in  excellent  argument.  Further,  the  taking  on  of  such  off-peak  business, 
even  though  it  bears  but  4 small  percentage  of  the  maximum-demand  charge, 
increases  the  net  income  of  the  company  and  assists  in  a more  economical 
production,  so  that  ultimately  reduced  rates  can  be  instituted  for  all  con- 
sumers. As  a general  polioy  the  leaders  of  the  central-station  industry  as 
well  as  public  servioe  commissions  recognise  fully  that  any  rates  which  nelp 
to  increase  and  build  up  the  volume  of  central-station  business  help  ulti- 
mately to  reduce  the  cost  of  service  to  all  consumers. 

144.  The  practical  deviations  of  rates  from  the  cost-of-service 
theory  are  necessarily  numerous.  It  is  not  feasible  to  determine  the  exact 
nveetment  required  to  serve  each  consumer.  Consumers  must  rather  be 
taken  by  classes.  Furthermore,  the  rate  per  kw-hr.  to  each  consumer  using 
electricity  but  a few  hours  per  month  based  upon  the  cost  of  servioe,  would 
be  astonishingly  high.  If  the  rates  charged  on  this  business  were  based 
itrictly  on  cost  of  service,  there  would  be  so  much  public  protest  that 
>oth  central-station  companies  and  rate-regulating  commissions  apparently 
lave  concluded  that  it  is  best  to  allow  this  class  of  business  to  be  taken  at  a 
oss  and  let  the  losses  be  made  up  by  other  consumers,  inasmuch  as  the 
gross  revenue  from  such  business  is  a small  proportion  of  the  whole. 

14T.  Limited-demand  flat  rates  are  sometimes  used  for  small  residence 
ighting  where  it  is  desired  to  cut  out  the  expense  of  meter  investment, 
meter  readings  and  bookkeeping.  Such  rates  also  appeal  to  a certain  class 
if  small  consumers  who  wish  to  know  definitely  what  their  lighting  bills  will 
>e  per  month  without  the  uncertainty  of  a meter.  One  trouble  with  flat 
•ates  has  been  that  consumers  put  in  larger  lamps  or  other  devices  than  they 
•ontract  to  pay  for.  Under  the  limited-demand  flat  rate  system  the  con- 
»umer  is  served  through  a limiting  device  of  some  sort  which  periodically 
nterrupts  the  current  -and  flickers  the  lamps  whenever  the  contracted 
maximum  demand  is  exceeded.  The  consumer  is  thus  warned  to  turn  off 
>ne  or  more  lamps  and  prevented  from  using  an  excess  demand  over  that 
contracted  for. 

The  limited-demand  flat  rate  has  some  of  the  disadvantages  of  all  flat 
*ates  namely  that  consumers  waste  electrical  energy  by  keeping  rights  on  when 
not  needed.  Where  such  rates  are  in  use,  however,  this  tendency  is  some- 
what restricted  by  making  the  consumer  pay  for  lamp  renewals,  and  if  lamp 
renewals  are  sufficiently  expensive  there  is  some  incentive  to  turn  out  lamps 
when  not  needed  in  order  to  save  renewal  costs.  However  such  flat  rates 
must  always  be  made  high  enough  to  allow  for  considerable  waste  on  the 
part  of  the  consumer.  The  principal  use  for  such  a rate  is  in  the  supply  of 
very  small  residences  where  the  cost  of  bookkeeping,  meter  reading  and 
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meter  maintenance  would  be  a considerable  percent***  of  tw.  , 
bill.  A very  common  rate  for  this  class  of  business  in  n.  rJ.!?TLttootwy 
small  residences  is  1 cent  per  watt  of  demand  per  month  ^5“  , **•  *« 
such  rates  it  must  be  remembered  that  the  .diversify  *.  *arakalaiu* 
business  as  expressed  in  per  cent,  is  hiaher  than  forordinan.  zLfj  * 

ness,  because  when  service  is  supplied  through  a aeter 

Jie  peat,  of  th?  wS!s 


on  and  off  as  needed  by  the  various  consumers. 

consumers  thus  do  not  coincide.  Under  the  flat 0.0._m  rnnr  _ . 

to  be  but  little  diversity  between  consumers  because  the 
continuously  during  the  evening.  The  maximum  demand  of  ■ “ 

such  flat  rate  consumers  per  kw.  of  connected  load  nill  * 

siderably  more  than  for  a group  of  consumers  served  through  meterw  W2~ 
14S.  Bates  for  energy  supplied  Tor  power  purposes  to 
motors  are  generally  lower  than  those  paid  for  electric  firhtTn*  rArZZ? 
The  scientific  justification  of  such  a policy  is  usually  f0UD(j  jp  tJVfaStSt 
the  maximum  demand  for  electric  power  does  not  coincide  with  the  maxunm 
demand  for  electric  light  and  the  maximum  demand  for  electric  fight  » it 
the  time  of  the  maximum  demand  on  the  central  station  system.  TV 
motor  load  is,  therefore,  to  a certain  extent,  an  off-peak  business  erea 
though  it  be  not  definitely  stipulated  in  the  contract  that  motors  are 
not  to  be  operated  during  the  peak-load  hours  of  the  system. 

149.  Free  lamp  renewals.  Some  central-station  companies  grre  free 
lamp  renewals  of  certain  kinds  of  lamps  and  the  coat  of  lamp  renewals  a 
included  in  the  kilowatt-hour  lighting  rate. 

190.  ▲ minimum  bill  or  minimum  charge  per  month  is  geatnfiy 
recognised  as  just  by  public  service  commissions  and  courts.  These  mini- 
mum chargee  are  in  the  nature  of  a consumer  charge  to  cover  the  cast  of 
meter  reading,  meter  and  service  maintenance  and  bookkeeping  and  to  serve 
as  a partial  offset  to  the  losses  which  inevitably  occur  under  most  rate 
schedules  where  the  consumer  usee  electricity  but  a short  time  each  month. 
Minimum  charges  are  from  SI.  50  per  month  down  for  small  consumers  where 
such  charges  are  in  force.  Some  companies  have  no  minimum  charge,  be- 
lieving it  u a deterrent  to  some  would-be  consumers,  and  the  loss  on  some 
small  consumers  is  assumed  as  a part  of  the  expense  of  developing  the  busi- 
ness, popularising  the  service,  and  securing  public  good  will. 

191.  Examples  of  rate  schedules.  The  following  rate  schedules  are 
given  as  specific  examples  of  the  rates  defined  and  discussed  in  this  section. 
The  actual  figures  given  are  simply  selected  at  random  but  they  are  within 
the  range  of  ordinary  practice  ana  a number  of  the  rates  given  are  those 
actually  in  force  in  various  cities. 

Flat  rate.  One  dollar  per  month  for  each  50-watt  incandescent  lamp  or 
equivalent  in  commercial  service.  Fifty  cents  per  month  for  each  50-watt 
incandescent  lamp  or  equivalent  in  residence  service. 

flit  rate  for  street  lighting.  Seventy-five  dollars  per  are  lamp  (type  of 
lamp  being  specified)  per  year,  operating  all-night  every-night  schedule,  or 
about  4,000  hr.  , , 

Demand  rate.  Fifty  dollars  pm-  kw.  of  maximum  demand  per  y«sr; 
the  maximum  demand  being  measured  by  a curve-drawing  watt-hoar 

m Straight-line  meter  rate.  Ten  cents  per  kw-hr.  for  all  electrical 
energy  used.  No  discounts  for  quantity. 

Consumers'  output  rate.  Six  cents  per  1,000  gals,  of  water  pumped. 
(In  such  a case  the  conditions  of  pumping  are  of  course  definitely  known 
in  advance  of  the  contract.  This  is  a form  of  rate  sometimes  used  for  water- 

W°T  wo-chaxgerate  also  known  as  the  Hopkrlnaon  rate.  Thirty -six 
dollars  per  year  per  kw.  of  maximum  demand  plus  6 cents  per  kw-hr.  far 
electrical  energy  consumed.  , . , 

Two-charge  block  meter  rate  with  measured  demand;  also  known  » 
Wright’s  demand  rate.  A primary  rate  of  14  cents  per  kw-hr.  for  elec- 
tricity used  up  to  an  amount  equivalent  to  or  less  than  the  first  30  hr 
use  per  month  of  the  maximum  demand,  and  a secondary  rate  of  8 cents  per 
kilowatt-hour  for  additional  electrical  energy. 

Where  the  maximum  demand  is  not  actually  measured  the  folio  wing  w a 
typical  form  of  expression  of  the  two-charge  block  meter  rate;  Primary  rate. 
14  centa  per  kw-hr.  for  energy  used  up  to  an  amount  equivalent  to  or  lea 
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than  the  first  30  hr.  use  per  month  of  the  active  connected  load.  Secondary 
rate,  8 cento  per  kw-hr.  for  additional  energy  used.  (In  this  case  the  active 
connected  load  is  the  assumed  maximum  demand.) 

Where  the  active  room  plan  is  used  as  a basis  of  estimating  maximum 
demand  of  residences,  the  following  is  an  example  of  one  method  of  esti- 
mating: multiply  the  number  of  rooms  in  the  house  by  0.04  kw.,  but  do  not 
count  bathrooms,  basements,  cellars,  porches,  stairways,  attics,  store  rooms, 
small  halls,  entrances,  woodsheds,  or  Darns. 

Throe-charge  rate.  Six  dollars  per  year  per  consumer  fas  a consumer 
charge)  plus  $30  per  year  per  kw.  of  maximum  demand  (as  a demand  charge 
sometimes  called  a readiness  to  serve  oharge)  plus  6 cento  per  kw-hr.  for 
electrical  energy  used. 

Block  meter  rate.  For  the  first  250  kw-hr.  monthly  consumption, 
10  cents  per  kw-hr.;  for  the  next  250  kw-hr.  monthly. consumption,  0 cento 
per  kw-hr.;  for  the  next  250  kw-hr.  monthly  consumption,  8 cents  per  kw-hr. 

Stop  meter  rate.  For  the  first  250  kw-hr.  of  monthly  consumption  12 
cents  per  kw-hr.;  for  a monthly  consumption  between  250  and  500  kw- 
hr.,  11  cento  per  kw-hr.;  for  a monthly  consumption  between  600  and 
750  kw-hr.,  10  cento  per  kw-hr.  (Note  that  under  the  foregoing  schedule  a 
consumer  of  249  kw-hr.  per  month  would  pay  more  than  a consumer  of  251, 
in  actual  dollars  and  cento.  There  is  evident  injustice  in  this  and  also  in 
the  fact  that  the  discount  is  applied  in  sharp  steps  rather  than  gradually.) 


181.  Discounts  for  prompt  payment  are  sometimes  allowed  and  as  the 
majority  of  consumers  will  take  advantage  of  such  discount  the  rates  should 
be  adjusted  so  that  they  will  yield  the  owners  of  the  property  a fair  profit 
after  the  discount  is  taken  off.  In  order  that  a discount  for  prompt  payment 
may  be  legally  sustained  it  is  necessary  that  it  should  not  be  a very  large 
discount.  About  10  per  cent,  is  common.  Discounts  in  excess  of  this  are 
in  danger  of  being  set  aside  by  courts  or  commissions  as  being  unfair  to  the 
consumer  who  does  not  take  advantage  o^  the  ^discount. 
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183.  Classification  of  purposes  for  which  valuations  are  mads. 
The  laws  of  many  states  where  public  service  or  publio  utility  commissions 
have  been  created  for  the  purpose  of  publio-utility  regulation,  provide  for  the 
valuation  of  publio  utility  properties  for  purposes  of  establishing  reasonable 
rates.  The  tneory  upon  which  these  laws  are  based  (although  it  is  not  always 
expressly  so  stated)  is  that  of  allowing  the  investor  inpublic  utility  properties 
a fair  and  reasonable  rate  of  return  (interest  and  profit)  upon  his  investment. 

Valuations  made  for  rate-making  purposes  may  be  very  different  from 
valuations  made  for  other  purposes.  If  a property  is  to  be  appraised  or 
valued  for  the  purposes  of  an  ordinary  business  purchase,  the  fundamental 
question  to  be  solved,  is  the  probable  earning  power  of  the  property  both 
present  and  prospective.  In  valuations  for  rate  makingt  however,  the 
earning  power  of  the  property  should  receive  no  consideration,  because  the 
earning  power  is  dependent  upon  the  very  rates  which  it  is  proposed  to  regu- 
late, and  to  value  a property  on  its  earnings  would  defeat  the  entire  end  in 
view. 

184.  Tha  purpose  of  a valuation  to  be  used  in  rate  making,  should 
be  to  determine  as  nearly  as  possible  the  aotual  fair  investment  in  the 
property  to  the  end  that  rates  may  be  so  adjusted  that  a fair  annual  return 
(interest  and  profit)  will  be  made  to  the  investor  upon  the  amount  invested 
in  the  property  after  all  expenses  are  paid.  If  this  end  were  kept  constantly 
n view  many  of  the  disputes  and  discussions  in  connection  with  suen 
valuations  would  be  obviated. 

If  the  actual  cost  of  a publio-utility  property  could  always  be  obtained 
rom  the  construction  or  property  accounts,  the  problem  would  be  simple. 
However,  it  is  frequently  the  case  that  construction  costs  are  not  kept  in  such 
ihape  that  they  can  be  accepted  unquestionably  by  the  appraiser.  It  may 
klao  happen  that  part  of  the  books  and  records  of  the  enterprise  is  destroyed 
>r  unavailable.  In  any  case  the  engineer  making  the  valuation  must  be 
>repared  by  knowledge  of  other  plants  to  check  the  accuracy  of  any  figures 
submitted  to  him  or  even  to  value  a plant  entirely  in  accordance  with  costs 
>f  similar  plants  elsewhere  if  no  figures  whatever  are  available  on  the  actual 
•oat  of  the  plant  under  consideration.  The  value  of  a public  utility  property 
e usually  classified  under  two  heads,  tangible  and  intangible. 
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Iff.  Tht  physical  propwtf  oan  be  seen  mod  appramd  by  m 

engineer  familiar  with  the  costs  of  similar  plant  and  equipment  u itsfled 
ready  to  run.  Aa  we  are  seeking  for  the  actual  first  cost  of  such  plant  and 
equipment,  the  cost  of  building  the  plant  at  the  time  and  in  the  manner  ii 
which  it  was  actually  built  must  be  sought,  rather  than  the  cost  of  repro- 
duction of  such  a plant  at  the  present  time.  In  this  connection  s reasooaUi 
allowance  may  be  made  for  ever  present  minor  mistakes' in  construrtist. 
and  the  cost  of  their  correction,  unless  such  mistakes  are  such  as  to  aba*  » 
lack  of  ordinary  good  business  judgment  or  management  on  the  part  of  the 
constructor  and  investor.  Depreciation  should  be  deducted. 

1M.  Intangible  values  are  those  not  represented  by  risible,  or  tuih 
physical  property.  They  are  a prolific  source  of  controversy.  Keeptaf  it 
mind  the  fundamental  principle  of  allowing  a fair  interest  and  profit  <* 
actual  cost  of  a property  we  see  that  under  intangible  value  should  be  a- 
eluded  all  money  put  into  the  property  at  any  stage  of  its  develop  meet  for 
whatever  purpose,  from  whatever  source,  after  deducting  that  coming  oik 
the  following  descriptions: 

(A)  Cost  leas  depreciation  of  tangible  property  already  listed. 

(B)  Interest,  profits  or  dividends  paid  in  the  past  in  excess  of  a fair  r#*» 
of  return. 

(C)  Money  invested  as  a result  of  extra vag&noe.  dishonesty,  bad  maasgr- 
ment  or  lack  of  ordinary  reasonable  business  judgment. 

Note  that  if  these  deductions  are  large  enough  to  leave  no  intaapkk 
value  the  tangible  property  cost  less  depreciation  becomes  the  fair  Take 
upon  which  a lair  return  should  be  paid.  In  such  a case  the  ovuenwdi 
either  have  had  the  amount  spent  on  ioUngibles,  including  an  amount  eqn) 
to  the  depreciation,  returned  to  them  in  dividends  or  the  intangible  raw 
including  depreciation  would  have  vanished  through  dishonesty  or  bat 
management. 

Under  the  foredbing  method  jof  arriving  at  Intangible  value  (teraed 
going  value  by  the  Wtscqj^ih.  £k>mmisf oq)  thfi  investors  are  permitted  » 
return  on  money  put  into  a plant  to  pay  opareftogliaMa  before  getting  rt 
on  a paying  basis  as  well  as  money  put  into  permanent  plant,  providing  tbr 
money  was  honestly  and  carefully  spent  as  nefore  specified,  and  provided 
they  nave  not  already  been  reimbursed  for  such  fosses.  Manifestly,  to 
determine  such  intangible  or  going  value,  an  investigation  must  be  made, 
not  only  of  present  conditions  nut  of  the  financial  history*  of  the  enterariw- 

Among  items  of  intangible  or  going  value  which  are  fairly  allowable  an 
discounts  on  sale  of  bonds,  notes  ana  stock  and  all  reasonable  expenses  of 
financing  and  promotion,  and  interest  during  construction.  Sufficient  work- 
ing capital  must  be  provided  to  pay  running  expenses  pending  the  eolkewa 
of  income  and  a fair  rate  of  annual  return  should  be  allowed  upon  such  work- 
ing capital  as  well  as  upon  the  capital  permanently  invested  in  plant  sad 
equipment. 

After  intangible  or  going  value  is  determined  it  may  either  be  figured  is 
as  a part  of  the  capital  upon  which  a fair  interest  and  profit  should  be  per- 
petually  earned,  or  it  may  not  be  figured  in  as  a part  of  the  permanent  m- 
vestment  and  sufficient  net  earnings  may  be  allowed  the  investors  to  a mortar 
or  wipe  out  such  intangible  or  going  value  at  the  end  of  a period  of  yean 
Both  methods  are  in  vogue. 

1ST.  Treatment  of  depreciation.  In  such  valuations  a determinaboc 
of  the  actual  depreciation  as  well  as  a fair  depreciation  on  properties  of  tbs 
class  are  of  much  importance  for  the  following  reasons.  If  the  owners  bare 
been  receiving  dividends  or  interest  in  excess  of  a fair  interest  and  profit 
and  these  excess  dividends  were  taken  out  of  funds  which  should  bare 
been  put  back  into  the  plant  to  make  up  depreciation  and  maintain  the 
property  ia  an  unimpaired  condition  whieh  would  represent  full  secunn 
for  the  capital  invested,  such  excess  dividends  should  be  deducted  from  tif 
valuation  of  the  plant,  because  this  amount  of  value  has  already  bees  re- 
turned to  the  owners.  Depreciation  due  to  groes  carelessness  or  neglect-* 
mismanagement  will  not  ordinarily  be  allowed^  but  a fair  rate  of  depreca- 
tion should  be  allowed  and  set  aside  or  spent  in  renewals  and  if  the  enter- 
prise has  not  been  able  to  earn  enough  to  pay  such  fair  depredation  pk* 
a fair  profit  under  reasonably  good  management  any  such  deficit  can  v 
reasonably  put  in  as  a part  of  the  intangible  or  going  value  of  the  pk*- 
In  other  words  depreciation  is  simply  one  of  the  expenses  of  the  opermbes 
which  should  be  recognised  and  provided  for,  even  though  part  of  it  is  a* 
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•ayable  until  some  time  in  the  future  (see  Par.  42).  If  the  earnings  in 
he  past  have  not  been  sufficient  to  pay  all  such  expenses  and  a loss  has  re- 
ulted  from  operation,  suoh  losses  should  be  included  in  intangible  or  going 
alue  after  making  the  proper  deductions  as  stated. 

State  commissions  in  recent  years  have  been  allowing  estimated  charges 
or  depreciation  as  a part  of  annual  expenses  to  the  amount  of  about  4 to  6 
>er  cent,  on  the  physical  property  valuation  of  the  central  station  property 
aken  as  a whole. 

128.  The  per  cent,  upon  the  investment  which  a public  utility  is 
tllowed  to  earn  as  a fair  and  reasonable  annual  interest  and  profit  upon  its 
alue  as  taken  for  rate-making  purposes  is  a matter  for  commissions  and 
ourts  to  decide  in  accordance  with  the  prevalent  or  market  interest  rate 
ipon  investments  in  similar  securities.  Public  utility  securities  must  com- 
>ete  in  the  financial  market  with  other  securities  or  they  will  not  be  sold. 
These  are  financial  rather  than  engineering  questions,  but,  since  the  engineer 
oust  frequently  deal  with  them  in  the  course  of  his  business,  the  following 
K>ints  are  given  as  presenting  current  practice. 

Where  part  of  the  money  to  pay  for  the  construction  of  a plant  is  raised 
>y  a bona  issue,  it  is  customary  to  sell  the  bonds  at  a discount  below  par,  a 
►art  or  all  of  which  discount  is  taken  by  the  bond  broker  as  his  commission 
or  finding  purchasers  for  the  bonds.  As  the  bonds  must  be  redeemed  at 
>ar  when  they  are  due,  the  discount  upon  the  bonds  must  be  added  to  the 
otal  annual  interest  p«ud  on  the  bonds,  in  order  to  determine  the  actual 
innual  cost  to  the  public  utility  for  the  use  of  the  money.  This  is  a point 
ometimee  overlooked  in  figuring  the  fixed  charges  which  a public  utility 
nust  carry.  The  principal  question  is  to  determine  what  rate  of  interest 
ind  profit  a public  utility  must  pay  after  discounts  or  commission  on  sale 
>f  securities  are  included.  It  is  not  a question  of  theory  but  of  market 
onditions. 

Mr.  Halford  Erickson  member  of  the  Railroad  and  Public  Service  Com- 
nission  of  Wisconsin  in  a public  address  1014  (see  Bibliography)  gives  the 
ollowing  figures  as  to  rates  actually  paid  by  publio  utilities  for  money: 
Ten  representative  first  mortgage  bona  issues  covering  electric-lighting  and 
treet-railway  plants,  brought  out  in  1013  and  bearing  interest  at  6 per  cent. 
>n  par  value,  were  placed  on  the  market  at  prices  at  which  they  would  yield 
he  investor  an  income  of  from  6 to  0 per  cent.  The  cost  to  the  issuing 
ompany  of  obtaining  this  capital  amounted  to  from  1 per  cent,  minimum 
o over  11  per  cent,  maximum  for  discount  and  about  3 per  cent,  for  selling 
txpenses.  The  total  average  was  about  6.2  per  cent.  During  the  same 
»eriod  10  representative  second  mortgage  bond  issues  covering  gas,  electrie- 
ighting,  ana  railway  plants,  bearing  interest  at  5 per  cent.,  were  offered 
A prices  that  would  net  investors  an  income  of  6 to  6.2  per  cent.  On  these 
seues  the  discount  varied  from  1 to  over  12  per  cent,  ana  the  selling  expense 
tood  at  about  3 per  cent.  The  total  cost  to  the  companies  for  this  financing 
anged  from  5.2  to  about  7 per  cent.,  the  average  being  about  6.4  per  cent. 
Twelve  note  issues  were  offered  to  the  public  at  prices  which  placed  them 
ipon  a 6.2  per  cent,  inoome  basis  to  the  investors.  When  the  discounts 
ind  selling  expenses  were  taken  into  account,  the  cost  to  the  companies  of 
he  bonds  thus  obtained  was  found  to  be  about  0.4  per  cent,  per  annum, 
n this  case  the  discounts  ranged  from  less  than  1 to  about  2.34  per  cent. 
The  selling  costs,  however,  were  rather  heavy  since  they  appear  to  have 
anged  from  about  6 to  over  8 per  cent.  Five  preferred-stock  issues  were 
old  on  a basis  whose  average  yield  to  the  investor  was  about  7.3  per  cent, 
linoe  the  discounts  varied  from  3 to  12.5  per  cent,  and  the  selling  expense 
Iso  had  to  be  met,  the  cost  to  the  companies  was,  of  course,  much  greater 
han  the  price  to  the  public.  For  about  40  plants  in  Wisconsin  whose  ap- 
>raised  value  varied  from  about  $20,000  to  about  $2,000,000  per  plant,  the 
>onds,  when  discounts  and  selling  expenses  are  included,  were  at  that  time 
elHng  at  prices  under  which  the  cost  of  financing  on  the  plant  ranges  from 
bout  5.5  to  fully  6.5  per  cent,  per  annum.  In  these  cases  the  bonds  cov- 
red  from  50  per  cent,  to  more  than  85  per  cent,  of  the  values  of  the  plants 
,nd  their  business,  while  the  net  earnings  of  the  plant  did  not  amount  to 
ass  than  twice  as  much  as  the  interest  on  the  bonds. 

In  1920  public  utility  issues  similar  to  those  described  by  Mr.  Erickson 
rould  net  the  investor  from  2 to  4 per  cent,  more  and  cost  the  utility  com- 
•any  correspondingly  more. 
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Abbreviations,  electrical  engineer- 
ing, (24)  3604 

Acceleration,  angular,  definition, 
unit,  (1)  36 

linear,  definition,  unit,  (1)  33 
Accumulators,  electrio,  definition, 
(20)  45  (also  see  batteries) 

Acids,  nitric ; (19)  258 
radicals,  tnermochemical  con- 
stants, (19)  182 

Acyclic,  machine,  definition,  (24) 
4028 

Admiralty  ship  formula,  (18)  12 
Admittance,  connection,  equations, 
(2)  173,  174 

definition,  symbol,  unit,  (1)  66 
operators,  definition,  (2)  187 
Advancer,  phase,  definition,  (24) 
4014 

^ero  pulveriser,  (15)  278 
I etna  material,  properties,  (4)  310 
tir,  atmospheric  properties  and 
composition,  (4)  435 
brakes,  (see  brakes) 
cleaning  and  cooling,  (7)  137 
generators,  (10)  732 
compressors,  (see  compressors) 
currents,  work  available,  (22)  165 
density,  spheregap  correction  fac- 
tors, Table  205  (24)  2370 
dry,  weight  of,  (4)  486 
insulating  properties,  (4)  367 
meters,  (see  meters) 
power  required  to  compress,  (16) 
179 

specific  heat,  (4)  437 
washing,  (7)  138 
Iden,  absorption  brake,  (3)  329 
dynamometer.  (10)  713 
Hoys,  ferro  nickel,  (4)  151 
copper-manganese,  (4)  149 
copper-nickel,  (4)  150 
fusible,  composition,  (4)  144 
melting  point,  (4)  144 
11066*8,  (4)  143 
Wood’s,  (4)  142 
nickel-chromium,  (4)  152 
Joxite,  general  data,  (19)  122 


Alphabet,  Greek,  (1)  151 
telegraph,  Morse  and  Continental, 
(21)  89 

Alquist,  mechanical  gearing.  (18)  36 

Alternators,  (see  generators) 

Altitude,  definitions  and  standards 
A.  I.  E.  E.,  (24)  2215,  6215 

Aluminum,  analysis,  typical,  (4)  81 
arresters,  charging,  (10)  863,  (11) 
232 

bars,  use,  (4)  99 

cables,  hard-drawn  steel-core,  (4) 
88  to  90 

commercial  grades,  (4)  80 
conductivity,  thermal,  (4)  98 
density,  (4)  83 
elastic  limit,  (4)  93 
electrolytic  reduction,  (19)  246 
elongation  at  rupture,  (4)  95 
expansion,  coefficient  of  linear, 
(4)  91 

fusing  current,  (13)  62 
properties  of,  (4)  79  to  99 
resistance,  temperature  coeffi- 
cient, (4)  85 
resistivity,  (4)  84 
specific  heat,  (4)  97 
stress-strain  diagrams,  (4)  94 
tensile  strength,  (4)  92 
wires,  current  carrying  capacity, 
(13)  25 

loading  tables,  (11)  104 
tables,  (4)  86,  87 
working,  methods  of,  (4)  82 
Young's  modulus  of  elasticity,  (4) 
96 

Aluminum-cell,  lightning  arresters, 
(10)  862 

Alundum,  general  data,  (19)  121 

Ambient,  temperatures,  (see  tem- 
perature). 

Ambroin,  definition  and  properties 
(4)  311 

American  Institute  of  Electrical 
Engineers,  standards,  (24)  1000 
to  16000 

American  Sheet  and  Tin  Plate  Co.’s 
commercial  sheets,  (4)  219 

American  Steel  A Wire  Co.,  gage. 
(4)  15,  (also  see  gages) 
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American  wire  sage,  (4)  13,  (also 
see  gages) 

Ammeters,  a-c.,  precision,  (3)  100 
types,  (3)  101 
d-c.,  calibration,  (3)  96 
D’ArsonVal  type,  (3)  91 
scries,  switchboard,  (10)  794 
shunts,  (3)  93,  94 
switchboard,  (3)  92 
temperature  errors,  (3)  95 
Hickok,  depreased-sero,  (3)  371 
switchboard,  (12)  73 
Ammonia,  compressors,  standard 
rating,  (15)  315 
production,  (19)  264 
Ammunition  hoists,  U.  8.  Army, 
(22)  145 

Ampere-hour  meters,  (3)  227  to  231, 
(also  see  meters) 

Amplifiers,  radiotelegraph,  three- 
electrode  vacuum  tube,  (21) 
309 

telephone,  definition,  (see  tele- 

Amp?itude-factor,  definition,  (2) 
206,  208  . ^ J £ . 
Amort  iaseur,  windings,  definition 
(9)  43 

Amortisation,  definition,  (25)  68 
Anchors,  (see  pole  lines). 

Angle,  plane,  definition,  unit,  (1)  34 
solid,  conversion  table,  (1)  131 
Anions,  typical,  (19)  142 
Annual  chargee,  (25)  27  to  40 
determination,  (25)  38 
total.  (25)  29 

Annuities,  definition,  (25)  23 
present  worth, /25)  24 
Annunciator,  wiring,  (13)  134 
Anodes,  electrolysis,  (19)  237 
Antenna,  radiotelegraphy,  (21)  268 
to  282  (also  see  radiotele- 

definition!  (2D  268 
Apparatus,  general  definitions,  (24) 
3504  to  3608 

measuring,  electric,  (3)  1 to  291 
magnetic,  (3)  292  to  322 
Appreciation,  definition,  (25)  70 
Arc,  cutting,  (22)  50  # 

electric,  characteristics,  (14)  85 
flame,  nature  of,  (14)  98 
furnaces,  (see  furnaces), 
lamps,  a-c.,  transformer,  (6)  176, 
178 

carbon-electrode,  (14)  58  to  96, 
(also  see  lamps), 
general  characteristics,  (14)  85 
to  87 

metallic,  nature  of,  (14)  108 
Ardois  signal  system,  (22)  138 
Area,  definition,  unit,  (1)  27 
Armature,  armatures,  bearing  fric- 
tion, (24)  5338,  5339 


Armature,  armatures — con  timed 
circuits,  (aee  circuits), 
converters,  equaliser  connemass. 
(9)  42 

copper  lorn,  calculation.  (8)  136  _ 
synchronous  machines,  (7)  117 
core,  brass  vent  segments,  (8v93 
design,  (8)  91  ^ 

heat  conduction,  (S)  121 
currents,  converters,  (9)  8. 109, 11$ 
generators,  double  current,  ,Y 
134 

design,  d-c.  generators  and  no- 
tors.  (8)  59  to  72 
d-c.,  output  equation.  (8)  59,  1 1 
ampere  turns  per  pole,  (5)  66 
brush  design.  (8)  69 
e.m.f.  equation,  (8)  60 
relative  cost  factor,  (8)  W 
heating,  converters,  synchronous. 
(9)  8 

loss eo.  converters,  motor.  (9)  110 
reactions,  d-c.  generators  tad 
motors,  (8)  30  to  35 
dynamotor,  (9)  127 
synchronous  converters,  (9'<14 
synchronous  machines,  dene* 
limit,  (7)  101 
generators,  a-c.,  (7)  44 
springs,  telephone,  definition.  (24 1 
12264 

windings,  d-c.,  generators  and 
motors,  (8)  13  to  29.  206 
heating,  (8)  124 
overload  temperatures.  ($)  125 
temperature  gradient.  (8)  136 
troubles.  (8)  251 
Gramme  ring.  (8)  13 
Arms,  cross,  (see  cross  arms). 
Army,  United  States,  arnmnnitx* 
hoists,  (22)  145 

applications  of  electricity,  (22 
130  to  150 
busser.  (22)  140 
distribution  system,  (22)  133 
electrical  caps,  (22)  148 
energy  supply,  (22)  131 
guns,  firing  of  sea  coast,  (22)  144 
handling,  (22)  143 
mines,  (22)  149 
radio,  (22)  142  , 

range-finding  instruments,  special 
illumination,  (22)  135 
searchlights,  (22)  136 
data  on.  (22)  141 
signalling  by.  (22)  137 

telephclne^and  tek*raph.  (22)  139 
wiring  specifications,  (22)  134 
Arnold  motor,  (7)  300 
Arresters,  aluminum,  charging,  (II' 
232 

lightning,  (10)  850  to  868,  (sho 
see  lightning). 
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rooters,  lightning — oontinued. 
definition , (24)  7020,  7205 
dielectric  strength  tests,  (24) 
7375 

rating,  (24)  7205 
tests  of,  (24)  7371  to  7375 
elephone,  (21)  155 
elephone.  sneak-current,  (21)  150 
r&ciram,  (21)  157 
sestos,  insulation,  magnet  wires, 
(4)  301 
nica,  (4)  312 

nolded  with  a binder,  (4)  313 
>aper,  insulating  properties,  (4) 
287 

treated,  (4)  287 
>roducts,  impregnation,  (4)  282 
xropertiee,  (4)  254 
ape,  (4)  308 
row,  (4'  314 
ebony, (4)  316 
transits,  (4)  315 

lcroft  process,  sodium  produo- 
ion,  (10)  240 

i,  ashes,  conveyors,  (10)  145 

landling,  (10)  150 

candling,  (10)  130  to  162 

toppers,  (10)  151 

reatment,  (10)  425 

xhalt,  electrical  properties,  (4) 

140 

cinson,  repulsion  motor,  (7)  202 
xtnic  weights,  elements,  table,  (4) 
32 

enuation,  constant,  definition, 
11)  50,  (24)  12057 
va ter- Mahler  calorimeter,  (3)  302 
todyne,  reception,  continuous 
raves,  (21)  307 

tomobiies,  batteries,  (22)  70  to 
76 

adaptable  to  requirements,  (22) 

ampere-hour  oapaolty,  (22)  73 
automatic  cub-out,  (22)  82 
charging  methods,  (22)  71.  83 
discharge  rate  during  cranking, 
(22)  74 

freesing.  (22)  72 
ignition  (20)  137 
lighting,  (20)  137 
location  in  car,  (22)  75 
starting,  (20)  137,  (22)  70 
Tanking,  electric,  (22)  76,  77,  80 
IBB  electrical  equipment  (22)  70 
to  04 

gnition,  (see  ignition), 
amps,  candle-power,  (22)  86 
ighting,  (22)  84  to  87 
nagnetoe,  high-tension,  (22)  02 
itandards,  A.  I.  E.  E.,  (24  ) 5000 
to  5603 

itarters,  electric,  (22)  76  to  83 
ttarting,  test  data,  (22)  78 


Auto-transformers,  (6)  11,  180  to 
188,  (also  see  transformers). 
Avogadro’s  law,  (10)  6 
Axis,  neutral,  definition,  (23)  1 
Axles,  electric  trucks  and  tractors, 
, (17)  28.  74 

Ayrton- Perry,  inductance  standards, 
(3)  241 

Ayrton,  shunt,  galvanometers,  (3) 
30 


Bakdite,  properties,  electrical,  (4) 
317 

mechanical,  (4)  317 
thermal,  (4)  317 
Balance  coils,  (6)  183 
rating,  d-c.  three  wire  generators. 
(8)  107 

Balancer,  d-c.,  definition,  (24)  4006 
sets,  (8)  224,  225,  (15)  222 
storage  battery  charging,  (17) 
166,  167 

Balanee-factor,  definition,  (2)  216 
Balia ta,  properties,  (4)  340 
Balbach  process,  electrolytic  refin- 
ing, (10)  213 

Ballistic,  deviation,  gyro  compass. 
(22)  300 

galvanometers,  (3)  15  to  17,  (also 
see  galvanometers) 

Barometric  condensers,  (10)  270 
Barreter,  definition,  (3)  40 
Bastian  ampere-hour  meter,  (3) 
220 

Bates,  expanded  steel  truss  pole, 
(11)  165 

Battery,  batteries,  primary,  (20) 

1 to  44 

bibliography,  (20)  236 
Bunsen,  (20)  21 
carbon,  (20)  27 
concentration  oells,  (20)  16 
chromic-acid,  (20)  22,  23 
Clark.  (20)  28 
classification,  (20)  17 
Daniell,  (20)  18 
definitions,  (20)  1 
depolarizers,  definition,  (20)  6,  7 
discharge  curves,  (20)  24 
dry  cells,  (20)  20  to  44 
Edison  Lalande,  (20)  26 
electrochemical  theory,  (20)  10 
electrodes,  reference,  (20)  13 
e.m.f.,  definition,  (20)  3 
polarization,  (20)  4 
Fuller,  (20)  23 
gravity  type,  (20)  19,  20 
Grove,  (20)  21 
Leolanch6,  (20)  25 
local  action,  definition,  (20)  0 
Nernst’s  equation,  (20)  II 
poles  of  a cell,  definition,  (20)  2 
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Battel y»  I 

Battery,  batteries — continued, 
potential  difference  between  elec- 
trode and  electrolyte,  (20)  12 
rise  and  fall,  (20)  15 
xesiatanoe,  internal,  measure- 
ments, (3)  142,  143,  (20)  8 
standard  cells,  (20)  28 
transition  resistance,  definition, 
(20)  6 

Weston,  (20)  28 
wet  cells,  (20)  18  to  28 
Battery,  rooms,  (20)  141  to  150 
cleanliness  of  location.  (20)  143 
fire  exclusion,  (20)  104 
floors,  (20)  146 
general,  rules,  (20)  141 
general  layout,  (20)  149 
protection  to  iron  work  and  walls, 
(20)  145 

switch  board  location,  (20)  148 
substations,  (12)  78 
temperature,  (20)  142 
ventilation,  (20)  144 
wiring  arrangement,  (20)  147 
Batteries,  storage,  (17)  124  to  132, 
(20)  45  to  236 
alkaline.  (20)  213  to  235 
application.  (20)  228 
cell  assembly,  (20)  219 
charge  curves,  (20)  220,  221 
initial,  (20)  230 
regular,  (20)  231 
classification,  (20)  213 — 
discharge  curves,  (20)  220,  222 
Edison,  (20)  216,.  217,  235 
electrolyte,  deterioration,  (20) 
226 

replacing  evaporation,  (20) 
232 

HubbfeU,  (20)  214 
negative-plate  construction,  (20) 

operation,  (20)  229 
overcharge,  (20)  224 
positive-plate,  construction, 
(20)  216 

standing  discharged,  (20)  223 
idle,  (20)  234 

temperature,  effect  of,  (20)  225 
testing,  (20)  227 
trays,  cleanliness,  (20)  233 
dryness,  (20)  233 
a-c.  regulation  by,  (20)  170 
automobile,  (22)  70  to  75 

type  adaptable  to  requirements, 
(22)  70 

charging.  (22)  71,  83 
automatic  cut-out,  (22)  82 
discharge  rate  at  starting,  (22) 
74,  79 

ampere-hour  capacity,  (22)  73 
location  in  oar,  (22)  75 
freesing,  (22)  72 
voltage  characteristic,  (20)  138 


Batteries,  i 

balancer  seta,  (17)  166 
bibliography,  (20)  236 
boosting  charge,  (17)  156 
boosters,  constant  cnrrest,  (X 
159 

differential,  (20)  158 
bus,  auxiliary,  derived  from  com 
ter-e.m.f.  cells,  (17)  165 
cars,  street,  (20)  178 
cell  capacity,  (20)  50 
characteristics,  (17)  126 
charging,  (17)  133  to  156 
automatic.  (17)  144,  159 
commercial  trucks,  (17)  171 
control  panels,  (17)  188ttffi 
Edison.  (17)  134 
electric  passenger  vehicles,  (IT 
172 

equipment,  (6)  283,  (17)  160  to 

motor-generator  sets,  (7)  OS. 

(17)  168  to  187 
prevention  of  gawking,  (17)  127 
rectifiers.  (17)  202  to  307 
rheostats,  (5)  215  to  218,  (IT 
199 

series,  (17)  181,  182 
taper-generators,  (17)  IK 
classification,  (20)  47 
compartment,  electric  vsbde. 
(17)  26 

counter-electro-motive-force  edk. 

(17)  163,  164 
definitions,  (20)  45 
d-c.  voltage  supply,  redaction  of. 
(17)  162 

discharge,  (20)  182  " 

voltage  characteristics.  (17) 
vehicle  service,  (17)  127 


120  ts  121 
(20)  l* 


Edison,  charging,  (17)  134 
electric  vehicles.  (20) 


adaptable  types, 
applications,  (20)  177 
construction,  (20)  124 
, (20)  128 
. (20)  130 


Eld  types,  (20)  123 

e of  misceHa  neons  parts 
(20)  210 

passenger.  -(17)  15 
plate  dimensions,  (20)  121 
plate  life.  (20)  207 
plate  separation,  (20)  129 
plate  straps,  (20)  127 
plate  thickness,  (20)  122 
separators,  (20)  126,  208 
thin-plate,  performance  of,  (X 

e.m.f..  (20)  49 
equalising  charge,  (17)  157 
exciter  reserve,  (20)  173 
floating,  (20)  167 
farm  lighting,  (20)  176 
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lotteries,  storage — oontinued. 
general,  (17)  124 
hydrometer,  use  of,  (20)  86 
initial  charge,  (20)  196 
iron-clad  Exide  type  MV,  table, 
(17)  130 

isolated-plant,  (20)  172 
lead.  (20)  62  to  197 

acidstrength,  (20)  82,  191,  202 
notire  materials,  (20)  53 
applications,  (20)  166  to  180 
automatic  regulating  booster, 
(20)  153 

automobile,  starting,  lighting 
and  ignition,  (20)  137  (also 
see  automobiles), 
average  adjuster.  (20)  163 
booster,  separately-excited,  (20) 
155 

capacity  tests,  (20)  104 
carbon-pile  regulator,  (20)  156 
cell  capacity,  (20)  54 
characteristic  performance  (20) 
105  . 

charging  rates,  (17)  135,  (20) 
193 

chlorine  tests,  (20)  102 
conversion  of  active  material 
during  discharge,  (20)  55 
counter-e.m.f.  cells,  (20)  161 
depreciation,  (20)  198  to  212 
discharge  curve,  (20)  59 
termination,  (20)  116 
efficiency  tests,  (20)  107 
electrode,  test,  (20)  58 
electrolyte,  (20)  85 

and  water,  (20)  85  to  102 
f reeling  point,  (20)  93 
impurities,  (20)  95,  99,  100 
mixing,  (20)  89 
new,  (20)  94 

quantity  required,  (20)  81 
replacement,  (20)  98,  186 
resistance,  (20)  91,  92 
temperature,  (20)  90 
variations,  (20)  80 
electrio-vehicles,  depreciation 
and  lhaintenance,  (20)  206 
to  210 

Ents  booster,  (20)  154 
fire  exclusion,  (20)  194 
glass  jar  mounting,  (20)  111 
Iron  tests,  (20)  101 
maintenance,  (20}  198  to  212 
Manchester  positive  plates,  (20) 
73 

miscellaneous  purposes,  (20) 
137  to  140 

operating  equipment,  (20)  164, 
165 

operation,  (20)  181  to  197 
plates,  centre-web  positives, 
(20)  72 

classification,  (20)  61 


Batteries,  storage— oontinued. 
life  of.  (20)  200 
pasted,  (20)  64.  66 
permanising  processes,  (20) 
69 

relative  attributes  (20)  125 
separation,  (20)  83 
rises.  (20)  109,  110 
portable.  (20)  140 
power  plant,  (20)  108 
regulating  equipment,  (20)  150 
to  160 

resistance,  internal,  (20)  106 
stationary  (20)  108  to  119,  201 
life  of  miscellaneous  parts, 
(20)  204 

maintenance  costs,  (20)  199 
plate  life,  (20)  200 
sediment  removal,  (20)  205 
separators,  life  of  wooden, 
(20)  203 

sediment  accumulation,  (27) 
192 

shunt  charging  booster,  (20) 
152 

sulj>hurio-acid  solutions,  (20) 

switches,  end-cell,  (20)  161 

syringe  hydrometers,  (20)  87 
tanks,  construction,  (20)  112 
life  of,  (20)  201 
testing,  (20)  103  to  107 
Tudor  positive  plate,  (20)  71 
voltage,  open  circuit,  (20)  56 
regulation,  (20)  150 
variation,  (20)  67 
water,  maximum  allowable 
impurities,  (20)  96 
supply  and  storage,  (20)  97 
lead-burning,  (20)  84 
line.  (20)  167 
load-regulating,  (20)  169 
locomotives,  (20)  179 


low  capacity  tests.  (20)  189 
mounting,  high-platform  t: 


(17)  54 

low-platform  trucks,  (17)  53 
operation,  (20)  181  to  197 
operating  apparatus,  auxiliary, 
(20)  165 

oil-switch  reserve,  (20)  173 
Plants  plates,  (20)  62 

and  pasted  in  combination, 
(20)  66 

charge  and  discharge  curves, 
(20)  115 

depreciation,  (20)  67 
formation  process,  (20)  63 
growth,  (20)  70 
negative,  (20)  74 
plates,  Plants  vs.  pasted,  (20)  79 
box  negative,  (20)  76 
color  uniformity,  (20)  188 
ironclad  positive,  (20)  77 


trucks, 
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Batteries,  storage — eon  tinned. 

{dates — continued. 

pasted,  depreciation,  (20)  68 
pasted  grids,  (20)  75 
positive  and  negative,  (20)  48 
Philadelphia  types.  (17)  131,  132 
placing  out  of  commission,  (20)  197 
peak-load,  (20)  171 
pilot  cells,  (20)  164 
railway  line  with  boosted  feeder. 
(20)  168 

regulators,  counter-eun.f.  booster, 
(20)  157 

electrical  position  of  booster, 
(20)  160 

requirements,  electric  trucks,  (17) 
38 

residence.  (20)  176 
reversibility,  (20)  46 
rheostats  for  charging  Edison 
cells,  (17)  201 

separators,  removal  of,  (20)  185 
short-circuits,  charging  after,  (20) 
190 

stand-by,  (20)  174 
substations,  end  cell  switches, 
(12)  79 

substations  reserve,  (12)  77 
sulphate,  reduction  of,  (20)  184 
telephone  exchange,  (20)  175 
temperatures,  operating,  (20)  187 
* train-lighting,  (20)  132  to  136 
capacity,  (20)  132,  (22)  292 
charging,  (20)  133 
cleaning,  frequency  of,  (20)  212 
design,  (20)  134 
life,  (20)  135 

overcharge,  effect  of,  (20)  211 
voltage  characteristics,  (20)  136 
troubles,  usual,  (20)  195 
trucks,  freight  and  baggage,  ap- 
plications, (20)  180 
types  in  general  use.  (17)  125 
voltage,  definition,  (20)  51 
switch,  automatic,  (22)  174 
telephone,  (21)  18,  53 
windmill  electric  plant  reserve,  (22) 
175 

Battle-cruisers,  description,  (18)  49 
Battleships,  description,  (18)  48 

Basin’s,  formula,  water  flow,  (10) 
615 

weir  coefficient,  (10)  621 
Beam  draught  ratio,  ships,  (18)  11 
Beam,  beams,  bending,  moments, 
(23)  6 to  8 
calculations.  (23)  9 
cantilever,  design,  (23)  8 
concrete,  design,  (23)  12 
reinforced,  (23)  13  to  17 
continuous  over  two  supports, 
design,  (23)  8 

deflection,  under  various  loading 
conditions,  (23)  8 


Beam,  be 


momenta,  (23)  3 
properties  of,  (23)  3 to  17 
reaction  at  supports.  (23)  4 
sheer,  definition.  (23)  5 

under  various  loading  easct- 
tians,  (23)  8 

steel,  safe  unit  stresses,  (23)  K 
supported  at  ends,  design,  (23:  » 
wooden,  safe  unit  stresses,  (23:  ll 


Beardsley’s  formula,  stream  fie* 
(10)  628 

Bearings,  axle,  looses,  moton.  m3 
way.  (24)  5337 

d-c.  machines,  construction,  (5)  II 
effect  of  wear,  (8)  253 
frequency  changers.  (7)  367 
armature,  determination.  (24: 


(ale. 

Bells, 


machines,  electric, 
tion.  (24)  4337 
loss,  d-o  machines.  (8)140 
losses,  (7)  120 

lubrication,  steam  engines,  (10) 
188 

synchronous  machines.  (7)  Ml 
pedestal.  (7)  144 
spring  thrust,  (7)  143 
temperature  limits,  (24)  4109 
water  cooled,  (7)  143 
Beaters,  paper  and  pulp  s& 
motor  applications,  (15)  349 
Beckmann,  thermometer,  (3)  339 
Beckstein,  photometers,  (14)  283 
Beet-sugar  mills,  machines,  power 
requirements,  (15)  438  to  42 
* o see  mills) 

. telephone,  polarised,  (21)  24. 
25 

Belts,  (23)  35  to  42 
classification,  (23)  35 
differential  factors,  (7)  28,  31 
drive,  design.  (23)  37 
electrically  charged,  remedies  for. 
(22)  319 

high-speed  static  electricity  of. 

(22)  318 

horse-power  transmitted,  table, 

(23)  36 

length.  (23)  40 
splicing.  (23)  39 
thickness,  determination.  (23)  38 
Belting,  leather,  properties,  (4)  430 
Bernardos  process,  carbon-arc  weld- 
ing. (22)  46 

Bernoulli’s  theorem,  stream  flow. 
(10)  603 

Berthelot  calorimeter,  (3)  392 
Bethel  process,  pole  treatment,  (11' 
151 

Betts  prooees,  lead  refining,  (19)  217 
BUliter-Leykam.  cell,  (19)  233 

Birkeland-Eyde  process,  oitrogm 
fixation,  (19)  260 
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Birmingham — Booiter,  -boosters 


Birmingham  wire  gage,  (4)  16  (also 
•ee  gages) 

Bismuth  refining,  (19)  222 
Bitumen,  electrical  properties,  (4) 

Bleaching  liquor,  (19)  240 
Bleeder  turbines,  (10)  243 
Blook  coefficient,  ships,  (18)  11 
Blondel  diagram,  synchronous 
motor.  (70)  70,  71 
loading  back  method  of  test,  (8) 
264 

lumeter,  (14)  279 
Blowers.  (16)  193  to  212 
characteristics,  (16)  194 
eoet  data,  (10)  111 
definition,  (15)  193 
motor,  application  methods,  (15) 
207 

control,  (15)  201,  202 
direct  connection,  methods  of, 
(15)  203 

handling  hot  gases,  (15)  204 
positive,  horse- power  of,  (10)  197, 
212 

starting  torque,  (15)  199 
Boats,  cargo,  “Frieda,”  electric 
drive,  study,  (18)  62 
••  Vespasian,"  electric  drive 
study,  (18)  69 

Chicago  fire,  “Graeme  8tewart” 
and  “Joseph  Medill,"  descrip- 
tion, (18)  66 

cross-channel,  description,  18)  43 
grain,  description,  (18)  46 
oil,  description,  (18)  45 
ore,  description,  (18)  46 
tug,  description,  (18)  47 
Boilers,  (10)  7 to  60 
air,  excess,  (10)  23 
leakage,  (10)  23 
baffles,  (10)  31 
blow  off.  (10)  43 
classification,  (10)  7 
cleaning,  (10)  54 
corrosion,  (10)  48 
costs,  (10)  57 
design,  (10)  29 
draitT forced,  (10)  78 
loss,  (10)  94 

mechanical,  (10)  105  to  113 
natural.  (10)  77 
efficiency,  (10)  25 
evaporation,  calculation,  (10)  19 
feed-pipe,  (10)  44 
feed-water,  treatment,  (10)  50, 51 
field-tube,  (10)  10 
fire-tube,  (10)  8 
costs,  (10)  60 
firing,  methods,  (10)  419 
flash,  (10)  11 
furnaces,  (see  furnaces), 
gsge-oocks  quick  closing,  (10)  40 
glasses,  (10)  39 


Boilers — continued, 
generation  curve,  (10)  399 
grate  surface,  (10)  16 

ratio  to  heating  surface,  (10)  17 
handholes,  (10)  42 
heating  surface,  definition,  (10) 
14 

ratio  to  grate  surface,  (10)  17 
heat  transformation,  (see  heat). 

transmission  coefficient,  (10)  4 
horse-power,  definition,  (10)  18 
value,  (10)  18 
incrustation,  (10)  49 
inspection,  periodic,  (10)  52 
insurance,  (10)  53 
losses,  (10)  20 
manholes,  (10)  41 
pressure,  measurements,  (10)  45 
radiation,  (10)  22 
rating,. (10)  28 

room,  equipment,  costs,  (10)  909 

J practice,  (10)  926 
ety  plugs,  (10)  47 
valves,  (10)  36 
connections,  (10)  38 
U.  8.  inspector’s  rules,  (10)  37 
Bettings,  (10)  30 

setting,  infiltration,  (10)  23 
installation  costs,  (10)  58 
soot,  removal,  (10)  55 
steam  gage,  (10)  45 
stokers,  (10)  61  to  90,  (also  see 
stokers), 
testing,  (10)  415 
isolation,  (10)  417 
summary,  (10)  416 
types,  (10)  7 

uniform  conditions,  (10)  56 
vertical  water-tube,  oosts,  (10)  59 
waste  heat,  cement  mills,  (15)  266 
water-tube,  (10)  9 
Bolometer,  definition,  (3)  41 
Bomb  calorimeters,  (3)  392 
Bonding,  raps,  double,  (16)  357 
electric  railways,  (16)  349 
single  for  suburban  roads,  (16) 
358 

Bonds,  chemical,  calculations,  pro- 
cedure, (19)  25 
definition,  (19)  20 
rail,  amalgam,  (16)  360 

contact  resistance.  (16)  355 
expanded-terminal,  (16)  351 
heating,  (16)  359 
selection  of,  (16)  354 
soldered,  (16)  352 

expanded-terminal,  (16)  353 
types,  (16)  350 
welded  joints,  (16)  361 
Bonnot  pulveriser,  (15)  277 
Booster,  boosters,  automatic  regu- 
lating, storage  battery.  (20)  153 
combined  dynamotor,  and,  (9)  130 
oonstant-current,  (20)  169 
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Booster,  boosters— Brash 


Booster,  boosters — continued, 
constant  potential  systems,  (8) 
184 

converters,  synchronous,  (9)  20  to 
22,  49 

definition,  (24)  4003 
differential,  (20)  158 
direct-current,  (9)  34 
Ents,  (20)  154 

reversible,  oonstant  potential  sys- 
tems. (8)  184 

separately-excited,  (20)  155 
shunt  charging,  storage  battery, 
(20)  152 

substations,  use  in,  (12)  76 
transformers,  (12)  121 
installation,  precautions,  (12) 
122 

use  in  three  phase  system,  (12) 
123 

Bowls,  (see  reflectors). 

Boyle- Mariotte-Gay-Lussac  law, 

(19)  7 

Bradley-Lovejoy  prooess,  nitrogen 
fixation,  (19)  259 

Brake,  brakes,  absorption,  types,  (3) 
airfaO  217 

automatic,  (16)  227  to  235 
.combined  straight  and  auto- 
matic, (16)  236 
electropneumatic.  (16)  237 
emergency  straight,  (16)  224  to 


reservoir  capacity,  (16)  238 
straight,  (16)  218  to  223 
electric,  (15)  532  to  540 

advantages  of  various  types, 
(15)  536 
band.  (15)  532 
classification,  (15)  532 
multiple-disc,  (15)  534 
shoe,  (15)  535 
elevator,  electric,  (15)  126 
friction,  heat  dissipation,  (3)  328 
hand,  common  type,  (16)  216 
lining,  (15)  81 
magnetic,  (5)  75,  79 
definition,  (24)  7052 
mechanical,  traveling  crane,  (15) 
82 

self-regulating,  power  measure- 
ments, (3)  326 

shoes,  location,  at  instant  of 
stopping,  (16)  216 
telphers,  (15)  239 
track,  (16)  239 

trains,  electric,  (16)  216  to  239 
vehicles,  electric,  (17)  11,  37,  85 
Braking,  derricks,  electric,  (15)  367 
dynamic.  (15)  83,  537  to  540,  (16) 
113  to  119 

electrio  elevators,  (15)  129 

motor  control,  (15)  84  • 


Braking — continued. 

emergency,  efficient,  (16)  211 
friction  coefficients,  tests  to 
determine,  (16)  204.  (she 
see  friction). 

locomotives,  coal  mining,  (15' 
302 

regenerative,  (see  brake* 
dynamic). 

trains,  electric.  (16)  32,  203  to  239 
inertia  effect  of  revolving  parti. 
(16)  60 
limit,  (16)  59 
rate  of,  (16)  34 

Breweries,  uae  of  osone.  (22)  IfT 
Brick,  crushing  strength.  (4)  401 
407 

manufacture,  day,  (15)  W 
clay  haulage,  (15)  398 
general  arrangements,  (15)  30! 
generating  plant,  private,  (15* 
404 

machines,  power  requiraneata, 
(15)  405  to  419 
motor  applications,  (15)  301  to 
419 

motor-drive.  (15)  40! 

voltage  of,  (15)  402 
pit  drainage,  (15)  399 
purchased  power.  (15)  463 
raw  materials,  (15)  392 
refractory  rocks,  (15)  395 
shale,  (15)  394 
silica  sands,  (15)  396 
stripping  and  digging.  (15) 


*33? 

manufacturing  plant.  (15)  400 
properties,  (4)  400  to  409 
Bridges,  Carey  Foster,  (3)  122 
Hoope’s  conductivity,  (3)  127 
Kelvin,  double,  (3)  123 
postoffice,  (3)  119 
slide-wire,  (3)  121 
Wheatstone,  (3)  118.  119 
theory,  (2)  30 

unbalanced,  equations,  (2)  31 
use.  (3)  120 

Brightness,  defining  equation,  (24) 
11012 

factor,  definition.  *24)  11037 

Briquettes,  definition.  (10)  126 

Broca,  galvanometers.  (3)  13 
Bronse,  composition.  (4)  132 
phosphor,  (4)  133 
properties  of,  (4)  132  to  137 
silicon,  (4)  134 
wires,  properties.  (4)  136 
Brooks*  deflection  potentiometer. 
(3)  54 

Brown  hest  meter.  (3)  345 
Brown  A Sharpe  wire  gage  (4)  13. 
(see  also  gages). 

Brush,  arc  generator,  (8)  207,  SOS 
regulator,  (8)  156,  209 
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rush,  brushes,  design,  d-o.  sr ma- 
tures, (8)  69 
d-c.,  machines,  (8)  8 
carbon,  current  density,  (8)  42 
summary  of  charaoteristice,  (4) 
155 

contact  drop,  various  materials, 
(24)  4341 

contact  resistance,  loss,  d-o. 
machine,  (8)  139 
variations,  (8)  38,  39 
copper-leaf,  current  density,  (8) 

current  density,  (8)  40 
friction  collector  rings,  determin- 
tion,  (24)  4338 

commutator,  determination, 
(24)  4338 

converters,  synchronous,  (9)  89 
d-c.  machines,  (8)  141 
railway  motors,  determina- 
tion. (24)  5338,  5339 
homopoliur  generator,  (8)  229 
holders,  temperature  limits,  (24) 
4109 

loss,  d-c.  machines,  test,  (8) 
259 

mounting,  d-o.  machines,  (8)  99 
shifting,  motor,  d-c.,  (8)  158 
temperature  limits,  (24)  4109 
tip,  current  density,  (8)  41 
tiidings,  brickwork,  costs,  (10) 
586 

concrete,  cost,  (10)  587 
costs.  (10)  598 

foundations,  materials  used,  (10) 
589 

hydraulic  power  plants,  (10)  704 

power  plants,  (10)  581  to  598 

sub-stations,  (11)  217 

itructural  steel,  costs,  (10)  588 

triring  layout,  (13)  101 

nkers,  coal,  (10)  149,  150,  685 

naen  cell,  (20)  21 

contrast  photometer,  (14)  269 

reau  of  Standards  resistance 

itandard.  (3)  112 

rgees  process,  iron  refining,  (19) 

520 

rns,  electric,  care  of,  (22)  4 
-toentgen  rays,  (22)  237 
s bars,  arrangement,  substations* 
(12)  56 

compartments,  (10)  875 
dimensions,  (10)  878 
tonnections,  (10)  777 
l-c.,  systems,  (12)  68 
louble,  power  plants,  (10)  768 
lupHcate  distribution,  (12)  67 
ligh-tension,  (11)  221 
substation,  (12)  81 
niniature,  (10)  832 
>ower  plant,  (10)  778,  869 
itructures,  cost,  (10)  876 


Bus  bars — continued, 
substations,  number  of  sets,  (12) 
74 

voltage  regulation,  (12)  67 
Bushings,  substations,  condenser 
type,  (11)  223 

Busier,  U.  S.  Army,  (22)  140 


Cable. 

aluminum,  hard-drawn  steel-core, 
table,  14)  88  (a) 
steel-core,  characteristics,  (4)  90 
tables.  (4)  88.  89 
branch  line  junction  boxes  (12) 
219 

capacity,  electrostatic,  (12)  44 
formulas,  (2)  115  to  119 
concentric,  definition,  (4)  55, 

(24)  9008 

pitch  or  lay,  (4)  57 
standard  stranding,  (4)  56, 
(24)  9401 

construction,  standards,  (24)  9400 
to  9406 

copper,  tables,  (4)  59,  62 

weather-proof,  properties,  (13) 
33 

copper-dad  steel,  tables,  (4)  105 
cost  per  1000  ft.  (11)  246 
current  carrying  capacity,  tables, 
(12)  47 

definition,  (24)  9004 
dielectric  constant,  (12)  45 
strength  tests,  (24)  9310  to 
9315 

distribution,  installation,  (12)  213 
underground,  reserve,  (12)  23 
duct  position,  selection,  (12)  211 
fibre-oored,  (13)  38 

current  carrying  capacities, 
(13)  39 

dimensions,  (13)  39 
field  distribution,  N -conductor, 
(2)  76 

flexible,  construction,  (24)  9402 
merchant  marine,  (22)  121 
stranding,  table,  905,  (24)9402 
galvanised  steel,  table,  (4)  397 
hemp-center,  (4)  60 

weight  of  copper  concen trio-lay, 
(4)  61 

high-tension,  common  types,  (11) 
207 

dielectric  loss,  (11)  212 
insulation,  essential  character- 
istics. (11)  208 

maximum  temperature,  (11) 
213 

transmission  system,  disadvan- 
tages, (11)  215 
voltage  testing,  (11)  214 
installations,  list,  (12)  214 
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Insulation,  (12)  206  (also  see 
Insulation) 

graded,  elastanoe  formulas,  (2) 
116 

rubber,  thickness  of,  (24)  0405 
temperature  maximum,  (24) 
9100 

interior  wiring.  (13)  22  to  40 
loin  ting,  (12)  216 
lay,  correction  for,  (24)  9403 
lead  sheathed,  cost,  (12)  229 
lines,  routing,  (12)  212 
mass  increase,  due  to  stranding, 
(4)  58 

messenger,  defihitioo,  (24)  6005 
multiple  conductor,  current  carry- 
ing oapacity,  (12)  50 
phantomed,  definition,  (24)  12009 
pole  terminals,  (12)  217 
quadded,  definition,  (24)  12009 
resistance  increase  due  to  strand- 
ing, (4)  58 

telephone  lines,  (21)  239 
rope-lay.  definition.  (24)  9009 
rubber  covered,  (13)  26 
single  conductor,  fixed  charges, 
formula,  (12)  227 
splicing.  (11)  195,  (12)  216 
standards,  A.  I.  E.  E.,  (24)  9000 
to  9406,  12059 
steel.  (4)  395  to  398 
skin  effect,  (4)  166 
steel  armored,  merchant  marine, 
(22)  122 

submarine,  (11)  206 
subway  junction  boxes,  (12)  218 
supports,  underground  distribu- 
tion. (12)  203 
telephone,  (21)  143  to  151 
aerial,  construction,  (21)  235 
table  of  properties,  (21)  147, 
148 

artificial,  transmission  tests, 
(21)  190 

bank,  definition,  (24)  12280 
bridal.  (21)  225 
composite,  (21)  149 
conductors,  (21)  143 
continuous  lengths,  limit,  (21) 
240 

core,  laying  up.  (21)  145 
electrolysis  of  lead  sheath, 
(21)  151 

insulation,  (21)  144 
lead-covered  interior,  (21)  50 
lengths  ordered,  (21)  249 
multiple,  definition.  (24)  12281 
phantom  circuits,  (21)  86,  150 
pulling  in,  (21)  250 
sheaths,  (21)  146 
splices,  (21)  241,  251 
twisted  pair,  (21)  50,  144,  24 2 
wool-insulated,  (21)  50 


temperature  of  conductors,  (12 

terminology,  (13)  22 

three  conductor,  fixed  chargs. 

formula,  (12)  228 
training  through  manholes.  1 12 
215 


(11)  206  to  216 
insulation,  thickness,  (12)  210 
underground,  (11)  206 

current  carrying  capacity.  (12} 
48 

fixed  charges,  (12)  224 
installation  of,  (11)  216 
types,  (12)  207 
weather-proof,  (13)  28 
Cadmium  refining,  (19)  223 
tests,  storage  batteries,  (20)  60 
Calcium  carbide,  general  data,  (19) 
129 

cyan  amide,  manufacture,  (19)  SB 
Callender,  recording  itanmak 

(3)  239 

Calorimeters,  Bcrtbelot,  (3)  382 
bomb,  (3)  392 
light,  (14)  287 
types  (3)  395 
Thomas  electric,  (10)  426 
throttling,  (10)  426 
Calorimetry,  boilers,  (10)  419 
Cambric,  varnished,  cable  insabtaoa, 

(4)  293,  (11)  210 
Canals,  design,  (10)  675 
Candle,  definition.  (24)  11008 

international,  definition.  (1)  83 
Candle-power  definition  sad  stand* 
sxds.  (24)  11009 
symbol  unit.  (1)  82 
deterioration,  treated  tar* 

bon-  filament,  (14)  40 
mean,  determination,  (14)  175 
spherical,  calculation.  (14)  ITS 
to  179 

sonal  constants.  (14)  176,  181 
metallic-electrode  are  lamps,  (HI 
110 

performance  curves,  lamp* 
treated  carbon-filament.  (14) 
39 

Caoutchouc,  composition,  (4)  330 
Capacitance  definition,  symbol,  uait, 
(1)57 

measurements,  (3)  254  to  266 
standards,  A.  1.  E.  E.  (34)  9330 
to  9334 

Capacity,  electric,  s-e,,  carrurta 
formulae,  (2)  241  to  247 
antenna,  calculations,  (21)  275 
condensers,  measurement.  (5 
172 

definition,  unit,  (1)  57 
formulas,  (2)  108.  113 
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Capacity — continued. 

measurements,  air  condensers, 
(3)  286 

specific  inductive,  (3)  264 
fringe  effect,  (3)  265 
mutual,  definition,  (2)  129 
partial,  definition,  (2)  139 
specific,  inductive,  symbol, 
unit,  (1)  59 

specific  inductive,  (2)  112 
susceptance,  (2)  242 
transmission  line,  formulas,  (2) 
120  to  124  . 

electrostatic(  cables,  (12)  44  f 
effect  on  line  drop  calculations, 
(12)  42 

factor  power  plants,  (10)  890 
electrolytic  condensers,  . charac- 
teristics, (6)  179,  180 
Capital,  definition,  (25)  14 
economic  discussion,  (25)  12  to  26 
Cape,  electrical  ammunition,  (22) 

Carbides,  calcium,  (19)  129 
Carbon,  are  lamps.  (14)  88  to  90 
(also  see  lamps), 
resistance  of,  (4)  156  o 
arc  welding  process,  (22)  45  to 
50  (also  see  welding), 
bisulpmde,  (19)  126 
brush,  characteristics.  (4)  155 
carbon-d  iozide  disruptive 
strength,  (4)  368 
cells,  (20)  27 

contacts,  resistance  of,  (4)  158 
electrodes,  properties  of,  (4)  159 
forms  of,  (4)  153 
can- retort,  heat  conductivity,  (19) 
84 

lamps,  characteristics,  (14)  33  to 
40,  (also  see  lampe). 
magnet  steel  (4)  227,  (also  see 
steel). 

properties  of,  (4)  153  to  159 
recorders,  (3)  402 
reducing  agent,  (19)  115 
refractories,  (19)  72 
resistance,  temperature  coeffi- 
cient. (4)  157 
resistivity,  (4)  154 
thermal,  (19)  105 
Carborundum,  refractories,  (19) 
76  to  79 

temperature  limit,  (19)  81 
'arey  Foe  ter  bridge,  (3)  122 
-ar,  cars,  bodies,  classification, 
(16)  249 

entrances  and  exits,  (16)  251 
railways  electric,  (16)  240  to 
255 

seat  arrangement,  (16)  250 
cable,  coal  oonveyors,  (10)  147 
coal  mine,  friction  of,  (15)  303 
double-deck,  (16)  255 


Car,  cars — continued, 
double-truck,  (16)  242 
gas-electric,  (16)  259 
motor,  (16)  258 

interurban,  arrangement,  (16)  254 
one-man  safety,  (16)  252 
self-propelled,  (16)  256  to  259 
classification,  (16)  256 
single-truck,  (16)  241 
storage-battery,  (16)  257,  (20) 

suburban,  city  service,  (16)  103 
extra  compartments,  (16)  253 
Cascade  converter,  definition,  (24) 
4011 

control,  motors,  induction,  (7) 
277  to  280 

Castner  process,  sodium  production, 
(19)  248 

Cathode  electroplating,  current 
density,  (19)  189 
Cations,  typical,  (19)  143 
Cells,  alkali-chlorine,  (19)  235,  236 
aluminum,  lightning  arrester,  (12) 
151 

properties,  (19)  247 
Balbach,  (19)  213 
Billeter-Leykam,  (19)  233 
carbon,  (20)  27 
Castner-Kellner,  (19)  230 
Clark,  (3)  43 
objections,  (3)  44 
dry,  (20)  29  to  44,  (also  see 
battery). 

application,  *(20)  33 
capacity,  (20)  39 
construction,  (20)  30 
internal  resistance,  (20)  31 
life,  (20)  34 

open-circuit  voltage,  (20)  32 
qualitative  tests,  (20)  37 
service  tests,  (20)  40 
shelf  teet,  (20)  36 
standard  sixes,  (20)  44 
temperature,  effect  of,  (20)  38 
tests.  (20)  35,  41  to  43 
electrolytic,  (19)  138 

chlorine-alkaline,  table,  (191 
236 

energy  equation,  (19)  140 
galvanic,  (19)  138 

energy  equation,  (19)  139 
hypochlorite,  table,  (19)  239 
Moebius,  (19)  214 
poles,  definition,  (20)  2 
primary,  (also  see  batteries), 
standard,  (3)  43  to  48,  (20)  28 
e.m.f.,  continuous,  compari- 
son, (3)  48 

Weston,  normal,  (3)  46 
types,  (3)  45 
unsaturated,  (3)  47 
Celluloid,  electrical  properties,  (4) 
318,  (5)  159 
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Cellulose,  'electrical  properties,  (4) 
281 

Cement,  manufacture,  materials, 
(15)  262 

Portland.  (15)  262  to  270 
power  requirements,  (15)  264 
proceed/!  IS}  268 
neat,  composition,  (4)  402 
Portland,  composition,  (4)  400 
testing,  standard  methods,  (4)  401 
Central-stations,  connected  load 
per  kw.  of  maximum  load,  (4)  06 
oost,  effect  of  transmisson  net- 
work. (35)01 

earnings,  monthly  variation,  (25) 
116 

typical.  (25)  118  to  127 
economics,  (25)  80  to  150 
bibliography,  (25)  150.  160 
factors  relating  to  territory  served 
by  system,  (25)  101  to  117 
relating  to  utilisation  of  invest- 
ment and  apparatus,  (25)  80 
to  100 

finances,  (25)  118 
groes  yearly  revenue,  (25)  02  to 
05,  101,  105 

intangible  value,  (25)  110 
load  factor,  yearly,  (25)  100 

maximum  per  capita,  (25)  103 
maximum  per  employe,  (25)  08 
losses,  kilowatt-hours,  (25)  00 


operating  expenses,  per  cent,  of 
groes  earnings,  .(25)  05 
operation  in  connection  with  ice 
plant.  (25)  121 

plant  cost  per  capita,  (25)  102 
transformer  capacity  per  kw.  of 
maximum  load,  (25)  07 

Centrifugal  pumps,  (see  pumps). 

Ceresin,  insulating  properties,  (4) 
353 

Chain  drive,  (23)  28  to  34 

Chalk,  heat  conductivity,  (10)  84 
electrical  properties,  (4)  255 

Chamberlain  and  Hookham  ampere- 
hour  meters,  (3)  231 

Charging  storage  batteries,  (17)  133 
to  159 

Charcoal,  heat  conductivity,  (10)  84 

Chassis,  tractors,  electric,  (17)  24 
trucks,  electric,  (17)  24 
vehicles,  eleetrio,  (17)  7, 8 
types, 

Chatterton*s  rubber  compound,  (4) 
338 

Chemioal  energy,  relation  to  heat, 
(19)  38  to  43 

Chesy's  formula,  water  flow,  (10) 
625 

Chimneys,  (10)  01  to  104 
brick,  (10)  08 
cost,  (10)  102 
foundation,  (10)  101 

(Mersttoas  «s  to  imOoH 


(19) 

(»] 


concrete,  coat,  (10)  103 
reinforced,  (10)  100 
damper  regulators, 

(10)  80 
design,  (10)  01  to  104 
draft,  basis,  (10)  01 
formula,  (10)  02 
required.  (10)  03 
total.  (10)  05 

flue  area,  calculations,  (10)  3S 
flue  gas,  (see  flue  gas), 
material.  U0)  07 
stack  capacity,  (10)  06 
steel.  (10)  00 
costs.  (10)  104 
uptakes,  calculations,  (10)  34 
Chlorate,  (10)  241 
Chlorine,  anc 
229 

electrochemical  equivalent, 

170 

electrolytic  uses.  (10)  238 
potential,  electric,  (10)  175 
Choke  ooils,  (see  arresters). 

substation,  installation.  (11)  2V 
Chrome,  magnet  steel,  (4)  220 
chemical  analysis,  (4)  230 
steel,  (4)  388 

Chromic-acid  cell.  (20)  22.  23 
Chromium,  nickel,  alloy,  (4)  152 
refining,  (10)  224 
Chronographs,  i.3)  335 
Circle  diagram,  (2)  177, 178,  (7) 
motors,  induction.  (7)  200  to 
generators,  induction  (7)  223, 
Circuit,  circuits,  alternating 
rent,  calculations,  (2)  151  to 
capacity  calculations,  (2)  ti 

circle  diagram,  (2)  177, 178 
complex  imaginary  quantiles. 
(2)  184 

current  components,  (2)  141 
design,  (12)  28 
effective  resistance.  (3)  144 
e.m.f.  components,  (2)  155, 15# 
energy  measurement,  (3)  207. 
208 

higher  harmonies,  (2)  230 
impedance  measurements,  (Ji 
148 

inductanoe  factors,  (12)  32 
networks  of  conductors,  sqm* 
tions,  (2)  188 
ohms,  law,  (2)  165 
phase  compensation  (2)  179 
polyphase,  power  imacnrr 
menta,  (3)  171  to  177 
power  factor  measurement!. 
(3)  182 

balanced,  (2)  215 
symmetry,  (2)  214 
transformation,  (2)  213 
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Circuit,  circuits — continued, 
power  equations,  (2)  189 
reactance  drop,  calculation, 
(12)  30 

measurements,  (3)  148 
resistance  and  condensance 
parallel  connection,  (2)  170 
drop,  calculation,  (12)  30 
factors,  (12)  32 
ring  connection  (2)  217 
secondary,  grounding,  (13)  128 
series-parallel,  calculations,  (2) 
176 

single  phase,  charging  current, 
(12)  43 

power  measurement,  (3)  170 
power  factor  measurement, 
(2)  181 

star  connection,  (2)  217 
three  phase,  star-and-delta  con- 
nection, (2)  218 
two  phase,  star-and-ring  con- 
nections, (2)  219 
three  wire  system,  (2)  220 
unbalanced,  (2)  225  to  232 
unbalanced,  star-connected,  (2) 
226 

vector  diagrams,  (2)  164 
wiring  calculations,  (13)  76,  79 
to  86 

armature,  elementary,  (8)  7 
auxiliary,  power  plants,  (10)  770 
continuous-current,  (2)  19 
definitions,  (24)  3304  to  3352 
dielectric,  (2)  106 
direct-current,  design,  (12)  26 
three  wire,  calculations,  (12) 
27,  (13)  75 

two-wire,  calculations,  (13)  74 
voltage  dr  op,  calculations,  (12)26 
distribution,  design,  (12)  24  to  50 
multiple,  (12)  15 
senes,  (12)  14 
types.  (12)  14  to  24 
electric,  and  magnetic,  (2)  1 to  248 
interlinkage,  (2)  42 
e.m.f.  reactive,  (2)  163 
resultant,  (2)  156 
equivalent,  motors,  induction, 
{7)  175,  199 

senes  and  parallel  combina- 
tions, (2)  175 
single  phase,  (2)  224 
star,  and  mesh,  equations.  (21) 
thirty-four  fire-alarm  iine,  (21) 
136 

heavy  current,  energy  measure- 
ment, (3)  200 
high-frequency,  (21)  264 

resistances,  small  equivalent, 
(21)  319 

inductance,  coefficient,  (3)  240 
insulation  resistance  measure- 
ments, (3)  138 


Circuit,  oir  ouits — continued . 
iron,  inductance  measurements. 
(3)  252 

high  voltage,  power  measure- 
ments, (3)  178 

lighting,  merchant  marine,  (22)  99 
voltage  drop  allowable,  (13)  66 
load  center,  (13)  66 
magnetic,  (2)  1 to  248 
ampere-turns,  calculations  for 
generators,  (7)  39 
a-c.,  generators,  (7)  35  to  42 
calculations,  (2)  55 
definition,  (2)  43 
d-c.  machines,  approximate  di- 
mensions, (8)  89 
design,  (8)  73 
energy  stored,  (5)  35 
iron  and  air,  (2)  50 
laminations,  (5)  83 
principle  of  virtual  displace- 
ment, (2)  66 

Maxwell's  solution,  (2)  33 
merchant  marine  practice,  (22) 
104 

motor,  ooal  mines,  (15)  289  to  292 
voltage  drop  allowable,  (13)  67 
wiring,  (13)  103 
non-osculatory,  (2)  145 
oscillatory,  (2)  146 
radiotelegraphy,  coupled,  (21)  267 
high-frequency  resistance,  (21) 
318 

receiving,  (21)  299  to  302 
receiving,  types,  (21)  302 
series-parallel,  formula  (2)  25 
telegraph,  definitions  and  stand- 
ards, (24)  12000  to  12519 
telephone,  common-battery  switch 
boards;  (21)  54,  56 
cord,  wiring  of,  (21)  44 
definitions  and  standards,  (24) 
12000  to  12619 
phantom.  (21)  81  to  87 
ter  harmonium,  (22)  283 
track,  railway  signal,  (16)  392  to 
403 


trolley  wire,  resistance  of,  (16) 
302,  303 

three-wire,  energy  measurements, 
(3)  199 

three-wire,  grounding  neutral, 
(13)  127 

uniformly  distributed  properties, 
equations,  (2)  233  to  240 
wiring,  interior,  calculations,  (13) 
54  to  62,  69 

Circuit-breakers,  automatic,  current 
rating,  (10)  784 
cost,  (10)  787 
definition,  (24)  7005 
distribution  systems,  use,  (12)  140 
heat  tests,  definition,  (24)  7301 
multiple  pole,  (10)  786 
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Circuit-breakers  continued. 

oiL  UO)  806 

breaking  capacity,  (10)  812 
ratincTTlO)  807 
temperature  rise,  (10)  807 
operating  mechaniam,  (12)  141 
operation,  (10)  785 
overload,  armature  speed  con- 
trollers, (5)  200 

railway  motors,  with  drum  con- 
trollero.  (16)  153 
rating,  definition,  (24)  7201 
remote  control,  (10)  785 
spare,  power  plants,  (10)  769 
temperature  limits,  (24)  7101 
Circular-loom,  dimensions,  (13)  14 
Circular  mil.  definition,  (24)  9032 
Clamps,  anchorage,  (11)  186 
suspension  strain,  (11)  186 
Clark, cell,  (3)  43,  (20)  28 
objections  to,  (3)  44 
Clark’s  rubber  compound,  (4)  339 
Claus  process,  tin,  refining,  (19)  221 
Cleaning  solutions  for  electroplating, 
(19)  191 

Clay,  brick  manufacture,  (15)  393 
haulage,  (15)  898  ^ ^ _ 

tile,  crushing  strength,  (4)  408 
Clement  automatic  telephone  sys- 
tem, (21)  74  , 

Cloth,  impregnated,  insulating  prop- 
erties, (4)  295 
mica,  insulation,  (4)  298 
oiled,  insulating  properties,  (4) 
294 

varnished,  insulating  properties, 
(4)  293 

Clutohes,  magnetic,  (5)  75 
Coal  analysis,  (3)  388,  (10)  424 
analysis,  details  of  manipulation, 
(3)  389 

proximate,  procedure,  (3)  393 
reports,  (3)  397 
anthracite,  costs,  (10)  130 
definition,  (10)  14 
draft  required,  (10)  178 
gasification,  (10)  449 
Lind  stoking,  (10)  70 
bituminous,  combustion  phasee, 
(10)  62 

costs.  (10)  130 
definition,  (10)  116 
destructive  distillation,  (10) 
445,  455,  456 
draft  required,  (10)  77 
induced,  (10)  109 
hand-fired.  (10)  71 
bunkers,  (10)  149 

construction,  (10)  150 
large  power  plants,  (10)  585 
calormo  te*t,  (10)  424 
combustion, -air  required,  (10)  79 
conveieion  into  electricity,  loss 
analysis,  (10)  911 


Coal — continued, 
conveyors.  (10)  142 
crushers,  (10)  141 
delivery,  (10)  139 
docks,  power  requirements,  (151 


(10) 


handling,  (10)  139  to  162 
machinery,  depreciatioi 
898 

motor  applications.  (15)  213 
to  233,  (also  see  maefeis- 
ery) 

hoppers,  (10)  151 
meter,  (10)  154 
mineral,  calorific  value,  (10)  119 
mines,  auxiliary  power.  (15)  281 
bibliography,  (15)  309 
car  friction,  (15)  303 
compressor  motors,  (15)  293 
energy  supply,  (15)  286  to  288 
generators,  choice,  (15)  284 
rating,  (15)  287 
haulage  and  hoisting,  (15}  380 
lighting  circuits,  (15)  292 
locomotives,  (15)  299  to  304. 
(also  see  locomotives) 
haulage  and  gathering.  (15 
299 

storage  battery,  (15)  308 
use  of  electric  nek,  (15)  308 
use  of  traction  reels.  (15)  307 
baling  machines,  (15)  298(e) 

• machines  (15)  283.  298 
motors,  ventilation,  (15)  297 
pumping,  (15)  296 
motor  circuits,  costs,  (15)  291 
construction  methods,  (15) 
291 


diversity  in  peak  k 
lations,  (15)  290 
voltage  drop  permissible,  (15) 
289  , 

purchased  energy,  design  sad 
advantage  of.  (15)  288 
pumping,  (^15)  281  . 

rails,  selection  of  proper  weagst 
(15)  304 

safety  specifications,  (15)  285 
ventilation  systems.  (15)  282 
mining  machinery,  motor  applica- 
tion. (15)  280  to  309 
properties,  various  beds,  (10)  II* 
sampling.  (3)  390  (10)  423 
semi-anthracite,  definition, 

115* 

semi-bituminous,  (10)  115 
spouting,  (10)  155 
storage,  (10),  148 
stokers,  oost,  (10)  74 
unloading.  (10)  140 
weighing,  (10)  152 

automatic  scales,  (10)  153 
Cobalt,  refining,  (19)  224 
Coercive  force,  (2)  90 


(10) 
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Colls,  ttilihe«^CompuM 


Coils,  bal&noe.  (6)  183,  184 
choke,  classification,  (6)  300 
ooet,  (10)  868 

lightning  arresters,  (10)  852 
mounting,  (11)  220 
dead,  armature  windings,  defini- 
tion, (8)  25 

field,  electric  vehicle  motors,  (17) 
88 

heat,  telephone,  (21)  150 
impedanoe,  telephone  phantom  cir- 
cuits, (21)  87 

inductance,  telephone,  (21)  103 
induction  construction  (5)  105  to 
111,  (also  see  induction  coils), 
telephone,  (21)  10 
repeating,  telephone,  (21)  $7,  87 
retardation,  telephone,  (21)  57 
k>ke,  definition,  (10)  117 
Collector  rings,  brash  friction,  de- 
termination, (24)  4338 
temperature  limits,  (24)  4106 
Colliers,  description,  (18)  52 
United  States  Navy,  data  of  three, 
(18)  53 

fclor,  (14)  222 
blindness,  partial,  (14)  257 
contrast,  (14)  230 
filters,  (14)  290 

values,  incandescent  lamps,  (14) 
27 

sensations.  (14)  208 
olorimeters,  (14)  287 
olumbia,  watt-hour  meter,  (3)  198, 
206 

olumns,  concrete,  (23)  24 
des^n  formulas,  discussion,  (23) 

gyration,  radius  of,  (23)  19 

mechanical  properties,  (23)  18  to 
24 

slenderness,  ratio  of,  (23)  20 
steel,  formulas,  (23)  21 

stresses,  allowable  unit,  (23)  21 
stresses,  combination  of  compres- 
sion and  bending,  (23)  22 

wooden,  (23)  23 

unit  working  stresses,  table, 
(23)23 

>mbu8tion,  air  required,  (10)  79 
oituminus  coal.  (10)  62 
efficient,  requirements,  (10)  63 
excess  air,  (10)  23 
incomplete,  (10)  27 
principles.  (10)  61 
rate,  hand  fires,  (10)  76 
>m  mutating  machines,  definitions, 
(24)  4016  to  4108. 

>mmutation  brush,  shifting,  effect 
of.  (8)  47 

contact  resistance,  (8)  38,  39 
converters,  synchronous,  (9)  15 
82 

compensating  windings,  (8)  58 


Commutation— continued, 
compound  machine,  (8)  50 
d-o.  machines,  (8)  36  to  58,  250 
dynamotor,  (9)  128 
flashing  over,  (8)  57 
interpoles,  design  and  effect,  (8) 
51  to  56 

limitations,  electric  machines 
(24)  4251 
perfect,  (8)  37 

reaotanoe  voltage,  brush  aro 
effect.  (8)  46 
definition,  (8)  43 
effect  of  windings,  (8)  44 
formula,  (8)  45  . 
limits,  (8)  49 
resistance  method.  (8)  36 
series  machine,  (8)  50 
shunt  machine,  (8)  50 
slots  per  pole,  number  of,  (8)  48 
sparkless,  current  density,  (8)  40 
Commutator,  brush  friction,  deter- 
mination, (24)  4338 
cooling,  converters,  synchronous, 
(9)  41 

design,  converters,  synchronous. 
(9)  40 

d-c.  machines,  (8)  8 
diameter,  determination,  (8)  68 
heating,  (8)  127 

segments,  d-c.  machines,  (8)  97 
insulation.  (8)  112 
number,  determination,  (8)  23 
synchronous,  (3)  38 
temperature  limits,  (24)  4107 
Compasses,  (22)  294  to  317 
gyro,  action  at  any  latitude,  (22) 
306 

ballistic  deviation,  (22)  309 
compensations,  (22)  313 
damping,  (22)  311 
definition,  (22)  296 
deviation,  speed  and  latitude, 
(22)  308 

fixity  of  plane,  (22)  302 
mechanical  details,  (22)  312 
operating  characteristics,  (22) 
316 

precession,  (22)  303 
principles,  (22)  301 
repeating  system,  (22)  314 
rotation,  correction  for  vertical 
component,  (22)  307 
simple,  (22)  304 

action  on  equator.  (22)  305 
suspension,  methods  of,  (22) 
310 

typical  equipment,  (22)  315 
magnetic,  construction  (22)  297 
definition,  (22)  295 
deviation,  (22)  300 
source  of  error,  (22)  298 
variation,  (22)  299 
Mariner’s  (22)  294 
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Compensator,  d-c.,  definition,  (24) 
4006 

line-drops,  (6)  201,  (12)  87 

General  Electric,  (12)  80 
highest  accuracy,  (6)  203 
setting  calculations,  (12)  00 
to  92 

theory,  (6)  202 
WeBtmgnouse,  (12)  88 
starting,  induction  motors,  (7)  180 
Complex  imaginary  quantities,  (2) 

Compressive  strength,  (see  name 
of  material). 

Compressors,  air,  (15)  174  to  192 
advantage  of  electrical  driven, 
(16)  294 

belt-drive  (15)  185 
short,  (15)  186 

belted  vs.  direct-connected,  (15) 
181 

direct-connected,  advantages, 
(15)  183 
test  of.  (15)  180 
discharge  formula,  (15)  176 
measurement,  (15)  175 
regulation,  (15)  187 
efficiency,  (15)  177 
load  factor,  (15)  190 
motor  applications,  (15)  174 
to  192 

motors,  coal  mine,  (15)  293 
power  required  calculation,  (15) 
182 

regulation  by  clearance  control, 
(15)  188 

use  of  an  unloading  valve, 
(15)  189 
rating,  (15)  174 
starting,  (15)  191 

and  stopping,  automatic, 
(15)  192 

synchronous  motor  drive,  use 
of  flywheels  with,  (15)  184 
two-stage.  (15)  178 
ammonia,  standard  rating,  (15) 
315 

Conant  bond  teeter,  (3)  131  # . 

Concentration,  equivalent-ionic, 
(19)  149 

tables,  (19)  155,  156 
Concrete  beams,  reinforced,  (see 
beams). 

columns,  (23)  24 
crushing  strength,  (4)  403 
electrolysis,  (16)  462  to  464 
properties,  (4)  400  to  409 
poles,  reinforced,  (21)  211 
stresses.  (11)  129 
quantity  mixing,  (10)  591 
weight,  (4)  404 

Condensance,  definition,  (2)  15 8 
Condensation,  cylinder,  steam  en- 
gines, (10)  191 


Condensers,  definition.  (3)  255 

electric  (5)  155  to  184 

air,  capacitance  measurements 

(3)  266 

bibliography,  (5)  184 
oapamtym^saranents,  (5)  172 
charge,  absorption.  (5)  143 
J -tt7(5>  164 


connections,  capacitance  for- 
mulas. (3)256 
series  and  parallel,  fonsuk 
(2)  110 

dielectrics,  properties,  table.  (SI 
150 

effect  on  induction  eoik,  (5)  139 
energy  capacity,  formula,  (2 
127 

stored,  (5)  157  ~ 
glass,  (5)  164 
losses,  internal.  (5)  161 
leakage,  (5)  161 
mica,  (5)  165.  171 
paper,  (5)  166 
rating,  (5)  173 
plate,  (5)  156  to  174 

dimensions,  cslmlstins  (5) 
160 

limits  of  sise,  (5)  156 
types,  (5)  156 
power  factor,  (5)  162 
properties,  (5)  155 
rolled.  (5)  156 

sixes  used  with  inductkm  earn. 
(5)  169,  174 

static,  power  factor  correedos. 
(5)  170 

standards,  (3)  257 
synchronous,  (7)  319,  320 
definition.  (24)  4015 
temperature  effects,  tables,  (a) 

telephone,  rating  and  sixes,  (S' 
168,  (21)  30 
types,  (5)  155 
voltage  limits,  (5)  158 
electrol^tio,  (5)  175  to  183.  (19’ 

a-c.  circuits,  (5)  182 
capacity  characteristics,  (5)  179 
reversed  currents.  (5)  180 
critical  voltage,  (5)  176,  177 
elements,  (5)  175 
energy  losses,  (5)  183 
gas  producers,  (10)  469  to  474 
manufacture,  (5)  181 
valve,  effect,  (5)  178 
steam.  (10)  275  to  303.  431 
sir  removal,  (10)  276 
atmospheric,  (10)  283 
auxiliaries,  power  required,  (U'i 
293 

barometric  type,  (10)  279 
circulating  water  quantity.  (10) 
284 
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Condensers — continued. 

condensate  water  rolume,  (10) 
277 

condensing  water,  dirty,  use, 
(10)  200 

coohng  towers,  (10)  208 
costs,  (10)  303 
eductor  type,  (10)  280 
equipment,  operation,  (10)  200 
jet,  (10)  270 

circulating  water  quantity, 
(10)287 

properties,  (10)  285 
rotary.  (10)  281 
piping,  (10)  302 
properties,  table,  (10)  288 
pumps,  (10)  202 
vacuum,  (10)  208 
screens,  (10)  201 
shutting  down,  (10)  801 
siphon  type,  (10)  280 
starting,  (10)  300 
surface.  (10)  282 

circulating  water  quantity, 
(10)  280 

performance  tests,  (10)  205 
properties,  (10)  286 
thermodynamics,  (10)  275 
types,  (10)  278 

vacuum  obtainable,  (10)  207 
Condensite,  electrical  properties,  (4) 
310 

Condensive  load,  definition,  -(24) 
3410 

Conductance,  cylindrical  conductors 
formula,  (2)  20 

definition,  symbol,  unit,  (1)  54, 
67 

dielectric,  definition,  (2)  187 
parallel  connection,  equation,  (2) 
23 

series  connection,  equation,  (2)  22 
parallel  circuits  formula,  (2)  25 
simple  rule,  formula,  (2)  24 
Conduction,  chemical  composition, 
effect  of,  (4)  8 

current,  electrionio  theory,  (2)  15 
electric,  definition,  (4)  1 

gaseous,  definition,  (4)  4 
eat,  (22)  22,  (also  see  heat), 
armature  core,  (8)  121 
losses,  electric  furnaoes,  (10)  67 
liquid,  definition,  (4)  8 
losses,  tungsten-filament  lamps, 
(14)  62 

mechanical  treatment,  effect  of, 
(4)  9 

solid,  definition,  (4)  2 - 

temperature,  effect  of,  (4)  6 
theory,  (4)  5 

Conductivity,  copper,  hard-drawn, 
(4)  53 

impurities,  effect  of,  (4)  68,  64 
per  cent,  calculation,  (4)  45 


Conductivity — continued, 
electric,  definition,  symbol,  unit, 
(1)  55 

electrolytes,  measurements,  (19) 
158 

electrolytic,  equivalent,  (19)  152 
to  157 

relation  to  mobility,  (19)  147 
heat,  definition,  (1)  90,  (3)  385 
transformer  coils,  (6)  73 
various  refractories,  (19)  86 
substances,  (19)  84 
Hoope’s  bridge,  (3)  127 
measurements,  (3)  124 
methods,  (3)  126 

salt  solutions  for  rheostats,  (5) 
228 

standard,  (3)  125 
thermal,  (19)  83 
aluminum,  (4)  98 
copper,  (4)  75 

different  substances,  (22)  24 
iron,  (4)  131 

various  insulating  materials, 
(4)  869 

third-rails,  (16)  338 
Conductor,  conductors,  cable,  fixed 
charges  formula.  (12)  227,  228 
oonoentrie  strand,  definition  and 
characteristics,  (4)  55 
current  carrying  capacity,  (12)  46 
current,  definition,  (2)  14 
definition,  (2)  14,  (4)  1,  (24)  9001 
distribution  systems  costs, 
formula,  (12)  225 
costs,  summary  (12)  284 
economical  sise,  (13)  220 
calculation,  (12)  235 
electric,  distinction  between 
classes,  (19)  136 
flexible  steel-armored,  (13)  20 
cost  per  ft.,  (13)  115 
insulated,  specifications.  (13)  23 
iron,  inductance,  formula,  (2)  78 
main  and  control,  battery  charg- 
ing, (17)  179 

materials,  bibliography,  (4)  167 
choice  of,  (11)  237 
comparison  on  basis  of  equal 
conductance,  (11)  63 
properties  of,  (4)  1 to  167,  (11) 
109 

networks,  equations,  (2)  188 
Maxwell's  solution,  (2)  33 
solution,  (2)  32 
non-,  definition.  (4)  1 
oiled-cloth  insulation,  (18)  40 
resistance,  measurements,  (3)  115, 
(also  see  resistance), 
sag  table,  distribution  system, 
(12)  183 

sise  determination,  (13)  64,  90,  91 
skin  effect,  (4)  160  to  166 
slow-burning,  (13)  29;  84,  35 
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Conductor,  oonduoton — continued, 
split,  definition,  (24)  9019 
■trended,  definition,  (24)  9002 
inductance,  formula,  (2)  79 
telephone,  cables.  (21)  143 
properties,  (21)  180 
transmission-line,  calculations, 
(11)8 

choice  of  sise,  (11)  238 
construction,  (11)  193  to  205 
design,  (11)  61 
sise  determination,  (11)  64 
spacing,  (11)  142 
stringing,  (11)  193 
tie  wires,  use  of,  (11)  184 
wrighted,  (11)  143 
▼arnished  cambric  insulation, 
(13)  40 

wiring,  economy,  (13)  88 
Conduit,  cost  of  pulling  wire,  (13) 
116 

duet,  forms,  (12)  200 
ducts,  cost,  (12)  204 
fixed  charges,  (12)  224 
flexible,  merchant  marine,  (22) 
121 

metallic,  (13)  18 
installation.  (12)  201 
cost  per  ft.,  (13)  122 
estimated  costs,  (13)  114 
iron,  wire  for  use  in,  (18)  17 
fittings  for.  (13)  16 
wiring  of,  (13)  15 
laying  out,  (12)  198 
manholes,  (12)  199 

cable  supports,  (12)  203 
construction,  (12)  202 
cost,  (12)  205,  206 
merchant  marine,  (22)  120 
metal,  grounded,  (18)  129 
standard  rises,  table,  (13)  19 
telephone,  duets,  (21).  246 
standard  construction,  (21)  247 
underground  construction,  (21) 
245 

distribution  systems,  (12)  194 
to  219 

Consonance,  definition,  (2)  183 
Contactors,  a-e.,  (15)  612 
definition,  (24)  7006 
magnetic,  temperature  limits, 
(24)  7102 

tests,  heat.  (24)  7302 
Continental,  gas  engines,  table  of 
weights,  (18)  28 
telegraph  alphabet,  (21)  90 
Contracts,  engineering,  definition, 
(22)  328 

engineering,  bibliography,  (22) 

_ 330 

Control,  resistors.  (17)  122 

vehicles,  electric,  (17)  108  to  123 
continuous-torque  operation, 
(17)  117 

(Bef sconces  ars  to  sections  ;< 
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Control — non  tinned. 

double-motor,  (17)  121 
single-motor,  (17)  119 
apparatus,  standards.  (24)  7000 
to  7375 

Controllers,  automatic  multiple  unit 
(16)  161 

electric,  definition,  (24)  7007 
heavy  duty,  coal  and  ore  handlist 
machinery,  (15)  219 
industrial  trucks  and  tractor*. 
(17)  82.  120 

motor,  merchant  marine.  (22)  106 
railway  motors.  General  Electric 
cam.  (16)  165  to  170 
contactor,  (16)  155  to  164 
line  circuit  breaker*  with  iron, 
(16)  163 

senes-paraUeL  (16)  152 
truck,  electric,  (17)  40 
vehicles,  electric  passenger,  (17) 
17.  113 

angular  travel.  (17)  115 
drum  type.  (17)  112,  116 
general  features,  (17)  111 
typical  connections,  (17)  1U 
various  speed  notches,  (17)  114 
Convection,  heat  laws,  (10)  3,  (22) 
20 

Converter,  converters,  (9)  1 to  138 
bibliography,  (9)  139 
booster,  types.  (9)  21 
cascade,  definition.  (24)  4011 
definition,  (24)  4008 
d-o.,  (9)  118  to  125 
applications,  (9)  125 
armature  currents,  (9)  119 
C.  M.  B.  autoconverter,  (9)  124 
definition,  (24)  4009 
Dettmar  ana  Rothbert  ms- 
chine.  (9)  123 
rating,  (9)  120 
reactance  coil,  raring,  (9)  122 
split  pole  machines,  (9)  123, 
124 

theory,  (9)  118 
voltage  control.  (9)  121 
frequency,  definition.  (24)  4012 
regulation,  definition,  (24) 
4098 

inverted,  (9)  95  to  102 
ar-c.  voltage  control,  (9)  98 
applications.  (9)  102 
internal  action,  (9)  96 
overspeeding,  correction.  (9) 

overspeeding,  protection,  (i) 
101 

shunt,  (9)  99 

speed  characteristics,  (9)  97 
motor.  (9)  103  to  117 
applications,  (9)  107 
armature  current,  (9)  109 
loss,  (9)  110 
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Converter,  converters — oontinued . 
commutating  pole  type,  (9)  117 
costs.  (9)  113 
definition,  (9)  103 
efficiency,  (9)  114 
equations,  (9)  108 
heating,  (9)  109 
power  factor,  (9)  111 
rotor,  (9)  105 
sise.  (9)  118 
starting,  (9)  115 
starting  resistance,  (9)  104 
structure,  (9)  103 
three  wire,  d-c.,  (9)  116 
transformers,  use  of,  (9)  106 
voltage  oontrol,  (9)  112 
regulation,  definition.  (24)  4098 

rotar&J}  *ro<iuency  c“ftn*eP#*  (7) 

Ehase,  definition,  (24)  4013 
t-pole  type,  voltage  regula- 
' tion,  (12)  68 
synchronous,  (7)  334 

a-c.,  supply,  interruption,  (9) 
78,  79 

motor,  starting,  (9)  70 
self  starting,  (1)  66 
starting,  (9)  68 
25  cycle  vs.  60  cycle,  (9)  37 
applications,  general,  (9)  56  to 

armature  currents,  (9)  8,  10 
equaliser  connections,  (9)  42 
reaction.  (9)  14 
bibliography,  (9)  139 
booster,  (9)  20  to  22  « 

losses,  (9)  49 
bucking*  (9)  83 

brush  friction,  determination, 
(9)  89  ' 

capacity,  overload,  (9)  47 
characteristics,  (9)  45  to  54 
commutating  pole,  saturation 
test.  (9)  93 

commutation,  (9)  15,  82 
commutator,  cooling,  (9)  41 
design,  (9)  40 
comparison,  (9)  37 
compound,  application,  (16) 
367 

d-c.  voltage  regulation,  (9) 
25.  26 

power  factor  and  load  varia- 
tion, (9)  27,  28 
reactance,  (9)  29 
compounding,  automatic,  (9) 

control,  d-c.  voltage.  (9)  17 
a-c.  voltage,  (9)  18 
cooling,  (9)  44 

core-loes,  determination,  (9)  89 
current,  effect  of  diminishing, 
power  factor,  (9)  11 
starting,  (12)  69 
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Converter,  converters — oontinued. 
ourrent-ratio,  actual,  (9)  7 
approximate,  table,  (9)  6 
effective  to  external  direct 
current,  (9)  9 
theoretical,  (9)  5 
design,  general,  (9)  36  to  44 
d-c.  starting,  (9)  69 
definition,  (24)  4010 
excitation,  (9)  2 
efficiencies,  (12)  63 
determination,  (9)  94 
tables,  (9)  38.  39 
electric  railway  substations,  (16) 
366 

energy  supply,  interruption. 
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field  break-up  switch,  (9)  66 
first  cost^(lZ)  63 
floor  space,  (12)  63 
friction  and  windage,  deter- 
mination, (9)  89 
generators,  d-c.,  similarity,  (9) 
30 

heating,  (9)  8,  46 
effect  of  compounding,  (9) 
24 

hoist  balancing  system,  (15) 
104,  105 
hunting  (9)  51 
elimination,  (9)  52 
load  division,  d-c.  side,  (9)  75 
study.  (9)  76,  77 
losses.  (9)  12.  48 
operation,  (9)  65  to  84 
parallel  operation,  (9)  74 
polarity,  determination,  (9)  87 
protection,  commutating  poles 
type,  (9)  80 
high  voltage,  (9)  81 
low  voltage,  (9)  80 
rating,  affect  of  losses.  (9)  13 
ratio  of  conversion,  (16)  371 
regulating  transformer,  (9)  19 
relation  between  power  factor 
and  field  excitation,  (9)  16 
resistance  measurements,  (9) 
86 

saturation,  determination,  (9) 
89 

self  starting,  (9)  65  to  84 
reversal  of  polarity,  (9)  68 
series-field  switch,  (9)  67 
short  circuits,  protection,  (9)  84 
shunt,  application.  (16)  368 
single  phase,  starting,  (9)  71 
speed  limiting  devices,  (9)  54, 
(12)  145 
tables.  (9)  38.  39 
split  pole,  action  of,  (9)  31 
losses,  (9)  50 
types,  (9)  32 

starting.  (9)  65  to  73,  (12)  69 
<16)  369 
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Converter,  converters — continued. 

methods,  comparison,  (9)  73 
testa.  (9)  90 
substation,  (12)  65 
synchronizing,  (9)  72 
temperature,  testa,  (9)  92 
testing,  (9)  85  to  94 
tests  made,  (9)  85 
theory,  general,  (9)  1 to  35 
transformer  connections,  (9)  35 
voltage  control,  (9)  30,  33, 
voltage  control,  d-c.,  booster, 
(9)  34 

ratio,  (9)  3,  4.  88 
regulation,  tests,  (9)  91,  (12) 
67 

vs.  motor-generating  sets 
(9)  55  to  64 

weights,  tables,  (9)  38,  39 
windings,  damper,  (9)  43 
Conveyors,  belt,  (10)  143 

power  required,  (10)  156,  (15) 
224 

bucket,  (10)  144 

power  required,  (10)  158 
coal,  classification,  (10)  142 
comparison,  (10)  146 
costs,  (10)  162 

helical,  power  required,  (10)  160 
reciprocating,  (10)  142 
scraper,  (10)  142 
scraper,  power  re<piired,  (10)  155 
screw,  power  required,  (10)  160 
suction,  (10)  145 
typical  combinations,  (10)  161 
Cooking,  electric,  (22)  11  to  39 
Cooling,  armature  core,  (8)  121 
axial  system,  (7)  136 
circumferential  system,  (7)  135 
closed  circuit  system,  (7)  136 
ooils,  calculations,  (6)  75 
drc.,  machines,  (8)  116  to  132 
armature  windings,  tempera- 
ture gradient,  (8)  126 
curves,  (8)  117 

flux  density,  effect  of,  (8)  118, 
122 

forced  ventilation,  (8)  132 
insulation,  permissible  tempera- 
ture rise,  (8)  119 
peripheral  velocity,  effect  of, 
(8)  122 

speed,  effect  of,  (8)  118 
electrodes,  rectifiers,  C6)  293 

fluid,  heat  transfer,  (6)  61 

physical  characteristics,  (6)  60 
generators,  air  required,  (10)  731 
machines,  standards,  (24)  2213 
medium,  ambient  temperature, 
correction  for  deviation,  (24) 
2311 

radial  system,  (7)  133,  134 

reactors,  (6)  263 

power  hunting,  (6)  268 


rotor,  (7)  131 
stator,  (7)  130 
synchronous  msduws,  ionet, 
_ (7)  132 

alow  and  medium  speed,  (7)  U9 
towers,  coodenaera,  (10\  Eft 
evaporation,  (10)  298 
tranaformere,  (6)  34.  54  to  77 
air-fc>Ist®fc  method,  (6)  64 
by  cond  uction,  (6)  55 
by  convection,  (6)  58 
coils,  (a>  72 

•oale  formation,  (6)  243 
convection,  (6)  68 
effect  of  insulation,  (6)  53 
affect  on  design,  (6)  61 
efficiency  tests.  (6)  219 
forced  oaf,  (6)  66.  (10)  84 6 
methods.  (6)54 
oil.  artificial.  (6)  65 
oxl-uxsolated,  (6)  63,  69 
equations,  (6)  74 
- types.  (6)  70 
quantity  of  medium,  (6)  140 
radiation  formula,  (6)  71 
surfsoe  required,  (6)  76 
water  required.  (10)  842 
water.  (lO)  841 

Copper,  annealed,  chareefesistott 
. table.  (4)40 
international  standard,  (3)  125, 
t , (4)  39,  41,  (24)  9050 
cables,  table  of.  (4)  59,  62 
casting,  (4)  38 
commercial  grades,  (4)  32 
conductivity,  calculation,  (4)  45 
effect  of  impurities,  (4)  63 
bard-drawn.  (4)  53 
relation  to  impurities.  (4)  64 
thermal,  (4)  75 
density,  (4)  33,  40 
elastic  limit.  (4)  71 
electrolytic,  (4)  34 

analysis  of  commercial  (4)  35 
elongation  and  fracture.  (4)  66 
expansion,  temperature  eodfi- 
cient.  (4)  54 

fatigue  under  load.  (4)  72 
fusing  current,  (13)  52 
Lake.  (4)  36 
plating,  (19)  201 
properties  of,  (4)  31  to  78 

very  high  temperatures,  (4)  76 
refining,  (19)  208 

electrode  arrangement,  (19) 
209 

references.  (19)  211 
statistics  (19)  2 10 
resistance,  temperature 
dents  of,  (24)  2321 
resistivity,  standards  of.  (4)  99 
temperature  constant.  (4)  46 
specific  best,  (4)  74 
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Copper — continued, 
stress-strain  diagrams,  (4)  70 
ten^eratwre  coefficient,  (4)  43, 

tensile  strength,  (4)  66 

effect  of  annealing  tempera- 
tures, (4)  67 

effect  of  impurities,  (4)  68 
trolley  wire,  standard  sections, 

•(4)  l8  . 

wire,  bars,  specifications,  (4)  37 
breaking  loads  table,  (4)  69 
current  carrying  capacity,  (13) 
24 

insulated,  current  carrying 
capacity,  (13)  27 
loading  tables,  (11)  104 
specifications,  (4)  77 
standard  annealed,  complete 
tables,  (4)  50 
working  tables,  (4)  51 
tables,  adoption  of,  (24)  9203 
explanatory  notes,  (4)  48 
references  to  other  gages,  (4) 
52 

yield  point,  (4)  71 

Young's  modulus  of  elasticity, 

opper-clad  steel,  (4)  100  to  113 
(see  also  steel), 
wire  table,  (4)  104 
opper-loss,  armature,  synchronous 
machines,  (7)  117 
formula,  (8)  136 

field,  synchronous  machines,  (7) 
118 

motors  induction,  single  phase, 
(7)  267 

synchronous  machines,  calcula- 
tion, (7)  152 
transformers,  (6)  116 
>pper*manganeee  alloy,  (4)  149 
>pper-nickel  alloy,  (4)  150 
>re-loes,  (4)  206  to  212 
definition,  (2)  103,  (4)  206 
d-c.  railway  motors,  table  504  (24) 
5341 

machines,  electric,  determination. 
(24  ) 4339 

measurements,  (3)  318,  319 

no  load,  d-c.  railway  motor, 
determination,  (24)  5339 
sheets,  total  for,  (4)  209 
synchronous  machines,  (7)  115 
effect  of  speed,  (7)  116 
transformers,  (6)  116 
•res,  temperature  limits,  (24) 
4108 

rona,  altitude  correction  factor, 
(11)  67 

slectric,  definition,  (2)  135,  (11)  65 
experiments,  (2)  136 
oes,  calculation,  (11)  69 
decrease,  (11)  68 


Corona — continued . 
prevention,  (10)  874 
transmission  lines,  (11)  65  to  69 
voltage  limits,  (11)  66 
Corrosion,  boilers,  (10)  48 
iron,  electrolytic  theory,  (19)  144 
Cosines,  natural,  (1)  153 
squared  and  cubed,  (14)  202 
Coot,  analysis,  for  rate  making,  (25) 
87 

auto-transformers,  (6)  187 
automatic  stokers,  (10)  88 
balanoe,  (25)  40 
blowers  and  fans,  (10)  111 
boilers,  (10)  67  to  60 
boiler  room  equipment,  (10)  909 
buildings,  (10)  598 
brickwork.  (10)  586 
concrete,  (10)  587 
bus  and  switch  structures,  (10) 
876 

cables,  per  1000  ft.,  (11)  246 
central-stations,  per  kw.  of  yearly 
maximum  load,  (26)  90 
chimneys,  brick,  (10)  102 
concrete,  (10)  103 
steel.  (10)  104 
choke  coils,  (10)  868 
circuit  breakers,  (10)  787 
coal,  (10)  130 

mining  motor  circuits,  (15)  291 
comparisons,  (25)  28 
condensing  equipment,  (10)  303 
converters,  (12)  63 
conveyors,  (10)  162 
data,  poles,  western  red  cedar, 
(11)  163 

definition,  (25)  10 
ducts  and  iron  conduit,  power 
plants,  (10)  877 
economisers,  (10)  327 
electric  plants,  typical  vessels. 
(22)  128 

engines,  compound  condensing, 
(10)  915 

gas,  maintenance  and  repairs, 
(10)  627 
steam,  (10)  217 

exciter  sets,  installation,  (10)  747 
feed-water  heaters,  (10)  316 
fuel,  comparative,  ship  propul- 
sion, (18)  29 

marine  prime  movers,  summary 
(18)  30 
oils,  (10)  131 
fuses,  (10)  783 
general  classes,  (25)  27 
generators,  erection,  (10)  733 
homopolar,  (8)  231 
ventilating  ducts,  (10)  735 
gas  holders,  (10)  489 
natural,  (10)  132 
producers.  (10)  468 
auxiliaries,  (10)  476 
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purifiers  and.  acrubbera* 
484 

UluminaUon,  (14)  2348  to  231 
instrument,  transformers, 
826 

investment,  (25)  30 
lightning  arresters,  CIO)  807 
mechanical  draft,  (lO)  111 
original,  definition,  (25)  30 
piping,  (10)  302 


tea.  (10)  533 
plants.  (lO)  577 


oil  power  plants, 
power,  comparisons.  (lO)  921, 
922 

data.  (10)  908 
influence  of  load  factor,  (10) 
920 

power-plants,  depredation,  (10) 

equipment,  unit,  (10)  411 
hydraulic,  (10)  680 
data,  (10)  696 
operation,  (10)  605 
unit,  (10)  705,  918 
oil,  (10)  579 

operating  and  maintenance, 
(10)  414,  907 
per  kilowatt,  (10)  913 
vs.  economy,  (10)  394 
producer  gas  installations,  (10) 
919 

production,  (25)  37 
pumps.  (10)  342 
jctVOO)  353 

regulators.  Terrill,  (10)  759 
removal,  definition,  (25)  52 
stokers,  large  installation,  (10) 

90 

maintenance,  (10)  74 
structural  steel,  (10)  588 
switchboards,  (10)  829  to  831 
instruments,  (10)  789,  824 
standard  panels,  (10)  790 
switches,  per  pole,  (10)  781 
transformers,  wster-oooled,  (10) 

843 

transmission  lines,  data,  (11) 

240  to  246 

turbines,  steam,  (10)  269 
welding,  metallic-arc,  (22)  62 
wiring,  interior,  (13)  21,  113  to 
123 

Cotangents,  natural,  (1)  154 
Cotton-mill,  cards,  power  require- 
ments, (15)  336 

fly  frames,  power  requirements, 

(15)  337 

Cotton  insulation,  magnet  wires, 

(4)  299 

Cove,  lighting,  (14)  154 
Cranes,  brakes,  magnetic,  (15)  79 
bridge,  drive  of,  (15)  87 

with  very  long  span,  (15)  88 


gantry.  (15)  73 

ore  iawffiqg  deep,  (15)  SI 
to  233 
Jib.  Cl 5)  74 
limit  stops,  (IS) W 
locom  otive,  electric.  (15)  75 
motors,  types  soluble,  (15)  77 
safety  devices,  (15) » 
alomr-n  outing  motor  control  (15i 
85 

travelisi,  energy  supply,  (15)  * 
motor  applications,  (15)  71  u 
90 

•election,  (15)  78 
•tmndard  electric  ovwtoid,  lli' 

71 

Creoeoted  poles,  (11)  153 
Crest,  factor,  definition.  (14)  88 
Crow  arms,  bo-arrow,  (11)  177,  (ab 
see  pole  lines), 
distribution  system,  (12)  177 
double,  (12)  178 
fittings,  (12)  179 
pins,  (12)  180,  (about pul 
double,  (11)  176 
trmnanwiMi'ffjt.Hn*,  strength  of,  (ID 
124 

weights  and  dimensions,  (21)215, 
216 

wish-bone,  (11)  177 
wooden.  (11)  174 
Cruisers,  battle,  description,  (18) 
description,  (18)  50 
light,  description,  (18)  51 
Crushers,  gyratory,  cement  mm, 
(15)  268  _ 

jaw.  cement  mills,  (15)  367 
Current,  motive  component,  defini- 
tion. (24)  3254 
alternating,  definition.  (2)  12,  (24/ 
8116,  8120,  3204  to  3278 
measurements,  (3)  97  to  109 
armature,  synchronous  cosvet- 

capaoity,  third-rail  shoes,  (16)  & 
carryring  capacity,  cables,  moral* 
conductor.  (12)  50 
conductors,  (12)  46 
underground  cables,  (12)  48 
fuses.  (24)  7202  . 
charging,  a-c.  circuits,  (12)  « 
equation.  (2)  142  ; 

transmission  lines.  (11 > 4!  toji 
complex  wave,  deter minatioa,  tz' 
194 

continuous,  (24)  3112 
cranking,  gas  automobiles,  (zzj  * * 
density,  brashes,  (8)  40 


carbon.^  42 


(8)  42 
tip.  (8)  41  f . 
cathode,  electroplate*. 
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conversion  table,  (1)  148 
electric,  definition,  symbol, 
unit,  (1)  51 

primary,  induction  coils,  (5)  136 
rejectors,  (6)  263 

direct,  measurements,  (3)  82  to 

96 

definition,  (2)  11,  (24)  3104 
diecharging  equation,  (2)  1 42 
distributing  network,  solution  by 
lews  of  superposition,  (2)  35 
distribution,  revolving,  (7)  168 
two-phase  induction  motors,  (7) 
166 

electric,  definition,  symbol,  unit, 

CD  60,  (2)  8 

-I ectrol y tee , passage,  (2)  17 
sxoiting,  distortion,  (2)  92 

instrument  transformers,  calcu- 
lations, (6)  191 

motors,  induction,  single  phase, 
(7)  266 

using,  aluminum  wire,  (12)  133 
commercial  fuse  wire,  (13)  50 
copper  wire,  (12)  183 
various  kinds  of  wires,  (4)  145 
wires  of  various  metals,  (13)  52 
iuman  body,  tolerance  of,  (22)  10 
inds  Of,  (24)  3104  to  3120 
fading,  inductive  line,  (2)  180 
aSjrnetising,  induction  motors, 
<7)  169,  192 

lean  annual,  determining  factors, 
<13)  94 

scill&ting,  definition,  (24)  3120 
eripheral  distribution,  induction 
motors,  (7)  164 
rimary,  induction  motors,  (7) 
172 

Ltlsating,  definition,  (2)  11,  (24) 
3108 

kdi  otelegraph , measurement,  (21) 
313 

ited,  constant-potential  trans- 
former, definition,  (24)  6031 
instrument  transformers,  (24) 
8033 

transformer,  definition,  (24) 
003-6 

active  component,  definition, 
<24>  3250 

ctifier,  measurements,  (3)  108 
gulatora,  (6)  256  to  259,  (also 
ace  regulators). 

Brush.  (8)  209 
Thomson  and  Houston,  (8)  212 
Thury,  (8)  217 
lging,  telephone,  (24)  12229, 
12230 

solidary,  induction  motors,  (7) 
171 

indards,  (3)  113 
cooled,  (3)  114 


Current — continued . 

Reiohsanstalt,  (3)  113 
starting,  induction  motors,  (7) 
180,  188,  220 

steady  and  transient  states,  defini- 
tion, (2)  10 

symmetrical,  definition,  (24)  3344 
telephone,  measurements,  (3)  109 
transformers.  (6)  170  to  179 
constant.  (6)  9 
transient,  (2)  13,  138 
unbalanced,  d-e.  three-wire  gener- 
ators. (8)  195 

wave,  due  to  oondensive  reactance, 
(2)  192 

Curtis- Rateau,  turbines,  (10)  239 
Curtis  turbine,  (10)  236 
Cut-ohts,  definition,  (13)  53 
Cycle,  definition,  (7)  2,  (24)  3204 
Cylinders,  dimensions,  steam  en- 
gines, (10)  182 

jackets,  steam  engines,  (10)  175 
lubrication,  steam  engines,  (10) 
189 


Dampers,  regulators,  automatic, 
chimneys,  (10)  80 
windings,  (9)  43 

Damping,  circuit,  definition,  (24) 


constant,  definition,  (24)  12051 
critical,  galvanometers,  (3)  27 
galvanometers,  (3)  26 
gyro  compass,  (22)  311 
instruments,  terms  expressed  in 
(24)  8502 

instruments,  test  of,  (24)  8302 
meters,  test,  of,  (24)  8302 
Dams,  (10)  667  to  681 
coffer,  (10)  670 
design,  (10)  671 
earth,  (10)  673 
dimensions,  (10)  674 
gravity-type,  (10)  672 

upward  pressure,  (10)  672 
impounding,  (10)  667,  668 
log  sluices  and  fish  ladders,  (10) 
703 

pressure,  upward,  (10)  600 
spillway,  (10)  669 
Daniell  cell.  (20) 
e.in.f.  calculation,  (19)  51 
D'Arsonval,  d-c.,  ammeter,  (3)  91 
galvanometers,  (3)  14  4) 

Decimal  gage,  definition,  (4  27 
Daylight,  artificial,  (14)  16 

redirecting  glass  reflectors,  (14) 
168 

Decomposition,  voltage,  various 
solutions,  (19)  177 
Decrement,  logarithmic,  equation, 
(2)  147 
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Degree*  electrioel*  and  magnetic, 
definition,  (7)  4 
definition,  (2)  162 
magnetic,  definition,  (24)  4092 


De  Laval  turbine,  (10)  236 
Demand-factor,  (25)  106 
classified  table  for  Chioago  cus- 
tomers. (25)  107,  108 
oom piled  by  Wisconsin  Commis- 
sion. (25)  112 

consumers  influence.  (12)  116 
definition,  (24)  3460 
lighting  service,  table,  (12)  112 
motor  service,  table,  (12)  118 
power  plants,  (10)  889 
rate  computation,  Chicago  light- 
ing consumers.  (25)  110 
rate  fixing,  Wisconsin  commission 
at  Madison.  (25)  111 
rate- making,  (25)  139 
table,  classified  by  aise.  Chicago 
power  consumers,  (25)  109 
theatre  lighting,  (12)  115 
maximum,  active-room-socket, 
method  of  estimating,  (25) 
142 

definition,  (24)  3458 
diversity  of,  affecting  invest- 
ment chargee,  (25)  143 
proportional  to  room  area,  (25) 
141 

store  lighting,  (12)  113 
meters,  (3)  232  to  234 
definition,  (24)  8007 
General  Electric,  (3)  233 
installation,  (13)  110 
integrating,  (3)  284 
maximum,  (3)  232,  (25)  140 
time  lagged,  (3)  233 
De  Nolly  and  Veyret  dynamo  sheets, 
(4)  196 

Density,  current,  electric,  definition 
unit.  (1)  51 
definition,  unit,  (1)  29 
various  elements,  table,  (4)  432 
water{  table,  (4)  433 
Depolansero,  chemical  definition, 


, table,  (4)  433 

isere,  chemical  definition, 


definition,  (20)  6 
Depreciation,  (25)  41  to  69 


accounting,  (25)  69 
accrued,  deduction  of,  (25)  82 
definition,  (25)  55 
reserves  for,  (25)  66 
annual  oharge,  (25)  60 
classes,  (25)  43 
costs,  power  plants,  (10)  896 
definition,  (25)  41 


distribution  systems,  (12)  222 
functional,  (10)  899,  (25)  45 
insurance  element,  (25)  48 
methods  of  caring  forr  (10)  902 


necessity  for  reoognising,  (25)  42 
physical,  (10)  897,  (25)  44 


Depreciation  non  tinned 

power  plants,  calculations.  flO> 
903  to  905 

rates,  legally  approved,  (10)  SSs 
realised,  definition.  (25)  54 
reducing  balances  method,  (K 
65 

reserves,  investment  of,  (25)  67 


sinking-fund  method.  (25)  44 
straight-line  method.  (25)  62 
theories,  (25)  62 
treatment  of.  (25)  157 
D6ri  motor,  for  polyphase  dram 
(7)  313 

single  phase  motor,  (7)  306 
Derricks,  electric,  (15)  364  to  367 
braking.  (15)  367 
hoisting  speed,  (15)  366 
motor  applications,  (15.  Jfc 
to  390 

Destroyers,  “ Hugm."  electric  dm*, 
study,  (18)  58 

torpedo-boat,  description.  (15?  54 
Detectors,  (3)  8 to  41 
alternating  current.  (3)  38 
galvanometers  as,  (3)  20 


ground,  are.,  (3)  80 

General  Electric  type,  (3)  SI 
Westinghouse  type,  (3;  80 
a-e.,  types,  (3)  62 


radiotelegraph,  (21)  303,  304 
three-electrode  vacuum  tabc. 

(21)  310 

temperature,  location  of  . em- 
bedded, (24)  2323 
Detinning.  (19)  205 
Dettmar  and  Rothert,  d-c,  gen- 
erator. (8)  192 

split  pole,  d-c.,  converters,  (9 
123 

Deviation  factor,  definition,  (24) 
3274 

wave,  (24)  4351 
Diamagnetic  materials,  (4)  169 
Dictating  machine,  tekgrtpkn 
(22)  280 

Dielec tricj  dielectrics 

absorption  definition,  (4)  243 


bibliography,  (4)  370 
characteristics,  desirable.  (4)  28 
circuit,  (2)  106 
classification.  (4)  234  to  236 
constant,  cables.  (12)  45 
definition.  (4)  242 
mica,  (4)  265 
oil,  (4)  362 
symbol,  unit.  (1)  59 
elastance,  formulas,  (2)  114 
elastivity,  formula,  (2)  114 
hysterisia,  (4)  251 
loss,  cables,  high-tension.  (11)21: 
power-factor,  (4)  252 
specific  inductive  capacity,  £ 
112 
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strength,  definitions,  (2)  133,  (4) 
244.  (24)  1800 

electrodes,  effect  of  sise  of,  (4) 
246 

factors  affecting,  (4)  245 
frequency,  effect  of,  (4)  249 
instrument  transformers,  (24) 
8310  to  8312 

lamination,  effect  of,  (4)  248 
oil.  (4)  361 

temperature,  effect  of,  (4)  253 
tests,  cables,  (24)  9310  to  9315 
lightning  arrester*  (24)  7375 
machines,  electric,  (24)  4358, 
4361 

specimen,  effect  of  thickness 
of,  (4)  247 

standards,  (24)  2350  to  2370 
switching  apparatus,  (24) 
7823 

transformers,  (24)  6356  to 
6363 

wires.  (24)  9310  to  9315 
time  element,  effeot  of,  (4)  250 
)ielectrite,  electrical  properties, 
(4)  820 

)iesel  engines,  (10)  563 
tee ts,  (10)  569 

Hmmers,  theatre,  (6)  202  to  206 
discharge  electric,  effects  of  silent, 
(19)  256 

through  atmospheric  air,  (19) 
253 

through  gases,  (19)  253  to  256 
isplaoement  length  ratio,  ships, 
(18)  11 

issociation,  electrolytic,  difference 
compared  to  chemical  disso- 
ciation, (19)  28 

equations,  examples,  (19)  29 
method  of  calculation,  (19)  26 
reconcilement  of  theories,  (19) 
27 

theory,  (19)  15 
theory,  (19)  150 

calculations,  universal  formula, 
(19)  151 

istillation,  destructive,  (10)  444 
destructive,  bituminous  coal,  (10) 
445 

stribution  a-c.  circuits,  calcula- 
tions, (12)  30 
design,  (12)  28 
systems,  wiring,  (13)  92,  93 
bibliography,  (12)  237 
cabinets,  wiring,  installation  costs, 
(13)  120 

cables,  types,  (12)  207 
center,  (12)  17 
interior  wiring,  (13)  62 
rirouits,  design,  (12)  24  to  50 
design,  general,  (12)  24 
multiple,  (12)  15 


Distribution — continued, 
series,  (12)  14 
types,  (12)  14  to  24 
combination  systems,  applica- 
tions, (12)  13 

conductor,  costs,  formula,  (12) 
225 

costs,  summary,  (12)  234 
economical  size,  calculations, 
(12)  235 

d-c.  circuits  design,  (12)  25 

three- wire,  calculations,  (12) 
27 

drop,  calculations,  (12)  26 
low  tension  system,  application, 
(12)  11 

systems,  two  wire  500  volt, 
application,  (12)  12 
economics,  (12)  219  to  236 
feeders  and  mains,  (12)  16 
loop,  (12)  18 
ring,  (12)  19 

fixed  chargee,  curves,  (12)  236 
Une  drop,  single-phase,  (12)  33 
calculation,  (12)  34 
three-phase  eircoite,  (12)  37 
to  39 

two-phase  circuits,  (12)  36 
loads,  mixed,  three-phase  supply, 
(12)  110 

motor  service,  demand  factors, 
table,  (12)  118 

networks,  secondary,  (12)  107 
underground  construction,  (12) 
108 

overhead  construction,  (12)  155 
to  193 

general,  (12)  155 
cost  variation,  (12)  104 
lightning  protection,  (12)  146 
panels,  center,  (13)  108 
poles,  (see  poles) 
protective  apparatus,  (12)  129 
to  154 

potential  regulators.  (6)  245  to  255 
primary  main  systems,  (12)  17 
railways,  electric,  (16)  277  to 
364,  (also  see  railway) 
catenary  construction,  (16)  312 
city  system,  (16)  291 
classification,  (16)  280 
d-o.  substations,  methods  of 
serving,  (16)  294 
feeders,  copper  calculations, 
(16)  288 

copper,  most  economical, 
(16)  285 

permanent  and  booster,  (16) 
289 

underground  trolley,  (16)  292 
primary,  (16)  293 
secondary,  (16)  281 
sectional  layout,  factors  deter- 
mining, (16)  290 
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trolley  wire  oircuita,  resistance 
oft  (16)  302,  303 
length  of  sections,  (16)  286 
relation  to  feeders,  (16)  283 
segregated  sections,  (16)  287 
roltage  drop  permissible,  (16) 


ndary,  (12)  06  to  118 
sins,  calculation,  (12)  103 
minimum  annual  oost,  (12)  100 
sii^^idiaae  system,  application, 

transformation,  special  methods, 
(12)  119  to  128 

transformers,  connection*,  (12) 
120 

three-phase  conversion  with  two 
transformers,  (12)  125 
four  wire  system,  application, 
(12)  10 

three  wire  system,  application, 
(12)9 

to  single-phase  conversion,  (12) 
128 

two-phase  conversion,  (12)  126 
two-phase,  (13)  95 
application,  (12)  8 
underground,  (12)  22 
cables,  (see  cables), 
conduit  systems,  (12)  196, 197, 
(also  see  conduit), 
construction,  (12)  194  to  219 
cost  variation,  (12)  104 
Edison  tube  system,  (12)  194, 
195 

urban  systems,  (12)  20,  21 
U.  8.  army,  protection  of,  (22) 
133 

eoHages,  (12)  21 

regulation,  (12)  86  to  95 
Distribution,  systems,  (12)  1 to  237 
a-c.,  adaption,  (12)  3 

regulation,  storage  batteries, 
(20)  170 

secondary  mains,  (12)  96 
circuits,  classification,  (12)  1 
circuit-breakers,  use,  (12)  140 
classification,  (12)  1 to  6 
ooal  and  ore  handling  machinery, 
(15)  220 

crass  arms,  (see  crate  arms), 
depreciation,  (12)  222 
d-c.,  adaption,  (12)  2 
fixed  charges,  (12)  221 
floating  batteries,  (20)  168 
frequency,  (12)  6 
fuses,  location,  (12)  134 
general  applications,  (12)  7 to  13 
generating  equipment,  fixed 
charges,  (12)  230 
grounded,  electrolysis  from,  (16) 
459  to  461 

secondaries,  (12)  189 


Distribution  * _ 
insulators,  (see  insulaton). 
load-regulating  batteries,  (20)  1® 
low  factor,  (12)  232 
multiple,  use,  (12)  5 
overhead  service  conneetksn,  (12) 
188 

peak-load  batteries.  (20)  171 
railways,  electric,  definition,  (34) 
6031,  (also  see  railways), 
relays,  use.  (12)  142 
secondary,  feeder  drop,  (12)  f9 
large  motor  loads,  (12)  109 
transformer  ratio,  (12)  98 
voltage.  (12)  97 
series,  use.  (12)  4 
skin  effect,  calculations,  (12)  40. 
41 

standard  sag-temperature  taUe, 
(12)  186 

substations,  (12)  51  to  85,  (afco 
see  substations), 
taxes  and  insurance.  (12)  228 
transformers,  (6)  1 15  to  124 
tvc^haae  from  three-phase.  (12) 

voltage  drop  apportionment,  (13 
70 

wires,  arrangement,  (12)  198 
fixed  charges,  formula,  (12)  226 
stringing.  (12)  182 
Diversity  factor,  (25)  113 
classification,  (25)  114 
definition,  (10)  887,  (24)  3464 
table,  (25)  115 

Dobrowolsky,  d-c.  generator,  (8) 
193 

current  distribution,  (8)  194 
Dooley's,  method,  slip  measure- 
ments, (3)  284 

Doherty,  three-charge  rate,  (25)  137 
Draft,  balanced,  systems,  (10)  51 
chimney,  (10)  77 
basis,  (10)  91 
formula.  (10)  92 
forced,  (10)  78 

definition.  (10)  107 
use,  (10)  110 

induced,  definition,  (10)  108 
use.  (10)  109 
loss,  boiler,  (10)  94 
mechanical.  (10)  105  to  113 
advantages,  (10)  112 
cost  data,  (10)  111 
objections,  (10)  113 
natural,  (10)  77 

limitations.  (10)  106 
pressure,  fans,  calculation,  (10) 
106 

required,  (10)  93 
total.  (10)  95 

tubes,  hydraulic  turbines,  (10)  6W 
Drainage,  power  plant  buildings. 
(10)  594 
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redget,  bucket  ladder,  vl5)  874 
motor  sisee,  (15)  375 
clamshell,  (15)  373 
dipper,  (15)  372 

electric,  motor  applications,  (15) 
371  to  375 
hydraulic,  (15)  371 
rills,  portable  armature,  power 
required,  (15)  40 
ry-deaning  plants,  (15)  487 
ryers,  rotary,  cement  mills,  (15) 
269 

ryrooms,  laundry,  (15)  470 
tumblers,  (15)  471 
iddell-Mather,  wattmeter,  (3)  156 
iddell,  oscillograph,  (3)  273 
ist  precipitation,  electrostatic, 
(19)  267 

lty  cycle,  operation,  definition, 
(24)  2222 

right  chart,  (11)  39 
rnamo,  (see  generators), 
rnamometeri,  (3)  323  to  332 
absorption,  (3)  324 
cradle,  (3)  332 
electric,  astatic,  (3)  34 
galvanometers,  (3)  32 
operative  principle,  (3)  33 
torsion.  (3)  331 
transmission,  (3)  330 
types.  (3)  823 

namo  sheets,  beet  composition, 
4)  196 

namotors,  (9)  126  to  183 
irmature  reaction,  (9)  127 
combined  booster,  and,  (9)  130 
commutation,  (9)  128 
oet,  (9)  133 
lefinition,  (24)  4005 
ascription,  general,  (9)  127 
emulation,  definition,  (24)  4098 
elephone  ringers,  (9)  131 
oltage  regulation,  (9)  129 
s.  motor-generator  sets,  (9)  132 
ion,  Capt.,  U.  8.  N.  relative 
d vantages  of  steam  engines  and 
>w  speed  turbines,  (18)  21 


th,  bearing  power,  (10)  590 
irrent  measurement,  (16)  445 
)tential,  measurement  of,  (16) 
444 

nite,  composition,  (4)  341 

ny,  asbestos  wood,  properties, 
electrical,  (4)  316 
eebanioal  and  thermal,  (4)  316 
aomios,  central  station,  (25) 
89  to  159 
definition,  (25)  89 
dilution,  (25)  3 
general,  (25)  1 to  6 

(Kaforenoes  a*c  to  sections 


Economics — continued, 
development,  probable  future, 
(25)  74 

distribution  systems,  (12)  219  to 
236 

engineering,  bibliography,  (25)  88 
definition,  (25)  4 
fundamental  elements,  (25)  5 
fixed  charges,  power  plants,  (10) 
891 

general  engineering,  (25)  1 to  88 
power  plant,  (10)  884  to  931 
interest,  (10)  892 
profit,  power  plants,  (10)  893 
social  investigations,  (25)  71  to  75 
statistics  of  demand  and  con- 
sumption, (25)  73 
transmission,  (11)  234  to  239 
Eoonomisers,  (10)  317  to  327,  401 
ooets,  (10)  327 
draft  loss,  (10)  322 
feed- water  entrance,  (10)  321 
gas  producers,  (10)  472 
heat  transfer,  (10)  317 
operation,  (10)  326 
properties,  (10)  324 
rating,  (10)  323 
soot  accumulation,  (10)  325 
surface,  calculation,  (10)  319 
temperature  rise,  (10)  320 
types,  (10)  318 

Economy,  political,  definition,  (25) 
3 

steam  plants,  (10)  390 
Eddy-current,  determination  of  con- 
stants, (2)  105 
effect  of  lamination,  (2)  99 
equivalent  resistances,  (2)  102 
losses.  (2)  98 
losses,  formula,  (2)  99 
losses,  separation  from  hyster- 
esis, (3)  320 
principles, 

separation  from  hysteresis,  (2) 
104 

Edison  chemical  meter,  (3)  228 
gage,  definition,  (4)  22 
storage  batteries,  assembly,  (20) 
219 

charge  and  discharge  curves, 
(20)  220 

charging,  constant-current 
method,  (17)  140 
constant-potential  method, 
(17)  142 

rate,  permissible,  (17)  134 
rheostats,  table,  (17)  201 
data  on,  (20)  217 
discharge  curves,  (20)  222 
life  of.  (20)  235 
overcharge,  (20)  224 
standing  discharged,  (20)  223 
standing  idle,  (20)  234 
temperature,  effect  of,  (20)  225 
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Ediaon  continued.  Efficiency  toBtiaaad 

theory  of,  (20)  215  motanu  a-c..  (7)  115  to  138 

type  “A"  and  "G,"  table,  induction,  (7)  210  to  216 

(17)  120  railway.  (16)  107.  108,  111 

three  wire  circuit,  calculations,  d-c.,  railway.  (16)  78  to  80, 17 

(12)  27  nossles.  steam  turbine,  (10)  277 

tube  system,  underground  die-  plant,  definition.  (24)  3554 

tribution,  (12)  104,  105  pumps,  centrifugal.  (10)  341 

Edison-Lalande  cell.  (20)  26  reciprocating,  (15)  161 

Efficiency,  application  of  electric  rotary,  (15)  164 

heating  (22)  15  steam.  (10)  338 

arc-lamps,  enclosed  carbon,  (14)  ratio,  engines,  steam,  (10)  165 
05  ' turbines*  steam.  (10)  253,  2m 

long-burning  flame,  (14)  106,  recognised.  (24)  2331 

107  rectifiers,  electrolytic.  (6)  396 

metallic-electrode.  (14)  110  mechanical  (6)  208 

boilers,  (10)  25  steam  pipe  coverings.  (10)  387 

and  furnace,  combined,  (10)  26  tests.  (24)  2331 
buckets,  steam  turbine,  (10)  229  lead  storage  batteries.  (20)  10T 

combustion,  automatic  stokers,  normal  conditions,  (24)  2332 

(10)  21  rotating  electric  maohm— . (24) 

compressors,  air,  (15)  177  4334  to  4343 

convertors,  motor,  (9)  114  transformers.  (24)  6334  ts  6337 

synchronous,  (12)  63  thermal,  (10)  164 

synchronous,  determination,  (0)  oil  power  plants.  (10)  556 

94  train  acceleration.  (16)  94 

tables,  (0)  38  transformers,  (6)  25 

copper,  various  transmission  sys-  all-day.  (12)  102 

terns,  (11)  2 aro-lighting.  (6)  178 

definition  and  standards,  (7)  123,  distribution,  (6)  119,  (12)  101 

(24)  1500  to  1502  lighting,  tables,  (6)  120  to  125 

d-c.  machines,  (8)  133  to  143  oil-insulated,  air  cooled,  tables, 

direct  measurement.  (24)  2333  (6)  04  to  102 

. electric  heating  of  water,  (22)  39  water-cooled.  ahU,  (6)  163 

electrio  hoists,  (15)  95  to  114 

elevators,  (15)  140  series  lighting,  (6)  179 

engines,  gas,  (10)  513  - sign-lighting,  (6)  210 

gasoline,  (10)  570  transmission  fines,  a-e..  (11)  13 

steam,  (10)  185  d-c.  power  fine,  (11)  10 

frequency  changers,  (7)  353  turbine,  hydraulic,  (10)  685 

furnace,  (10)  24  steam,  (10)  250 

value,  (10)  84  windmills,  (22)  168 

gas  producers,  (10)  458  Effective  value,  alternating  carreer 

measurements,  (10)  546  (24)  3218 

gear,  coal  and  ore  handling  Egg  beaters,  power  ooosamptx 
machinery.  (15)  228  (15)  496 

gearing,  electrical,  (18)  38  Einthoven  string  galvanometer,  d 

generators,  a-o.,  (7)  115  to  128.  14 

(8)  143  Ejectors,  (10)  348 

d-c.,  (8)  143  Elsstance,  definition,  formula,  i- 

induction  coils,  primary  type,  (5)  109 

127  symbol,  unit,  (1)  60 

insulators,  suspension,  (11)  7S  Elasticity,  electric,  definition  syn- 
lamps,  electric,  definition,  (24)  bol,  unit,  (1)  61 

11042,  11043  Young's  modulus,  (1)  44 

incandescent,  (14)  61,  74  “Electric  Arc,”  description,  (16)  * 

quarts,  (14)  126  Electric,  rotating  machinery,  efae 

light  production,  (14)  13  to  17  sification,  (24)  4000 

losses,  turbines,  (10)  258  Electrical  series,  various  materia 

luminous.  (14)  9,14,  (24)  11005  (22)  254 

machinery,  definition,  (24)  3514,  Electricity,  miscellaneous  apebe*- 
3524  tiona.  (22)  1 to  330 

synchronous,  definition,  (7)  atmospheric,  source  of,  (22)  3v 
123  to  125  Electroanalysis,  (19)  184 
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Electrochemical  calculations, 
▼avion  ratios,  (19)  173 
equivalents,  elements,  (19)  170 
ions,  (19)  166 
series,  definition,  (20)  14 
system,  effect  of  electrolysis,  (19) 
164 

theory,  batteries,  (20)  10 
Electrochemistry,  (19)  1 to  270 
bibliography,  (19)  269,  270 
capacity  for  performing  work, 
(19)  57 

chemical  and  mechanioal  energy, 
(19)  44  to  47 
energy,  (19)  55  to  59 
definition,  (19)  1 

electrical  energy  and  heat,  (19) 
55  to  59 

electrolysis,  alkaline  chloride,  (19) 
228  to  241 

of  water,  (19)  225  to  227 
electrolytic  refining,  (19)  207  to 
224 

processes,  industrial,  (19)  184, 
185 

reactions,  (19)  16  to  38 
electrop  ating,  (19)  186  to  206 
e.m.f.  of  electrolytio  reaction, 
(19)  173  to  183 
energy  balance,  (19)  63  to  92 
equations,  (19)  2 

interpretation,  (19)  4,  5 
’urnaces,  electric,  (1^)  60  to  62 
commercial  products  of,  (19) 
118  to  134 

design  and  construction,  (19) 
93  to  117 

teat  and  chemical  energy,  (19) 
38  to  43 

ntrod'Uction,  (19)  1 to  3 
emotic  pressure-temperature-con- 
centration relations  in  solutions, 
(19)  12  to  15  , 

r ensure- temperature-volume  re- 
lations, in  gases,  (19)  6 to  11 
roceeses.  (19)  3 
electrolytic,  (19)  135  to  172 
sfractories,  (19)  63  to  92 
slation  of  onemical  and  electri- 
cal energy,  (19)  48  to  54 
nits,  (see  units), 
ilences  and  bonds,  definitions, 
(19)  20 

Erodes,  arc-lamp,  life  of,  (14) 
91,  101,  103,  108 
ittery,  reference,  (20)  13 
lomel,  (19)  174 
rboo  and  graphite,  properties 
of,  (4)  159 

rrent-range,  soft  steel  welding, 
(22)  65 

sctroplating,  voltage  reduction, 
(19)  187 
mace.  (19)  104 


Electrodes — continued, 
heat  loss,  (19)  105 
various  materials,  (19)  105 
self  baking,  (19)  117a 
hydrogen,  (19)  174 
storage  battery,  test  or  reference, 
(20)  58 

welding,  metallio-arc,  (22)  54  to 
56 

Electrodynamometers  reflecting, 
(3)  154 

Siemens,  (3)  99 

Electrolysis,  alkaline  chloride,  (19) 
228  to  241 
products,  (19)  228 
anodes,  (19)  237 
bibliography,  (16)  471 
concrete,  (16)  462  to  464 
copper  chlorides,  (19)  242  to  245 
corrosion,  cast-iron,  (16)  436 
wrought  iron,  (16)  437 
currents,  stray  from  d-c.  electric 
railways,  (16)  432 
or  vagabond,  (16)  431 
diaphragm  processes,  (19)  234 
earth  current,  (16)  445 

potential,  measurement  of,  (16) 
444 

effect  on  electrochemical  systems, 
(19)  164 

fused  chloride,  (19)  243 
lead-cathode  processes,  (19)  231 
Glooken  process,  (19)  232 
grounded  distribution  systems, 
(16)  459  to  461 

hydrogen  and  oxygen  production, 
(19)  225 

lead  and  tin,  (16)  439 
location,  (16)  435 
mercury  cathode  processes,  (19 
230 

nature  and  causes,  (16)  430 
nickel  chloride,  (19)  242  to  245 
Peoria  decision,  (16)  470 
pipes,  cast-iron,  danger  of,  (16) 
438 

steel,  danger  of,  (16)  438 
wrought-iron,  danger  of,  (16) 
438 

potential  distribution,  rails  and 
earth,  (16)  434 
prevention,  (16)  447  to  458 
double-trolley  systems,  (16) 
448,  449 

drainage  method,  (16)  463 
dangers  from  connection, 
(16)  454 

reverse-current  switches,  (16) 
455 

insulated  return  feeder  system, 
(16)  456  to  458 

insulating  cable  sheaths,  (16) 
452 

pipe  joints,  (16)  452 
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Electrolysis — oontinucd. 

insulation  of  pipes,  (16)  451 
of  rails,  (16)  450 
methods,  general  description, 
(16)  447 

regulations,  American  cities,  (16) 
468 

British  Board  of  Trade,  (16) 
466 

German  Society,  (16)  467 
municipal  and  state,  (16)  465 
to  470 

soil,  electrical  properties,  (16) 

surveys,  (16)  440  to  446 
current,  (16)  442 
instruments  required,  (16)  443 
nature  of,  (16)  440 
physical  examination,  (16)  446 
potential,  (16)  441 
underground  structures,  '(16)  430 
to  472 

bibliography,  (16)  471 
water,  (19)  225  to  227 
general  theory,  (19)  225 
sine  chlorides,  (19)  242 
Electrolytes,  conductivity,  measure- 
ments, (19)  158 

exception  to  Van't  Hoff's  theory, 
(19)  15 

properties,  (19)  136 
resistance  measurements,  (3)  140 
specifio  resistance,  measurements, 
(3)  141 

storage  batteries,  (see  batteries), 
types.  (19)  137 

variations,  storage  batteries,  (20) 
80 

Electrolytic  oondensers,  (6)  175  to 
183 

dissociation  theory,  (19)  15 
calculation  methods,  (19)  26 
generators,  d-c.,  (8)  183 
processes,  motor  generator  sets, 
(7)  339 

rectifiers,  (6)  287  to  293,  (also  see 
rectifiers). 

reduction,  aluminum,  (19)  246 
calcium,  (19)  251 
magnesium,  (19)  250 
sodium,  (19)  248,  249 
refining,  Balbaoh  process,  (19)  213 
bismuth.  (19)  2 22 
bullion  treatment,  U.  8.  mints, 
(19)  215 

oadmium,  (19)  223 
chromium,  (19)  224 
oobalt,  (19)  224 
copper,  (19)  208  to  211 
fundamental  principles,  (19) 
207 

gold,  (19)  216 
on,  (19)  220 
lead,  (19)  217 


Electrolytic  oondniwrs  rcsth— H 
Moebius  process.  (19)  214 
nickel.  (18)  218 
metals.  (19)  207  to  224 
silver.  (18)  212  to  215 
thallium,  (19)  224 
tin,  (19)  221 
sine.  (19)  219 

Electrolyser,  commercial,  eJii 
(19)  227 

Electromagnets.  (5)  12  to  96.  (sk 
see  magnets), 
definition.  (5)  3 
Electrometers,  (3)  19 
Electromotive  force,  sltcnstist 
measurements,  (3)  63  Is  m 
measurement,  large  vsHms,  (3; 

76 

precision,  (3)  64 
secondary  standards,  (3)  65 
small  values,  (3)  75 
chemioal  reaction,  eskdshos. 
(19)  50 

Thomson's  rule,  (19)  53 
components,  definition.  (2)  155 
continuous,  comparison  litk 
standard  cells.  (3)  48 
measurements,  (3)  42  to  62 
counter,  (8)  6 
definition.  (2)  19 
motor,  d-c.  (8)  157 
Daniell  cell,  calculation.  (19)  il 
definition,  symbol,  unit,  (1)47 
differential  equation,  (2)  144 
d-c.  measurement  of  very  sssiQ, 
(3)  61  . 

electrolytic,  (19)  173 
reaction,  (19)  173  to  183 
equation,  d-c.  armature,  (8)  SO1 
flux,  and  motion  relative  dine 
tion.  (2)  57 

formulae,  electromagnetic  tense 
tion%(7)  24 

generation,  electromagnetic.  (7) 
23 

impressed,  magnets.  (5)  36 
induced,  average  value.  (2)  37 
direction,  (8)  4 
magnitude,  (8)  3 
maximum;  (2)  37 
stationary  conductor,  variats 
flux.  (2)  37 

transformers,  (6)  6 j 

stationary  flux,  movable  c*  ► 
ductor,  (2)  38 

variable  flux,  movable  eoadir 
tor,  (2)  39 

effective  value,  (2)  37 
measurement,  precision,  (3)  5 
thermoelectric  instruments.  9 
344 

periodic,  equation,  (2)  141  ! 

reactive,  formula.  (2)  153 
wave,  (2)  191 
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ectromotive  f oroe — oontinued . 
•eooodary  open-circuit,  trans- 
formers, (6)  IS 

slip,  induction  motors,  (7)  170 
sources,  (2)  4 
standards,  (3)  42 
thermal,  bibliography,  (2)  6 
definition,  (2)  5 
equations,  (2)  7 
explanation,  (2)  5 
terminal,  definition,  (10)  54 
transformer  equations,  (6)  14 
ectrons,  cathode,  (22)  228 
definition,  (22)  213 
free  or  roaming,  definition,  (2)  16 
Hall  effect,  (22)  217 
magnetic  effect  on  the  electric 
current,  (22)  216 
optical  theory,  (22)  219 
theory,  (22)  213  to  220 
application  to  eleotrolytio  pro- 
cesses, (19)  30 
bibliography,  (22)  220 
interpretation  of  electric  phen- 
omena, (22)  214 
of  magnetism.  (4)  205 
eotroplating,  (19)  186  to  206 
bath,  composition,  (19)  192 
brass  solutions,  (19)  202 
chemical  principles,  (19)  196 
cleaning  of  object,  (19)  191 
copper,  (19)  201 
detinning,  (19)  205 
fine-grained  deposits,  (19)  193 
general  principles,  (19)  186 
told,  (19)  200 

unction  between  metals,  (19)  190 
nickel,  (19)  197 
practical  rules,  (19)  195 
rilver,  199 

imall  ar tides,  (19)  188 
solutions,  detailed  prescriptions, 
(19)  196 

itnpping  processes.  (19)  206 
rees,  formation,  (19)  194 
lpon  aluminum,  (19)  204 
'oltage  reduction  at  electrodes, 
(19)  187 
inc.  (19)  203 

tttrose,  electrical  properties,  (4) 
121 

ctrostatio  machines,  (22)  252  to 
264 

naohines,  classification,  (22)  252 
frictional,  (22)  254 
theory  of,  (22)  255 
oltmetera,  a-c.,  (3)  71 
ctrotyping,  (19)  185 
ments,  atomio  weights,  table,  (4) 
482 

cid,  thermochemical  constants, 
(19)  183 
ensitiee,  (4)  432 
lelting  points,  (4)  432 


Elements — oontinued. 

order  of  mobility,  (19)  176 
potential,  single,  (19)  174 
potential,  table,  (19)  175 
properties  of,  (4)  432  to  487 
specific  heat,  table,  (4)  432 
Elevators,  control,  methods,  (15) 
127 

counterbalancing,  (15)  112 
dectric,  brakes,  (15)  126 
oar-safety  devices,  (15)  139 
switch,  (15)  138 
switch,  magnet  control,  (15) 
131 

classification,  (15)  110 
drums,  grooving,  (15)  111 
roping,  (15)  112 
dynamic  braking,  (15)  129 
energy  calculations,  (15)  154 
general  considerations,  (15) 
147 

influence  of  number  of  stops, 
(15)  152 

final  hatchway-limit  switches, 
(15)  136 

governor  switches,  (15)  137 
hand-rope  oontrol,  (15)  133 
load  efficiency  determination, 
(15}  149 

machines,  classification,  (15)  114 
gearless  traction,  (15)  118, 119 
gears,  (15)  117 
worm  and  spur-gear,  (15)  116 
worm-gear,  (15)  115 
micro-emergency  operation,  (15) 
145 

micro-leveling,  (15)  140  to  142 
motors,  a-c.,  (15)  122  to  125 
application,  (15)  110  to  154 
characteristics,  (15)  120 
d-c.,  (15)  121 

multi-voltage  system,  (15)  148 
number  required,  (15)  146 
performance  in  service,  (15)  151 
power  required,  determination, 
(15)  150 

push-button  control,  automatic, 
(15)  132 

dack-cable  switch,  (15)  135 
spoed,  (15)  130 
starting,  automatic.  (15)  12S 
terminal  stopping  device,  auto- 
matic, (15)  134 
testing,  (15)  153 
traction  sheaves,  counterbal- 
ancing, (15)  113 
traction  sheaves,  grooving,  (15) 
111 

roping,  (15)  113 

grain,  danger  of  static  dectricity, 
(22)  320 

hydraulic,  micro-leveling,  (15) 
148,  144 

Elliot  apparatus,  (10)  85 
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Emery,  artificial,  general  data,  (10) 
121 

Emmiiivity  corrections,  curve,  (3) 
374 

optical  pyrometers,  (3)  372 
radiation  pyrometers,  (3)  364 
total,  (3)  366 
definition,  unit,  (1)  06 
heat,  various  surfaces,  (22)  21 
laws,  (3)  360 

monochromatic  for  red  light,  (3) 
373 

Empire  doth,  insulating  properties, 
(4)294 

Enamel,  magnet  wire  insulation, 
properties,  (4)  351 
vitreous,  properties,  (4)  280 
Endoemosis,  electric,  (19)  167 
Energy,  alternating,  equation,  (2) 

analysis,  electrochemical,  ()9)  63 
balance  for  refractories,  (19)  63 
to  92 

chemical,  (19)  55  to  59 
relation  to  heat,  (19)  38  to  43 
electrical,  (19)  48  to  54 
mechanical,  (19)  44  to  47 
consumption,  electric  vehicles, 
(17)  107 

definition,  unit,  (1)  37 
density  t (22)  28 
didectnc.  density,  (2)  128 
stored  in  fidd,  (2)  132 
electric,  (19)  54  to  59 

changed  to  chemical,  (19)  49 
changed  to  heat,  (19)  92 
cost,  influence  of  load  factor, 
(10)  921 

definition,  (2)  2,  26 
N.  E.  L.  A.  classification,  (10) 
918 

practical  unit,  (3)  186 
equations,  Helmholts,  (19)  58 
hydraulic,  (10)  604 
losses,  condensers,  electrolytic, 
(5)  183 

distribution  systems,  calcula- 
tion, (12)  233 
fixed  charges,  (12)  231 
dectric  furnaces,  (19)  101 
magnetic,  (2)  62 
density,  (2)  64 

measurements,  (3)  186  to  234 
a-c.  circuits,  (3)  207 
heavy  current  circuits,  (3)  200 
precision,  (8)  5 
three-phase  circuit,  (3)  208 
three  wire  circuits,  (3)  199 
watthour  meters,  (3)  187 
mechanical,  relation  to  chemical, 
(19)  44  to  47 
of  steam,  (10)  163 
required,  chemio&l  reaction,  (19) 


Energy — continued. 

stared  magnetic,  induction  omk 
(5)  122 

transformations,  (19)  38 

electrical  to  enemies!.  (19)  4 & 
transmission  line,  stored,  (2* 
149 

Engines,  crude  oil,  (10)  562 
Diesel.  (10)  563 
marine,  (18)  27 
gas.  (10)  495  to  528 

compression  pressure.  (10)  497 
Continental,  table  of  woffca. 
(18)  28 
oost,  (10)  526 
cycles,  (10)  495 
cylinder  jackets.  (10)  »4 
dry  oell  ignition,  tests.  (20)  42 
efficiency,  (10)  501 
efficiency,  thermal,  (10)  58 
effective  pressure.  (10)  509 
calculation,  (10)  507 
observed  data,  (10)  509 
explosion  pressure.  (10)  498 
. friction.  (10)  513 
four-cycle,  (10)  502 
fuel  consumption,  (10)  S14. 
518 

governing,  (10)  524 
horsepower  tests,  (10)  517  ts 

measurements,  (10)  550 
ignition,  (10)  509 
timing,  (10)  510 
jacket  water  quantity,  (10)  506 
lubrication,  (10)  514 
maintenance  cost,  (10)  537 
operation.  (10)  525 
overload  capacity,  (10)  523 
piping,  (10)  529  to  633 
rating.  (10)  515 
reference  diagram.  (10)  499 
repair  costa,  (10)  527 
speed,  (10)  511 
testing.  (10)  547 
two-cycle,  (10)  503 
vertical  vs.  horisontal,  (10)51 
weight,  (10)  528 
gasoline,  (10)  561 

efficiency,  (10)  570  ] 

horse-power,  (10)  512 
internal-combustion,  advastsse 
of  electric  drive  with.  (19)  4 
coats.  (10)  575 
fluctuation,  definition.  (?4 
14001 

regulation,  definition.  (24 
14000 

ship  propubion.  (18)  24 
vs.  turbines  in  deem 
propulsion,  (18)  56 
weight.  (18)  26 
kerosene.  (10)  560 
Falk,  tests.  (10)  568 
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, Diesel,  tests,  (10)  569 
affective  pressure,  (10)  558 
uel  consumption,  (10)  567 
governing,  (10)  572 
ignition,  (10)  573 
imitations  for  ship  propulsion, 
(18)  25 

ow  compression,  tests,  (10)  576 
>peration,  (10)  574 
>verload  capacity,  (10)  571 
>ower,  (10)  559 
ating,  (10)  565 
ating,  builders’,  <10)  566 
peed,  (10)  559 
eating,  (10)  580 
ypes,  (10)  557 
weights,  (10)  564 
m operation,  (10)  927 
eneral  arrangement,  (10)  583 
im.  (10)  163  to  218 
utomatio  stops,  (10)  215 
ack  pressure  effect  of  raising, 
"0)  205 


(10 

eatings,  lubrication,  (10)  188 
learance,  (10)  193 
sero,  (10)  194 

ompound,  definition,  (10)  167 
oets.  (10)  217 
tit-off,  (10)  168 

flinders,  condensation,  (10) 

191 

dimensions,  (10)  182 
jackets.  (10)  175 
lubrication,  (10)  189 
ratio,  (10)  182 
asign,  (10)  186 
tonomv,  examples,  (18)  23 
feet  of  wire  drawing,  (10)  196 
ficiency,  mechanical,  (10)  185 
rhaust,  heating,  (10)  201 
ipansion,  incomplete,  (10)  195 
ictuation,  definition,  (24) 

14001 

ames,  classification,  (10)  179 
ames,  girder,  (10)  180 
»vernors,  classification,  (10) 

177 

gh-power,  (10)  214 
trse-power,  brake,  (10)  184 
indicated,  (10)  184,  198 
rge  size,  (10)  213 
i W.  (10)  192 
lomobile  type,  (10)  200 
ises,  classification,  (10)  190 
friction,  (10)  187 
san  effective  pressure, 
definition,  (10)  181 
jdium-power,  (10)  214 
lltiple  expansion,  definition, 

(10)  167 

n-oondenaing,  (10)  169 
tingle  cylinder,  rating,  (10) 

199 
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Engines — continued, 
operation,  (10)  216 
performance,  (10)  202 
present  status.  (10)  218 
radiation,  (10)  197 
receivers,  definition,  (10)  176 
regulation,  definition,  (24) 
14000 

reheating  coils,  (10)  176 
relative  economy.  (18)  22 
ship  propulsion,  (18)  20 
single  acting,  definition.  (10)  171 
single  expansion,  definition, 
(10)  167 

specifications,  (10)  212 
speed,  (10)  183 

classification.  (10)  170 
stops,  automatic,  (10)  215 
testing,  (10)  427 
thermal  efficiency,  (10)  164 
thermal  equivalent  of  a horse- 
power hour,  (10)  204 
valves,  Corliss,  definition,  (10) 
173 

piston,  definition,  (10)  172 
poppet,  definition,  (10)  174 
slide,  definition,  (10)  172 
water  rate,  (10)  203 
stokers,  (10)  83 

triple-expansion,  comparison  to 
geared  turbines,  (18)  35 
trial  results  of  ships  equipped 
with,  (18)  34 
valves,  poppet.  (10)  174 
vs.  turbines,  ships,  backing  tests, 
(18)9 

Engineering,  definition,  (25)  1 
economics,  (25)  1 to  88 
specifications  and  contracts,  (22 
328  to  330 

subdivisions,  definitions,  (25)  2 
English  standard  wire  gage,  (4)  17 
units,  historical  sketch,  (1)  5 to  8 
Entropy,  definition,  unit,  (1)  94 
Entz,  booster.  (20)  154 
Envelope  sealers,  power  consumed, 
(15)  496 

Epstein  core-loss  testing  outfit,  (3) 
318 

Equalizers,  armature  windings,  d-c., 

(8)  19 

bus,  (8)  239 

connections,  armature,  convert- 
ers, (9)  42 

Equations,  chemical,  (19)  2 
interpretation,  (19)  4,  5 
Johnson's  rule,  (19)  35 
application,  (19)  36 
thermochemical,  deffnition,  (19)39 
Equivalents,  electrochemical,  ele- 
ments, (19)  170,  171 
pram,  use,  (19)  34 
ions  table,  (19)  166 
Esterline,  permeameters,  (3)  311(a) 
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Evaporation  boilers,  (10)  19 
cooling  towers,  (10)  298 
water  storage,  (10)  657 
Evesham  experiments,  plant  growth 
with  electricity,  (22)  153 
Everohed  Megger,  (3)  139 
Ewing,  hysteresis  meters,  (3)  317 
Excavating  machines,  (see  machin- 
ery). 

Excavation  under  water,  cost,  (10) 
705 

Excavators,  drag  line,  (15)  369 
motor  sixes,  (15)  370 
operating  cycle,  (15)  369 
Excitation,  a-c.,  generators,  (7)  9 
machines,  calculation,  (8)  81 
continuous,  importance,  (10)  742 
method  of  securing,  (10)  743 
converters,  field,  relation  to 
power-factor.  (9)  16 
synchronous,  (9)  2 
d-c.  generators,  (8)  9 

machines,  calculation,  (8)  81 
tapered  teeth,  calculation,  (8) 

equipment,  power  plants,  (10)  738 
to  750 

generators,  induction,  (7)  225, 
227,  228 

interpoles,  (8)  62 
loss,  d-c.  machines,  series,  (8)  138 
shunt,  (8)  137 

synchronous  motor,  V-curves,  (7) 
72 

switching  appliances,  (10)  749 
Exciters,  constant  potential  systems, 
(8)  185 

oost,  (10)  747,  914 
direct  connected  to  main  gener- 
ators, (10)  739 
field  rheostats,  (10)  750 
life,  expectancy,  (10)  900 
motor-driven,  (10)  741 
number  of,  (10)  745 
plant,  aise,  (10)  744 
storage  battery  reserve,  (20)  173 
voltage,  (10)  746 
wiring,  power  plants,  (10)  871 
systems,  (10)  748 

Exide  iron-clad  storage  batteries, 
type  MV,  table,  (17)  130 
Expansion,  coefficient,  iron  and  steel 
wire,  (4)  129 

coefficient  of  linear,  aluminum,  (4) 
91 

copper-clad  steel,  (4)  109  # 
temperature,  definition  unit,  (1) 

incomplete,  steam  engines,  (10) 
195 

joints,  copper  bellows,  (10)  371 
pipe  bend,  (10)  372 
piping,  (10)  369 

sKp.Tio)  a no 
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Expansion — continued, 
steam  pipes,  (10)  369 
temperature  coefficient,  copper, 
(4)  54 

Expenses,  constant,  (25)  39 

operating,  central-stations,  (25) 
95 

power  plants,  (10)  910 
variable,  (25)  39 

Explosion  proof,  electrical  machines 
definition,  (24)  4051 
slip-ring  enclosure,  definition.  (24) 
4052 

switching  devices,  (24)  7006 
Extractors,  laundry,  (see  laundry) 
Eye,  protective  equipment,  (14) 


Factor  of  sawmace.  definition.  (34) 
9030 

Fans,  (15)  193  to  212 
belt  drive,  (15)  206 
centrif  ugal,  constants,  tabk  (15) 
210 

horse-power,  (15)  195 
calculations,  (15)  208 
characteristics,  (15)  194 
oost  data,  (10)  111 
definitions,  (15)  193 
draft  pressure,  calculation,  (10) 
106 

motors,  a-c.  control.  (15)  202 
control,  remote,  (15)  201 
direct-connection,  methods  of, 


(15)  203 
d-c.  control.  (15)  200 
handling  hot  gases  (15)  104 
noise  suppression,  (15)  905 
type  adapted  to  various 
(15}  198 

propeller,  constants,  table,  (15  h 
211 

horse-power,  (15)  196 
calculations.  (15)  209 
starting  torque,  (15)  199 
turbine  driven,  testing,  (10)  435 
testing,  (10)  435 
Fahy,  per  men  meters,  (3)  312 
Falk,  kerosene  engine,  test,  (10)  SB 
Faraday,  definition,  (19)  31 
first  law,  (19)  16 
fulfilled.  (19)  37 
general  form,  (19)  18 
law,  (2)  36 
notation,  use.  (19)  32 
second  law,  (19)  17 
Feeder,  feeders,  arrangement,  (13 
102 

electric  railways,  (see  dhtribstw 
systems). 

interior-wiring,  definition,  (13)  Si 
line-drop  compensator,  ealenh 
tions.  (12)  90  to  92 
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eder,  feeders — continued, 
oop,  (12)  18 

distribution  systems,  (12)  18 
tanels,  substations,  (12)  71 
►ole-type  potential  regulators,  (6) 
254 

egulatiod,  definition,  (24)  15000 
otenti&l  regulators,  (6)  253 
sgulators,  (10)  760 
ng,  (12)  10 

distribution  system,  (12)  10 
retem,  (12)  16 

lb,  interior  wiring,  definition, 
(13)  56 

le  of  fuses,  (12)  137 

>ltage,  automatic  regulation, 

(12)  93 

(-water,  (10)  133  to  138 
alysis,  (10)  134 
aters,  (10)  304  to  316,  400 
closed  type,  (10)  306 
cost,  (10)  316 
beat  transfer,  (10)  304 
mean  temperature  difference, 
(10)  308 

>pen,  temperatures  obtainable, 
(10)  310 

>pen  type,  (10)  305 
>peration,  (10)  314 
lump  connections,  (10)  315 
ating.  (10)  312 
urface  calculation,  (10)  311 
emperature  rise,  (10)  309 
rater  velocities,  (10)  307 
volume,  calculations,  (10) 
313 

unties,  (10)  135 
upitation,  removal,  (10)  51 
tment,  (10)  50,  136 
of  condensate,  (10)  137 
thing,  (10)  418 
►onductivity,  heat,  (19)  84 
alloys,  general  data,  (19)  131 
nickel,  alloy,  (4)  151 
ibsorption  pyrometer,  (3)  368 
or  telescope  pyrometer,  (3) 

bituminised,  properties,  eleo- 
cal,  (4)  292 

i a meal  and  thermal,  (4)  292 
erties,  electric,  (4)  291 
tchanical  and  thermal,  (4) 
291 

■niaed,  properties,  electric, 
4)  290 

chanical  and  thermal,  (4) 

. 290 . 

ils.  dimensions,  calculations, 
87 

iesign,  (8)  73  to  89 
ir-gap  density,  (8)  76 
ux  densities  in  iron,  (8)  77 
inging  constant,  (8)  74 
akage  factor,  (8)  79,  80  I 


I Field  coils — continued. 

magnetio  areas,  (8)  75 
tooth  density,  apparent,  (8) 
78 

insulation,  (8)  109 
machines,  air-gap  calculations, 
(8)  89 

ampere-turns  per  pole,  (8)  81 
cross  magnetisation  calcula- 
tions, (8)  85 

design,  example,  (8)  89 
excitation  for  tapered  teeth, 
(8)  82 

resistance  testing,  (8)  262 
aeries,  design,  (8)  89 
shunt,  design,  (§)  89 
weight  calculations,  (8)  88 
wire  sise  formulas,  (8)  86 
troubles,  (8)  252 
electric  vehicle  motors)  (17)  88 
heating,  (8)  128 

temperature  rise,  (8)  129 
insulation,  fire  proof,  (8)  111 
ventilated,  (8)  110 
Field,  copper-loss,  synchronous  ma- 
chines, (7)  118 

d-c.  generator,  residual  magne- 
tism, (8)  255 
discharge,  (8)  245 
distortion,  (8)  31 
form,  a-c.,  generators,  distributed 
windings,  (7)  33 
salient  pole,  (7)  32 
intensity,  magnetio.  definition, 
symbol,  unit,  (1)  74 
magnetic,  formula,  (2)  46 
magnetic,  intensity,  (3)  292 
loops  conductor,  (2)  60 
measurements.  Bismuth-spiral 
method,  (3)  300 
. oscillating  magnet  method. 
(3)  299 

solenoid,  (2)  61 
straight  conductor.  (2)  59 
strength  formula,  (3)  297 
measurements,  (3)  296 
poler  ampere  turns,  calculation, 

(7)  39,  (8)  81 

revolving,  definition,  (7)  156 
rheostats.  (5)  187  to  193 
stray,  effect  on  a-c.  voltmeters,  - 
J (3)  74 

d-c.  voltmeters,  (3)  60 
error,  wattmeters,  (3)  166 

shields,  (3)  59,  60 
d-c.  machines,  design,  (8)  73  to  89 
weak,  permeability  formula,  (4) 
202 

Filaments,  carbon,  metallised,  (14) 

44 

the  treated,  (14)  36 
tungsten,  early  manufacturing 
processes,  (14)  47 
rugged  ness,  (14)  80 
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Fire-alarm  systems,  (21)  186  to  139 
oentral  station  equipment,  (21 ) 
138 

description,  (21)  135 
line  circuit,  (21)  136 
merchant  marine,  (22)  112 
v non-interfering  box,  (21)  137 
. ^ thermostat,  type,  (21)  139 
wiring.  (18)  132 

Fire-brick,  conductivity,  heat,  (19) 
84.  86 

crushing  strength.  (4)  407 
resistivity,  heat,  (19)  86 
Fire-clay,  properties.  (4)  256 
Fire-point,  oils,  testing,  (8)  392 
Fire,  resisting  compound,  (13)  34 
risks,  power  plants,  (10)  597 
relation  to  wiring,  (13)  1 
Fischer-Hinnen's  method,  wave 
analysis,  (2)  210 
Fish  ladders,  (10)  703 
Fittings,  iron  conduit,  (13)  16 
switchboard,  (10)  774 
Flash  boards,  hydraulic  power 
plants,  (10)  702 

Flashing,  converters,  synchronous, 

(9)  83 

Flash-lamp,  dry  cells,  tests  for  (20) 
43 

Flash  point,  fuel  oils,  testing,  (3)  396 
Fleming’s  left-hand  rule,  (8)  5 

right-hand  rule,  (8)  4 
rules,  (2)  57 

Floats,  rod,  application  of  measure- 
ments, (10)  644 
limitations,  (10)  645 
stream  flow  measurements,  (10) 
643 

stream  flow,  measurements,  (10) 
642 

Flood,  provisions  for  power  plants, 

(10)  702 

Floor  slabs,  concrete,  design,  (28)  12 
space,  converters,  synchronous, 
(12)  63 

motor-generators,  (12)  63 
Flour  mills,  motor  applications,  (15) 
433  to  437 
Flue  area,  (10)  35 
Flue-gas,  analysis,  (3)  396,  (10)  85 
properties,  (10)  1 14  to  132 
temperature  measurements,  (10) 

Flumes,  (10)  676 

Holyoke  testing,  (10)  707 
Fluorine,  electrochemical  equiva- 
lent, (19)  170 

Flux,  density,  air-gap,  d-c.  ma- 
chines, (8)  76 
apparent  tooth,  (8)  78 
dielectric,  (2)  107 
d-c.,  armature  core,  (8)  123 
machines  effect  on  cooling, 
(8)  122 


Flux — continued. 

tooth,  (8)  123 
formula,  (2)  47 
generators,  a-c^  (7)  39 
table.  (7)  42 

induction  coils,  secondary  tope 
(5)  133  * 

iron,  table,  (8)  77 
magnets,  a~e.t  (5)  78 
curves,  (5)  44 
definition,  symbol,  unit,  O' 
72 

measurements,  (3)  292 
reactors,  (6)  262 
synchronous 
of,  (7)  102 
dielectric,  (2)  106,  134 
direction,  determination  rule,  (2< 
56 

. distribution,  revolving.  (7) 
two-phase  induction  sotsi 

(7)  165 

gap,  peripheral  distribution,  in- 
duction motors,  (7)  161 
leakage,  a-c.,  generator,  core,  (7) 
37 

light,  definition,  (14)  171 

computation  of  total.  (14)  173 
to  179 

luminous,  approximate  sons)  «*- 
stants,  (14)  182 
definition,  (1)  81,  (14)  171.  (21 
11001 

mean  density,  determiaatioe. 
(14)  175 

total,  light-distribution  car 
stants,  (14)  177 

magnetic,  definition,  symbol  oil, 
, (D71 
lines,  (8)  1 

radiant  definition,  (24)  11000 
reduction,  due  to  areas  magneton 
tion,  (8)  32 

sonal,  computation,  (14)  180  «• 
184 

typical  values.  (14)  183 
Fluxmeter,  (3)  298 
Flywheels,  calculation.  (15)  254 
Follanabee  steel  sheets.  (4)  232 
Foot-candle  meter,  (14)  282 
Force,  centrifugal,  definition.  (1)  11 
definition,  unit,  (1)  30 
electromagnetic,  (8)  5 

between  parallel  caadaeUr  u 
formula.  (2)  41 
formula,  (2)  40 

■ magnetic,  displacement,  (2)  66 
unbalanced  pull  on  anamtsrt 

(8)  102  f 

Maxwell's  pull  equation.  (5) « l 

magnetising,  d-c.  solenoid,  (5H  f 
formula  (1)  46 
tractive,  magnetic,  (2)  65 
units,  conversion  table,  (I)  2 
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bay  design  (10)  681 
ignition  system,  (22)  00 
tinnier  paper  machine,  power 
required.  (15)  857 
>tor  applications,  (15)  350 
n-factor,  definition,  (2)  207,  (24) 
3270 

rious  waves,  table,  (2)  208 
iulast  dimensional,  (1)  08 
ifieations.  power  plants,  general 
eoificationa,  (22)  132 
Wayne,  watt-hour  meter,  a-c., 

) 206 

er,  superheater,  (10)  12 

idation,  foundations,  brick 

chimneys,  (10)  101 

ildings,  materials  used,  (10)  580 

ft,  (10)  014 

predation,  (10)  808 

linage,  (10)  504 

aerators,  power  plants.  (10) 

728 

draulie  power  plants,  (10)  704 
.ds,  (10)  502 
ichinery,  (10)  503 
wer  plants,  (10)  581  to  508 
Is,  bearing  power,  (10)  500 
ier’s  series,  wave  analysis,  (2) 
) 

te.  telephone  intermediate  dis- 
tributing, definition,  (24)  12222 
in  distributing,  defimtion,  (24) 
12221 

ds  steam  flow  formula,  (10) 
113 

nan's  formula,  nossle  discharge, 
10)  634 

th  gage,  definition,  (4)  21 
ht  handling,  telpherage  sys- 
ems,  (15)  245 
inters,  description.  (18)  42 
lency, 

ngers.  (7)  346  to  370 
pplicataon,  (7)  346 
ea rings,  (7)  367 
ibliography,  (7)  360 
onnection  of  two  systems  (7) 
362 

instruction,  (7)  352 
fficiency,  (7)  353 
iduction  type  (7)  364 
a-c.  motor  drive,  (7)  356 
d-c.  motor  drive,  (7)  355 
disadvantage,  (7)  350  • 
motor  choice,  (7)  361 
number  of  poles,  (7)  357 
power  required,  (7)  360 
speed,  (7)  357,  358 
use  of  two,  (7)  365 
synchronous  motor  drive, 
(7)  348 

otor  generators,  (7)  333 
>n-reversible.  induction  motor 
drive.  (7)  363 

[Ssfsreneei  are  to  section* 


Frequency — continued. 

parallel  operation,  (7)  340 
reversible,  use  of  induction 
machine,  (7)  364 
rotary  converters,  (7)  368 
shaft  position,  (7)  366 
subsidiary  networks,  exclusive 
supply,  (7)  347 
substations,  (12)  60 
synchronising,  (7)  350,  351 
equipment,  (12)  61 
converter,  definition.  (24)  4012 
regulation,  definition,  (24)  4008 
definition.  (2)  161,  (7)  3,  (24)  3208 
symbol,  unit,  (1)  62 
effeot  on  dielectrio  strength,  (4) 
240 

lightning,  relation  to  other  factors, 
(22)  245 

measurements,  (3)  278  to  282 
meters,  (3)  270  to  282 
reed  type,  (3)  270 
very  sensitive,  (3)  282 
Westinghouse,  (3)  280 
Weston,  (3)  281 

oscillation  equation,  (2)  147 

range,  telephone  transmission, 
(21)  170 

telephone  impulse*  definition,  (24) 
12285 

test  voltage,  (24)  2354,  9313 
Friction,  coefficients,  braking,  de* 
crease  with  length  of  applica- 
tion, (16)  207 

braking  period,  effect  of,  (16) 
tests,  (16)  204 

variation  with  speed,  (16)  206 
cast-iron  brakes  on  steel  tires 
(16)  205 

general  laws,  (16)  200 
constants,  journal  bearings,  (16 
7 to  0 

engine,  gas,  (10)  513 
steam,  (10)  187 
ournal  bearings,  (16)  6 
osses,  (7)  120 
generator,  a-o.,  table,  (7)  110 
machine  tools,  (16)  3 
steam  engines,  (10)  187 
steam  turbines,  (10)  222 
losses,  synchronous  machines 
measurement,  (7)  163 
water  pipes.  (10)  358 
prony  brakes,  (3)  328 
rolling,  (16)  6,  22 
water  in  fittings,  (10)  633 
pipes,  (10)  626 
Frictional  machines, 
electrostatic,  (22)  253*' 
construction,  (22)  256 
theory  of,  (22)  255 
“Frieda,”  electric  drive,  study,  (18) 
62 
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Fringe  effect,  capacity  measure- 
ments, (3)  265 

Fringing  constant,  d-c.,  machines, 
(8)  74 

Fteley  and  Steams’  weir  formula, 
(10)  616 

Fuel,  fuels,  analysis,  (3)  387  to  402 
bibliography,  (3)  402 
briquettes,  (10)  126 
oosl,  definitions,  (10)  114  to  116 
properties.  (10)  119 
coke,  definition,  (10)  117 
consumption,  oil  engines,  (10)  567 
oosts,  comparative,  ship  propul- 
sion, (18)  29 

marine  prime  movers,  summary, 
(18)  30 

gas,  coke  oven,  (10)  12 2 

natural,  composition,  (10)  121 
retort  coal,  (10)  122 
heating  value,  determination,  (3) 
391 

lignite,  definition,  (10)  118 
ous,  mineral,  properties,  (10)  120 
peat,  definition,  (10)  124 
properties,  (10)  114  to  132 
wood.  definition,  (10)  125 

Fuller  board,  properties,  electrical 
and  mechanical,  (4)  288 
thermal,  (4)  368 
treated  properties,  (4)  289 

Fuller  oeil,  (20)  23 

Fuller  mills,  power  requirements, 
(15)  275 

Furnace,  furnaces,  boilers,  (10)  61 
to  90 

chain  grates,  (10)  66 
classification,  (10)  64 
coal  vs.  electric,  (19)  117 
combustion,  incomplete,  (10)  27 
draft,  forced,  (10)  78 
natural,  (10)  77 
efficiency,  (10)  24 
values,  (10)  84 
electric,  (19)  60  to  62 
advantages,  (19)  61 
a-c.  vsTa-c.,  (19)  108 
application  in  non-ferrous  me- 
tallurgy, (19)  118  to  130 
arc,  direct,  (19)  94 
indirect,  (19)  94 
typical,  (19)  93 
commercial  products,  (19)  118 
to  134 

summary,  (19)  118 
construction,  (19)  93  to  117 
design,  (19)  93  to  117 
distinguishing  features,  (19)  60 
electrodes,  (19)  104 
energy  loss,  (19)  101 
G irod,  (19)  99 
heat  calculations,  (19)  87 
production  regulation,  (19) 
106 


Furnace,  furnaces  eontinesd. 
required,  total,  (19)  91 
heat  losses,  (19)  67  to  69 
by  conduction,  (19)  €7 
radiation,  (19)  68,  90 
through  electrodes,  (19)  105 
through  terminals,  (19)  « 
Hfroult.  (19)  98 
induction,  (19)  108 
iron  reduction,  (19)  133 
Kellar,  (19)  100 
limitations,  (19)  62 
pig  steel,  (19)  134 
pinch  effect,  (19)  97 
power  factor.  (19)  108 
reactions,  (19)  60 

heat  required.  (19)  91 
limitations,  (19)  62 
resistance,  dassificstun,  (1$ 
96 

design  and  constructias,  (19 
113 

operation,  (19)  107 
simple  type,  (19)  112 
special  type,  (19)  111 
typical,  (19)  95 
rheostats,  (19)  109 
Roechling-Rodenhsuser,  (10 
103 

Schoenherr,  nitrogen  into. 
(19)  261 

Stassano.  (19)  94 
thermo-chemical  reactioas.  flS'i 
63  to  92 
tube,  (19)  110 
use  in  steel  industry,  (19)  1£ 
vs.  coal,  (19)  117 
grates,  hand-fired,  (10)  69 
surface,  (10)  16 
, type,  (10)  69 
hand  stoking,  (10)  70,  71 
life  expectancy  (10)  900 
types,  (10)  64 

Fuse,  fuses,  ammunition.  (22)  148 
blocks.  (13)  53 
cartridge,  (12)  131,  (13)  46 
classification.  (12)  130 
cest.  (10)  783 
current-carrying  capacity, 

7202 

definition,  (24)  7015 
description,  (10)  782 
enclosed,  (12)  130,  (13)  46 
blowing  limitations.  (13)  48 
rating,  (13)  47 
expulsion,  cast,  (10)  805 
location,  distribution  system.  (1* 
134 

open-link,  (13)  45 
operation,  law,  (12)  132 
plug.  (12)  130 
refilling,  cost,  (10)  783 
renewable,  (13)  49 
telephone,  (21)  155 
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, fuses — continued, 
nperature  limits,  (24)  7106 
» at  subway  transformers,  (12) 
138 

listribution  systems,  (12)  135 
general  principles,  (13)  125 
me  transformers,  (12)  130 
ow  tension  lighting  systems, 
(12)  120 

tverbead  a-c.,  lines,  (12)  185 
inderground  low-tension  net- 
works, (12)  136 
circuit-breakers,  (13)  126 
e,  fusing  currents,  (13)  50 
le  alloys,  melting  points,  (4) 
, (also  see  alloys), 
g currents,  afluminum  wire, 
12)  133 

per  wire.  (12)  133 

sb,  various  kinds,  (4)  145 


inium,  properties,  electro- 
nical, (10)  170 
. . 

cs,  quick  dosing, 

10)  40 
ses,  (10)  30 

it  metal,  (4)  26,  27,  213  to  216 
it  establishing  standard,  (4) 
214 

andard  decimal,  (4)  27,  216 
. S.  standard,  (4)  26,  215 
, (4)  10  to  30 
mencan,  (4)  13 
bads  of,  (4)  14 
merican  Steel  ft  Wire  Co.,  (4) 
16 . 

rmingham,  (4)  16 

rown  ft  Sharpe,  (4)  13 

iison  standard,  (4)  22 

*enoh,  (4)  21 

srman,  (4)  24 

»ndon,  (4)  18 

stric,  (4)  23 

lli  meter,  (4)  23 

>ebling,  (4)  15 

indara,  (4)  17 

>el,  (4)  15 

libs*.  (4)  16,  10 

>ular  comparison,  (4)  30 

enton  Iron  Co.’s,  (4)  20 

sshburn  and  Moen,  (4)  15 

, sheet  metal,  two  systems, 

13 

properties,  electrochemical, 

ometer,  galvanometers,  (3) 
o 41 

mting  current,  (3)  31 
ic  type,  (3)  13 
tic,  (3)  15 
istant,  (3)  17 


Galvanometer,  galvanometers— con- 
tinued. 

magnitude  of  deflection,  (3)  16 
Broca,  (3}  13 
classification,  (3)  9 
constant,  definition,  (3)  23 
different  forms,  (3)  24 
D'Arsonval,  (3)  14,  01 
damping.  (3)  26 
critical,  (3)  27 
definition,  (3)  8 
detectors.  (3)  20 
differential,  (3)  18 
d-c.  types,  (3)  10 
dynamometer  types,  (3)  32 
£anthoven{  (3)  14 
electrostatic,  (3)  37 
Kelvin,  (3)  13 
moving  coil,  (3)  14 
period,  (3)  28 
reflecting,  (3)  21 
scales,  (3)  22 
sensitivity,  (3)  23 
sensitivity,  high  current,  (8)  25 
shunts,  (3)  20 
Ayrton,  (3)  30 
universal,  (3)  30 
sine,  (3)  12 
tangent,  (3)  11 
thermo,  (3)  36 
vibration,  (3)  35 

Garton- Daniels,  lightning  arresters. 

(12)  140 
Gas,  gases, 

air  analysis,  various 
kinds,  (10)  123 

analysis,  (3)  387  to  402,  (10)  466 
bibliography,  (3)  402 
anthracite  coal,  (10)  440 
Avogadro's  law,  (10)  6 
bl&at-furnaoe,  analysis,  various 
kinds,  (10)  123  . 

blast-furnace,  properties,  (10)  404 
break,  motor-driven  mercury,  (22) 
156 

Bo^rle-Mariotte-Gay-Luasac  law, 

calorifio  value,  measurement,  (10) 

551 

cleaning  methods,  (10)  478 
coke  oven,  composition,  (10)  122 
continuous  rate  of  gasification, 
(10)  454 

constant-temperature,  (19)  47 
discharge,  electric,  (10)  253  to  256 
elementary,  calorific  value,  (10) 
400 

engines,  (see  engines), 
evolution,  work  performed,  (10) 

45 

expansion  at  constant  pressure, 
(10)  46 

temperature,  (10)  47 
formula,  (10)  500 
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Gu.  — continued, 

flue,  analysis,  (3)  400,  (10)  85 
fuel,  analysis,  (3)  398 
heat  eon  tent,  B.t.u.  per  eu  ft., 
(10)  499 

holders.  (10)  485  to  489 
oapaeity,  (10)  487 
cost,  (10)  489 
operation,  (10)  488 
type,  (10)  486 

illuminating,  analysis,  (3)  398 
properties,  (10)  493  ' 
impurities,  (10)  477 
insulating  properties,*  (4)  366  to 
368 

lighting,  eleetric  wiring,  (13)  133 
manufacture,  (10)  444 
by-products,  (10)  482 
comparison  to  electricity,  (22) 
16 

measurements,  (10)  549 
meters,  (3)  417  to  423 
bellows  type  dry,  (3)  418 
Pitot  tube  formulas,  (3)  422 
Thomas  electric,  (3)  420 
thin  disc  orifices,  (3)  423 


types,  (3)  417 
Venturi,  (3)  421 


wet  type,  (3)  419 
mixtures,  (19)  9 

composition,  definition,  (19)  10 
natural,  composition,  (10)  121 
costs,  (It))  132 
properties,  (10)  492 
partial  pressures  vs.  partial 
volumes.  (19)  11 
piping.  (10)  530 

power  plants,  producer  room,  (10) 
584 

power  production,  (10)  128 
preasure-temperature-volume,  re- 
lations, (19)  6 to  ll 
producers,  auxiliaries  cost,  (10) 
476 


capacity,  (10)  453 
cost.  (10)  468 

double  sone,  test  data.  (10)  461 
down  draft,  definition,  (10)  450 
economisers,  (10)  472 
effect  of  excess  steam,  (10)  465 
Geological  Survey  tests,  (10)  463 
operation,  (10)  467 
pressure,  (10)  452 
pressure,  definition,  (10)  447 
properties,  (10)  491 
Buction,  advantages.  (10)  451 
suction,  definition,  (10)  446 
test  data,  (10)  460 
updraft,  definition,  (10)  448 
vaporisers,  (10)  473 
Westinghouse  double  sone, 
tests,  (10)  461 

Wood  pressure,  test  data,  (10) 
462 


Gaa,  gases — continued, 
properties,  (10)  490  to  494 
purifiers,  (10)  477  to  484 
cost.  (10)  484 

quantity  per  pound  of  fuel  (10 
464 

retort  coal,  composition,  (10)  12 
scrubbers,  (10)  477  to  484 
cost,  (10)  484 
dry  type,  (10)  483 
wet  type.  (10)  479 
storage,  (10)  485  to  489 
neoeaaity.  (10)  485 
use,  (10  ) 129 
wash  boxes,  (10)  471 
washers,  mechanical,  (10)  480 
Theisen.  (10)  48 1 
washing,  (10)  478 
Gaskets,  steam  piping,  3SJ 

Gasoline,  handling,  static  ekctrtbfjr. 

danger  of,  (22)  324 
Gassing,  storage  batteries,  feton 
affecting.  (17)  136 
Gates,  head,  water  flow,  607 

sluice,  water  flow,  (10)  607 
Gears,  cast-iron,  horse-power  3)33 
working  loads,  (23)  33 
cycloidal,  (23)  28 
design,  (23)  28 
involute.  (23)  28 
noise  at  various  speeds.  -3)  11 
pitch,  definitions,  (23)  29 
reduction,  steam  turbines,  (10) 
264 

8 peed,  maximum,  (23)  32 
steel,  horse- power,  (23)  30 
working  loads,  (23)  30 
Gearing,  (23  ) 28  to  34 

Alquiat  mechanical.  (18)  36 
electrical,  efficiency,  (18)  38 
relative  weight,  (18)  38 
special  advantages,  (18)  40 
losses,  railway  motors,  (24)  5337 
toothed,  (23)  28 

Gebhardt,  steam  meters.  (3)  42S 
Gelatine,  properties,  eJectn  , (5! 
159 

General  Electric,  cam  coc'iwler. 
railway  motors,  (16)  165  to  174 
contactor  controller,  raihraT 
motors,  (16)  155  to  164 
demand  meters,  (3)  233.  234 
ground  detectors.  (3)  81 
power  factor  meters.  (3)  185 
railway  motors,  (16)  141 
repulsion-induction  motor.  (7 
304 

compensation,  (7)  305 
synchroscope,  (3)  291 
watt-hour  meters,  a-c.,  (3)  306 
d-c..  (3)  198 

wattmeter,  electrodynaxDoractrr 

type,  (3)  158 
wave  meter,  (3)  268 
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l Railway  Signal  Co.,  electro- 
mic  interlocking  system,  (16) 


ral 

namic 
7 

rater,  generators, 
t.,  ampere  tarns,  calculation. 
(7)  39,  40 

irmature  winding,  (see  also 
windings).  (7)  16  to  22 
irtificial  loading,  (7)  148 
>elt  differential  factor,  defi- 
nition, (7)  28 
factor,  table.  (7)  31 
>ibliography,  m 147,  370 
ilassification,  (7)  7,  10 
sonstant  potential,  regulation, 
definition,  (24)  4095 
ore  leakage  flux,  (7)  37 
ifficiency,  (7)  115  to  128 
.m.f.  formulas,  (7)  24 
m.f.  generation,  (7)  23 
ngine  type,  definition,  (7)  12 
xdtation  (7)  9 

•eld  form,  distributed  windings, 
(7)  33 

of  salient  pole,  (7)  32 
ux  densities  in  iron,  (7)  39 
table,  (7)  42 
eating  test,  (7)  148 
iduction,  (7)  222  to  242 
application,  (7)  241 
bibliography,  (7)  242 
circle  diagram,  interpreta- 
tion, (7)  224 
cost,  (7)  240 
cost,  total  works,  (7)  254 
design,  (7)  243  to  259 
data.  (7)  258 

limitations,  (7)  248  to  256 
division  of  load,  (7)  232 
effect  of  angular  variation, 
(7)  234 

effect  of  e.m.f.  wave  shape. 
(7)  235 

equivalent  excites  capacity, 
(7)  229 

excitation,  (7)  225  to  228 
Vondensers,  (7)  226 
from  synchronous  ma- 
chines, (7)  227 
required,  (7)  228 
frequency  regulation,  (7)  231 
beating,  (7)  250 
bunting,  (7)  237 
eakage,  coil-end,  (7)  256 
lutput  coefficient,  table,  (7) 
246 

mtput  equation.  (7)  245 
lower  factor,  (7)  225,  249 
eactanoe,  slot,  (7)  251 
hort  circuits,  (7)  238 
pecifications,  (7)  243 
quirrel  cage  rotor,  (7)  239 
witching  in,  (7)  236 
heory,  (7)  222 


Generator,  generators — continued, 
tooth  density  limit,  (7)  248 
torque,  maximum,  (7)  249 
turbine  driven,  (7)  233 
velocity  limitations,  (7)  252, 
253,  256 

voltage  regulation,  (7)  230 
windings,  fractional  pitch,  (7) 
257 

leakage.  (7)  36  to  45 
belt,  (7)  48 
reactance,  (7)  45,  50 
slot,  (7)  46 
tooth- tip,  (7)  47 
losses.  (7)  115  to  128 
magnetio  oircuit,  (7)  35  to  42 
phase-belt,  definition,  (7)  27 
differential  factor,  definition. 


(7)  30 

pitch  differential  faotor,  defini- 
tion, (7)  29 

quarter  phase,  definition,  (7)  5 
rating  ol,  (7)  65 
regulation,  computation  of,  (24) 
4394 

oonstant  potential,  definition, 
(24  ) 4095 
test  of,  (24)  4394 
revolving  armature,  use,  (7)  10 
field,  use,  (7)  10 
saturation  curve,  calculation, 
(7)  35 

sero  power  factor,  calcula- 
tion, (7)  55 

e.m.f.  method,  calculation, 
(7)  57 

m.m.f.  method,  calculation. 
(7)  58 

shoe  leakage  flux,  (7)  38 
short  circuit  diagram,  (7)  54 
single  phase,  use,  (7)  8 
synchronous,  air  gap,  (7)  106 
armature  reaction,  (7)  44 
characteristics,  (7)  43 
definition,  (7)  1 
design,  (7)  92  to  107 
constants,  (7)  94 
effect  of  number  of  slots, 
(7)  107 

'limitations,  (7)  95  to  103 
output  equation,  (7)  94 
peripheral  velocity,  (7)  103 
slot  depth,  (7)  100 
weight  of  copper,  (7)  99 
excitation  characteristics,  (7) 
59 

frame,  (7)  145 
friction  losses,  (7)  119 
insulation  design,  (7)  108  to 
114 

mechanical  construction,  (7) 
140  to  146 

parallel  operation,  (7)  87  to 
91 
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Generator,  generators — continued, 
regulation,  (7)  43 
calculation,  (7)  52 
relation  to  armature 
strength,  (7)  60 
value  of  close,  (7)  61 
short  circuit  current,  (7)  62, 
63 

specifications,  (7)  92 
vector  diagram,  (7)  51 
ventilation,  (7)  129  to  139 
turbo  windage  losses,  (7)  119 
tests.  (7)  148  to  154 
three  phase,  definition,  (7)  6 
tooth  kinks  (7)  34 
turbine-driven,  definition,  (7)  15 
friction  losses,  (7)  121 
two  phase,  definition,  (7)  5 
ventilation,  (see  ventilation), 
vertical  and  horizontal,  defini- 
tion, (7)  11 

water-wheel  type,  (7)  14 
definition,  (7)  13 
arc  wave,  (21)  289  to  291 
bibliography,  (7)  370,  (8)  277 
battery-charging,  telephone,  (21) 
61 

characteristics,  power  plant,  (10) 
716 

coal  mining,  (15)  286,  287 
compound,  parallel  operation, 
(10)  762 

cooling,  air  required,  (10)  731, 
(also  see  cooling), 
definition,  (24)  4001 
d-c.  arc,  (8)  207 
ratings,  (8)  208 
armature  circuits,  (8)  7 
design,  (8)  59  to  72 
reactions,  (8)  30  to  35 
windings,  general,  (8)  13  to 
29,  (see  also  armature 
windings). 

bearing  construction,  (8)  98 
bibliography,  (8)  277 
boosters,  (8)  184 
brushes,  (8)  8 

mounting  of,  (8)  99 
characteristics  and  regulation, 
(8)  144  to  156 
classification,  (8)  10  to  12 
commutation,  (8)  36  to  58 
poor,  (8)  250 
commutators,  (8)  8 
compound,  (8)  152 
definition.  (8)  9 
parallel  operation,  (8)  238 
puncture  test,  (8)  275 
regulation,  test  of,  (24)  4395 
starting  and  stopping.  (8)  243 
constant  current,  (8)  155 

open  circuit  windings,  (8)  206 
operation;  (8)  221  / 

regulator,  (8)  156 


Generator,  generators — contused, 
cries  arc  lighting.  (8)  215 
Standard,  18)  206  to  221 
testing.  (8)  270 
constant  potential,  (S)  150.  Ill 
to  189 

three  wire.  (8)  190  to  199 
cooling  and  ventilation.  (8)  111 
to  132,  (also  see  oooliat). 
costs,  (8)  177  to  180 

current  regulation.  (8)  14® 
design  and  construction.  (&< 
90  to  102 

efficiency  and  lo  13  ts 

143 

efficiency,  expression,  I 143 
electrolytic,  (8)  183 
electromagnetic  indued**,  (S' 
2 

end  play,  (8)  95 
end  thrust,  (8)  254 
engine  type,  construe:  , (Sj 
100 

mechanical  design.  • 01 

equalizer  bus,  (8)  239 
field  design,  (8)  73  to  89 
discharge.  (8)  245 
excitation.  (8)  9 
residual  magnetism,  (8)  255 
flat-compound,  (8)  152 
humming,  (8)  256 
induced  e.m.f.,  direct.  rde. 
(8)  4 

magnitude.  (8)  3 
installation.  (8)  246 
insulation,  (8)  103  to  115 
interpole,  commutation,  (8)  51 
lighting,  (8)  181,  186 
long  shunt,  definition,  (8)  9 
magnetic  flux,  (8)  1 
operation,  (8)  236  to  256 
instructions,  (8)  249 
overcompound,  (8)  152 
principles,  (8)  1 to  9 
railway  service,  (8)  182 
rating,  short-time.  (8)  178 
units.  (24)  4220 
reactance,  voltage  limits,  t* 
49 

regulation,  definition,  (24)  4094 
Rosenborg  variable  speed.  ($' 
187 

self  excited,  definition.  (8)  ® 
separately  excited,  definition. 
(8)0 

external  characteristics,  is 
144 

series  characteristics,  (8)  IB 
constant  current,  (8)  155 
critical  resistance,  (8)  154 
definition,  (8)  9 
shunt,  (8)  240  _ 

shunt,  car  lighting.  (8)  189 
critical  resistance,  (8)  146 
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iter*  generators — continued, 
definition,  (8)  9 
division  of  load,  (8)  237 
external  characteristics,  (8) 
145 

instability,  (8)  148 
parallel  operation,  (8)  236 
short  circuit  characteristics, 
(8)  147 

starting  and  stopping,  (8) 
241,  242 

iroltage  regulation,  (8)  150 
hop  tests,  (8)  276 
hort  shunt,  definition,  (8)  9 
imiliarity  to  synchronous 
converters,  (9)  36 
parkless  operation  (8)  219 
peed,  effect  on  weights,  cost 
and  efficiency,  (8)  180 
>lit  pole  type,  (8)  192 
carting  for  first  time,  (8)  247 
;ructure,  identity  of,  (8)  6 
sating,  (see  testing), 
lird  brush,  (8)  188 
homson-Houaton,  (8)  210 
tree  wire,  balanoe  coil,  rating, 
(8)  197 

use  of  two,  (8)  196 
compound,  (8)  198 
current  distribution,  (8)  194 
Dettmar  and  Rothert  ma- 
chine, (8)  192 
Dobrowolsfcy  machine,  (8) 
193 

earliest  type,  (8)  191 
parallel  operation,  (3)  199 
unbalanced  current,  (8)  195 
y system  of  electrio  trans- 
ssion,  (8)  216  to  221 
ge,  effect  on  weight,  cost, 
ind  efficiency,  (8)  179 
ulation,  (8)  149 
ble  speed,  (8)  186 
its,  (8)  177  to  180 
arc  machine,  (8)  213 
(8)  96 

current,  (9)  134  to  139 
>arallel  operation,  (9)  136 
.ure  currents,  (9)  134 
tion,  (24)  4007 
i limitations,  (9)  137 
vantages,  (9)  135 
speed,  abandonment,  (9) 

atic,  (22)  252  to  264 
sification,  (22)  252 
rial  machines,  (22)  253  to 

machines,  (22)  262,  263 
ice  machines,  (22)  258  to 

r machine,  (22)  260,  261 
rpe,  definition,  (24)  4027 
(10)  729 

irsncss  are  to  sections 


Generator,  generators — continued, 
field,  rheostats,  (5)  188 
homopolar,  (8)  226  to  235 
axial  type,  (8)  228 
brush  friction  loss,  (8)  229 
compound,  (8)  233 
cost,  (8)  231 
. self  exciting,  (8)  234 
standard,  (8)  235 
maximum  output,  (8)  232 
output  equation,  (8)  230 
radial  type,  (8)  227 
theory  of  operation,  (8)  226 
weight,  (8)  231 

induction,  definition,  (24)  4026 
interpoles,  (see  interpoles). 
losses,  (see  losses), 
magneto,  telephone,  (21)  26 
windings,  and  ratings,  (21)  27 
marine,  costs,  (22)  128 
practice,  (22)  126 
railway,  d-o.,  (8)  182 
regulation  definition,  (24)  14003 
, ringing,  (21)  62 

senes,  street  lighting,  (10)  791 
shunt,  car  lighting,  (8)  188 
sixes,  for  power  plants,  (10)  717 
steam,  flash  type,  (10)  11 
structure,  identity,  (8)  6 
synchronous,  definition,  (7)  1 
taper-charging,  batteries,  (17)  185 
tests,  water-cooled  rheostats,  (5) 
223 

telephone  battery-charging,  (21) 

turbine-driven  weights  table,  (7) 
146 

turbo,  (see  generators,  a-c.). 
types,  (10)  715 
ventilation,  (see  ventilation), 
wave-form,  determination,  (7)  25 
to  34 

weights,  representative  table,  (7) 
146 

windmill,  (22)  173 
German  wire  gage,  (4)  24 
> table,  (4)  29 
silver,  (see  nickel  silver). 

“Getters,  ’ bulb-blackening  pre- 
ventives, tungsten  lamps,  (14)  57 
Gibbs-Helmholtx  e.m.f.  equation, 
(19)  69 

Gill,  selector,  telephone,  (21)  121 
Girod  furnace,  (19)  99 
Glass,  conductivity,  heat,  (19)  84,  86 
properties,  electrical,  (4)  273 
mechanical  and  thermal,  (4) 
273 

radiation,  coefficient,  (22)  21 
Glassware,  enclosing,  (14)  152 
Glocken  prooess,  electrolysis,  (19) 
232  . 

Glucinum,  properties,  electrochem- 
ical, (19)  170 
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Gohmak,  electrical  properties.  (4) 
322 

mechanical  and  thermal,  (4)  322 
Gold  metallurgy,  (19)  245 
plating,  (19)  200 
propertiee.  electric,  (4)  138 
electrochemical  (19)  170 
mechanical,  (4)  399 
thermal,  (4)  399 
refining,  electrolytic,  (19)  216 
resistivity,  electric,  (4)  138 
Gfirges,  three  phase  motor.  (7)  294 
Governor,  governors,  isochronous, 
(10)  178 

Parsons  turbine,  (10)  263 
steam  engines,  classification,  (10) 
177 

switches,  electric  elevator,  (15)  137 
throttling,  steam  turbines,  (10) 
262 

turbines,  hydraulic,  (10)  694 
steam.  261  to  263 
windmill.  (22)  169 
Grades,  ruling,  (16)  25 
virtual,  (16)  24 

Gradient,  potential,  definition,  unit, 
1149 

Grain,  boats,  description,  (18)  46 
Gram-atom,  definition,  (19)  4 
Gram-equivalents,  definition,  (19) 
17 

use.  (19)  34 

Gram-ion,  monovalent,  silver,  basis, 

(19)  19 

Gram-molecule,  definition',  (19)  4 
Gramme,  ring  winding,  (8)  7,  13 
Graphite,  artificial,  (19)  119 
conductivity,  heat,  (19)  84,  86, 
105 

properties  of,  (4)  153  to  159 
resistivity,  heat,  (19)  86 
Grassot  flux  mater,  (3)  298 
Grate  surface,  boilers,  (10)  16 
Grates,  chain,  classification.  (10)  66 
(also  see  furnaces), 
hand-fired,  classification,  (10)  69 
Grease,  extractors,  (10)  138 
Grids,  paste-plate,  storage  battery, 

(20)  75 

Griffin  mills,  (15)  276 
Ground  connection  lightning  rods, 
(22)  250 

detectors,  (3)  62 

alternating  current,  (3)  80 
General  Eleotric,  (3)  81 
Westinghouse,  (3)  80 
Ground-wire,  construction,  trans- 
mission lines,  (11)  199 
telephone  circuits,  (21)  158 
Grounded  neutral,  effect  on  trans- 
former insulation,  (6)  52 
switching,  (10)  802 
secondary,  (12)  189  to  191 
Grounds,  telephone  circuits,  (21)  244 


Grout,  definition.  (4)  402 
Grove  oell,  (20)  21 
G u m m o n,  properties,  electrical 
mechanical  and  thermal,  (4)  313 
Gums,  properties,  electrical,  (4; 
257 

Guns,  seaooet,  electric  firing,  (27 
144 

handling.  U.  S.  Army.  (22)  143 
Gutta-percha,  propertiee.  electrical 
(4)  340 

properties,  thermal,  (4)  358 
Guys,  pole  line,  (11)  187  to  192.  (211 
220,  (also  see  pole  lines). 
Gyration,  radius,  columns,  (23)  19 
definition.  (23)  1 
definition,  unit,  (1 ) 45 
Gyratory  crushers,  power  nonscmp» 
tion,  (15)  268 

Gyro,  compass.  (22)  296  (also  ns 
compasses). 


Hall  effect,  (22)  217 
Hammond  measuring-tank  onto, 
(3)  410 

Handholes,  boilers,  (10)  42 
Hard  rubber,  (see  ebonite). 
Harmonics,  mesh  and  star  current* 
(2)  231  (b) 

mesh  voltages,  (2)  231  (a) 
polyphase  systems,  (2)  230 
Hartman  and  Braun  frequency 
meter.  (3)  279 
voltmeter,  (3)  70 
Head-gates,  (10)  677 
Headlights,  (14)  170 
Heat  absorption.  (22)  26 

analysis,  power  plants,  (10)395 
steam  plants,  (10)  393 
balance,  (10)  420 
electric,  (22)  30 
gas  producers,  (10)  459 
balance  sheet,  application,  (19)  42 
capacities,  various  materials.  (27 
29 

change  of  state.  (22)  27 
necessary,  (19)  65 
chemical  reaction,  necessary  to 
start.  (19)  64 

conduction,  definition.  (22)  22 
loss,  electric  furnace  (19)  67 
conductivities,  (19)  83 

various  substances,  (19)  $4 
(22)  24 

conductivity,  definition  unit.  (1 
90 

gee-retort  carbon.  (19)  84 
various  refractories,  (19)  86 
measurements,  (3)  385 
convection.  (22)  20 
laws,  (10)  3 
content,  gases,  (10)  499 


(Beferenees  are  to  sections  and  paragraphs — not  pages) 


Digitized  by  V 


INDEX 


Heat  absorption — Heating 


sat — continued 
dissipation,  constant,  (6)  77 
friction  brakes,  (3)  328 
emissivity,  definition,  unit,  (1)  96 
of  various  surfaces,  (22)  21 
energy,  relation  to  chemical,  (19) 
38  to  43 

entropy,  definition,  unit,  (1)  94 
Bow.  (22)  22 

calculation,  (19)  85 
through  plates,  formulas,  (19) 
88 

fuels,  content  of,  (22)  14  * 
insulation,  (19)  82 
insulators,  (22)  23 
oints,  effect  of,  (22)  25 
atent,  definition,  unit  (1)  93 
oeses,  electric  furnaces,  (19)  67 
to  69,  90,  105 
terminals,  (19)  69 
power  plants,  possible  reduc- 
tions, (10)  402 

nechanical  equivalent,  definition, 
unit,  Q)  97 
neters,  Brown,  (3)  345 
>otential,  (22)  22 
lusmtities,  measurement  of,  (22) 

[uantity,  definition,  unit,  (1)  88 
adiating  power  of  various  sur- 
faces. (22)  21 

adiation,  definition,  (22)  19 

(also  see  radiation), 
loss,  electric  furnace,  (19)  68 
eaction,  change  with  temper- 
ature, (19)  43 
updating  methods,  (22)  32 
squired,  electric  furnace  reac- 
tions, (19)  91 

M^uirements,  analysis,  (22)  18 
instance,  definition,  (1)  91 
ssistivity,  definition,  (1)  92 
various  refractories,  (19)  86 
^ecific,  aluminum,  (4)  97 
copper^  (4)  74 
definition,  unit,  (1)  89 
iron,  (4)  130 
various  elements,  (4)  432 
sets,  circuit-breakers,  definition, 
(24)  7301 

d-c.  machines,  (8)  272 
magnetic  contactors,  (24)  7302 
relays,  definition,  (24)  7301 
switches,  definition,  (24)  7301 
transformers,  (6)  223 
ansfer,  cooling  fluids,  (6)  61 
d-c.  machines,  (8)  116 
effect  of  dirty  surfaces,  (10)  5 
feed  water  heaters  (10)  304 
laws,  (10)  1 to  6 
ansformation,  in  boilers,  (10)  2 
law.  (10)  1 

ansformers,  methods  of  remov- 
ing, (6)  54 


Heat— conti  ued. 

transmission  coefficient,  (10)  4 
units,  (see  units). 

Heaters,  electric,  construction,  (22) 
31 

ratings,  (22)  33 

feed-water,  (10)  304  to  316,  400 
closed  type,  (10)  306 
costs,  (10)  316 
heat  transfer,  (10)  304 
open  type,  (10)  305 
operation,  (10)  314 
pump  connections,  (10)  315 
rating,  (10)  312 
surface  calculation,  (10)  311 
temperature  difference,  (10)  308 
rise.  (10)309 

volume,  calculations,  (10)  313 
water  velocity.  (10)  307 
Heating,  bonds,  rail,  (16)  359 
commutators,  (8)  127 
d-c.  machines,  (8)  127 
converters,  motor,  (9)  109 
synchronous,  (9)  46 

effect  of  compounding,  (9)  24 
curves,  d-c.  machines,  (8)  1 17 
devices,  outlet  plates,  (13)  105 
test  voltage,  value  of,  (24) 
16000 

d-c.  armature  windings  (8)  1$4 
machines,  (8)  116 
heating,  electric,  (19)  55  to  59 
(22)  11  to  39 
advantages,  (22)  13 
apparatus  of  various  kinds, 

appliances,  data  on,  (22)  37 
comparison  with  fuels,  (22)  12 
data  on  processes,  (22)  37 
devices,  wiring,  (13)  104 
efficiency  of  application,  (22)  15 
of  water,  (22)  39 
frozen  pipes,  (22)  94  to  97 
household  water,  (22)  38 
ranges,  (22)  36 

manufacturing  processes,  data, 
(22)  37 
room,  (22)  34 
sources,  (22)  11 
watts  per  cu.  ft.  room  volume, 
(22)  35 

electrolytic  rectifiers,  (6)  290 
electromagnets,  calculations,  (5) 
90  to  96 

temperature  limits,  (5)  93 
rise  formula,  (5)  92 
exhaust  steam,  (10)  201 
field  coils,  d-c.  machines,  (8)  128 
motors,  (8)  127 

maximum  temperature,  (8)  129 
field  rheostats,  temperature  rise, 
(5)  192 

generators,  a-c.,  (7)  196 
testa,  (7)  148  to  151 
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Heating— continued, 
induction  machmes,  (7)  250 
magnets,  test.  ^).^4iyr 
motors,  railway.  (10)  127 
radioactive  elements,  (22)  207 
rail  bondk  (10)  00_ 

rectifiers,  electrolytic,  (6)  290 
standards,  (24)  1000  to  1015 
semi-enclosed  macjunee,  (8)  130 
surface,  boilers,  definition,  (10) 

synchronous  converters,  (9)  8 
temperature  measurements,  (24) 
1001  to  1003  .. 

totally  enclosed  machineet  (8)  131 
value,  fuels,  determination,  (3) 
391 

ventilated  machines,  (8)  132 
Helmholts  energy  equation,  (19)  58 
law,  (2)  140  , . . . . 

Helium,  properties,  electrochemical, 

Hemit,  properties,  electrical,  (4) 

mechanical  and  thermal,  (4) 
313 

Hempel  apparatus,  CIO)  85 
Hering  electric  furnace,  (19)  97 
HSroult,  electric  furnace,  (19)  98 
Hertsian,  oscillator,  (21)  264 
Heterochromatic  photometry , ( 14 ) 
259 

Heterodyne,  reception,  continuous 
oscillations,  (21)  306 
Heusler’s  alloys,  (4)  204 
Hickok  depressed- sero  ammeter,  (3) 
371 

Hickory,  tests,  (4)  421 
Hoepfner  copper  process,  (19)  23 
process,  sine  refining,  (19)  219 
Hoists,  ammunition,  U.  8.  Army, 
(22) 145  _ 

electric,  (15)  91  to  109 

automatic  regulators,  action, 
(15)  101 

balanced  and  unbalanced  types, 
(15)  93 

balancing  systems,  (15)  99 
converter  type,  (15)  104,  105 
llgneros,  converter,  (15)  106 
drums,  classification,  (15)  91 
drum  type,  flat  ropes,  (15)  92 
Ilgner  balancing  system,  (15) 
100.  102,  103 

mechanical  efficiency,  (15)  95 
motors,  a-c.  control,  (15)  107 
applications,  (15)  91  to  109 
direct-connected  and  geared 
types,  (15)  98 
d-c.  control,  (15)  109 
rating,  effect  of  service,  (15) 
96 

power  requirements,  (15)  94 
switches,  types  in  use,  (15)  108 


Holborn-Kurlbaum  pyrometers,  (3) 
372 

Holden,  hysteresis  meters,  (3)  31? 
Holts  electrostatic  machine,  (22i 
262 

stion  of,  (22)  263 


__jroke  testing  fluxne,  (10)  707 
Homopolar  generators,  (8)  226  to 
235 

Hoope's  conductivity  bridge.  (3)  127 
Hoplrinson's  divided  bar  test,  (3) 
305 

test  for  d-c.  machines,  (8)  266 
two-charge  rate,  (25)  135 
Hoppers,  coal.  (10)  151 
Hoppes,  type  weir  meter.  (3)  412 
Horngaps,  lightning  arresters,  (10 1 
856 

Horse-power,  boilers,  definition,  (IOj 
18 

Hottest  spot,  temperatures,  Smit- 
ing. (24)  1005 
Hubbell.  battery,  (20)  214 
“Hugin,”  electric  drive,  study.  (18) 
58 

Human  body,  current  tolrnsrr. 
(22)  10 

Humming,  d-c.,  mffhinfn,  (8)  256 
Hunt,  internally  ooncateaatsd, 
motors,  (7)  285 

Hunting,  converters,  synchronous. 

(9)  51 

amortisseur  windings,  (9)43 
elimination,  converters,  syn- 
chronous, (9)  52 
generators,  induction,  (7)  237 
motors,  d-c.,  interpole.  (8)  174 
synchronous  motor,  cause,  (7)  75 
definition,  (7)  74 
frequency,  (7)  76 
remedy,  (7)  77 
Hydraulics,  (10)  599  to  714 
Basins  formula  for  C,  (10)  639 
head,  measurement,  (10)  711 
power  plants,  (10)  599  to  714 
water  turbines,  (10)  682 
weir  formulas,  (10)  612 
Hydrogen,  disruptive  strengths.  (4) 
368 

electrochemical  equivalent,  (19 1 
170 

electrolytic,  application.  (19)  227 
overvoltages,  different  electrode* 
table,  (19)  179 

production,  electrolysis  of  water. 
(19)  225  to  227 

Hydrographs,  typical,  (10)  661 
Hydrometer,  definition.  (20)  86 
syringe,  use  with  storage  bat- 
teries, (20)  87 

Hypochlorite,  electrolytic  produc- 
tion, (19)  240 

Hysteresis,  coefficient  for  different 
materials,  (4)  207,  208 
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ems — continued, 
e,  definition,  (3)  294 
es,  measurements,  (3)  313 
ee,  measurements  ballistic 
tp-by-step  method,  (3)  314 
otric,  (4^251 

ldensers,  electric,  (5)  161 
Snition.  (2)  137 
definition,  (2)  89 
(2)  94 

ict  of  unsymmetrioal  periodic 
cycles,  (4)  212 
>ct  of  wave  form,  (4)  210 
asurements,  (3)  315 
iobinson’s  method,  (3)  316 
rer  per  unit  weiaht.  (2)  96 
a ration  from  eddy  currents, 
3)  320 

►-term,  formula,  (2)  97 
s,  Ewing,  (3)  317 
den,  (3)  317 
pies,  (2)  89 

ition  from  eddy-current,  (2) 

nets ’a  formula,  (2)  95 
tic  angle,  (2)  93 


ct  on  stream  flow,  (10)  666 
•ties,  electrical,  (4)  258 
n^a^iaratus,  power  require- 

ng  plants,  can  system,  (15) 

freese  system,  (15)  324  to 

cation,  (15)  318 
applications,  (15)  310  to 

ystem,  (15)  322,  323 
automobile,  (22)  88  to  93 
ige  battery  for,  (20)  137, 
9 

% (22)  91 

e-epark,  (22)  93 

(instruction,  (5)  143 

ystem,  (22)  90 

ine,  tests  of  dry  cells  for, 

42 

0,  (22)  91 

e -vibrator  system,  (22)  90 
nes,  (10)  573 
as  involved,  (22)  88 
ariation,  89 

lancing  system  for  electric 

1,  (15)  100  to  103 
enerator  system,  (7)  344 
:ation,  (7)  345 

ts,  accessories  for,  (14)  130 
170 

al  principles,  (14)  130  to 
sphy,  (14)  305 
terences  are  to  lections 


Illuminants — continued, 
choioe,  (14)  242 

electric,  light-producing  effi- 
ciencies, (14)  16 

Ives  compilations  of  ' spectro- 
photometric  and  colorimetric 
values,  (14)  25 

spherical  reduction  factor,  (14148) 
Illumination,  (14)  1 to  307 

absorption  factor,  definition,  (24) 
11024 

applied,  (14)  207  to  252 
bibliography,  (14)  303  to  307 
brightness,  (14)  205.  206 
calculations,  (14)  171  to  206 
general  considerations,  (14) 
171,  172 

characteristics  of,  (14)  213  to  222 
color  contrast,  (14)  230 
pigmentry,  (14)  233 
colorimeter.  (14)  287 
congruity,  (14)  232 
contrast,  (14)  223 
contrast,  permissible,  (14)  231 
costs,  (14)  248,  250,  251 
definitions  and  standards 
A.I.E.E..  (24)  11000  to  11067 
design,  (14)  241  to  247 

illuminant,  choioe,  (14)  242 
light  to  be  provided,  (14)  246 
references,  (14)  249 
spacing  and  height,  (14)  244 
square  sizes  desirable,  (14)  245 
diffusion,  (14)  218 
need  for.  (14)  221 
various  degrees,  (14)  220 
direction,  (14)  216,  217 
glare  due  to  light  source,  (14)  225, 
2261 

installations,  several  classes,  (14) 
247 

intensity,  calculations,  (14)  185  to 
187 

calculation,  (14)  199 

classification  of  methods,  (14) 
185 

flux  method,  (14)  186,  187 
computation,  (14)  203,  204 
factory  lighting  codes,  (14)  219 
various  classes  of  service,  (14) 
215 

inverse  square  law,  (14)  200 
Lambert's  cosine  law,  (14)  201 
light  sources,  ooncealing,  (14)  224 
local,  (14)  240 

luminous  intensity,  standards, 
(14  ) 260  to  264  . 

measurement,  good  practice,  (14) 
298 

merchant  marine,  methods,  (22) 
103 

methods,  (14)  236  to  240 
on  a surface,  definition  symbol, 
unit,  (1)  86 
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Illumination — oon  turned . 
photometers,  (14)  265  to  287 
photometrio  testing,  (14)  297  to 
302 

physiological  and  psychological 
effects  of,  (14)  223  to  235 
point  by  point  method.  (14)  198 
reflection  factor#,  (14)  227,  228 
shadows,  (14)  229 
spectrophotometers,  (14)  286 
utilisation  coefficients,  calcula- 
tion of,  (14)  188  to  204 
definition,  (14)  188 
flux  method  of  determination, 
(14)  193 

further  data,  (14)  192 
light  absorption,  (14)  194 
tables,  (14)  189,  190,  195 
small  room,  (14)  191 
uBe  of  tables,  (14)  196 
vision,  fundamentals  of,  (14)  207 
to  212 

Illuminometer,  Macbeth,  (14)  284 
Ions,  migrating,  model,  (19)  141 
example,  (19)  144 
migration,  Kohlrausch's  law,  (19) 
165 

speed,  (19)  145 

Impedance,  a-c.,  circuits,  measure- 
ment of,  (3)  148 

characteristic,  line,  definition, 
(24)  12054 

connection,  equations,  (2)  171, 
172 

definition,  symbol,  unit,  (1)  65 
drop,  per  cent.,  definition,  (24) 
4091 

transformers,  per  cent.,  defi- 
nition, (24)  6052 
equations  (2)  166  to  168 
method,  capacitance  measure- 
ments, (3)  263 

inductance  measurement,  (3) 
249 


operator,  (2)  187 
synchronous,  definition,  (7)  57 
telephone,  (see  telephone), 
unequal,  solution  for  transfor- 
mers, (6)  164 

Imperial  gage,  definition,  (4)  17 
Impregnating  compounds,  (4)  347 
Inadequacy,  definition,  (25)  46 
power  plants,  definition,  (10)  899 
Incandescence,  definition,  (14)  2 
Indium,  properties,  electrical,  (4) 


138 

electrochemical,  (19)  170 
Inductance,  calculation,  magnets, 

J5)  31 

s,  calculations,  (5)  123 
formula,  (2)  69 
dosed  magnetic  circuit,  (2)  68 
concentric  cable,  formula,  (2)  75 
definition,  symbol,  unit,  (1)  56 


Inductance — continued, 
electromagnetic,  (2)  67 
error,  wattmeters,  (3)  165 
factors,  a-c.  circuits,  (12)  31 
formula.  (2)  67 

Bureau  of  Standards,  (2)  74 
iron  conductors,  formula,  (2)  78 
measurements,  (3)  240  to  253 
capacitance  method.  (3)  247, 
248 

circuits  containing  iron.  (3)  252 
D’ Arson val  galvanometer 
detector.  t3)  244 
impedence  method.  (3)  24? 
methods,  (3)  242 
mutual,  methods,  (3)  253 
Riming  ton ’a  method,  (3)  247, 
248 

secohm meter.  (3)  244 
standards,  (3)  241 
use  of  standard,  (3)  245 
three  voltmeter  method,  (3)  250 
three  ammeters  method,  (3)  251 
Vreeland  oscillator  method,  (3} 
246 

Wheatstone  bridge  methods 
(3)  243 

mutual,  definition,  f ormolu,  [2] 
83  to  88,  (3)  240 
reactors,  correction  factors.  (5! 
273 

formulas,  (6)  270 

constants,  (6)  271,  272 
self,  (3)  240 

coefficient,  (3)  240  , 

torus  rin^,  formula,  (2)  68,  90 
transmission  line,  single  phi  w 
formula,  (2)  77 
tables,  (11)  41  to  43 
Induction  apparatus,  defimitioes 
and  standards  A.  I.RR,  (24) 
6000  to  6419 
coils.  (5)  119  to  154 
bibliography,  (5)  154 
classification.  (5)  119 
condensers,  electric.  (5)  165 
dimensions,  table.  (5)  174 
design,  secondary  type,  (S' 
131,  132 
table,  (5)  146 

efficiency,  primary  type,  (5)  127 
ignition,  construction,  (5)  143 
insulation,  (5)  147 
major,  (5)  147 
minor,  (5)  147 
interrupters,  (5)  148  to  158 
primary  type,  (5)  120  to  127 
characteristics.  (5)  124 
definition.  (5)  120 
inductance,  formula,  (5)  123 
variation,  (5)  126 
instantaneous  current,  (5} 
125 

resistance,  variation,  (5)  138 
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ion — continued, 
stored  magnetic  energy,  (5) 
122 

theory,  (5)  121 
time  constant,  (5)  123 
condary  e.  m.  £.,  limiting,  (5) 
140 

oondary  type,  core,  apace 
factor,  (5)  134 
dimensions,  table,  (5)  135 
effect  of  condenser,  (5)  129 
flux  density,  (5)  133 
operation  of  interrupter,  (5) 
130 

primary  current  density,  (5) 
136 

orimary  wire,  sise,  (5)  136 
heory,  (5)  128 

vire,  primary  table  of  sixes, 
(5)  137 

idmgs,  arrangement,  (5)  142, 
144 

irocess,  (5)  145 
econdary,  (5)  138  to  147 
table  of  dimensions,  (5)  139 
wire  sise,  (5)  141 
turns  calculation,  (5)  138 
phone,  (21)  19 
normal,  definition,  (3)  293 
^magnetic,  definition,  (8)  2 
ction  of  e.  m.  f.,  (8)  4 
«,  (2)  36 

nitude  of  e.  m.  f.,  (8)  3 
ncy  changers,  (see  fre- 
lcy  changers), 
e,  (19)  102 

tors,  (see  generators), 
les,  (7)  155  to  285 
5n,  (7)  243  to  259 
iency  changing,  (7)  365 
tic,  measurements,  (3)  292 
ibility  curve,  formula,  (4) 
1 

(4)  185 

t disturbances,  telephone 
(21)  164  to  175 
efinition,  (24)  3408 
alternator,  definition,  (24) 

on.  (24)  3070 
equipment,  static  electric- 
22)  317  to  328 
motor  applications,  (15) 

noment,  definition,  unit, 
[23)  1 

electrostatic  machines, 
ohines). 

(10)  346 

ed,  capacity,  (10)  347 
(10)  349 

ts,  ampere-hour  meters, 
7 to  231 

awing,  (3)  235  to  239 


I nstruments — continued, 
definitions  and  standards,  (24) 
8000  to  8503 

direot  current,  absolute  measure- 
ments, (3)  83 
ammeters,  (3)  90  to  96 
direct  recording,  (3)  236 
dynamometers,  mechanical,  (3) 
323  to  332 

electrical  photometers,  aocuracy, 
(14)  291 
barreter,  (3)  40 
bolometer,  (3)  41 
detectors,  (3)  8 to  41,  (also  see 
detectors). 

galvanometers,  (3)  8 to  41, 
(also  see  galvanometers), 
electrolysis  surveys,  (16)  443 
frequency  meters,  (3)  279  to  282 
for  testing  transformers,  choioe, 
(6)  228 

general  nomenclature,  (24  ) 8002 
generator  panels,  (10)  821 
indicating,  d-o.  current,  (3)  90 
measuring,  thermoelectric  e.m.f., 
(3)  344 

oscillographs,  (3)  271  to  275 
permeameters,  (3)  308  to  312 
photometers,  (14)  265  to  278 
portable,  insulation  resistance, 
(3)  139 

power  factor  meters,  (3)  183 
pyrometers,  (3)  361  to  375 
range-finding,  special  illumina- 
tion, (22)  135 
recording,  (3)  235 
Callender.  (3)  239 
pen  friction  objectionable,  (3) 
237 

Westinghouse,  (3)  238 
stray  fields,  effect,  (3)  59 
switchboard,  cost,  (10)  789 
cost,  (10)  824 
feeder  panels,  (10)  822 
protection  from  stray  fields, 
(10)  788 

station  panels,  (10)  823 
synchroscopes,  (3)  289  to  291 
telephone,  standard,  (21)  13  to  38 
transformers,  (3)  76,  (3)  76,  (6) 
189  to  199,  (10)  826 
cost.  (10)  827 
definition,  (6)  10 
power  measurement,  (3)  179 
ratio  of  shunt-type,  (3)  79 
series,  (3)  103 

ratio  measurements,  (3)  104, 
105 

watthour  meters,  (3)  210 
truck,  electric,  (17)  43 
voltmeters,  a-c.,  (3)  66  to*  74 
d-c.,  (3)  55  to  62 
wattmeters,  (3)  155  to  168 
wiring,  power  plants,  (10)  872 
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Insulae,  properties.  (4)  347 
Insulate,  electrical  properties,  (4) 
323 

Insulatine,  properties,  electrical,  (4) 
347 

Insulating  materials.  (4)  233  to  370 
classification,  methods  of,  (4)  233 
table  102;  (24)  1004 
discussion  of  properties,  (4)  238 
to  253 

trade  names,  use  of,  (4)  237 
Insulation,  armature,  240  volt 
example,  (8)  107 
550  volt  example,  (8)  108 
asbestos-mica,  properties,  (4)  312 
b&kelite,  properties,  (4)  317 

cables,  distribution,  (12)  208 
high-tension,  essential  charac- 
teristics, (11)  208 
maximum  temperature,  (24) 
9100 

transmission,  thickness,  (12, 210 
' thickness,  (12)  209 
circuits,  resistance  measurements, 
(3)  138 

commutator  segments,  (8)  112 
composite  of  fibrous  materials 
and  mica,  (4)  296 
design,  transformers,  (6)  35  to  53 
d-c.  machines,  (8)  103  to  115 
adjacent  conductors,  (8)  106 
general  requirements,  (8)  103 
limiting  temperatures,  (8)  105 
puncture  test,  (8)  274 
Thury  system,  (8)  220 
disruptive  strength,  effects  of 
temperature,  (7)  111 
field  coil,  (8)  109 
fire  .proof,  (8)  111 
ventilated,  (8)  110 
field  windings,  (7)  112 
generator,  failure,  cause,  (7)  110 
leads,  and  connections,  (7)  113 
stresses  due  to  grounds,  (7)  114 
heat.  (19)  82 
resisting,  (7)  109 
impregnated  paper,  (11)  211 
machine  windings,  Thury  system, 
(10)  796 

magnet  wires  asbestos,  (4)  301 
cotton,  (4)  299 
enamel,  (4)  351 
silk,  (4)  300 
materials  used,  (8)  104 
mica  and  paper,  (4)  297 
cloth,  (4)  298 
molded,  (4)  309 
puncture  test,  (8)  115 
resistance,  (4)  239,  (24)  1300, 
(also  see  resistance), 
condensers,  electric,  (5)  161 
definition,  (24)  9031 
d-c.  machines,  test,  (8)  273 
measurements,  (3)  132  to  139 
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Insulation — continued. 

direct  deflection  method,  (3) 
133 

leakage  method,  (3)  131 
precautions.  (3)  137 
tests,  (24)  2380  to  2382 
rubber  compounds,  (11)  209.  (24 
9405 

safe  temperatures,  (10)  737 
stator-slot,  (7)  108 
stresses  due  to  switching,  (8)  113, 
114 

tape,  (4)  302  to  308 
telephone  cables,  (21)  143 
temperature  rises  permissible,  (S' 
119 

transformers,  (6)  224 
transformers,  (6)  34 

between  coils  and  turns,  (6)  9 
turns  and  layers,  (6)  42 
windings,  (6)  44 
coils,  (6)  43 

effect  of  grounded  neutral,  (6) 
52 

effect  on  cooling,  (6)  53 
high-voltage,  (6)  51 
strength,  (6)  35 
varnished  cambric,  (11)  210 
windings,  magnets,  (5)  107 
wire,  magnet,  (5)  97 
Insulator,  insulators, 
arcing  rings,  (11)  84 
capacitance,  (11)  75 
current,  definition,  (2)  14 
design;  high  efficiency.  (11)76 
deterioration,  (11)  83 
distribution  systems,  (12)  1S1 
strain,  (12)  176 
faulty,  (11)  82 

frequency,  effect  of  high,  (11)  80 
glass,  (11)  71 
heat,  (22)  23 
line,  requirements.  (11)  70 
strain,  (12)  176 
patented  compounds.  (II)  72 
pins,  (11)  178,  (12)  180 
clamp,  (11)  181 
procelain  base.  (11)  182 
steel,  (11)  180 
telephone,  (21)  219 
wooden,  (11)  178.  179 
pin-type.  (11)  74 
porcelain,  (11)  73 
strain,  (11 ) 79 

aetna  material,  (4)  310 
suspension,  (11)  77 
cable  clamps.  (11)  185 
Jeff  erey- Dewitt,  (11)  85 
method  of  hanging,  (11)  133 
string  efficiency,  (11)  78 
transmission  tines,  (11)  70  to  85 
strength  of,  (11)  123 
telephone  line.  (21)  227 
testing,  (11)  81 
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itor,  insulators — continued . 

d-rail,  (16)  333 

wires,  (11)  184 

ince,  boilers,  (10)  53 

nition,  (25)  31 

ribution  systems,  (12)  223 

rer  plants,  (10)  895 

lity,  luminous,  definitions 

82,  84.  85 

st,  (25)  12  to  26 

nition,  (25)  17 

round,  (25)  21 
rates,  table,  (25)  19 
er  plants,  economics  (10)  892 
s,  (25)  20 

inkage  electrio,  and  magnetic, 
uits,  (2)  42 

Peking,  application,  field  of, 
6)  404 

sification,  (16)  405 
nition,  (16)  404 
;ctor  bars,  definition,  (16)  407 
tro-dynamic  crossed  wires  pro- 
tection, (16)  419 
atures,  (16)  418 
eneral  Railway  Signal  Co., 
(16)  417 

tro-pneumatic  system,  (16)411 
idicating  system,  (16)  413 
•gy,  source  of  electric,  (16)  415 
sverte  direction  operation,  (16) 
420 

ures,  industrial  trucks  and 
actors,  (17)  84 

hanical  processes  involved, 
6)  406 

its.  (16)  404  to  420 
techanical,  arrangement  of, 
(16)  408 
er,  (16)  409 

rn  indication,  power-operated 
achines,  (16)  410 
al8,  single-acting  cylinder 
>e rates  the,  (16)  414 
;ch-cylinder  slide  valve,  opera- 
on,  (16)  412 

ch  operation,  prevention  while 
ain  is  passing,  (16)  407 
on  Switch  and  Signal  Co., 
ectrio  system,  (16)  416 
ational  Annealed  Copper 
idard,  (4)  39,  41 
ational  Electrotechnical 

imission,  rating,  definition, 
14)  2224 

oles,  air  gap,  reluctance,  (8)  54 
►ere  turns  per  pole,  (8)  56 
effective,  (8)  53 
1 length,  formula,  (8)  55 
mutation,  design,  (8)  51  to 
\ 

it  on  armature  design,  (8)  71 
tation,  (8)  52 
ors,  d-e.,  (8)  174 


Interrupters,  (5)  148  to  153 
atonic,  (5)  149 
electrolytic,  (5)  153 
mercury,  (5)  151 
motor  driven,  (5)  152 
oil  immersed,  (5)  150 
types,  (5)  148 
Invar,  properties,  (4)  390 
Investment,  costs,  (25)  36 

central-station,  chargeable  to 
consumer,  (25)  144 
legitimate,  reasonable  return  on, 
(25)83 

original,  definition,  (25)  50 
risks  of,  (25)  18 

Iodine,  electrochemical  properties, 
(19)  170 

potential,  electric,  (19)  175 
Ions,  migrating  moael,  (19)  141 
Iridium,  electrochemical  properties, 
(19)  170 

Iron,  aging,  (4)  186 
alloys,  (19)  131 
cast,  chilled,  (4)  373 
coefficients,  (4)  207 
composition,  (4)  190 
conductivity,  thermal,  (4)  376 
density,  (4)  374 

electrolysis  corrosion,  (16)  436 
expansion,  temperature  coeffi- 
cient, (4)  376 
gray,  (4)  373 

magnetic  properties,  (4)  190 
malleable,  (4)  191,  377 

magnetic  properties,  (4)  191 
properties,  (4)  371 
resistivity,  (4)  121 
strength,  (4)  375 
thermal  properties,  (4)  376 
white,  (4)  "872 
cleaning  solution,  (19)  191 
conductivity,  thermal,  (4)  131, 
(19)  105 

corrosion,  electrolytic  theory,  (19) 
144 

density,  (4)  127 

electrochemical  properties,  (19) 
170 

electrolytic,  melted  in  vacuo,  (4) 
197,  381 

expansion,  temperature  coeffi- 
cient, (4)  129 
fusing  current,  (13)  52 
high-frequency,  effect  of,  (4) 
164 

induction-permeability  curves,  (4) 
185 

ingot,  properties,  (4)  119,  379 
losses  a-c.  machines,  (8)  133, 135 
effect  of  form-factor,  (4)  211 
synchronous  machines  measure 
ment,  (7)  153 

magnetic  properties,  classification, 
(3)  301 
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Iron — continued . 

effect  of  aluminum  and  silicon, 
(4)  176 

arsenic  and  tin,  (4)  179 
carbon,  (4)  174 
heat  treatment,  (4)  181 
impurities,  (4)  173 
manganese,  (4)  175 
mechanical  stress,  (4)  188 
niokel,  (4)  177 

silicon  and  aluminum,  (4)  176 
sulphur,  phosphorus  and  oxy- 
gen, (4)  180 
temperature,  (4)  182 
tungsten,  chromium  said 
molybdenum,  (4)  178 
Page  effect,  (4)  189 
Mitis,  magnetic  properties,  (4) 
195 

normal  induction  data,  (3)  302 
permeability  at  high  frequencies, 
(4)  203 

effect  of  temperature,  (4)  183 
measurements,  (3)  301  to  312 
properties,  (4)  114  to  131 
properties,  (4)  378 
radiation  coefficients,  (22)  21 
reduction,  electric  furnaces,  (19) 
133 

refining,  electrolytic,  (19)  220 
resistivity  (4)  115 
effects  of  impurities  (4)  117 
resistance,  temperature  coeffi- 
cient, (4)  118 

saturation  curves,  normal,  (4)  184 
specific  heat,  (4)  130 
wire,  galvanised,  ohms  per  mile- 
pound,  (4)  122 
galvanised,  table,  (4)  123 
tensile  properties,  (4)  128 
Preece’s  resistivity  tests,  (4) 
116 

wrought,  (4)  378  to  382 
electrolysis  oorrosion,  (16)  437 
magnetic  properties,  (4)  192 
tensile  properties,  (4)  382 
thermal  properties,  (4)  380  t 

Iron-clad  Exide  storage  batteries, 
type  MV,  table.  (17)  130 
positive,  storage  battery  plate, 
(20)  77 

Ironing  machines,  power  consump- 
tion, (15)  496 

Ives,  compilations  of  spectrophoto- 
metric  and  colorimetric  values, 
(14)  25 

Ivory,  insulating  properties,  (4)  259 


Jacks,  telephone,  multiple,  (21)  48 
switchboard,  (21)  43 
Jaw  crushers,  power  consumption, 
(15)  267 


Jefferey-Dewitt,  suspenses  iasab- 
tors,  (11)  85 
Jet  condenser,  (10)  279 
Johnson's  rule  for  balancing  equa- 
tions, (19)  35 
application,  (19)  36 
Jordan  engines,  motor  application 
(15)  348 

Joule's  law,  (2)  27 
Junker  calorimeter.  (3)  394 
“Jupiter."  United  Ststes  Collie. 
(18)  69,  70 


Kaolin,  insulating  properties,  (4)216 
Kapp,;i  loading  back  methods, 

vibrator,  (7)  327 

operating  data,  (7)  328 
windings,  compensating.  (7)  329 
Kellar  furnace,  (19)  100 
Kellogg  selective  train  dspetehai 
system,  (21)  121 
Kelvin  balance,  (3)  100 

voltmeter  application,  0)  67 
wattmeters,  (3)  166 
double-bridge,  (3)  123 
galvanometer.  (31  13 
law,  conductor  sue  determinafcoa 
(13)  90 

Kennelly’a  method,  eanale-pcw? 

determination,  (14)  178 
Kent  mills,  power  consumption,  (I*1 
273 

Kerite,  composition,  (4)  342 
Kerosene,  insulating  property*. 

159  « 
Key,  reversing,  synchronous  (3)  » 

Kiesel.gtJ.hr,  (19)  71  . 

electrochemical  propertus,  iw 
84  86 

Kilns,  cement,  (15)  279 
Kirchoff's  laws,  (2)  29 
Koepsel,  permeameter,  (3)  311 
Kohlrausch’s  law,  ion  migrsw*' 
(19)  165  J .. 

Kr&mer  system,  speed  control,  u 
314  . f . 

Krypton,  electrochemical  prop*® 

(19)  170 

Krautsberg  air  meter,  (3)  419  , 
Kutter  formula,  water  Bow,  PP* 
(10)  627 


Labor,  requirements,  power  plaaia 

Lag,  definition,  (24)  3224 
Lambert’s  cosine  law,  ilhimirit*®. 


definition,  (24)  11013 
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ation,  effect  on  dielectric 
ngth,  (4)  248 

, lamp*,  accessories,  defini- 
ons,  (24)  11048  to  11050 
enclosed  carbon,  efficiency, 
(14)  95 

irbon-electrode,  (14)  88  to  96 
irbon  resistance,  (4)  156 
-c.  open  carbon,  photometric 
data,  (14)  89 
lclosed  carbon,  (14)  92 
light  distribution,  (14)  95 
status,  (14)  94 
table  of  data.  (14)  93 
line,  (14)  97  to  101 
electrical  characteristics,  (14) 
105 

long-burning,  (14)  102  to  107 
efficiency,  (14)  106,  107 
electrical  data,  (14)  102 
electrode  life,  (14)  108 
features,  (14)  104 
medium  electrode  life,  (14) 
101 

nature  of,  (14)  98 
short-burning,  (14)  97 
status,  (14)  100 
sneral  characteristics,  (14)  85 
to  87 

itensified  carbon,  (14)  96 
.agnetite,  ornamental,  (14)  114 
recent  improvements,  (14) 
112 

regulating  mechanism,  (14) 
113 

crcury,  (see  lamps,  mercury), 
etallic-electrode,  (14)  108  to 
115 

candle-power,  (14)  110 
efficiency,  (14)  110 
series  circuits,  (14)  109 
light  distribution  character- 
istics, (14)  111 

nature  of  aro  and  electrodes, 
(14)  108  ' 

>en,  (14)  88 

>en,  electrode  life,  (14)  91 
;ht  distribution,  (14)  90 
tanium-carbide,  (14)  115 
tcuum,  (14)  116 
•mobile,  candle-power,  (22)  86 
sittage,  (22)  86 

on-file  ment,  characteristics, 

(14)  33  to  45 

ftssification,  (14)  33 

Mted,  (14)  41 

situs  of,  (14)  43 

sated,  (14)  38 

eated,  a-c.,  vs.  d-c.,  perform- 
ance, (14)  42 

candle-power  deterioration, 
(14)  40 

candle-power  performance 
curves,  (14)  39 


Lamp,  lamps — continued. 

characteristics  table,  (14)  37 
untreated,  (14)  34 
characteristics  table,  (14)  35 
electric,  characteristics,  (14)  19  to 
129 

efficiency,  definition,  (24)  11043 
free  renewals,  (25)  149 
life  tests,  (24)  11046 
specific  consumption,  (24)  11045 
specific  output,  definition,  (24) 
11043 

efficiency,  definition,  (24)  11042 
filament,  resistance  of,  (14)  21 
gas-filled,  tungsten-filament,  (14) 
73  to  84 

incandesoent,  characteristics,  (14) 

19  to  32 

color  values,  (14)  27 
commercial  ratings,  (14)  26 
effect  of  voltage  fluctuations  on 
life,  (14)  71 

exponents,  (K)  table,  (14)  23 
flicker  on  alternating  current, 
(14)  28 

influence  of  external  tempera- 
ture, (14)  67 

life  exponents,  table,  (14)  24 
performances,  (14)  32 
light  production,  (14)  19 
linolite,  (14)  72 

loss  of  light  due  to  frosting  of 
bulbs.  (14)  70 

Masda,  light  distribution,  (14) 
150 

multiple,  (14)  29 
physical  characteristics,  (14)  22 
relative  annual  demand,  (14)  45 
resistance  characteristics,  (14) 

20 

spherical  reduction  factor,  (14) 
30 

watts-per-candle,  table,  (14)  24 
white-light  efficiency,  table, 
(14)  17 

loads,  train  lighting  systems, 
(22)  291 

Masda,  average  life,  (14)  63 
beginning  of  commercial  use  in 
United  States.  (14)  49 
40-watt,  performance  curve, 
(14)  66 

vacuum  type,  efficiency  rating, 
(14)  61 

merchant  marine,  (22)  102 
mercury-aro,  color,  (14)  122 
a-c.,  (14)  119 
d-c.,  (14)  120 
high-pressure,  (14)  125 
industrial  use,  (14)  123 
low-pressure,  (14)  117 
low-pressure,  (14)  121 
starting,  (14)  118 
mercury-vapor,  high-pressure. 
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Lamp.  Iamp0 — continued.  Laundry  continued. 

electrical  data,  (14)  124  collar  and  caff  finishing  marinas 

miniature,  (14)  84  (15)  474 

Moore  tubes,  (14)  127,  128  power  requirements  (15)  476 

performance  curve,  definition,  dampeners.  (15)  472 

(24)  11060  dampeners,  power  requirements 

quarts,  efficiency  and  life,  (14)  126  (15)  473 

rotators,  photometers,  (14  ) 296  drive,  advantage  of  electric,  (15 

spherical  reduction  factor,  defini-  457 

tion,  (24)  11066  method  of,  (15)  460 

tantalum  filament,  characteristice,  dry  cleaning  plants  (15)  487 
(14)  46  dry  rooms  (15)  470 

tube.  (14)  116  to  129  tumblers,  (15)  471 

Moore,  carbon-dioxide  type,  extractors,  (15)  466 

(14)  128  power  required  to  start,  (151 

nitrogen  type,  (14)  127  468 

neon,  (14)  129  speeds.  (15)  467 

tungsten-filament,  average  life,  finishing  table,  (15)  477 
(14)  63  ironers.  bosom.  (l5)  479 

bulb-blackening  preventives,  collar  and  caff,  (15)  475 

(14)  57  flatwork,  (15)  485 

conduction  losses,  (14)  62  power  requirements  (15)  486 

current  inrush,  (14)  56  neckband,  (15)  483 

distribution  of  quantities,  by  one  way  bosom,  (15)  4&1 

voltage  ranges,  (14)  59  reciprocating  besom,  (15)  480 

drawn  wire,  (14)  52  sleeve  and  body,  (15)  484 

early  American  manufacture,  mangles.  (15)  485 

(14)  48  motor  applications  (15)  457  to 

fragility  of  early  types,  (14)  50  487 

reduced,  (14)  51  shirt  finishing  machines  (15)  478 

gas  filled,  construction,  (14)  76  starchers,  (15)  469 

gas  filled,  classification,  (14)  81  steam,  use  of,  (15)  458 

gas  filled,  effects  of  gae,  (14)  73  washers  (15)  46i 

efficiency,  (14)  74  belt  reveres  (15)  463 

rating.  (14)  74  motors  reversing,  (15)  454 

filament  ruggedneae,  (14)  power  required,  (15)  452 

80  timers  for  revenue  motors 

life  performance.  (14)  79  (15)  465 

mortality  rate,  (14)  82  Lavs  conductivity,  beat,  (19)  81 
rating  of  multiple,  (14)  77  insulating  properties  (4)  251 

rating  of  series,  (14)  78  properties  (4)  261 

sises  and  types,  (14)  75  Lavite,  electrical  properties  (4) 

type,  (14)  73  to  84  262 

"Getters"  (14)  57  properties  mechanical  and  tker 

growth  of  use,  (14)  58  mal,  (4)  262 

influence  of  current  supply.  Law  of  supply  and  demand,  drin- 
(14)  68  tion,  (25)  11 

life  evaluation,  (14)  64  Lea  type  weir  meter.  (3 } 412 

performance,  (14)  65  Lead,  eleotrioal  properties  (4)  158 

various  sises,  (14)  66  electrochemical  properties  (!*■ 

miscellaneous  forms,  (14)  83  170 

modern  manufacture,  (14)  53  electrolysis,  (16)  439 

mortality  rate,  (14)  69  properties  mechanical  and  thw- 

photometrv,  (14)  54  mal,  (4)  399 

rating,  (14)  60  , , refining,  electrolytic  (19)  217 

vacuum  type,  characteristics.  Lead  burning,  storage  battery  junta 
(14)  47  to  72  (20)  84 

classification,  (14)  59  Leakage,  belt,  motors,  indocticc. 

Lamp  black,  radiation  coefficient,  (7)  197 

(19)  90  coil  end,  induction  machines  (T1 

Laplace’s  law,  (2)  58  256 

Latour,  railway  motors,  (16)  199  motors,  induction.  (7)  196 

Laundry,  bosom  presses  (15)  482  oondensers  electric.  (5)  161 
classification,  (15)  459  factors,  circle  diagram,  (7)  207 
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IcuUtion,  d-o. 

80 

e.  'machines,  (8)  79 

&e,  generators,  (see  gen- 
store). 

aetic,  belt,  generators,  a-c., 
(7)  48 

il  end,  generators,  a-c.,  (7) 
49 

re,  generators,  a-c.,  (7)  37 
ect,  (2)  63 

aerators,  a-c.,  (7)  36  to  45 
ictance  equation,  (7)  50 
oe  generators,  a-c.,  (7)  38 
Dth  tip,  generators,  a-c.,  (7) 
47 

anoe,  a-c.,  generators,  (7) 
45 

>tore,  induction,  (7)  193  to 
198 

a-c.,  generators,  (?)  46 
>tore  induction,  (7)  194 
a turbines,  (10)  247 
j^tip,  motors,  induction,  (7) 

sg,  motors,  induction,  (7) 

• belting,  (4)  430 
ac’s,  phase  modifier,  (7)  323 
telier  pyrometer,  (3)  368 
th6  oelf,  (20)  25 
and  North  rup,  potentio- 
r,  low  resistance,  (3)  49 
, British,  historical  sketch, 
6 

ition,  unit,  (1)  24 
operating,  electric  passenger 
les,  (17)  18 
jar,  (5)  156 
jity,  formula,  (2)  125 
pectancy,  definition,  (25)  57 
iver  plant  equipment,  (10) 
)00 

>le,  various  power  plant 
»quipment,  (10)  900 
eleotrio  lamps,  (24)  11046 
tbsorption  in  a given  room, 
14)  197 

thod  of  determining  utilisa- 
ion  coefficients,  (14)  194 
►graphy.  (14)  303  to  307 
tness  of  sources,  table,  (14) 

tion,  (14)  1 
bution,  (14)  172 
laratus,  (14)  278 
lamps,  enclosed,  carbon, 
i4)  or  _ 

iracteristics,  metallicelec- 
rode  arc  lamps,  (14) 
111 

>ct  of  change  of  source,  (14) 


Leakage — Lighting 

Light — continued. 

various  sones  about 
lamps,  (14)  150 
reflectors.  (14)  150 
fluctuations,  systematic,  (14)  213 
'■flux,  definition,  (14)  179 
density,  (14)  214 
Rousseau’s  method  of  deter- 
mination, (14)  174 
sonal,  computation,  (14)  180 
to  184 

intensity,  (14)  214 


means  of  changing  for  photo- 
. metric  adjustment,  (14)  272 
intercepted,  (14)  133 
luminous  efficiency,  (14)  9 
reduced,  definition,  (14)  14 
mechanical  equivalent,  (14)  12 
mechanical  equivalent  of,  (24) 
1 1003 

production  of,  (14)  1 to  18 
efficiency,  table,  (14)  13 
incandescent  lamps,  (14)  19 
theory  of,  (14)  99 
radiation,  pure  temperature,  (14) 
3;  (also  see  radiation). 

Wein’s  displacement  law,  (14)  4 
redirection,  (14)  132 
reflecting  surfaces,  (14)  136 
running,  merchant  marine,  (22) 
100 

spherical  reduction  factors,  (14) 
184 

sources,  concealment,  (14)  137 
steadiness  vs.  fluctuation,  (14) 
213 

transmission  through  glass  plates. 
(14)169 

ultra  violet, _ (14)  234,  235 
white,  physical  and  physiological 
aspects,  (14)  18 
sonal  areas,  (14)  173 
Lighting,  accessories  for  special 
purposes,  (14)  165  to  170 
purpose  served,  (14)  130 
automobile,  (22)  84  to  87 
arrangement  of  units,  (22)  87 
lamps,  candle-power  and  watt- 
age, (22)  86 
reflectors,  (22)  84 
wiring  systems,  (22)  85 
bibliography,  (14)  303  to  307 
circuits,  coal  mines,  (15)  292 
1 10-volt,  apportionment  of 
voltage  drop,  (13)  68 
commercial,  glassware,  enclosing, 
(14)  152 

photometric  data  upon  enclos- 
ing glassware,  (14)  153 
reflectors,  (14)  148  to  153 
cove,  (14)  154 

daylight,  power  plant  buildings, 
(10)  596 

demand  factors,  table,  (12)  112 
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lighting— continued. 

equipment,  intermediate  types, 
(14)  239 

fixtures,  mechant  marine,  (22)  101 
incandescent,  voltage  drop  allow- 
able, (13)  66 

indirect,  (14)  164  to  157,  237 
bowk,  (see  reflectors), 
data  on  installations,  (14)  157 
fixtures,  (14)  155 

various  designs,  (14)  156 
industrial,  reflectors,  (14)  140  to 
147 

intensity  prescribed  in  factory 
code,  (14)  219 

power  plant  buildings,  (10)  595 
residence,  (12)  114 
semi-indirect,  (14)  158  to  164,  238 
data  on  installations,  (14)  162 
photometric  data  of  glass  bowls, 

reflectors,  (see  reflected, 
series  tungsten,  constant-current 
regulators,  (6)  177 
service  bibliography,  (12)  237 
show-window,  (14)  165 
store,  maximum  demand,  (12)  113 
street,  (14)  166 

system,  low  tension,  use  of  fuses, 
(12)  129  navy,  (22)  123 
train,  (22)  287  to  293  (also  see 
train  lighting). 

theatres,  demand  factors,  (12)  115 
transformers,  properties,  (6)  120 
to  125 

units,  artificial  daylight,  (14)  164 
design,  latest,  (14)  163 
Lightning,  arresters,  (10)  850  to  868 
aluminum  cell,  (10)  862,  (12) 
151 

aluminum,  charging,  (10)  863 
arrangement,  three  phase  cir- 
cuits. (10)  864 
choke  coils,  (10)  852 
costs,  (10)  868 
compression  type,  (12)  152 
connections,  (10)  873 
continuous  surges,  endurance 
to.  (24)  7374 
cost,  (10)  867 
definition,  (24)  7020 
dielectric  strength,  test  of,  (24) 
7375 

electrolytic,  (19)  247 
equivalent  sphere  gap,  measure- 
ment of,  (24  ) 7373 
function,  (12)  147 
fuses  in  series  with  a gap,  (10) 
855 

graded  type,  (10)  859 
grounds,  (10)  865 
norn  gap,  (10)  856 
magnetic  blow-out  principle, 
(10)  851 


Lightning — continued. 

multigaps.  (10)  857,  (12)  ISO 
care,  (10)  861 
series  resistance,  (10)  860 
multipath,  (10)  858 
location,  (12)  153 
rating,  definition,  (24)  7306 
resistance,  test  of.  (24)  7371 
series  resistances,  (10)  854 
shunt  resistances  and  gap*.  (10' 
859 

spark  gaps,  (10)  853 
tests  of,  (24)  7371  to  7375 
types,  (12)  148 
types,  uses  elaaaifi cation.  Cl?1 
866 

use  on  transformer  pole*  (12 
154 

with  gmp^  spark  potential  tat. 

discharge,  nature  of,  (22)  343 
disturbances  transmiasioe  Sm*. 
(11)  55 

may  be  minimised.  (11)  56 
electrical  characteristics,  (22)  344 
frequency,  relation  to  other  to* 
tors.  (22)  245 

protection,  importance  of,  (22 

241 

overhead  distribution  Uses.  (12 
146 

protective  apparatus,  tun  (IC 
850 

rods.  (22  ) 240  to  251 

advantage  of  multiplies^,  (2?‘ 
246 

electrical  constants.  (22)  243 
frequency,  relation  ta  oth* 
factors.  (22)  245 
ground  connection,  M 250 
installations,  (22)  247 
location,  (22  ) 248 
material  and  construelte.  (22 
249 

precautions.  (22)  251 
sources,  (22)  240 
transmission  lines.  sdectHB  * 
protective  equipment.  (11)  * 
Lignite,  definition,  (10)  118 
Lime,  conductivity,  hpat,  (19)  *4 
Limits,  temperature,  (22)  28 
A.  I.  E.  E.,  standards,  rules,  (34* 
2104.  2116.  2120 
special  cases.  (24 ) 1012 
Limiting,  hottest  spot  temperator* 
(24)  1005 

temperatures,  observmuie, 

1006  . 
transformer  oil.  (24)  6202 
transformers,  (24)  6201 
rises,  observable,  (24)  221 
2231  w l 

Line-drop,  calculations,  Mencl 
diagram  (12)  35 
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pop — continued, 
pensators,  (12)  30,  87 
ener&l  Electric,  (12)  89 
'eatinghouse,  (12)  88 

of  electrostatic  capacity, 

le  phase,  (12)  33 
Iculations,  (12)  34 

0 phase  circuits,  (12)  37  to  39 
phase  systems,  (12)  36 
meter  compensator,  defini- 
>n,  (24)  8006 

overhead,  a-c.,  use  of  fuses, 
(12)  136 

instruction,  (12)  155  to  193 
general,  (12)  155 
, joint  occupancy,  (12)  193 
[rapb,  defimtions  and  stand* 
ds,  (24)  12015  to  12025 
►hone,  definitions  and  stand- 
da.  (24)  12015  to  12025 
amission,  bibliography,  (12) 

ocean,  description,  (18)  44 
es,  magnetic,  definition,  (2) 

pe  machines,  motor  aDDlica- 
►ns.  (15;  420  to  432 
:r  requirements,  (15)  432 
^°il,  insulating  properties, 

liquids,  fuels,  bibliography, 

1 398 

fic  resistance  measurements, 

I 135 

n,  electrochemical  properties; 
))  170 

rical  properties,  (4)  138 
tmosphere,  definition,  (19)  44 
oondensive,  definition,  (24) 
10 

ected,  central-stations,  (25) 
96 

finition,  (24)  3424 

;r,  circuits,  (13)  65 

ity.  uneven,  (12)  106 

itching,  (10)  836 

ral  defimtions,  (24)  3404  to 

64 

ctive,  definition,  (24)  3408 
d,  three  phase  supply,  (12) 
0 

reactive,  definition,  (24)  3406 
phase,  balanced,  definition, 
1)  3414 

>r  plants,  characteristics,  (10) 
4 

,ive,  definition,  (24)  3404 
en  peaks,  (10)  885 
urves,  power  plants,  (10)  888 
ictor,  (10)  724 
ompressors,  (15)  190 
ified  table  for  Chicago  cus- 
mers,  (25)  107,  108 
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Line-drop — Log  sluices 


Load-factor — continued, 
definition,  (10)  886,  (24  ) 3438 
effect  on  power  costs,  (10)  920 
power  plants,  (10)  409 
yearly,  central-stations,  (25)  100 
Load-regulating  batteries,  (20)  169 
Loading,  artificial,  methods,  trans- 
formers, (6)  221 
electric,  definition,  (8)  61 
magnetic  definition,  (8)  61 
Loading-back  converters,  syn- 
chronous tests,  (9)  92 
Locomobile,  steam  engines,  (10)  200 
Locomotives,  ooal  mining,  (15)  299 
to  308 

adhesion  and  weight  calcula- 
tions, (15)  300 
braking,  (15)  302 
motor  rating,  (15)  305 
storage  battery,  (15)  308 
reels,  use  of  electric,  (15)  306 
use  of  traction,  (15)  307 
track-curve  resistance,  (15)  301 
electrio,  (16)  260  to  272 
Baldwin-Westinghouse  table. 
(16)  271 

Butte,  Anaconda  and  Pacific. 
(16)  263 

classification,  (16)  260 
freight,  main-line,  (16)  263 
to  269 

rating  slow-speed,  (16)  266 
speed,  (16)  267 
tractive  effort,  (16)  265 
trailing  load  calculations, 
(16)  264 
types,  (16)  268 

frequent-stop  service,  (16)  105 
Genera]  Electrio,  table,  (16) 

Great  Northern,  (16)  275 

interurban  lines,  (16)  261 
motors,  (16)  140 
New  York  Central,  (16)  266, 
26 8 

New  York,  New  Haven  and 
Hartford,  (16)  270 
passenger,  construction,  (16) 
270 

main-line,  (16)  270  to  272 
Pennsylvania,  (16)  270 
power  required  for  passenger, 
(16)  85 

ratings,  (24)  5210  to  5214 
switching  or  yard.  (16)  262 
tonnage  rating,  determination, 
(16)  29 

tractive  effort,  continuous,  de- 
finition, (24  ) 5213 
nominal,  definition,  (24)  5212 
weight  on  drivers,  definition, 
(24)  5211 

storage-battery,  (20)  179 
Log  sluices,  (10)  703 
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Logarithm* — Machine,  machine* 


Logarithm*,  conversion  formulas, 
(1)  150 

hyperbolic,  table,  (1)  156 
table,  (1)  155 

Logarithmic  decrement,  (2)  147 
measurement,  (21)  316 
table.  (21)  817 
London  wire  gage,  (4)  18 
Looms,  textile  mills,  (15)  338 

automatic,  economies  of,  (15) 
341 

motor  drive,  advantages,  (15)  339 
Losses,  armature,  converter,  motor, 
(9)  110l  (also  see  armature), 
bearing  friction,  d-c.  machines, 
(8)  140 

boilers,  (10)  20 

brush  friction,  d-c.  machines, 
(8)  141 

homopolar  generators,  (8) 
229 

oontaot  resistance,  d-c.  ma- 
chines, (8)  139 

condensers,  electric,  internal,  (5) 
161 

conduction,  tungsten-filament 
lamps,  (14)  62 

converters,  synchronous^  (9)  48 
affecting  rating,  (9)  13 
booster,  (9)  49 
table,  (9)  12 
split  pole,  (9)  50 

armature,  formula,  (8)  136, 
(also  see  copper), 
transformers,  (6)  24 
core,  (4)  206  to  212 
d-c.  machines,  (8)  133  to  143 
draft,  economiser,  (10)  322 
eddy  current,  (see  eddy  current), 
energy,  condensers,  riectrolytic, 
(5)  183  , f 

distribution  systems,  calcula- 
tion. (12)  233 
eleetrio  furnace,  (19)  101 
fixed  chargee,  (12)  231 
engines,  steam,  classification,  (10) 
190 

steam,  friction,  (10)  187 
excitation,  series,  d-c.,  machines, 
(8)  138 

factor,  distribution  systems,  (12) 
232 

gearing,  railway  motors,  (24) 
5337 

Eenerator,  a-o.,  summary,  (7)  122 
ysteresis,  (see  hysteresis), 
iron,  a-c.  magnets,  (5)  79 

magnets,  effect  of  tempera- 
ture, (5)  82 


VU1C,  vu;  o 

d-c.  machines,  (8)  133, 

load,  d-c.  ma- 


increase  with 
chines,  (8)  134 
individual,  d-c.  machines,  (8) 
135 


Losses — continued. 

machines,  electric,  xmseeDaaeoB. 
(24  ) 4343 

motors,  a-c.,  induction.  (7)  210  u 
214 

d-c.  railway.  (24  ) 5339 
power  plants,  eoal  eonrensos  * 
electricity,  (10)  911 
thermal,  (10)  912 
power,  wiring  calculatum*.  (11 
87 

producer  gas  plant,  coal  ctmrc- 
sion  to  electricity,  (10)  914 
shunt  excitation,  d-c.  madam 
(8)  137 

stray,  definition,  (7)  126 

synchronous  machines,  (fete- 
mination.  (7)  127 
variation  with  load.  (7}  13 
transformers,  (6)  54 

copper,  measurement!.  (I)  ilj 
core,  measurements,  (fj  217 
distribution,  (12)  101 
lighting,  tables,  (6)  120  to  125 
load.  (24)  6337 
measurements,  (6)  216 
no  load.  (24)  6336 
turbines,  steam.  (10)  221,  23 
windage,  d-c.  machines.  (S)  142 
Lubrication  bearings,  steam  engisa 
(10)  188 

gas  engines,  (10)  514 
turbines,  steam,  (10)  252 
Lumen,  definition.  (24)  11010 
Luminescence,  definition,  (14)  8 q 
Luminous,  efficiency,  definition.  <24 
11005 

intensity,  defining  equities,  (24' 
11006 

standards  of,  (14)  260  to  214 
sources,  comparison  of  differ*^ 

(24)  11047 

Luminosity,  definition.  (24) 
Lumrner-Bradhun.  contrast  pric- 
(14)  268 


Macbeth,  illuminometer,  (14)  > 
Machine,  machines.  beet-ms® 
mills,  power  requirement*.  Pa 
439  to  456 

brick  manufacture,  power  r 
ments,  (15)  405  to  419 
coal  mining.  (15)  298 
electric,  bearing  friction, 
nation  of,  (24)  4337 
constant  current,  regul**^ 
(24  ) 4096 

dielectric  strength  teat*.  <- 
4358,  4301  ^ 

efficiency,  tests,  (24)  43J4 
4343 

elevator,  (15)  114  to  119 
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iet  machines — continued, 
cavating,  drag  line  type,  (15) 
369 

motor  application,  (15)  368 
to  370 

principal  types,  (15)  368 
«es,  classification,  table  401, 
(14)  4334 

be  considered,  (24)  4335 
pedanoe  drop,  (24)  4091 
l loss,  (24)  4336 
tchanical  limitations,  (24) 
4250 

eration,  (24)  4105  to  4110 
rtdble  armature  drills,  power 
required,  (16)  40 
ing,  (24)  4220  to  4223 
kctance  drop,  (24)  4090 
;ulation  tests,  (24)  4390  to 
1395 

istance  drop,  (24)  4089 
ating,  tests,  (24)  4300  to 
(395 

uration,  definition,  (24)  4086 
actor,  (24)  4085 
idage,  determination,  (24) 
(337 

-ical,  definition  and  stand- 
irds,  A.I.E.E.,  (24)  4000 

o 4395 

ctrostatic,  (22)  252  to  264 

pressure,  effect  of  operation 

inder,  (22)  264 

i.f.  relation  to  friction,  (22) 

!57 

tional,  construction,  (22) 
256 

heory  of,  (22)  255 
Its,  (22)  262 
peration,  (22)  263 
uence,  (22)  258 
xcitation  of,  (22)  259 
'oepler,  (22)  260 
irity  of  Toepler  influence, 
22)  261 

ss  experiments,  (22)  257 
Kills,  (15)  434 

irinier  motor  applications, 
) 350 

nal,  (22)  253 

office  and  shop,  power 
uirements,  (15)  496 
pe  and  monotype,  power 
uirements,  (15)  1432 
g,  power  consumption,  (15) 

and  pulp  mills,  tests,  (15) 
to  362 

*s,  comparison  of  drives  for 
, (15)  138 

ng  electric,  standards, 
ibliography,  (24)  4395 
re  shape,  tests,  (24)  4351, 
352 


Machines — continued . 
sawing,  power  requirements,  (15) 
41  to  50 

stators,  temperature  measure- 
ments, method  of,  (24)  4321 
Machinery,  coal  and  ore  handling, 
(15)  213  to  233 

belt  conveyors,  power  required, 
(15)  224 

controllers,  (15)  219 
definition,  (15)  213 
distribution  systems,  (15)  220 
flywheel  balancer  set,  (15) 
221 

gantry  crane,  design,  (15)  230 
to  233 

gear  efficiency,  (15)  228 
motors,  approximate  loads,  (15) 
223 

car  dumper,  (15)  216 
light  service, 
mill,  (15)  218 
transfer  cars,  (15)  217 
severe  service,  (15)  214 
power-house  capacity,  (15)  229 
power  requirements,  (15)  222 
transfer  cars  and  trolley  equip- 
ment, (15)  225 

trolleys,  frictional  resistance, 
(15)  226 

unloader,  longitudinal  drive, 
(15)  227 

cotton-mill,  power  requirements, 
(15)  340 

excavating,  motor  applications, 
15)  364  to  390 
foundations,  (10)  593 
general  definitions,  (24)  3504  to 
3608 

paper  and  pulp  mill,  power  re- 
quired, (15)  1356 
paper  making,  power  required, 
(15)  363 

printing,  binding  and  linotype, 
motor  applications,  (15)  420 
to  432 

motor  and  control  requirements 
(15)  431 

textile  mills,  finishing,  power 
requirements,  (15)  345 
wood  working,  motor  appli- 
cations, (16)  41  to  70 
woolen  mill,  power  requirements, 
(15)  344 

Machine  tools,  classification,  (15)  2 
definition,  (15)  1 

drive,  group  vs.  individual,  (15)  5 
horse-power  determination  for 
group,  (15)  11,  12 
required  for  individual,  (15) 
13  to  37 

lineshaft  vs.  individual  drive, 
(15)  6 

motors  for  individual,  (15)  7 
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Mtcbfaii  tools — Mafliit,  magnets 


Machine  tools — continued, 
friction  losses  in  reciprocating, 
(15)  4 

rotating,  (15)  3 

horse-power  required  to  cut  metal, 
(15)  10 

motor  applications,  (15)  1 to  40 
methods  of  applying,  (15)  9 
Magnesia,  conductivity,  heat,  (19) 
84  85 

refractory  lining,  (19)  80 
resistivity,  heat,  (19)  86 
Magnesium,  electrochemical  proper- 
ties. (19)  170 

eleotrolytio  production,  (19)  250 
expansion,  temperature  coeffi- 
cient, (4)  399 

properties,  electrical,  (4)  138 
mechanical  and  thermal,  (4) 
399 

Magnet,  magnets,  (5)  1 to  118 
activity  coefficient,  (5)  99 
ampere-turns,  formula,  (5)  101 
air  gap,  pull  equations,  (5)  43 
relation  to  £ull,  (5)  45 
»-c.,  definition,  (5)  13 
design,  (5)  77 
excitation,  (5)  78 
exciting  current,  total,  (5)  81 
flux  density,  (5)  78 
iron  losses.  (5)  79 

effect  of  temperature,  (5)  82 
pull,  air  gap,  (5)  85 
polyphase.  (5)  87  to  89 
pull,  pulsation,  (5)  88 
signal  relays,  (5)  89 
pull,  calculation,  (5)  86 
pulsation,  (5)  84 
tractive,  (5)  77  to  89 
two-phase,  test  data.  (5)  87 
bar,  definition,  (5)  20 
bibliography,  (5)  118 
brake,  definition,  (24  ) 7052 
construction  (5)  105  to  111 
continuous  current,  definition, 
(5)  12 

duty  rating,  (5)  64 
service,  (5)  42 
definition,  (5)  1 
dimensions,  (5)  41 
relative,  (5)  51 
d-c.,  breakdown  test,  (&)  117 
clapper  type,  test  data,  (5)  58 
horseshoe  type,  test  data,  (5)  57 
test  data,  (5)  55,  56 
short  range,  (5)  57  to  61 
tractive,  long  range,  (5)  46  to 
56 

electro,  classification,  (5)  12  to 
16 

definition,  (5)  3 
selection  of,  (5)  40 
theory,  general,  (5)  24  to  45 
e.m.f.,  impressed,  (5)  36 

(References  are  to  sections 


Magnet,  magnets — continued, 
energy  relations,  (5)  33 
flux  aensrity-pull,  curves  (5)  44 
form  winding.  (5)  106 
heating,  calculation.  (5)  90  to  M 
capacity  limited  by,  (5)  90 
tests.  (5)  114 
high-speed,  (5)  39 
holding,  (5)  76 
horseshoe,  definition.  (5)  21 
impregnated  coils,  (5)  96 
calculation,  (5)  31 
effect  of  plunger,  (5)  32 
inertia  of  moving  system,  (5)  V 
intermittent  duty  rstug.  (5)  4i 
iron-dad,  definition.  (5)  22 
lamination  of  magnetic  eoceu 
(5)  83 

lifting,  (5)  70 
design  data,  (5)  73 
load.  (5)  72 
operation,  (5)  71 
power,  (2)  65 
modified  types,  (5)  23 
momentary  duty  rating,  (5)  66 
oscillating,  method,  field  strogtl 
measurements,  (3)  299 
performance  curves,  (5)  68 
permanent,  (5)  4 to  11 
aging,  (5)  5,  10 
definition,  (5)  2 
desired  characteristics,  (4)  2S 
hardening.  (5)8 
magnetising,  (5)  9 
manufacture,  (5)  4 to  11 
detiula,  (5)  7 
materials  used,  (5)  6 
precautions,  (5)  11 
use  of,  (5)  4 

plunder,  current-time  curves,  (3 

definition.  (5)  19 
energy  relations,  (5)  S3 
movable,  effect,  (5)  32 
two  forms,  (5)  69 
portative,  (5)  70  to  76 
construction,  (5)  74 
definition,  (5)  15 
protected  ooils,  (5)  67 
pull  characteristic,  formula,  (5)  5* 
equations,  air  gap,  (5)  43 
d-c.  solenoid.  (5)  47 
iron  dad  solenoid.  (5)  27 
horseshoe  type.  (5)  61 
Maxwell's,  (5)  24 
solenoid,  iron-dad,  (5)  53  ^ 
theoretical  components,  (V*  > 
total,  (5)  26 
measurement,  (5)  112 
relation  to  air  gap,  (5)  45 
tests,  various  length  air 
(5)  113 

radiation,  (5)  94 
constant,  (5)  68 
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Magnet,  megnete-~Mereoni  directive  antenna 


Magnet,  magnets— continued, 
range,  (6)  52 

railway  signal  apparatus,  (5)  59 
resistance,  hot,  (5)  95 
test,  (5)  115 

saturation  charaoteristio,  (5)  49 
series  starting  switch,  (15)  515 
short  circuited  turns,  test,  (5)  116 
slow  speed,  (5)  38 
space  faotor,  (5)  99 
speed,  (5)  37 

standard  designs,  (5)  63  to  69 
dimensions  and  characteristics, 
(5)  63 

telegraph,  (5)  60 
telephone,  (5)  60 
limits,  (5)  93 
temperature  rise,  (5)  91 
formula,  (5)  92 
testing,  (5)  112  to  117 
test  set,  telegraph  and  telephone 
testing.  (21)  255 

time-constant,  electrical,  (5)  30 
traetive,  definition,  (5)  16 
types,  (5)  17  to  23 
uses,  (5)  14. 

work  in  air  gap,  maximum,  (5)  29 
maximum,  conditions,  (5)  62 
performed,  (5)  28 
winding  calculations,  (5)  100  to 
104 

covering,  (5)  111 

drying  ana  treating,  (5)  109 

final  calculations,  (5)  103 

formulas,  (5)  100 

insulation,  (5)  107 

mounting,  (5)  110 

ohms  ger  cubic  inch,  table,  (5) 

per  pound,  (5)  106 
turns  per  square  inch,  table, 
(5)  102 

wires,  (5)  97  to  99 

diameters,  table,  (5)  98 
insulation,  (5)  97 
Magnetic,  brakes,  (3)  329 
disc,  (5)  75 

circuit,  energy  stored,  (5)  35 
clutches,  (5)  75 
compass,  (22)  295 
conical  plunger  vs.  flat  plunger, 
(5)  69  . 

contractors,  temperature  limits, 
(24)  7102 

tests,  heat,  (24)  7302 
degree,  definition,  (24)  4092 
measurements,  (3)  292  to  321 
materials,  bibliography,  (4)  232 
classification,  (4)  168. to  171 


commercial,  (4)  170 
comparison,  (4)  . 
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Magnetio — continued. 

properties,  (4)  168  to  232 
retentive  ana  non-retentive,  (4) 
171 

saturation  values,  approximate, 
(4)  198 

measurements,  classification,  (3) 
295 

properties,  classification,  (3)  301 
measurements,  (3)  301 
testing,  precautions,  (3)  320 
Magnetism,  (22)  218 
electron  theory,  (4)  205 
residual,  definition,  (2)  90 
field,  d-c.  generators,  (8)  255 
Magnetite  lamps,  ornamental,  (14) 
114 

recent  improvements,  (14)  112 
regulating  mechanism,  (14)  113 
Magnetisation,  characteristic,  sat- 
uration curve,  definition,  (2)  49  < 
curve,  analysis,  (2)  51 
induoed,  formula,  (2)  52 
metals,  effects  of  mechanical 
stress,  (4)  188 

Magnetomotive  force  armature, 
relative  strength,  (8)  35 
definition,  symbol,  unit,  (1)  73 
formula,  (2)  44 

peripheral  distribution,  induction 
motors,  (7)  164 
Magnetos,  definition,  (8)  9 
generators,  telephone,  (21)  26 
high-tension.  (22)  92 
ignition,  (22)  91 

Mailing  machines,  power  consump- 
tion, (15)  496 

Maintenance,  definition,  (25)  33 
Manchester  positive;  storage  battery 
plates,  (20)  73 
Manganese,  (4)  149 
copper,  alloy,  (4)  149 
electrochemical  properties,  (19) 
170 

potential,  electric,  (19)  175 
steel,  (see  steel). 

Manholes,  boilers,  (10)  41 

construction,  underground  dis- 
tribution, (12)  202 
location,  underground  distribu- 
tion, (12)  199 

sizes,  underground  distribution, 
(12)  199 

telephone  conduit,  standard  con- 
struction, (21)  248 
transformers,  (6)  126 
Manilla  rope,  properties,  (4)  428 
Maple,  tests  of,  (4)  421 
Marble,  conductivity,  beat,  (19)  84 
electrioal  puncture  tests,  (4)  269 
insulating  properties,  (4)  263 
panels,  costs,  (10)  776 
properties,  mechanical,  (4)  409 
Marconi  directive  antenna,  (21)  270 


composition  and  treatment, 
dependence  of  properties  on, 

(4)  172 
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Marine,  applications  of  electricity, 
(22)  08  to  130 

cost  of  electric  plant  on  typical 
vessels,  (22)  128  ^ 

electrical  applications,  biblio- 
graphy, (22)  129 
Mariners  compass,  (22)  294 
description,  (18)  78 
Masonry,  conductivity,  heat,  (19) 
84 

M aas ."definition , unit,  (1)  25 
Materials,  conductor,  properties  of, 
(4)  1 to  167 

fibrous  insulating,  (4)  281  to  308 
untreated,  insulating  prop- 
erties, (4)  282 
insulating,  (4)  233  to  370 
bibliography,  (4)  370 
impregnating  compounds,  pre- 
paration, (4)  347 
liquid,  resistivity  measure- 
ments, (3)  136 

folded  compositions,  (4)  309 
to  329 

rubber  and  its  derivatives,  (4) 
330  to  344 

solid  natural,  (4)  254  to  272 
solid,  resistivity  measurements, 
(3)  135 

thermal  conductivities,  (4)  369 
' varnishes,  and  compounds,  (4) 
345  to  357 

magnetic,  properties,  (4)  168  to 
232 

properties  of,  (4)  1 to  437 
solidifying,  (4)  345 
structural,  (4)  371  to  431 
bibliography,  (4)  431 
vitrified,  (4)  273  to  280 
••  Mauretania,"  electric  drive,  study, 

(18)  67  , i . 

Mavor  system  of  electric  ship 
propulsion,  (18)  61 
Maximum  demand  meters,  (see 
meters). 

residences,  (25)  141 
Maxwell’s  equations,  coefficients, 
(2)  131 

of  charged  system,  (2)  130 
pull  equation,  magnets,  (5)  24 
solution  of  networks,  (2)  33 
Masda,  lampst  (see  lamps). 
McIntyre  joint,  steel-reinforced 
aluminum,  (11)  198 
transmission  lines,  (11)  197 
Measurement,  measurements,  (3)  97 
alternating  current,  (3)  97  to  109 
capacitanoe,  (3)  254  to  266 
conductivity,  (3)  124  to  127 
direct,  currents,  (3)  82  to  96 
electric,  (3)  1 to  291 
bibliography,  (3)  322 
classification,  (3)  2 
definition,  (3)  1 


Measurement, 
tinned, 
errors,  (3)  6 
precautions,  general,  (3)  7 
precision,  (3)  2 to  7 
average  expected,  (3)  5 
obtainable,  (3)  4 
theory,  general,  (3)  1 to  7 
e.m.f.,  alternating,  (3)  63  to  81 
continuous,  (3)  42  to  63 
energy,  (3)  186  to  234 
frequency,  (3)  278  to  282 
inductanoe,  (3)  240  to  253 
magnetic,  (3)  292  to  321 
bibliography,  (3)  322 
classification,  (3)  295 
precision,  (3)  2 to  7 
power,  (3)  149  to  185 

mechanical,  (3)  .323  to  335 
precision,  (3)  430  to  439 
bibliography,  (3)  439 
calculation,  (3)  431 
classification,  (3)  430 
computation,  perasp 
method.  (3)  436 
converse  problem,  (3)  438 
illustrated/  (3)  437 
final  result,  determinates,  13 
433 

general  problem,  (3)  432 
indirect  formulas,  (3)  435 
necessary  in  measured  «s- 
ponenta.  (3)  434 
resistance,  (3)  110  to  148 
slip,  (3)  283  to* 291 
speed,  (3)  333  to  335 
standard,  definition,  (3)  3 
synchronism,  (3)  287  to  291 
temperature,  methods,  (24)  1001 
to  1003 

wave  form.  (3)  267  to  277 
Measures,  bibliography,  (1)  153 
English,  historical  sketch.  (1)  5 
Mechanics,  bibliography.  (23)  45 
Medill.  Joseph,  Chicago  fire  boat 
description,  (18)  66 
Megger.  Evershed.  (3)  139 
Melting-point,  elements,  (4)  413 
Merchant  marine,  cables, 
•braided  armored,  (22)  122 
call-bell  system,  (22)  111 
conduit,  (22)  120 
electric  practice.  (22)  98  tol32 
electric-whistle  operator,  (22) 
engine  telegraph  system,  (22)  IP 
fire-alarm  systems,  (22)  112 
flexible  cables  and  condat,  (23 
121 

generating  plant  design,  (22) 
operation,  (22)  117 
sets,  cost,  (22)  118 
illumination  methods.  (22)  103 
installation  rules,  electrical  eor 
struction.  (22)  98 
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Merchant  marine — Mills 


Merchant  marine — continued, 
lighting  circuits,  (22)  99 
fixtures,  (22)  101 
motors,  (22)  106 
circuits,  (22)  104 
controllers,  (22)  105  * 

radiators,  electric,  (22)  108 
running  lights,  (22)  100 
searchlights.  (22)  107 
submarine  signals,  (22)  113 
switchboards,  (22)  119 
telegraph  and  bellpulls,  miscel- 
laneous, (22)  110 
telephone  speaking  tubes,  (22)  111 

Mercury,  arc  lamps,  (see  lamps 
mercury). 

cathode  processes,  electrolysis, 
(19)  230 

electrochemical  properties,  (19) 
170 

properties,  electrical.  (4)  138 

Mercury-arc,  battery  charging  rec- 
tifiers. (17)  202 

rectifiers,  commercial  rating  table, 
(17)  207 

Mercury-vapor,  rectifiers,  (6)  274 
(also  see  rectifiers). 

Mershon,  diagram,  (11)  38,  (12)  35 

Mesothorium,  (22)  210 

Merts- Price  system,  relay  protec- 
tion, (10)  820 

Metallic-electrode  aro  lamps,  (see 
lamps). 

Metallurgy,  gold,  (19)  245 
sine,  (19)  244 

Metals  and  alloys,  .non-ferrous, 
properties,  (4)  399 
electrolytic  refining,  (19)  207  to 
224 

miscellaneous,  properties,  (4)  138 
to  147 

resistivity  of  various,  (4)  138 

Meters,  ampere-horn^  adaptability 
to  different  site  batteries, 
(17)  175 

location  of  auxiliary  contact, 
(17)  174 

Brown  heat,  (3)  345 
coal,  (10)  154 

damping,  terms  expressed,  (24) 
8502 

test  of,  (24)  8302 
definitions  and  standards/  (24) 
8000  to  8503 

» demand,  definition,  (24)  8007 
General  Electrio,  (3)  233,  234 
depreciation,  (10)  898 
Ewing  hysteresis,  (3)  317 
foot-candle,  (14)  282 
frequency,  (3)  279  to  282 
reed  type,  (3)  279 
Westinghouee,  (3)  280 
Weston  (3)  281 
gas  and  air,  (3)  417  to  423 


Meters — continued. 

Gebhardt,  steam,  (3)  428 
general  nomenclature,  (24)  8002 
grounding  of,  (24)  8110 
HoldensTnysteresis,  (3)  317 
Hoppes  type  weir,  (3)  412 
hysteresis,  (3)  317 
Tea  type  weir,  (3)  412 
maximum-demand,  (13)  94,  (25 
140 

piston  disc  type,  (3)  407 
power-factor,  (3)  182  to  185 
General  Electric,  (3)  185 
Weatinghouse,  (3)  184 
rating,  general,  (24)  8200 

limitations  of  circuits,  (24)  8202 
recording,  definition,  (24  ) 8003 
Sangamo  ampere-hour,  (3)  231 
watt-hour,  (3)  198,  206 
shunts,  permissible  temperatures, 
(24)  8101 

steam,  (3)  424  to  429 
Sargent’s,  (3)  422 
water,  (3)  403  to  416 
."watt-hour,  General  Electric,  (3) 

I)  198,  206 
wave,  (21)  312 

General  Electrio,  (3)  268 
windings,  temperature  use,  (24) 
8203 

Metrio  gage,  definition,  (4)  23 
International  system,  historical 
sketch,  (1)  9 

System  of  units,  definition,  (1)  3 
Mica,  composition,  (4)  265 
composite  insulation,  (4)  296 
cohauctivity,  heat,  (4)  368 
dielectric  constant,  (4)  265 
insulating  properties,  (4)  264 
molded,  properties.  (4)  324 
paper,  insulation,  (4)  297 
products,  (4)  266 
resistivity,  (4)  265 
specific  inductive  capacity,  (5) 
159 

Micanite,  properties,  (4)  324 
Mica  cloth,  insulation,  (4)  298 
Miles  Walker,  phase  advances,  (7) 
322 

MU,  (4)  11 

circular,  definition,  (4)  12 
Mileage  rating,  electric  trucks,  (17) 
44 

Mill  gages,  definition,  (4)  11 
MU  liken  single-line  telegraph  re- 
peater, (21)  107 

Millimeter  gage,  definition,  (4)  23 
MUls,  attrition,  danger  of  static 
electricity,  (22)  320 
beet-sugar,  motore,  application, 
(15)  438  to  456 
power  requirements.  (15)  438 
cement,  aeropuhrenser,  (15)  278 
baU,  (15)  270 


(References  are  to  sections  and  paragraphs — not  pages) 


2077 


Digitized  by  Google 


INDEX 

Mills — Monotype  machines 

Mills — continued.  Mills — continued. 

boilers,  waste  heat,  (15)  265  machinery,  power  require- 

Bonnot  pulveriser,  (15)  277  ments,  (15)  340 

Fuller,  (15)  275  drive,  application  of  electric 

Griffin,  (15)  276  (15)  333 

crushers,  gyratory,  (15)  268  group  and  individual,  (15)  334 

crushers,  jaw.  (15)  267  * mechanical,  (15)  329.  3* 

drive,  type  of,  (15)  272  finishing  machinery,  power  re- 

dryers,  rotary.  (15)  269  quirements,  (15)  345 

Kent.  (15)  273  looms.  (15)  338 

kilns,  (15)  279  looms,  advantage  of  motor 

motor  applications,  (15)  262  to  drive,  (15)  339 

279  automatic.  (15)  341 

characteristics,  (15)  266  motor  applications.  (15)  329  to 

power  requirements,  (15)  264  345 

tube.  (15)  274  type*  adaptable.  (15)  335 

Williams,  (15)  271  static  electricity,  trouble.  (22‘ 

flour,  drive,  (15)  433  321 

machines  included,  (15)  434  steam  aubliary  plant,  (15)  331 

machines,  power  requirements,  woolen-mill  machinery,  pota 

(15)  435  requirements.  (15)  344 

motors,  (16)  436  Mineralac,  properties,  electrical 

applications,  (15)  433  to  437  (4)  347 

power  requirements,  (15)  437  Minerals,  radioactive,  (22)  306 
paper  and  pulp,  beaters,  motor  Mines,  U.  8.  Army,  (22)  149 
applications,  (15)  349  electrical  firing,  (22)  149 

Fourdrinier  machine,  power  Miniature,  lamps,  (14)  84 
required,  (15)  357  Mining,  coal,  (see  coal) 

Jordan  engines,  application  of  locomotives,  coal,  (see  Joeo©* 
motors,  (15)  348  rives), 

machines,  power  required,  (15)  Mitis  iron,  magnetic  properties,  (4 
356.  363  195 

tests  of  various,  (15)  358  to  “ Myfilner,”  description,  (18)  73 

362  Mobility.  (19)  145 

motor  applications,  (15)  346  to  determination,  methods,  (19)  14* 

363  migration,  anions,  table,  (19)  163 

characteristics,  (15)  352  cations,  table,  (19)  162 

drive,  equipment,  (15)  347  proportionality  constant,  (19)  146 

' general  application,  (15)  346  ratio  u to  v,  determination,  <19 
specifications,  (15)  354  159 

standard  sises,  (15)  355  examples,  (19)  160,  161 

switching  equipment,  (15)  relation  to  electrolytic  ooadot- 
353  rivity,  (19)  147 

types  suitable,  (15)  351  Moebius  process,  electrolytic  refir* 

steel,  arrangement,  (15)  248  ing.  (19)  214 

bibliography,  (15)  261  Moiasan  furnace.  (19)  93 

blooming,  reversing,  (15)  252  Mol.  definition,  (19)  4 
classification,  (15)  247  Molded  insularing  compositia* 

energy  consumption,  (15)  258  (4  ) 309  to  329 

flywheels.  (15)  254  Molybdenum,  electrochemical  prop- 

motors,  adaptable,  (15)  259  erriea.  (19)  170 

applications,  (15)  247  to  261  Moment  of  inertia,  definition,  (23 1 1 
control,  (15)  260  Moments,  beams.  (23)  3 

drive,  direct-connected,  (15)  bending,  beams.  (23)  6 

249  beams,  under  various  losdutf 

geared,  (15)  260  conditions,  *(23)  3 

roped,  (15)  251  maximum,  calculation.  (23)  7 

rating  and  temperature  rise,  Momentum,  definition,  unit,  (1)  39 
(15)  256  ship,  equation,  (18)  5 

power  requirements,  (15)  255,  Monel  metal,  general  properties 
257  (4  ) 399 

rolling,  (15)  253  Money,  definition,  (25)  15 

textile,  cotton-mill  cards,  (15)  336  Monotype  machines,  power  require* 
fly  frames,  (15)  337  ments,  (15)  432 
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Moore  tubes — Motor,  motors 


Moore  tubes,  carbon-dioxide  type, 
(14)  128 

nitrogen  type,  (14)  127 
Morse,  manual  telegraph  system, 
(21)  88 

telegraph  alphabet,  (21)  90 
characters,  (21)  89 
closed-circuit  system,  (21)  91 
open-circuit  system,  (21)  92 
Motor,  motors,  adjustable  speed, 
base  speed  of,  definition,  (24) 
4038 

definition,  (24)  4037 
automobile,  brush  contact  losses, 
determination,  (24)  5341 
a-c.f  bibliography,  (7)  370 

brush  shifting  control,  (7)  308, 
313 

commutator,  (7)  €86  to  313 
classification,  (7)  286 
D6ri,  polyphase,  (7)  313 
induction,  starting,  (7)  188 
polyphase,  bibliography,  (7) 
313  (a) 

series  characteristics,  (7) 
294  296 

shunt,*  (7)  310  to  312 
variable  speed,  (7)  295 
Punga-Creeay,  (7)  309 
quarter-phase,  snunt,  (7)  311 
series,  (7)  287 
series  compensated,  (7)  288 
single-phase,  compensated, 
(7)  289 

repulsion,  (7)  291  to  293 
shunt.  (7)  297,  298 
speed  control,  (7)  290,  299 
oontrol,  concatenation,  (7)  277 
electric  hoist,  (15)  107 
D6ri  single-phase,  (7)  308 
design  bibliography,  (7)  147 
dynamic  braking,  use  for,  (15) 
540 

efficiency,  (7)  115  to  128 
elevator,  (15)  122  to  125 
fans,  control,  (15)  202 
induction,  air  gap,  (7)  192 
ampere  turns,  calculation,  (7) 
192 

analogy  to  d-c.  motor,  (7)  176 
bibliography,  (7)  242 
characteristics,  (7)  179  to  191 
circle  diagram,  (7)  199 
• efficiency,  (7)  203 
exact*  (7)  206 
experimental  data,  (7)  205 
impressed  power,  (7)  201 
interpretation,  (7)  200 
leakage  factor,  (7)  207 
losses,  (7)  202 
power  factor,  (7)  204 
control,  multiple  motor,  (7) 
284 

cost,  total  works,  (7)  254 


Motor,  motors,  a-c. — continued. . 

ourrent,  peripheral  distribu- 
tion, (7)  164 
design,  (7)  243  to  259 
data,  (7)  258 

limitations,  (7)  248  to  256 
efficiency,  (7)  210  to  215 
equivalent  circuit,  (7)  175 
formulas,  (7)  179,  180 
gap  flux,  peripheral  distribu- 
tion, (7)  164 
heating,  (7)  250 
Hunt  internaDy,  concaten- 
ated, (7)  285 
leakage,  coil  end,  (7)  256 
reactance,  (7)  193  to-198 
losses,  (7)  210  to  214 
classification,  (7)  210 
copper,  (7)  211,  212 
core,  (7)  213,  214 
magnetising  current,  (7)  192 
m.m.f.,  peripheral  distribu- 
tion, (7)  164 
Mavor  multiple,  (7)  284 
method  of  percentages,  (7) 
181 

moderate  voltage,  (7)  216 
operation,  (7)  264 
output  equation,  (7)  245 
pole  pitch,  table,  (7)  255 
polyphase,  standard  types, 
(7)  215 

power  analysis,  (7)  177 
power  factors,  (?)  215,  249 
calculations,  (7)  182 
principle  of  operation,  (7)  155 
reactanoe,  slot,  (7)  261 
repulsion.  General  Electric, 
(7)  304 

reversible,  (7)  306 
speed  control,  (7)  307,  (15) 
530 

starting,  (7)  300 
resistance,  starting,  (7)  187 
revolving  field,  definition,  (7) 
156 

8chQler  motor,  (7)  301 
similiarity  to  d-c.,  motor,  (7) 
158 

to  transformer,  (7)  167 
single  phase,  (7)  260  to  270 
characteristics,  (7)  262 
comparison  of  fields,  (7) 

copper  loss,  (7)  267 
design,  (7)  269 
exciting  current,  (7)  265 
output,  (7)  266 
secondary  current,  (7)  267 
starting,  (7)  268 
theory,  (7)  260 
slip,  calculations,  (7)  183 
definition,  (7)  157 
specifications,  (7)  243 
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Motor,  motors,  b-c. — continued. 

speed  control,  (7)  271  to  285 
cascade.  (7)  277  to  279 
freyieney  c^angingt 

maltispeed,  (7)  276 
primary,  (7)  271 
secondary,  (7)  272  to  274 
spinner  motor,  (7)  281  to 
283 

squirrel  cage,  investigation. 


"(7)  217 
tallim 


stalling  torque,  (7)  159 
starting  apparatus,  (7)  219 
characteristics,  (7)  221 
compensator,  (7)  189 
ourrents,  (7)  180, 188.  220 
deep  rotor  bars.  (7)  190 
synchronous  speed,  (7)  157 
theory.  (7)  155  to  178 
tooth  density  limit,  (7)  248 
torque,  (7)  178,  263 
maximum,  (7)  184,  249 
vector  diagram,  analysis,  (7) 

174 

basis,  (7)  173 1 

velocity,  limitations,  (7)  252, 

253  256 

weights,  per  horse-power,  (7) 

218 

windings,  (7)  160  to  163 
fractional  pitch,  (7)  257 
induction-starters,  (15)  508 
losses.  (7)  115  to  128 
series  compensated,  (7)  288 
small,  (15)  489,  490 
sneed  control,  commutating 
machines,  (7)  314  to  317 
bibliography,  (7)  317 
induction,  (7)  271  to  285 
Kr&mer  system,  (7)  314 
polyphase  commutator,  (7) 

5595 

8cherbius  system,  (7)  315 
synchronous  converter,  (7) 

316  . _ 

star-delta  starting  switches, 

(15)  505 

synchronous,  air-gap,  (7)  106 
length,  (7)  78 

air  compressor  drive,  (15)  184 
Blondel  diagram,  (7)  70 

interpretation,  (7)  71 
definition,  (7)  67  • 

design  constants,  (7)  94 

limitations,  (7)  95  to  103 
effect  of  number  of  slots, 

(7)  107  , _ 

outline,  (7)  92  to  107 
peripheral  velocity.  (7)  103 
slot  depth,  (7)  100 
weight  of  oopper,  (7)  99 
effect  of  wave-shape  on  power- 
factor,  (7)  83 

(References  are  to  sections  end  paragraphs — not  psgea) 

2080 


(7)72 


Motor,  motors,  »< — ocetMurd. 
excitation  curves,  (7)  72 
frame,  (7)  145 
hunting,  (7)  74.t©  77  , 

insulation  design,  (7)  l<g 
to  114 

mechanical  . 

140  to  146 
polarity,  (7)  80 

power-factor  a 

self-starting.  (7)  79 
specifications,  (7)  92 
speed  control,  (15)  531 
starting  current,  (7)  81 
methods,  (7)  82 
structure.  (7)  67 
theory,  (7)  69 
ventilation,  (7)  129  to  139 
synchronising  with  hap 
(7)  83  . 

Wagner,  unity  power  art* 
(7)  302,  303 

blower,  applications,  (15)  193  w 
212 

methods  of  application,  (15)  2CT 
braking,  dynamic,  (15)  537  to  3401 
brick  manufacture,  (15)  401 
applications,  (15)  391  to  419 
cement  mills,  applications,  (I?l 
262  to  279 

characteristics,  (15)  266 
circuits,  merchant  marine,  (22 
104  j 

voltage  drop  aIlowable,_C13}  ** 
apportionment,  (13)  71 
wiring,  (13)  103  ^ 
coal  and  ore  handling  maehisfiT 
application,  (15)  213  to  233 
coal  mine  locomotives,  rata*. 
(15)  305 

mining,  sd*p**hl*  types  u* 
295 

applications,  (15)  280  to 
constant  speed,  definition,  (£4 
4035 

control,  (15)  502  to  541 
dynamic  braking,  (15)  84 
slow-hoisting.  (15)  85 
controllers,  merchant  marine,  (S 
105 

converters,  (9)  103  to  117 
cooling,  (see  cooling), 
cranes,  types  suitable,  (15)  T7 
current  direction.  (8)  6 . 

per  phase,  (15)  500 
derricks,  electric,  apphcaboo.  (U 
364  to  390 
sises,  (15)  365 

direct-connected,  adjustably 
speed,  reversing,  (15)  39 
d-c.,  adjustable  speed,  (8)  205 
armature  circuits,  (8)  7 
design.  (8)  59  to  72 
reactions,  (8)  30  to  33 
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Motor,  motors — Motor,  motors 


»tor,  motors,  d-c. — continued. 

‘windings,  (8)  13  to  29  (also 
see  windings). 

bearing  construction,  (8)  98 
bibliography,  (8)  277 
brushes,  (8) 

mounting  of,  (8)  99 
shifting,  (8)  168 
characteristics.  (8)  1£7  to  170 
commutation,  (8)  36  to  58 
poor,  (8)  250  • 

commutators,  (8)  8 • 
compound,  (8)  170 
constant  current,  (8)  218 
operation,  (8)  221 
potential  standard,  (8)  200 
to  205 

control  of  electric  hoist,  (15)  109 
counter  e.m.f.,  (8)  157 
starter,  (15)  517 
cooling  and  ventilation,  (8) 
116  to  132  (also  see  cooling), 
costs,  (8)  177  to  180 
crane,  (8)  200 

design  and  construction,  (8) 
90  to  102 

differential,  (8)  172 

unstable  operation,  (8)  173 
dynamic  braking,  (15)  539 
efficiency  and  losses,  (8)  133 

elevator,  (8)  200,  (15)  121 
end  play,  (8)  95 
thrust,  (8)  254 
fans,  control,  (15)  200 
field  design,  (8)  73  to  89 
field  discharge,  (8)  245 
flame  proof,  (8)  204 
freight  hoists,  (8)  200 
gas  tight,  (8)  204 
general  industrial  service,  (8) 
200 

humming,  (8)  256 
induced  e.m.f.,  direction  rule, 
(8)4 

v magnitude,  (8)  3 
induction  electromagnetic,  (8)  2 
installation,  (8)  246 
insulation,  (8)  103  to  115 

interpole,  (8)  174 
commutation,  (8)  51 
non-inductive  shunts,  (8) 
175 


magnetic  flux,  (8)  1 
mill,  (8)  202 
mine,  (8)  203 
operation,  (8)  230  to  250 
operating  instructions,  (8)  249 
plate  protected,  (8)  204 
principles,  (8)  1 to  9 
railway  service,  (8)  201 
load  tests,  (8)  268 
reactance,  voltage  limits,  (8) 
49 


Motor,  motors,  d-c. — .continued, 
reversing,  (8)  176 
series,  excessive  speeds,  (8)  168 
load  tests,  (8)  268 
speed  adjustment,  (8)  169 
characteristics,  (8)  167 
regulators,  (5)  201 
shop  test,  (8)  276 
shunt,  operation,  variable 
speed,  (8)  163 
speed,  (8)  161 
changes,  (8)  166 
control,  (8)  164,  165 
torque,  (8)  101 
small,  types,  (15)  491 
sparkless  operation,  (8)  219 
speed,  effect  of  field  coil  heating, 
(8)  162 

effect  on  weight,  cost,  and 
efficiency.  (8)  180 
equation,  (8)  160 
regulation,  automatic,  (8) 
171 

starting  and  stopping,  (8)  244 
for  first  time,  (8)  248 
structure,  identity  of,  (8)  6 
testing,  (see  testing), 
torque  equation,  (8)  159 
voltage,  effect  on  weight,  cost, 
and  efficiency,  (8)  179 
weights,  (8)  177  to  180 
yoke,  (8)  90 
depreciation,  (10)  898 
dredges,  bucket  ladder,  sise  of, 
(15)  375 

electric,  application,  (15)  371 
to  375 

elevator,  electric  applications, 
(15)  110  to  154 
characteristics,  (15)  120 
passenger  vehicles,  (17)  16 
excavators,  rises,  (15)  370 
fans  and  blower,  control,  remote, 
. (15)  201 

direct  connection,  methods  of, 
(15)  203 

noise  suppression,  (15)  205 
protection  when  handling  hot 
gases,  (15)  204 

fan  applications,  (15)  193  to  212 
types  adapted,  (15)  198 
field,  rheostats,  (5)  189 
automatic  release,  (5)  193 
flour  mills,  applications,  (15)  433 
to  437 

types,  (15)  436 

hoist,  electric,  applications,  (15) 
91  to  109 

direct-connected  and  geared 
types,  (15)  98 

of  proper  normal  rating,  (15)  78 
types  adaptable  to,  (15)  97 
individual-drive,  machine  tool, 
(15)  7 
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Motor,  motors  continued. 
roUing-mill,  (15)  259 
sawing  machines,  application,  (15) 
41  to  50 

power  requirements,  (15)  41  to 
50 

Schiller,  (7)  301 
•hovel  (15)  376 

a-c.  with  rheoetatio  control, 
(16)  383 

control  (15)  884 

d-c.  with  motor-generator  set, 

(15)  382 

rheostatic  control,  (15)  381 
electric,  applications,  (15)  376 
to  390 

•use,  (15)  377 

torque  limitations,  (15)  385 
single-phase  commutator,  defini- 
tion, (24)  4061 

aHp-ring.  speed  control,  (15)  528 
small,  full-load  torque  calcula- 
tions, (15)  495 

horse-power  at  maximum 
torque,  (15)  498 
industrial  applications,  (15) 
488  to  501 
input,  (15)  490 

power  requirements  for  use  in 
home,  office  and  shop,  (15) 
496 

rating,  (15)  493 

spUt^hMe  characteristics,  (15) 

starting  torque,  (16)  497 
types  and  characteristics,  (15) 
488 

•peed  classification  of,  (24)  4085 
to  4039 

control,  (15)  619  to  531 

armature-resistance  and  field 
variation,  (15)  523 
brakes,  electrically  operated, 

(16)  532  to  540 
bibliography,  (15)  541 
concatenation  of  induction, 

(15)  529 

dynamic  braking,  (15)  537  to 
541 

field  strength  variation,  (15) 
622 

aeries  parallel  method,  (15) 
526 

•ingle-phase  repulsion,  (15) 

synchronous.  (15)  531 
variable  frequency  and 
change  of  poles  method, 
(15)  527 

regulating  rheostats.  (5)  194  to 
201,  (see  also  rheostats), 
spinner,  eleetrio  ship  propulsion, 
(18)  67 

squirrel  cage,  '*  Multiple,’*  (18)  68 


Motor,  motors — continued, 
starters,  (15)  502  to  518 
definition,  (24)  7008  to  7010 
resistors,  (6)  207  to  214 
steel  mill  application,  (15)  247  to 
261 

control,  (15)  260 
rating  and  temperature  rise, 
(15)  256 

synchronous,  definition,  (24)  4023 
telpher,  (15)  288 

telpherage  systems,  (15)  284  to 
246,  (see  also  telpherage  sys- 
tems). 

textile  mills,  (15)  329  to  345 
type  adaptable,  (15)  335 
traveling  cranes,  application,  (15) 
71  to  90 

truck,  electric,  (17)  39 
universal,  types,  (15)  492 
varying  speed,  definition,  (24) 
4039 

vehicle,  choice  of  number,  (17)  97 
choice  of  proper  sise,  (17)  99 
control,  (see  control), 
electric,  (17)  87  to  107 
field  coils,  (17)  88 
general  characteristics,  (17)  92 
electrical  requirements,  (17) 
90 

mechanical  features,  (17)  91 
performance  specification,  (17) 
93 

speed  characteristics,  (17)  89 
speed-torque  characteristics, 
(17)  87 

8.  A.  E.  standards.  (17)  94 
standard  ratings,  table,  (17)  98 
si see,  (17)  96 
windings,  (17)  95 
wood  working  machinery,  (15) 
41  to  70 

Motor-generators,  (7)  332  to  345, 
(8)  222  to  226 

a-c.,  Edison  battery  charging, 


(17)  169 
induction,  (7)  336 
synchronous,  (7)  335 
b&lanoers,  compound,  (8)  225 
standard,  (8)  224 
battery-charging,  (7)  338,  (17) 
168  to  187 
d-c.  sets,  (8)  222 
electrolytic  processes,  (7)  339 
flexibility  of  combinations,  (7 ) 882 
frequency^  chaajing,  (7)  333  (7) 

Ilgner  system,  (7)  344 
induction  motor  drive,  (7)  336 
motor  converters,  (7)  334 
railway  substation  sets,  (7)  340 
speed,  (8)  223 
starting,  (7)  337 

substation  starters,  (12)  64  (7)  335 
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Motor-generator* — continued . 
converters,  (7)  334 
efficiencies.  (12)  63 
first  cost,  (12)  63 
floor  space,  (12)  63 
vs.  dynamotors,  (0)  132 
vs.  synchronous  converters, 
(9)  55  to  64 

Ward  Leonard  system.  (7)  341 
application,  (7)  342 
bibliography,  (7)  343 
Murray,  loop  test,  telegraph  and 
telephone  lines,  (21)  260 
Music  roll,  piano  player,  (22)  267 
Mutual  inductance,  coefficient,  for- 
mulas, (2)  83  to  88 
Myriawatt,  definition,  (10)  18 


ir 

National  Bureau  of  Standards, 
resistance  standard,  (3)  112 
National  Electrical  Code,  the,  (13)  1 
out-outs,  (13)  51 
legal  status,  (13)  2 
rules,  economic  importance,  (13)  4 
National  Electric  Light  Association, 
power  cost,  form,  record,  (10)  917 
Navy,  generating  plantT  (22)  126 
installation  of  electricity,  practice, 
(22)  123  to  127 
lighting  system,  (22)  123 
motors,  (22)  124 
signalling  system,  (22)  125 
wiring  system,  (22)  127 
Neat  cement,  composition,  (4)  402 
Needle  gap,  definition,  (24)  2365 
sparking  distances,  table  202,  (24) 
2365 

Negative  plates,  (see  batteries 
storage). 

Neon,  electrochemical  properties, 
(19)  170 

Neon  tubes,  (14)  129 
Neodymium,  electrochemical  pro- 
perties. (19)  170 

Nernst’s  equation  batteries,  (20)  1 1 
Networks  distribution,  underground 
construction,  (12)  108 
of  conductors,  equations,  (2)  188 
secondary,  (12)  107 
underground,  low  tension,  use  of 
fusee.  (12)  136 
Neuman's  law,  (7)  14 
New  Mexico,  U.  8.  N.  description, 
(18)  75 

Neutral  axis,  definition,  (23)  1 
Nichrorae,  properties,  (4)  152 
Nickel  coefficient,  (4)  207 
copper,  alloy,  (4)  150 
conductivity,  heat,  (4)  399 
electrical  properties,  (4)  138,  147 
electrochemical  properties,  (19) 
170 


Nickel— continued, 
expansion,  temperature  ooeffim 
ent,  (4)  147,  399 
ferro,  alloy,  (4)  151 
mechanical  and  thermal  prop 
erties,  (4)  399 

plating,  (19)  197  I 

difficulties.  (19)  198 
refining,  electrolytic,  (19)  218 
Nickel-chromium  alloy,  (4)  152 
Nickel-silver,  (4)  148 
fusing  current,  (13)  52 
Nickel-steel,  alloy,  (4)  152 
properties,  electrical,  (4)  390 
mechanical  and  thermal, 

390 

Nitrates,  (19)  258 
Nitrides,  production,  (19)  264 
Nitrogen,  dielectric  strength. 


Wl 


<« 


368 

fixation,  (19)  257  to  264 
Northrup,  pyrovolter.  (3)  346 
Nossles,  coefficients,  (10)  608,  63 S 
discharge.  Freeman’s  foruah, 
(10)  634 

flow  formulas,  (10)  632 


O 

Oak,  conductivity,  heat.  (19)  84  I 
Obsolescence,  definition.  (25)  47  ■ 

power  plants,  calculations,  (19) 
906 

definition,  (10)  899 
Ocean,  liners,  description.  (18)  44 
Ohmlac,  properties.  (4)  347 
Ohmmeters,  (3)  139 
Ohm’s  law,  (2)  19 
a-c.  circuits,  (2)  165 
Oil.  boats,  description,  (18)  45  ^ 
chemical  composition.  (4)  158 
dehydration,  method,  (6)  239 
dielectric  constants,  (4)  362 
dielectric  strength,  (4)  361 
electrical  properties,  (4)  3® 

< 1<  rtric  ship  propulsion.  (18)  64 
engines,  limitations  for  ship 
propulsion.  (18)  25 
extractors,  (10)  138 
fuel,  costs,  (10)  131 
testing.  (3)  396 
insulating,  (4  ) 358  to  365 

properties,  effect  of  msirtsre 
and  dust,  (4)  363 
value.  (6)  46 

limiting  observable  temperature 
(24)  1007 

linseed,  insulating  properties.  (4; 
352 

mineral,  calorific  value,  vanes 
kinds,  (10)  120 
definition,  (10)  127 
properties,  (10)  120 
piping  systems,  (10)  364 
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Oilr— Piper 


continued. 

wer  plnnttf  (10)  664  to  677 
>perues,  (4)  358 
r linseed,  conversion  to  varnish 
>y  use  of  osone,  (22)  102 
reifications,  (4)  306 
operator®  of,  limiting  observ- 
able, (24)  2232 

nsformera,  burning  point,  (4) 
350 

jhemical  properties,  (4)  350 
ransformers,  care  of,  (6)  238 
electrical  properties,  (4)  350 
government  specifications,  (4) 
365 

i mi  ting  observable  tempera- 
ture, (24)  6202 

nechaaieal  properties,  (4)  859 
iroperties,  (4)  350 
hermal  properties,  (4)  360 
riscosity,  (4)  360  • 

al  theory,  electrons  in,  (22) 

i 

>oats,  description,  (18)  46 

:k,  power  requirements,  (15) 

29 

idling  machinery,  motor  ap- 
plications, (15)  213  to  233,  (also 
ee  machinery). 

arators,  electrostatic,  (10)  266 
oagnetio,  (10)  266 
i players,  combination  piano 
l,  (32)  270 

es,  coefficients,  (10)  608 
f measurements,  (10)  605*  606 
apparatus,  (3)  300,  (10)  85 
ations,  damped,  (21)  265 
ations,  (2)  145,  146 
luency,  equation,  (2)  147 
i-frequency.  (21)  264  to  267 
duction  witn  arc,  (2)  148 
lamped,  radiotelegraph,  (21) 
87  to  201 

itors,  three-electrode  vacuum 

e,  (21)  311 

ograph,  (3)  271 

nng  coil  type,  (3)  273 

on  type,  (3)  272 

>rds,  permanent,  (3)  275 

;yole,  (10)  405 

Uon  producer,  test  data,  (10) 
90 

it,  coefficient,  induction  ma- 
lines,  (7)  245 

ations,  induction  machines 
n 246 

oltage,  definition,  (19)  178 
rogen  and  oxygen  at  different 
trodes,  (10)  174 
n,  disruptive  strengths,  (4) 
98 

trolyfic,  application,  (10)  227 
-voltages,  different  electrodes, 

»ble7(19)  170 


Oxygen — continued. 

production,  electrolysis  of  water, 
(10)  225  to  227 
Osite,  properties;  (4)  347 
Osokente,  electrical  properties,  (4) 
353 

Osone,  applications,  (22)  101 
bactericidal  power,  (22)  189 
bleaching  application,  (22)  103 
brewery,  use  of,  (22)  196 
chemical  analysis,  (22)  180 
cold  storage,  application,  (22)  105 
conversion  of  raw  linseed  oil  to 
varnish,  (22)  192 
formation,  (19)  255,  (22)  170 
rationale,  (10)  254 
general  properties,  (22)  178 
generators,  (22)  181 
oxidising  effect,  (22)  187 
production,  (22)  178  to  108 
technical  applications,  (22)  101 
varnish  drier,  (22)  104 
ventilation,  (22)  188 
water  purification,  (22)  100 
Osonisers,  concentration  and  yield, 
(22)  186 

operating  voltages,  (22)  183 
plate,  typical  form,  (22)  182 
refrigeration  of  air  supply,  (22) 
184 

tubular,  (22)  185 

P 

Page  effect,  definition,  (4)  189 
Paints,  manufacture,  static  electri- 
city, danger  of,  (22)  323 
Palladium,  electrical  properties,  (4) 
138 

electrochemical  properties,  (10) 
170 

mechanical  and  thermal 
charging,  (17)  188 
station,  (10)  772 

switchboards,  materials  used,  (10) 
776 

standard,  costs,  (10)  700 
types,  (10)  771 

Paper  and  pulp  mills,  motors, 
application,  (15)  346  to  363  (see 
also  mills). 

Paper,  asbestos,  properties,  (4)  287 
bakelixed,  insulating  properties, 
(4)  286 

conductivity,  heat,  (4)  368,  (10) 
84 

electrical  properties,  (4)  284,  285 
impregnated,  insulation,  (11)  211 
insulating  properties,  (4)  284 

mica,  insulation,  (4)  297 
oiled,  (4)  285 
paraffin,  (see  paraffin). 


properties. 
Panels,  Dattery 
to  108 
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Photometric — continued, 
sampling,  (14)  800 
units,  table  1100,  (24)  11067 
Photometers,  (14  ) 266  to  278 
absorbing  screens,  (14)  293 
baffle  screens,  (14)  294 
bars,  (14)  277 
Bedcstein.  (14)  283 
Blondel’s  lumeter,  (14)  279 
Bunsen  oontrast,  (14)  269 
oolor  filters,  (14)  290 
diaphragms,  variable,  (14)  276 
discs,  rotating  sector,  (14)  292 
disc,  rotating  sector,  variable,  (14 ) 
274 

flicker,  (14)  270 
forms  of,  (14)  271 
lamp  rotators,  (14)  296 
light  intensity,  means  of  changing/ 
(14)  272 

Lummer  Brodhun  contrast  prism, 
(14)  268 

integrating,  general  description, 
(14)  279 

Macbeth  illuminometer.  (14)  284 
methods  of  employing,  (14)  276 
non-ocular,  definition,  (14)  266 
ocular,  definition,  (14)  266 
portable,  (14)  281  to  286 
European,  (14)  283 
test  plates,  (14)  281 
rheostats,  (14)  295 
Males,  (14)  289 
Sharp  Millar,  (14)  285 
test-plate  errors,  (14)  281 
Ulbnoht  integrating  sphere,  (14) 
280 

variable  distance  adjustment,  (14 ) 
273 

Weber,  (14)  283 
Photometry.  (14)  252  to  302 
color  blindness,  partial,  (14)  257 
definitions  and  standards,  (24) 
11060  to  11067 

fundamental  principles,  (14)  252 
heteroehromatio,  (14)  259 
ocular  characteristics  affecting, 
(14)  254 

performance  curve,  definition,  (24) 
11060 

physical  laws.  (14)  253 
psychology,  (14)  258 
Purkinje  effect,  (14)  255 
testing,  substitution  method,  (14) 
, 297 

tungsten-filament  lamps,  (14)  54 
yellow-spot  vision,  (14)  256 
physiology,  (22)  5 
Piano  players,  combination  organ 
and,  (22)  270 
electric,  (22)  265  to  270 
general  types,  (22)  268 
mechanism,  (22)  269 
music  roll,  (22)  267 


Piano  players — continued, 
t el-elec  trie,  (22)  265 
operation,  (22)  266 
Picon,  permeameters,  (3)  312 
Piezometers,  (10)  640 
Pinch  effect,  (19)  97 
definition,  (2)  41 
Pins,  clamp,  (11)  181 
insulators,  (11)  178,  (12)  180,  (21) 
219 

porcelain  base,  (11)  182 
strength,  (11)  123 
steel.  (11)  180 
wooden,  (11)  178 


Pipe, 


with  oentre  bolt,  (11)  179 
ipjes,  covering,  (1“ 


Pi] 


. ,10)  385 

iciency  various  types,  (10) 
387 

electrolysis  of.-(16)  438 
flanges,  attaching  methods,  (10) 
381 

joints,  lap,  (10)  382 
types,  (10)  380 
steam,  condensation,  (10)  374 
radiation  losses,  (10)  386 
steel,  bursting  pressure,  (10)  384 
threads,  table,  (23)  43 
water-flow  loss,  (10)  357 
water,  thawing.  (22)  94  to  97 
advantages  of  electrical  method, 
(22)  94 

methods  used,  (22)  95,  96 
power  required,  (22)  97 
transformers,  (6)  208 


iping,  (10)  354  to  392 
blow-off,  valves,  (10)  389 
connections,  oentnfugal  pumps, 
(15)  171 
oosts,  (10)  392 

elbows  equivalent  length,  (10)  359 
exhaust,  gas  engines,  (10)  532 
fittings,  strains,  (10)  373 
hangers,  (10)  391 
installation,  (10)  390 
gas.  (10)  530 

engines,  (10)  529  to  533 
ooet,  (10)  533 

general  requirements,  (10) 
529 

oil  layout,  transformers,  (6)  241 
oil  power  plants,  ooet,  (10)  577 
power  plants,  (10)  354  to  392 
requirements,  (10)  354 
steam,  arrangements,  (10)  365 
exhaust  heads,  (10)  388 
exhaust  lines,  (10)  362 
expansion,  (10)  369 
flow  chart,  (10)  356 
formula,  (10)  355 
header  system,  (10)  367 
high-pressure,  (10)  361 
ring  system,  (10)  366 
unit  system,  (10)  368 
systems,  oil,  (10)  364 
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Piping-^-oontinued. 

principal  types,  (10)  300 
valves,  equivalent  length,  (10)  359 
water  flow,  formula,  (10)  357 
friction  loss,  (10)  358 
gas  engines,  (10)  531 
mains,  (10)  363 

Piston  meters,  disc  type,  (3}  407 
Pitch,  circular,  gears,  definition,  (23) 
29 

diametral,  gears,  definition,  (23) 
29 

differential  factor,  definition,  (7) 
29 

Pitometer,  (10)  637 
gagings,  table,  (10)  639 
principal  use,  (10)  638 
Pitot  meters,  water,  (3)  414 
Pitot-tube  formula,  gas  and  air,  (3) 
422 

Planing  mills,  motor  applications, 


(16)  61  to  70 
Planck  formula,  (14)  4 
Plant,  factor,  definition,  (24)  3442 
Plant  growth  with  electricity,  (22) 

151  to  161 

bibliography.  (22)  161 
current,  application  of,  (22)  158 
energy  source,  (22)  155 
Evesham  experiments  (22)  163 
first  systematic  experiments,  (22) 

152 

general.  (22)  151 

moisture  in  soil,  effect  of,  (22)  159 
motor-driven  mercury  gas-break, 
(22)  156 

network  charging  potential,  (22) 
154 

power  absorbed  by  coil  when 
charging  network,  (22)  157 
results  of  application,  (22)  160 
Plants  plates.  (20)  62 

combination  with  pasted,  (20) 
66 

depreciation,  (20)  67 
growth,  (20)  70 
negative,  (20)  74 
vs.  pasted,  (20)  79 
Plaster  of  Paris,  conductivity,  heat, 
(19)  84 

Plaster,  radiation  coefficient,  (19)  90 
Plates,  storage  batteries,  definitions, 
(20)  48,  (also  see  batteries), 
quality  of  paste  materials,  (20)  78 
Platinoid,  fusing  current,  (4)  145 
Platinum,  electrical  properties,  (4) 
138 

electrochemical  properties,  (19) 
170 

fusing  currents,  (4)  145 
mechanical  and  thermal  proper- 
ties, (4)  147,  399 

Polarity,  ohangers,  train  lighting 
systems,  (22)  290 


Polarity— ^continued. 

determination,  converters,  syn- 
chronous, (9)  87 

Polarisation,  definition,  (20)  4 

measurement  of.  (20)  8 

Pole,  gcdes.  accessories.  (11)  174  te 

braces.  (11)  187  to  192 
bracing,  (12)  174 
California  red  wood,  (12)  163 
chestnut.  (12)  161 
commutating,  saturation  tea. 

converters.  (9)  93 
concrete,  (11)  167,  (12)  157 
stresses  in,  (11)  129 
crib-bracing,  (11)  158 
d-c.  machines,  (8)  94 
number,  (8)  65 

* distribution  systems,  (12)  156 
joint  line  construction,  (12)  167 
gaining,  (12)  172,  (21)  214 
guying,  (11)  188.  (12)  174 
materials  used,  (12)  175 
straightr-line,  (11)  189 
guys  and  anchors,  (11 ) 187  to  M2 
stresses  in,  (11)  130 
guys,  patent  anchors,  (11)  191 
rocks  anchors,  (11)  192 
magnetic,  definition,  (l)  69 
Michigan  cedar,  (12)  159 
painting,  (12)  170 
pine  ana  cypress.  (12)  162 
pitch,  motors,  induction,  (7)  255 
preservative  treatment,  (11)  14S 
reinforced  concrete,  (21)  211 
repairs,  (11)  162 
sand  barrel,  use  of,  (11)  159 
seasoned,  brush  treatment,  (11 
149 

setting.  (12)  173,  (21)  210 
shaving,  (12)  170 
sise,  calculation,  (12)  165 
spacing,  (12)  169 
special  settings,  (11)  161 
steel,  (11)  1(0 

concrete  foundation,  (11)  166 
expanded  truss,  (11)  165 
tripartite,  (11)  164 
stresses  in,  (11)  128 
stepping.  (12)  171  # 
strength,  magnetic,  dennitioa. 
unit.  (1)  70 

tarring  of  butt,  (11)  154 
terminals,  cable,  (12)  217 
transmission  lines,  (11)  146tol6< 
location  of.  (11)  133 
stoking  of.  (11)  145 
wooden,  (11)  146 
treated,  burnettised  creoecsw 
butt  process,  (11)  152 
full-oell  process,  (11)  151 
open  tank  method,  (11)  ISO 
untreated,  fife  of,  (11)  147 
Western  cedar,  (12)  160 


(Beferenoes  are  to  Motions  arid  paragraphs — not  pages) 


INDEX 

Pole,  poles— Power 

Pole,  poles— continued.  Potential— continued. 

red  cedar,  coet  data,  (11)  163  regulation,  distribution  systems, 

wood  best  suited.  (12)  158  (12  ) 86  to  95 

classification,  (21)  209  single,  of  elements,  (19)  174 

concrete  foundation,  (11)  160  transformers,  constant,  (6)  8 

depth  in  ground,  (11)  156  various  elements,  table,  (19)  175 

preservative  treatment,  (21)  Potentiometers,  (3)  49  to  54 
212  Brooks  deflection,  (3)  54 

setting,  (11)  167  calibration,  (3)  52 

specifications,  (11)  155  care,  (3)  52 

strength,  (12V 164  checking,  (3)  52 

strength  of,  (11)  127  deflection,  (3)  54 

weight  and  seasoning,  (4)  423  d-c.  current  measurement,  (3)  89 

working  unit  stresses,  (4)  424  Leeds  and  low  resistance  type, 

Pole-lines,  definition,  (21)  208,  (3)  49 

(also  see  transmission  lines).  Paul,  low  resistance,  (3)  60 

depth  in  ground,  (21)  210  thermoelectric  e.m.f.  measure- 

high-tension  crossings,  (21)  233  ments,  (3)  346 

joint  oocupancy,  (12)  193  volt  boxes,  use  of,  (3)  53 

overhead  wire  clearances,  (21)  232  use,  (3)  52 
Police-alarm,  systems,  (21)  140  Wolff,  high  resistance  type,  (3)  51 

flash-lamp  type,  (21)  142  Potheads,  cable,  (12)  217 

Polyphase,  alternator,  definition,  Poulsen  arc,  oscillation  production, 

(24)  4021  (21)  290 

circuits,  (see  circuits).  telegraphone,  (22)  272 

load,  balanced,  definition,  (24)  Power,  alternating  current, 
3414  measurement,  (3)  152,  153 

systems,  (2)  213  equation.  (2)  195 

balanced,  definition,  (24)  3352  apparent,  definition,  (24)  3238 
higher  harmonics,  (2)  230  consumption,  aero  power  pulver- 

symmetrical,  definition,  (24)  isers,  (15)  278 

3348  ammonia  compressors;  (15)  315 

transformations,  (6)  132  to  169  ball  mills,  (15)  270 

(also  sfee  transformations).  band  saw,  (15)  43,  53 

Pondage,  definition,  (10)  654  beaters,  (15)  349 

Population,  per  central-station  con-  bolt  heading  and  forging 

aumer,  (25)  104  machines,  (15)  16 

Porcelain,  dry-process,  manufac-  bolt  and  nut  machines,  (15)  15 

ture,  (4)  275  Bonnot  pulveriser,  (15)  277 

high  voltage,  properties  of,  (4)  book  binding,  heating  appli- 

277  anoes,  (22)  42 

insulating  properties  (4)  274  boring  machines,  (15)  12,  14 

wet  process,  manufacture,  (4)  276  boring  and  turning  machines 

Portland  cement,  composition,  (4)  (15)  17 

400  bread  mixers,  (15)  496 

manufacture,  (15)  262  to  279  bulldosers,  (15)  18 

Positive  plates,  (see  batteries,  cam  cutters,  (15)  12 

storage).  candy  heating  appliances,  (22) 

Postal,  quadruples,  improved  type,  38 

(21)  104  mixers,  (15)  444 

Postoffice  bridge,  (3)  119  carving  machines,  (15)  67 

Potassium,  electrical  properties,  (4)  circular  saws,  (15)  44,  54 

138  coal  mining  machines.  (15)  283 

electrochemical  properties  (19)  coffee  grinders,  (15)  496 

170  collar  and  cuff  machines,  (15) 

Potential,  electric,  definition,  (2)  1 476 

difference,  definition,  symbol,  condenser  pumps,  (10)  293 

unit,  (1)  48  ootton-milf  machinery,  (15) 

gradient,  definition,  unit,  (1)  49  340 

dielectric,  (2)  107  cutting-off  machines,  (15)  12 

magnetic,  formula,  (2)  46  drilling,  boring  and  milling 

measurements,  very  small,  (3)  61  machines,  (15)  20 

regulators,  (6)  245  to  255,  (also  drilling  machines,  (15)  12,  19 

see  regulators).  multiple  spindles  (15)  24 
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drop  hammers,  (15)  24 
edgers,  (15)  46 
egg  beaten,  (15)  496 
elevators,  (15)  147 
embossing  presses,  (15)  428 
envelope  sealers,  (15)  496 
excelsior  machines,  (15)  70 
extractors,  (15)  466 
flat  bed  presses,  (15)  424 
flour-mill  machinery,  (15)  437 
folding  machines,  (15)  431 

Founarinier  machine,  (15)  357 
Fuller  mills,  (15)  275 
gear  cutters,  (15)  12,  22 
Griffin  mills.  (15)  276 
grinders,  (15)  12,  23 
gyratory  crushers,  (15)  268 
back  saws,  (15)  12 
hogs,  (15)  49 

ice-cream  apparatus,  (15)  496 
ice-making  plants,  (15)  316 
ironing  machines,  (15)  486 
iaw  crushers,  (15)  267 
jointers,  (15)  55 
Jordan  machines,  (15)  359,  360 
Kent  mills,  (15)  273 
knife  grinders,  (15)  68 
lathes,  (15)  12 
laundry  dampeners,  (15)  473 
dry  rooms,  (15)  470 
linotype  machines,  (15)  432 
machine  tools,  group  drive,  (15) 
11  to  13 

mailing  machines,  (15)  496 
milling  machines,  (15)  12,  26 
mortizing  machines,  (15)  61 
nailing  machines,  (15)  65 
outside  moulders,  (15)  60 
panel  raiser,  (15)  69 
paper  cutters,  (15)  431 
paper  making  machinery,  (15) 
363 

machinery,  (15)  356 
pipe  threading  machines,  (15) 
27 

planers,  (15)  12 
platen  presses,  (15)  422 
polishing  and  buffing  machines, 

(15)  30 

portable  drill,  (15)  40 
power  hammers,  (15)  12 
power  plant  auxiliaries,  (10) 
404 

presses,  hydrostatic  wheel,  (15) 
31 

pumps,  air,  (15)  496 
pumps,  house,  (15)  496 
punch  presses,  (15)  12 
punching  machines,  (15)  32 
resaws,  (15)  45 
rolling  machinery,  (15)  435 
rolls,  bending  and  straighten- 
ing, (15)  33 
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rotary  dryers,  (15)  266 
lithographic  pm,  (15)  4& 
planer,  (15)  29 
sanding  machines,  (15)  62 
sawing  machinery.  (15)  41  to  X 
saws,  cold  and  cot  off,  (15)  34 
screw  machines,  (15)  12 
shapers,  (15)  12,  35,  63 
shears,  (15)  36 
sign  flaaners,  (15)  466 
slashers,  (15)  48 
Blotters  and  key  seatiBt  ma- 
chines, (15)  37 
starching  machines,  (15)461 
surfaoers,  (15)  56 
tapping  machines,  (15)  12 
tenoning  machines,  (15)  56 
timber  sixers,  (15)  56 
trimmers,  (15)  47 
tube  mills.  (15)  274 
vacuum  cleaners,  (15)  4M 
washing  machines.  4om*c, 
(15)  496 

Wuliama  mills,  (15)  271 
wood  lathes.  (15)  66 
woolen  milli  machinery, 

344 

917 

definition,  unit,  (1)  3*.  (34)  384 
demand,  electric  vehicles,  (17) 
107 

direct  current,  measurement  w' 

150  , 

distribution,  electnc  rw 
(16)  273  to  276 
electric,  definition,  (2)  3,  m 
polyphase,  formula,  (2)  SI 
quarter-phase,  equation,  t-- 

223  . ^ 

three-phase,  equation,  (2)  SZ 
total,  formula,  (2)  28 
two-phase,  equation,  (2) 
formulas,  induction  motor**  b 
180 

hydraulics,  (10)  604 
loss,  hysteria,  formula,  (2)  66 
measurements,  (3)  149  to  185 
high  voltage  circuit*,  (3)  I71 
instrument  transformers,  «w 
rections,  (3)  179 
mechanical,  (3)  323  to  335 
polyphase  circuits,  (3)  171  to 

precision,  (3)  154 
single  phase  circuit,  (3)  170 
small  values,  (3)169  m 
star  box,  method.  (3)  175 
“T  reactance  coil  method. 

three  ammeter  method, 

170 
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three  voltmeter  method,  (3)  170 
"Y"  box  method.  (3)  175 
peak,  definition,  (24)  3434 
pulsating,  measurement,  (8)  151 
ships,  emergency  requirements, 
08)8  . f . 
propulsion,  electno,  equation, 
(18)4 

formulas,  (18)  10 
transmission  systems,  electric 
vehicles,  (17)  10 

Power-factor,  a-c.  circuit,  equations, 
(2)  189 

complex  waves,  (2)  197 
condensers,  electric,  (5)  162 
converters,  motor.  (9)  111 
relation  to  field  excitation,  (9)’ 
16 

relation  to  load.  (9)  27 
variation  with  load,  table,  (9) 
28 

correction,  calculations  for,  (11) 
100 

condensers,  static,  (5)  170 
transmission  lines,  (11)  99 
transmission  fines,  (11)  99  to 
101 

definition,  (24)  3242 
diminishing,  effect  on  current, 
(9)  11 

dielectric,  (4)  252 
generators,  induction,  (7)  225 
induction  machines,  (7)  249 
measurements,  (3)  180  to  185 
polyphase  circuits,  (3)  182 
precision,  (8)  (5) 
single  phase  circuits,  (3)  181 
two  wattmeter  method,  (3) 
182 

wattmeter  - voltmeter  - amme- 
ter method,  (8)  182 
meters,  (8)  183 

General  Electric,  (3)  185 
Westinghouse,  (3)  184 
motors,  induction,  (7)  182,  208 
215 

calculations,  (7)  182 
table.  (7)  216 

power  plant  generators,  (10)  726 
sine  waves,  (2)  196 
synchronous  motor,  curves,  (7)  172 
transformers,  series  fighting,  (6) 
179 

Power  plant,  power  plants,  ash 
handling,  (10)  139  to  162 
auxiliaries,  power  taken,  (10)  404 
steam  vs.  electric  drive,  (10) 
406 

bibliography,  (10)  932  to  934 
boilers.  (10)  7 to  60 

generation  curve,  (10)  399 
room  practice,  (10)  926 
buildings,  (10)  581  to  598 


Power  plant — oontinued . 

brickwork,  costs,  (10)  586 
daylight  lighting,  (10)  596 
drainage,  (10)  595 
lighting,  (10)  596 
types.  (10)  582 
ventilation,  (10)  595 
bus  bars,  (10)  869 
chimneys,  (10)  91  to  104,  (also 
see  chimneys), 
coal  bunkers,  (10)  585 
coal  handling.  (10)  139  to  162 
comparison  of  costs,  <10)  921 
condensing  equipment,  (10)  275 
to  303 

conveyors,  (10)  142  to  147 
cost,  analysis,  (10)  884  to  931 
per  k.  w.,  (10)  913 
vs.  economy,  (10)  394 
demand  factor,  (10)  889 
design,  modern  tendencies,  (10) 
924 

draft,  mechanical,  (10)  105  to  113 
economics,  (10)  884  to  931 
labor  shifts,  (10)  929 
economisers,  (10)  317  to  327 
economy,  improvement,  (10)  925 
electrical  equipment,  (10)  715  to 
883 

operation,  (10)  928 
engine  room  operation,  (10)  927 
steam,  (10)  163  to  218 
ensemble,  (10)  393  to  414 
equipment,  beet  combination, 
(10)  393 

electrical,  (10)  715  to  883 
excitation,  automatic  regulation, 
(10)  752 

continuous,  importance,  (10) 
742 

equipment,  (10)  738  to  750 
design,  (10)  738 

exciters,  direct  connected,  (10) 
739 

motor  driven,  (10)  741 
plant,  sise,  (10)  744 
separate  driven,  (10)  740 
expenses,  operating,  (10)  910 
feed  water  heaters,  (10)  304  to  31 6 
fire  risks,  (10)  597 
fixed  charges.  (10)  801 
flue  areas,  calculations,  (10)  35 
foundations,  (10)  581  to  598 
fuels,  properties,  (10)  114  to  132 
furnaces  and  stokers,  (10)  61  to  90 
gas,  (10)  444  to  553 

ammonia  recovery,  (10)  540 
auxiliaries,  (10)  534 
auxiliaries  power  consumption, 
(10)  537 

bibliography,  (10)  932 
condensers,  (10)  469  to  476 
cost,  (10)  545  * 

design,  (10)  534  to  553 
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Power  plant — ooa tinned. 

duration  of  teats,  (10)  552 
economy,  (10)  534  to  553 
floor  space,  (10)  541 
heat  balance,  (10)  450 
load  factor,  (10)  542 
piping.  (10)  520 
producer,  heat  losses.  (10)  535 
single-unit,  space  required,  (10) 
457 

space  required,  (10)  457 
subdivision  of  generating  units, 
(10)  543 

superheaters,  (10)  400  to  476 
testing,  (10)  546  to  553 

calculation  of  results,  (10) 
553 

data,  (10)  543 

water  consumption  per  h.p., 
(10)538 

WUlans  line.  (10)  536 


general  layout,  (10)  407 
generators,  air  cieanii 


tng.^  (10)  732 


characteristics,  (10)  716 
compound,  parallel  operation, 
(10)  762 

oooling,  air  required,  (10)  731 
driving  torque  variation,  (10) 
720 

erection,  (10)  729 
cost,  (10)  733 
foundations,  (10)  728 
insulation,  safe  temperature, 
(10)  737 

number  of  units,  (10)  723  ' 
operation,  preliminary,  (10)  730 
operating  temperatures,  (10) 
736 

overload  capacity,  (10)  718 
power-factor,  (10)  726 
regulation,  inherent,  (10)  722 
runaway  speeds,  (10)  721 
sixes,  choice,  (10)  717 
speeds,  (10)  719 
steam,  flash  type,  (10)  11 
types,  (10)  715 
ventilation,  (10)  734 
ducts,  costs,  (10)  735 
voltage.  (10)  727 
heat  analysis,  (10)  395 
losses,  reduction,  (10)  402 
hydraulio,  (10)  599  to  714 
auxiliary  power,  (10)  700 
booms,  (10)  678 
choice  of  auxiliary  units,  (10) 
701 

cost  data.  (10)  680,  696 
dams  and  headworks,  (10)  667 
to  681 

design.  (10)  697  to  705 
economical  development,  (10) 
699 

flash  boards,  (10)  702 
flood  precautions,  (10)  702 


Pow_  ^ 

forebay,  (10)  681 
general  ensemble,  (10)  687 
head  works,  (10)  667  to  662 
Holyoke  testing  flume,  (10)  707 
operation  cost,  (10)  095 
penstocks.  (10)  679 
racks.  (10)  681 
stream  flow.  (10)  646  to  666 
tail  race,  (10)  691 
Tainter  gates,  (10)  702 
testing,  (10)  706  to  714 
turbine  settings,  (10)  686 
water  flow,  (10)  605  to  645 
water  wheels,  (10)  682  to  686 
unit  oosta,  (10)  705 
hydroelectric,  unit  costs,  (10)  81S 
insurance.  (10)  895 
labor  requirements,  (10)  412,  544 
large,  average  conditions,  (10)  386 
life  expectancy.  (10)  900 
lightning  arresters,  (10)  850 to 30 
load  factor.  (10)  409,  724 
dispatching,  (10)  836 
fluctuations,  (10)  725 
location,  (10)  408 
location.  (10)  882 
loss  analysis,  coal  convensoB  into 
electricity,  (10)  911 
losses,  thermal,  analysis.  (10)812 
maintenance  costa.  (10)  414 
classification,  (10)  907 
main  units,  number,  (10)  405 
oil  (10)  554  to  598 
bibliography,  (10)  932 
costs.  (10)  579 
design,  (10)  578 
thermal  efficiency,  (10)  556 
thermodynamic  equations.  (10) 
555 

types.  (10)  557 
operating  costs,  (10)  414 
classification,  (10)  907 
expense,  example,  (10)  916 
parallel  operation.  (10)  882 
piping,  (10)  354  to  392 
pnme  movers,  choice.  (10)  397 
producer  gas.  coats,  (10)  919 
pumps,  (10)  328  to  353 
reliability,  (10)  412 
repairs.  (10)  930 
reserve  capacity,  (10)  410 
scrap  value,  (10)  901 
steam,  (10)  1 to  443 
bibliography,  (10)  932 
consumption.  (10)  408 
switchboards,  bench  type.  (10) 
835 

instruments,  (10)  765 
single-polarity,  (10)  763 
switching,  a~c.,  (10)  799  to  836 
constant-current,  series,  (16) 
791  to  798  _ 

low  tension  d-c.,  (10)  761  to  790 
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Power  plant — continued, 
superheaters,  (10)  12 
supplies,  economy,  (10)  981 
taxes,  (10)  894 
testing,  (10)  415  to  443 
transformers,  installation,  (10) 
837  to  849 

turbine  room  operation,  (10)  927 
steam,  (10)  219  to  274 
types,  suitability,  (10)  923 
umt  cost,  (10)  411 
uptakes,  calculations,  (10)  84 
ventilation,  (10)  595 
voltage  control,  (10)  751  to  760 
Willans  line,  (10)  398 
water  supply  and  purification, 
boiler  feed.  (10)  133  to  138 

Powhatan,  description,  (18)  77 

Praseodyium,  electrochemical  prop- 
erties, (19)  170 

Preoeseiop,  gyro  compass,  (22)  303 

Precision,  measurements,  (3)  2 to  7, 
430  to  439,  (also  see  measure- 
ments). 

Preece’s  resistivity  tests  on  annealed 
iron  wire,  (4)  116 

Present  condition,  definition,  (25)  59 
worth,  (25)  22 
definition,  (25)  56 

Preosboard,  propertigs,  electrical,  (4) 
288 

treated,  properties,  (4)  289 

hn,  thermal  properties,  (4) 


Pressures,  analogy  between  gaseous 
and  osmotic,  (19)  12 
definition,  unit,  (1)  41 
effective,  gas  engines,  (10)  506  to 
508 

oil  engines,  (10)  558 
rases,  relation  to  temperature  and 
volume,  (19)  6 to  1 1 
hydraulic,  depth  relation,  (10)  599 
dynamic,  (10)  601 
submerged  surface.  (10)  599 
upward  on  dams,  (10)  672 
measurements,  boiler  tests,  (10) 
440 

mean  effective,  steam  engines, 
definition,  (10)  181 
osmotic,  (19)  13 

explanation,  (19)  14 
relation  to  concentration  and 
temperature  in  solutions,  (19) 
12  to  15 

partial  gases,  (19)  9 
►rice,  competitive  regulation,  (25)  8 
definition,  (25)  7 
regulation  by  statute,  (25)  9 
Timary  windings,  definition,  (24) 
0031 

■rime  movers,  A.  I.  E.  E.  standards, 
(24)  14000  to  14011 
power  plants,  choice,  (10)  397 

(Keferetioet  are  to  teotions 


Prime  movers — continued, 
pulsation,  definition,  (24)  14011 
variation,  definition,  (24)  14010 
Printing  plants,  folders,  power  re- 
quired, (15)  429 

linotype  and  monotype  machines, 
power  requirements,  (15)  432 
motors  and  control  requirements, 
(15)  481 

applications,  (15)  420  to  482 
paper  cutters,  power  required, 
(15)  430 

preeees,  embossing,  power  re- 
quired, (15)  428 
flat-bed  or  cylinder,  (15)  428 
power  required,  (15)  424 
job,  (15)  421 

power  required,  (15)  422 
platen,  power  requited,  (15)  422 
rotary  lithographic  (15)  425 
power  required.  (15)  426 
typographical,  power  re- 
quired, (15)  427 

Probability,  appbcation  of  law,  (25) 
75 

Processes,  electrochemical,  (19)  3 
electrolytic,  (19)  135  to  172 
characteristic  feature,  (19)  135 
electron  theory,  application, 
(19)30 

industrial,  (19)  184,  185 
stripping,  (19)  206 
sine  metallurgy,  (19)  244 
electromagnetic,  (19)  265  to  268 
electrostatic,  (19)  265  to  268 
Production,  costs,  (25)  87 
Profits,  definition,  (25)  35 
Projectile,  velocity,  measurement  of, 
(22)  146 

Prony  brake,  (3)  324 
test,  (8)  269 
types,  (3)  825 

Propagation  constant  transmission 
lines,  (11)  50 
definition,  (24'  12056 
factor,  transmission  lines,  (11)  50 
Propeller,  characteristics,  electric 
ship  propulsion,  (18)  13  to  19 
diameter,  electric  ship  propulsion, 
(18)  14 

drive,  systems  of,  (18)  20  to  41 
thrust,  electric  Bhip  propulsion, 
(18)  14 

ship,  design,  compromise,  (18)  16 
multiple,  (18)  19 
pitch-ratio,  (18)  15 
power  limits,  (18)  18 
< sise  limits,  (18)  18 

! speed,  beet,  (18)  17 

j surface  ratio,  (18)  14 

I thrust,  (18)  14 

| slip,  ships,  (18)  15 

speed,  electric  ship  propulsion, 
! (18)  14 
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Quart*,  fused,  (19)  125 

electrical  properties,  (4)  267 
insula  tins  properties,  (4)  267 
^ efficiency  and  life,  (14)  126 

properties,  mechanical  and 
thermal,  (4)  267 

sand,  conductivity,  heat,  (19)  84 


Racks,  design,  (10)  681 
Radiation,  (3)  858 
alternators,  (7)  96 
black  body.  (3)  359 
boilers,  (10)  22 
engines,  steam,  (10)  197 
heat.  (22)  19 
losses.  (19)  67  to  69 
electric  furnace,  (19)  90 
power  of  various  surfaces,  (22) 
21 

light,  gray-body,  (14)  6 

illuminating  power  of,  (14)  11 
perfect  black-body,  (14)  5 
light,  selective,  (14)  7 

Wein's  displacement  law,  (14)  4 
losses,  steam  pipes,  (10)  386 
motors,  synchronous,  (7)  96 
pure  temperature,  (14)  3 
transformers,  coils,  (6)  72 
formula,  (6)  71 
wire-coil  rheostats,  (5)  222 
Radiators,  electrio,  (22)  108 
Radio,  apparatus,  definitions,  (24) 
13000  to  13049 

communication,  A.  I.  E.  E.  stand- 
ards, (24)  13000  to  13049 
U.  8.  Army.  (22)  142 
Radioactive,  disintegration,  (22)  204 
elements,  (22)  198.  205 

determination  of  physical  con- 
stants. (22)  211 
heating  el  Tects,  (22)  207 
mesothorium,  (22)  210 
radium,  uses  of,  (22)  209 
equilibrium,  (22)  206 
minerals,  (22)  208 
Radioactivity.  (22)  198  to  212 
Radio  telegraphy,  (21)  264  to  323 
antenna,  (21)  268  to  282 

capacity,  calculations,  (21)  275 
required  per  KW  power,  (21) 

current  received,  (21)  300 
directed.  (21)  279 
excitation  by  dosed  circuit, 
(21)  283 

flat  top,  (21)  281 

ground  connections,  (21)  278 

loop,  (21)  280 

methods  of  exdting,  (21)  283 
to  286 

of  0.001  microfarad,  power  at  [ 
50,000  volts,  (21)  273  I 


Radio  telegraphy — continued, 
power  introduced,  (21)  271 
radiation  resistance,  (21)  276, 
277 

receiving,  (21)  299 
relation  between  current  and 
distance  for  two  ships,  (21) 
296 

types,  (21)  270 
wave-length,  (21)  282 
autodyne  reception,  continuous 
oscillations,  (21)  807 
bibliography,  (21)  323 
capacity  required  per  KW.  at 
1,000  sparks  per  sec.,  (21)  274 
circuits,  (21)  299  to  302 
coupled,  (21)  267 
high-frequency,  (21)  264 
high-frequency  resistance,  (21) 
318 

receiving,  types,  (21)  302 
current  measurements,  (21)  313 
detectors,  (21)  308,  304 
energy  in,  (21)  301 
field  intensity,  electrio,  (21)  269 
heterodyne  reception  of  continu- 
ous oscillations,  (21)  306 
high-frequency  measurements, 
(21)  313  to  322 

logarithmic  decrement,  measure- 
ment, (21)  316 

oscillations,  arc  circuit,  for  pro- 
ducing, (21)  291 
method  of  producing,  (21)  298 
continuous,  heat  method  of 
reception,  (21)  305 
receiving,  (21)  305  to  311 
damped,  (21)  265 
high-frequency,  (21)  264  to  267 
Poulsen  arc,  (21)  290 
undamped,  (21)  287  to  291 
advantages  of,  (21)  287 
production,  (21)  288 
spark,  (21)  266 

spark  gaps,  quenched  type,  (21) 
286 

rotary  type,  (21)  285 
types,  (21)  284 
static  interference,  (21)  312 
telephone,  wireless.  (21)  292  to 
294,  (also  see  telephone), 
transmission,  (21)  295  to  298 
day.  (21)  295 

good  working  distance  for  two 
stations  with  flat  top  anten- 
nas, (21)  297 
night,  (21)  298 

vacuum  tube,  three-electrode, 
(21)  308 

amplifier,  (21)  309 
detector.  (21)  310 
oscillator,  (21)  311 
wave  length  formula,  (21)  315 
wave  meters,  (21)  314 
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Radium,  uses  of,  (22)  209 
Rail,  rails,  bonding,  electric  rail- 
ways, (16)  349  to  364 
bonds,  Conant  tester,  (3)  131 
resistance  measurements,  (3) 
128 

millivoltmeter  method,  (3) 
129 

roller  tester,  (3)  130 
coal  mine,  selection  of  proper 
weight.  (15)  304 
contact,  definition,  (24)  5003 
electric  railways,  insulation  to 
prevent  electrolysis,  (16)  450 
steel,  resistivity,  (4)  126 
third  (see  third-rails), 
welded  joints,  (16)  361 
Railway,  composite  system,  tele- 
phone and  telegraph,  (21)  126 
coach  reflectors,  (14)  161 
electric,  (16)  1 to  472,  (also  see 
trains). 

A.  I.  E.  E.  standards,  (24) 
5000  to  5603 
brakes,  (16)  216  to  239 
bibliography,  (16)  472 
braking,  (16)  203  to  239,  (also 
see  braking). 

car  bodies.  (16)  240  to. 255 
energy  and  power  consumption, 
(1$)  77  to  119 

generation,  single-phase,  (16) 
295,  296 

two-phase  and  single-phase 
distribution,  (16)  299 
load  curves,  calculated,  (16) 
278 

locomotives,  (16)  260  to  272, 
(also  see  locomotives), 
motor  capacity,  (16)  120 1 o-444 
(also  see  motors), 
characteristics,  (16)  30  to  76 
control,  (16)  146  to  195 
types,  (16)  48,  196  to  202 
overhead,  collecting  devices, 
(16)  319  to  326 

power  distribution,  (16)  273  to 

276 

distributing  systems,  (16) 

277  to  364 

primary  circuits,  duplication, 
(16)  317 

rail  bonding,  (16)  349  to-  364 
service,  classification,  (16)  279 
signal.  (16)  382  to  427* 
block.,  automatic,  (16)  426 
signal-phase  motor  system, 
design,  (16)  300 
speed-time  curves,  (see  speed- 
time curves). 

substations,  (16)  365  to  381 
train  diagrams,  (16)  277 
third-rail  construction,  (16)  327 
to  343 


Railway — continued. 

three-phase  induction  motor 
systems,  (16)  301 
track  signal  circuits,  (16)  ST 
to  403 

track  resistance,  (16)  303 
track  return,  (16)  348 
transformer  connections,  thrw- 
phase  two-phase.  (16)  298 
transmission,  single-phase.  iH 
295  , , 

trolley  potentials,  standard 
(16)  318 

trolley-wire,  construction,  (16. 
308  to  316 

trucks,  (16)  240  to  255 
interlocking  plants.  (16)  404  tc 
420 

line  storage  batteries  with  boosted 
feeders.  (20)  168 

motors,  d c.,  see  motors, 
operation,  capitulation,  (16) 
signal  (16)  382  to  427 

bibliography,  (16)  427  to 429 
block,  (16)  421  to  426 
track  impedances,  (16)  400 
train  dispatching  systema,i21)  12 
telephone  systems,  (21)  8 
Rain,  storage  reservoir,  evapora- 
tion, (10)  657 

Rainfall,  local  variation,  (10)  649 
map,  (10)  650 
records,  (10)  648 
Ranges,  electric,  household,  (22) 
Rankine  cycle,  (10)  166  t . 
efficiency  ratios,  steam  tsnssa. 
(10)  253 

Rateau  turbine,  (10)  236 
Rates,  block  meter,  (25)  134 
demand  factors  assumed  "f 
Wisconsin  Railroad  Cm**- 
sion.  (25)  1H 
Chicago  lighting 
(25)  110  % 

with  no  meter  rate,  (25)  138 
deviations  from  cost-of-so^w 
theory,  (25)  146 
discounts  for  prompt  paymm*- 
(25)  152  _ 

Doherty  three-charge,  (“5)  ** 
flat,  definition.  (25)  132 
Hopkinson  two-charge,  '** 
limited,  (25)  145 
limited-demand  flat,  (25)  14 « 
minimum  charges.  (25)  150 
off-peak.  (25)  145 
power,  (25)  148  .. 

schedules,  examples,  *5) 
step  meter  (25)  164 
straight-line  meter.  (25)  133 
Wright  demand,  (25)  136 
Rate-making,  (25)  76  to  87 
bibliography,  (25)  159.  160 
cost  analysis,  (25)  8* 
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Hate-making — continued, 
cost-of-eervice  theory,  (25)  85, 130 
definition,  (25)  131 
demand  factor,  (25)  139 
determining  factors,  (25)  128 
general,  (25)  76 
principles  of,  (25)  128  to  152 
theories  (25)  84 

value  of  service  theory,  (25)  86, 
129 

valuations  for,  (25)  153  to  157 
valuations,  intangible  values,  (25) 
156 

purpose  of,  (25)  154 
tangtole  physical  property,  (25) 

Rating,  alternators,  units  for  ex- 
pressing. (24)  4221 
ammonia  compressors.  (15)  315 
Brush  arc  generator,  (8)  208 
circuit-breakers,  definition,  (24) 
7201 

commercial,  incandescent  lamps, 

(14)  26 

compressors,  air,  (15)  174 
continuous,  definition,  (24)  2220 
implied.  (24  ) 2225 
converters,  d-c.,  (9)  120 
d-c.  machines,  short  time,  (8)  178 
distribution  transformers,  (6)  1 19 
domestic  refrigerating  equipments 

(15)  328 

efficiency,  Masda  tungsten  lamps, 
vacuum  type  (14)  61 
engines,  steam,  (10)  199 
equivalent,  transformers,  (6)  187 
expression  of,  (24)  2202 
A.  I.  E.  E.,  definition,  (24)  2224 
instruments,  (24)  8200  to  8204 
intermittent,  d-c.  machines,  (8) 
120 

lightning  arresters,  definition, 
(24)  7205 

locomotives,  electric,  (24)  5210 
to  5214 

magneto  generators,  (21)  27 
mechanical  rectifiers,  (6)  298 
meters.  (24  ) 8200  to  8204 
motors,  coal  mine  locomotive, 
(15)  305 

railway,  application  of  con- 
tinuous, (16)  130 
small.  (15)  493 

multiple  gas  filled  lamps,  (14)  77 
nominal,  stationary-type  storage 
batteries.  (20)  119 
series  gas-filled  lamps,  (14)  78 
short  time,  definition,  (24)  2221 
sign-lighting  transformers,  (6)  210 
switches,  definition,  (24)  7201 
Thomsen-Houston  generator,  (8) 
211 

transformers,  A.  I.  E.  E.,  (24)  6201 
arc  lighting,  (6)  178 


Rating — continued . 

lighting,  tables,  (6)  120  to  125 
oil-insulated,  air-oooled,  tables, 
(6)  94  to  102 

water-cooled,  tables,  (6)  103 
to  114 

series  fighting,  (6)  179 
trolley-car  equipments,  horse- 
power, (16)  133 
trucks,  electric,  (17)  44 
tungsten-filament  lamps,  (14)  60 
vehicle  motors,  table  of  standard, 
(17)  98 

Wood  arc  machine,  (8)  214 
Rationale,  osone  formation,  (19) 
254 

Rays,  cathode,  (22)  228 
characteristic,  (22)  225 
radioactive,  effects  produoed  by, 
(22)  203 

various  kinds,  (22)  199  to  202 
Roentgen,  (22)  221  to  239  (also 
see  Roentgen), 
scattered,  (22)  224 
Reactance,  a-c,  circuits,  measure- 
ment, (3)  148 

capacity,  definition,  (2)  158 

Reactance,  coils,  (see  reactors), 
condensive,  definition,  (2)  158 
converters,  compound,  (9)  29 
current  limiting,  (see  reactors), 
definition,  symbol,  unit,  (1)  64 

drop,  a-c.,  circuits,  calculation, 
(12)  30 
table.  (12)  31 

inductive,  a-c.,  circuits,  (12)  28 
definition,  (2)  154 
transmission  fines,  (11)  41  to  47 
leakage,  (see  leakage), 
generators,  (7)  251 
synchronous,  definition,  (7)  57 
transformers,  (6)  79 
formulas,  (6)  81 

transmission  fines,  tables,  (11)  41 
to  43 

voltage-drop,  (13)  77 
Reactions,  armature,  d-c.,  (8)  30  to 
35,  (also  see  armature), 
synchronous  machines,  design 
limit,  (7)  101 

chemical,  change  of  state,  heat 
necessary,  (19)  65 
difference  between  energy  and 
work  performing  capacity, 
(19)  56 

heat  necessary  to  start,  (19)  64 
e.m.f.  calculation,  (19)  50 
calculation,  examples,  (19) 
51,  52 

energy,  (19)  56 
required,  (19)  66 

electrochemical,  calculations,  (19) 
168,  169 

electrolytic,  (19)  16  to  38 
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Reactive,  factor,  (24)  8250 
Reacton,  (6)  260  to  273 
air.  (6)  265 
application,  (6)  264 
bibliography,  (6)  801 
cooling,  (6)  263 
current  densities,  (6)  262 
current-limiting,  generator  termi- 
nals. (7)  64 
switching,  (10)  803 
definition,  (24)  3078,  6015 
flux  densities.  (6)  262 
general  types,  (6)  260 
inductance,  correction  facton, 
table,  (6)  273 

formula  constants,  (6)  271,  272 
iron  core,  (6)  261 
power-limiting,  (6)  266 
cooling.  (6)  268 

methods  of  winding,  (6)  267 
protective,  definition,  (24)  7010 
rating  of,  (24)  6204 
rating,  converters,  d-c.,  (9)  122 
Rosa’s  formula,  (6)  270 
self-inductance,  formulas,  (6)  270 
windings,  mechanical  stresses, 
(6)  269 

Receivers,  continuous-current,  (21) 
22 

telephone,  (21)  20 
hook,  (21)  28 

resistance  and  impedance,  (21) 
23 

terminals,  telephone,  (21)  21 
Recording  instruments,  (see 
instruments). 

Rectifiers,  (6)  274  to  300 

automatic,  battery  charging,  (17) 
205 

battery-charging,  applications, 
(17)  206 

mercury-arc,  and  Tungar,  (17) 
202 

bibliography,  (6)  801 
electrolytic,  (6)  287  to  293,  (19) 
247 

electrodes,  artificially  cooled, 
(6)  293 

• efficiency,  (6)  289 

general  applications,  (6)  292 
general  characteristic*,  (6)  288 
heating,  (6)  290 
plates,  treatment,  (6)  291 
theory,  (6)  287 
mechanical,  (6)  294  to  300 
a-c.,  vibrating,  (6)  294 
commutator  type,  (6)  299 
efficiency,  (6)  298 
ratings,  (6)  298 
various  types,  (6)  300 
vibrating  characteristics,  (6) 
295 

sparking,  (6)  297 
principle  of  operation,  (6)  296 


Rectifiers — continued, 
mercury-arc,  (10)  792 

commercial  rating  table,  (17) 
207 

installation,  (17)  203 
mercury-vapor,  (6)  274 
characteristics,  (6)  275 
theory,  (6)  276 

non-automatic,  battery  chirm, 
(17)  204 

vapor,  (6)  274  to  286 

auxiliary  apparatus,  (6)  278 
battery  charging  equipment!, 
(6)  283 

charging  telephone  batterim, 
(6)  285 

demand,  (6)  281 
hot  cathode.  (6)  277 
low-voltage.  demand,  (6)  282 
moving  pictures,  (6)  284 
power  service,  (6)  286 
thermionic,  (6)  277 
three-phase,  (6)  280 
typical  wave  forma,  (6)  279 
Reducing  agents.  (19)  114 
aluminothermic  agent,  (19)  111 
carbon,  (19)  115 

Reduction,  copper-nickel  matte, 
(19)  242 

Reed,  tachometers,  (3)  334 
Refining,  electrolytic,  principle!. 
(19)  207 

Reflection,  factor,  definition,  9*) 
11023 

Reflectors,  aluminised,  (14)  143 
automobile  lighting,  (22)  84 
bowl  contour,  effect  of  change. 
(14)  159 

classification.  (14)  135 
commercial  lighting,  (14)  148  to 
153 

data  on,  (14)  139 
decorative  qualities,  (14)  149 
definition,  (24)  11048 
depreciation  due  to  dust,  (14)  111 
design,  (14)  134 
distribution  characteristics,  (14! 
138 

enamel-paint,  (14)  142 
glass  for  redirecting  daylight,  (14) 
1Q8 

glass  plates,  (14)  167 
industrial  lighting,  (14)  140  to  147 
inverted  bowl,  light  dmtributioa 
in  various  sones,  (14)  150 
mirrored -glass,  (14)  145 
opaquer  (14)  147 
porcelain-enameled,  (14)  140 
prisma tio-glass,  (14)  146 
purpose,  (14)  131 
railway  coach,  (14)  161 
RLM  standard  dome.  (14)  141 
semi-indirect  glass  bowk,  photo- 
metric data,  (14)  160 
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Reflectors — continued. 

statistics  when  used  with  100 
watt  Masda  lamps 
translucent,  (14)  148 
translucent  bowls,  (14)  158 
Refractories,  (19)  63  to  92 

carborundum,  vitrified,  applica- 
tion, (19)  79 
classification,  (19)  70 
high  temperatures,  (19)  76 
magnesia  lining,  (19)  80 
materials,  (19)  70  to  84 
Refrigerating  plants,  (15)  310  to  328 
can  system,  equipment  for,  (15) 
320 

operating  oosts,  (15)  321 
center-freese  system,  (15)  324 
auxiliaries  for  a 60-ton  plant, 
(15)325 

operating  data,  (15)  326 
classification.  (15)  318 
compressor  duplication,  (15)  314 
domestic  equipments,  (15)  327 
• domestic  equipments,  rating  and 
operating  characteristics,  (15) 

motors  adaptable,  (15)  310 
multi-speed,  (15)  312 
slip-ring  type,  (15)  313 
speeds  and  speed  control,  (15) 
311 

plate  system,  equipment  for,  (15) 
322 

lifting  rods  extraction.  (15)  323 
pressure  variation  with  output 
requirements,  (15)  317 
power  required  per  ton,  (15)  316 
Regenerators,  (10)  207 
Regulation,  a-c.,  by  storage  batteries, 
(20)  170 

automatic,  (10)  752 
auto-transformers,  (6)  186 
characteristics,  generators,  d-c., 
144  to  156 

motors,  d-c.,  (8)  157  to  176 
converters,  definition,  (24  ) 4098 
frequency,  definition,  (24  ) 4098 
current,  generators,  d-c.,  (8)  149 
d-c.  machines,  testing,  (8)  265 
dynamotors,  definition,  (24)  4098 
electrolysis,  municipal  and  state, 
(16)  465  to  470 

engines.  internal  oombustion, 
definition,  (24)  14000 
steam,  definition,  (24)  14000 
feeders,  definition,  (24)  15000 
frequency,  generators  induction, 
(7)  231 

generators,  a-c.,  calculation,  (7) 
52 

computation,  (24)  4394 
constant  potential,  definition, 
(24)  4095 
test  of.  (24)  4394 


Regulation — continued . 

d-c.,  compound,  test  of,  (24) 
4395 

definition,  (24)  4094 
units,  definition,  (24)  14003 
hand,  power  plants,  (10)  751 
heat  production,  electric  furnaces, 
(19)  106 

inherent,  choice,  (10)  722 
generators,  (10)  722 
machines,  constant  current,  (24) 
4096 

electric  tests,  (24)  4390  to  4395 
test  conditions,  (24)  4390 
machinery,  definition,  (24)  3535 
manual,  with  regulators,  (10)  756 
motors,  a-c.,  constant  speed, 
definition,  (24)  4097 
motor  generators,  definition,  (24) 
4098 

Perrine-Baum  diagram,  (11)  36,  37 
single-phase  transmission  system, 
(11)  12 

speed,  water  turbines,  (10)  693 
tests.  (24)  2390 
conditions,  (24)  2390 
transformers,  (6)  26 

computation  of,  (24)  6391 
constant-current,  (6)  175 
constant-potential,  definition, 
(24)  6053 

lighting,  tables,  (6)  120  to  125 
oil-insulated,  air-cooled,  tables, 
(6)  94  to  102 

water-cooled,  tables,  (6)  103 
to  114 

tests,  (24)  6390,  6391 
transmission  lines,  definition,  (24) 
15000 

turbines,  hydraulio,  definition, 
(24)  14002 

steam,  definition,  (24)  14000 
voltage,  automatic  feeder,  (12)  93 
bus  bar,  (12)  94 
distribution  systems,  (12)  86 
to  95 

dynamotors,  (9)  129 
generators,  d-c.,  (8)  149 
shunt,  (8)  150 
induction,  (7)  230 
split-pole  converter,  (12)  68 
synchronous  converter  bus  bar, 
(12)  67 

tests,  converters,  synchronous, 
(9)  91 

Regulator,  regulators.  (6)  245  to  259 
automatic,  electric  hoists,  (15)  101 
bibliography,  (6)  301 
booster,  electrical  position,  (20) 
160 

brush,  (8)  156,  209 
carbon-pile,  (20)  156 
charging,  train  lighting  axle- 
generator  systems,  (22)  288 
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Regulator,  regulators — continued, 
chimney  dampers,  automatic, 
(10)  80 

constant  current,  generators,  d-c., 
series,  (8)  J56 

counter-*.  m.  f.  booster,  (20)  157 
current,  (0)  256  to  250 
general  principles,  (6)  256 
limitations,  (6)  257 
tyjgs  and  characteristics,  (6) 

use  of  potential  regulator,  (6) 
250 

d-c.,  constant  current,  (8)  156 
failures,  protection,  (10)  757 

feeder,  (10)  760 
manual  regulation,  (10)  756 
potential.  (6)  245  to  255.  (12)  86 
currents,  definition,  (6)  240 
feeder,  (6)  253 
pole-type,  (6)  254 
general  principles,  (6)  245 
polyphase,  (6)  251 
currents,  (6)  252 
m.m.  fs.t  (6)  252 
vector  diagram  of  e.m.fs.,  (6) 
255 

secondary  e.m.f.,  variation,  (6) 
250 

induction,  simple  conception, 
(6)  248 

single-phase  induction,  (6)  247 
use  as  current  regulator,  (6)  259 
variable-ratio  type,  (6)  246 
pump  pressure,  (10)  337 
speed,  (15)  510  to  531 
automatic,  (8)  171 


d-o.,  (15)  510 
nultip' 


method, 


multiple-voltage 
(15)  521 
self-starting,  (15)  524 

Ward -Leonard  system,  (15) 
520 

storage  battery,  average  adjuster, 
(30)  163 

Thomson  Houston,  (8)  212 
Thury,  (8)  217,  (10)  708 
Tirrill,  (12)  95 
costs,  (10)  750 
excitors  for,  (10)  758 
large  d-c.  machines,  (10)  754 
small  d-c.  machines,  (10)  753 
voltage,  automatic,  (7)  66 
oontact,  definition,  (24)  6012 
converters,  synchronous,  l9)  19 ' 
definition,  (24  ) 6011 
induction,  definition,  (24)  6013 
magneto,  definition,  (34)  6014 
with  exciter  batteries,  (10). 755 
Reichsanstalt  bar,  (14)  277 
current  standards,  (3)  113 
resistance  standard,  (8)  112 
Reiss  experiments,  electrostatic  ma- 
chines, (22)  257 


Relay,  relays, 

button  systems,  Tl2)  143 
automatic  battery  cut-out,  (22)83 
cost.  (10)  818 
definition,  (24)  7016 
heat  tests,  definition,  (24)  7301 
Merts- Price  system.  (10)  820 
signals,  magnets,  (5)  80 
telephone,  definitions  and  stand- 
ards, (24)  12250  to  12200 
temperature  Emits,  (24)  7101 
telegraph,  adjustment,  (21)  94 
main-line,  (21)  95 
telephone,  racks,  (21)  59 
track,  (16)  396 
use  in  distribution  systems,  (12- 
142 

transmission  lines,  (12)  144 
Reluctances,  connection  series,  and 
parallel,  (2)  48 

definition,  symbol,  unit,  (1)  7$ 
d-c.,  machines,  interpole  sir  pp. 
(8)  54 

formula,  (2)  45 
Reluctivity,  definition.  (2)  53 
formula,  (2)  45 
definition,  symbol,  unit,  (1)  74 
Rent.  (25)  12  to  26 
definition,  (25)  16 
Repeaters,  telegraph,  duplex  ud 
quadruplex,  (21)  108 
half-set,  (21)  109 
single-lme,  (21)  106 
Milliken.  (21)  107 
impulse,  definition.  (24)  12SS9 
Repeating  cod,  telephone,  (34; 

Repulsion,  motore.  a-c.,  rngk 
phase,  (7)  291 
A tin  neon,  (7)  292 
compensated.  (7)  293 
evolution,  (7)  292 
Thomson,  (7)292 
Reservoirs,  storage,  locatioa.  (K)< 
656 

Resin,  electrical  properties,  (4)  JS 
properties,  (4)  257 
Resistance,  air,  electric  vstndm. 
(17)  101 

a-c.,  definition,  (3)  145 
and  oondenaance,  parallel  cm- 
nection,  (2)  170 
armature,  testing,  (8)  261 
batteries,  internal,  (3)  142 
a-c.  method  of  measure®**! 
(3)  143 

bond,  comparison  to  track.  (14' 
356 

brush  contact,  variation  *** 
current,  (8)  38 
carbon,  are  lamp,  (4)  156 
Contacts,  (4)  158 
characteristics  of 
lamps,  (14)  20 
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.eeistanoe — continued, 
conductors,  measurement,  (3) 
115 

circuit  insulation,  (3)  138 
critical,  generators,  d-c.,  series, 
(8)  154 

generators,  d-c.,  shunt,  (8)  146 
cylindrical  conductors,  equation, 

(2)20 

definition,  symbol,  unit,  (1)  52 
drop,  a-c.  circuits,  calculation, 
(12)  30 

per  cent.,  definition,  (24)  4080 
tnble,  (12)  31 

transformers,  per  cent.,  defini- 
tion, (24)  6050 

effective,  a-c.  circuits,  (8)  144 
definition,  (3)  145 
value,  a-c.  circuit,  (3)  146 
Wheatstone  bridge,  methods  of 
measurement,  (3)  147 
electrolytes,  (3)  140 
specific,  3)  141 

equivalent,  eddy-current,  (2)  102 
three-phase  line,  i2)  82 
factors,  a-c.  circuits,  (12)  32 
field  coils,  d-c.,  testing,  (8)  262 
lamps,  filament,  table,  (14)  21 
heat,  definition,  unit,  (1)  91 
high-frequency,  radiotelegraph 
circuits,  (21)  318 
hot,  magnets,  (5)  95 
insulation,  (4)  239,  (24)  1300  . 

condensers,  electric,  (5)  161 
d-c.  machines,  test,  (8)  1273 
measurements,  precautions,  (3) 
137 

minimum  values,  (24)  2382 
surface,  (4)  241 
tests.  (24)  2380  to  2382 
voltage  for,  (24)  2381 
volume,  (4)  240 

nternal  battery,  measurement  of, 
(20)  8 

dry  cells,  (20)  31 
storage  battery,  determination, 
(20)  106 

lightning  arresters,  test  of,  (24) 
7371 

mass,  temperature  coefficient, 
definition,  (4)  42 
measurements,  (3)  110  to  148 
bridge  methods,  (3)  117 
converters,  synchronous,  (9)  86 
fall  of  potential  method.  (3)  116 
insulation  (3)  132  to  139 

direct  deflection  method,  (3) 
133 

leakage  method,  (3)  134 
rail  bonds,  (3)  128 

milli voltmeter  method,  (3) 
129 

parallel  connection,  equation,  (2) 
23 


Resistance— continued, 
plates,  condensers,  electric,  (5) 
161 

. radiation,  radiotelegraph  antenna. 
(21)  277 

rail  bonds,  contact,  (16)  355 
including  bonds,  (16)  341 
rheostats,  carbon,  (5)  225 
rolling,  wheel,  (17)  100 
series  connection,  equation,  (2)  22 
lightning  arresters,  (10)  854 
series-parallel  circuits,  formula, 
(2)  8. 5 

ships,  eleotrio,  (18)  1 to  12 
fundamental  data,  (18)  2 
general  law,  (18)  1 
. table,  (18)  3 
simple  rule,  formula,  (2)  24 
small  equivalent,  (21)  319 
standards,  classification,  (3)  111 
construction,  (3)  112 
general,  (3)  110 
National  Bureau  of  Standards 

(3)  112 

Reicnsanstalt.  (3)  112 
secondary,  (3)  110 
temperature  coefficient,  (4)  7 
temperature  coefficient,  alum- 
inum, (4)  85 
carbon,  (4)  157 
steel,  (4)  120 
copper-clad  steel,  (4)  107 
iron,  (4)  118 

copper,  table,  201,  (24)  2321 
train,  (16)  4 to  29  (also  see  trains), 
transformers,  measurements,  (6) 
220 

transition,  batteries,  definition, 

wire  and  track  circuits, 
(16)  302,  303 
vehicle,  (17)  102 
electric,  relative  value,  (17)  103 
wiring,  calculations,  (13)  63 
Resistivity,  aluminum,  (4)  84 
carbon,  (4)  154 
cellulose,  (4)  281 
copper,  standards  of,  (4)  39 
table,  (4)  40 
definition,  (24  ) 3020 
symbol,  unit,  ())  53 
factors,  conversion  table,  (1)  147 
heat,  definition,  unit  (1)  92 

various  refractories,  (19)  86 
insulating  materials,  liquid,  (3) 
136 

solid,  (3)  135 
iron,  (4)  115 

annealed  wire,  Preece’s  tests, 

(4)  116 
cast,  (4)  121 

effect  of  different  alloying 
elements  on  pure,  (4)  117 
ivory,  (4)  259 
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Resistivity-— continued . Rheostats— conti 

maw,  definition,  symbol,  unit,  (1)  capacity,  (i; 

.f  id,  (3)  123  mhSS2.  ( 

m.c».  (4) I 263  formSSE. 

8t®i,cVlb°“' ,<4)  12»-  le«d-«u!\ 

cast,  (4)  121  table.  fl7i  I 

rail,.  (4)  126  . MuSS^h,.  < 

temperature  coefficient,  equation.  box  type,  (5)  1 
. ^ capacity 

temperature  constant,  copper,  (4)  calculatioi 

&£]&&£  %■»>■. ««.  I “S?E 

.A1"®!*  ! JS“. 


.V,  v«/ 

Resistolao,  properties,  (4)  347 
Resistors,  (5)  185  to  236 
bibliography,  (5)  236 
cast  grid,  temperature  limits,  (24) 
7106 

control,  (17)  122 
definition,  (24)  3064 
materials,  properties  of,  (4)  148 
to  1 52 

motor,  normal  current,  (5)  208 
starters,  (5)  207  to  214 
starting,  form  of  conductors 
(5)  213 

current,  (5)  209 
heavy  duty,  (5)  212 
light  duty,  (5)  211 
rating,  (5)  210 
units,  (5)  229  to  235 
capacity,  watts  dissipation,  (5) 

carbon  resistance,  (5)  231 
large,  (5)  233 
mounted,  (5)  235 
resistance  material,  (5)  230 
temperature  rise,  (5)  234 
wires,  properties  table,  (4)  147 
Resonance  current,  (2)  182 
parallel,  equations,  (2)  182 
senes,  equations,  (2)  181 
voltage,  (2)  181 

Respiration,  artificial,  choice  of 
Schaefer  method,  (22)  6 
mechanical  devices,  (22)  7 
prone  pressure,  (22)  2 
Schaefer  method,  (22)  2 
Resuscitation,  instructions,  (22)  3 
report  of  Commission,  (22)  1 
Retardation  angle,  transmission 
lines,  (11)  50 
telephone,  (24)  12305 
ships,  (18)  7 

test,  synchronous  machines  meas- 
urement,  (7)  154 

Retentivity,  definition,  (2)  90,  (4) 

Reversing  key,  (3)  39 
Rheostats,  (5)  185  to  236 
battery  charging,  (5)  215  to  218 


Rheostats — <*«**»—< 
capacity,  (17)  200 
resistance.  Ediaan-ceS,  cm 
lation,  (5)  217 
formulas,  (5)  215 
lead-cell,  calculation.  (5)  a 
table,  (17)  199 
bibliography,  (5)  236 
. box  type,  (5)  186 

capacity,  current  carrrx 
calculations.  (5)  199 
resistance,  calculation,  (5)  1? 
carbon,  advantage.  (5)  224 
' battery  charging,  itsatasce »’ 

| (5)  2 18 

resistance,  (5)  225 
cooling,  theatre  dimmm,  (5)  353 
definition.  (24  ) 7018 
overload.  (5)  206 
dimmers,  carbon  filinatlan 
(5)203 

tungsten  filament  ium  3 
204 

Edison  battery  dbaigiac.  tafak 
, 07)  201 

electric  furnaces,  (18)  109 
field.  (5)  187  to  193 
automatic  release,  (5)  193 
current  capacity,  (5)  190 
exciters.  (10)  750 
generators,  (5)  187 
motors.  (5)  189 
. power  dissipation,  (5)  191 
temperature  rise,  (5)  192 
use,  (5)  187 
liquid,  (5)  226 
electrodes,  (5)  227 
solution.  (5)  228 
miscellaneous,  (5)  219  to  228 
photometers,  (14)  295 
plate,  definition.  (5)  185 
temperature  rise,  (5)  117 
speed  regulating,  arnahsa  $ 

194 

armature,  automatic  festwm 
(5)  200 

motors,  (5)  194  to  201 
series  motors,  (5)  201 
shunt  motor,  calculi  tinea.  (7 

195 

. temperature  rise.  (5)  198 
theatre  dimmers,  (5)  202  te  996 
construction,  (5)  202 
types,  (5)  185,  186 
water  cooled,  (5)  223 
wire,  (5)-  219 

wire  coil,  dimensions,  tabk,  w 
220 

mounting,  (5)  221 
wire,  radiation.  (5)  222 
Rhodium,  electrochemical  jreper 
ties,  (19)  170 

Richardson  weigher.  (3)  406 


stats,  (5)  185  to  236  Richardson  weigher  (3)  406 

tery  charging,  (5)  215  to  218  I space  oocuTS?^)409 
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mington's  method,  inductance 
measurement,  (3)  247,  248 
(2lj  24 

definition,  <24 ) 

12228 

manual,  definition,  (24)  12227 
vers,  flow  measurements,  (10)  042 
River,  stream  flow  gaging  stations, 
(10)  658 

hydrographs,  typical,  (10)  661 
standard  dome  reflectors, 
1 

inson's  method,  hysteresis  loss 
measurement,  (3)  316 
*bling,  wire  gage,  (4)  15 
wchling-Rodenhauser  combina- 
tion furnace,  (19)  103 

n rays,  (22)  221  to  239, 
see  X-rays), 
discovery,  (22)  221 
properties,  (22)  222 

•aphy,  (22)  236 
tester,  (3)  130 
tiling  mills,  (see  mills), 
tiling  stock,  depreciation,  (10)  898 
tom,  operating,  telephone,  defi- 
nition, (24)  12225 
tot  mean  square,  alternating 
surrent,  definition,  (24)  3218 

pe,  danger  of  metal  filaments 
or  strand  in,  (4)  429 
drive,  (23)  35  to  42 
classes,  (23)  41 
suitability,  (23)  41 
manilla,  properties,  (4)  428 
transmission,  horse-power  at 
various  speeds,  table',  (23)  42 
’•  formula,  self-inductance, 

variable  speed  gener- 
, \o)  187 

ee's  fusible  alloy,  (4)  148 
sin,  properties,  (4)  355 
•tary  Converters,  (see  converters), 
ttating  machines,  A.I.E.E. 
itandards,  (24)  4000  to  4395 
usseau's  method,  light  flux 
determination,  (14)  174 
wland,  electrodynamometer,  (3) 

xite,  electrical  properties,  (4) 
125 

ibber,  and  its  derivatives,  (4)  330 
to  344 

hatterton's  compound,  (4)  338 
chemical  activity,  (4)  336 
Mark's  compound,  (4)  339 
composition,  (4)  330 
crude,  reduction  of,  (4)  331 
slectncal  properties,  (4)  333 
(Utta-percha,  (4)  340 
341 

insulation,  (11)  209 
naximum  temperature,  (4)  335 


. Rubber — continued. 

mechanical  properties,  (4)  334 
specifications  and  tests,  (4)  337 
substitutes,  (4)  332 
temperature,  Bafe  working,  (4)  335 
vulcanisation,  (4)  331 

Rubidium  electrochemical  proper- 
ties. (19)  170 

Rules,  standardisation,  (see 
standardisation ). 

Run-off,  definition,  (10)  650 
Ruthenium,  electrochemical  proper- 


ties, (19)  170 


Sageohm meters,  (3)  139 
Sag,  changes  due  to  contraction, 
(12)  184 

expansion,  (12)  184 
tables,  bare  copper  wire,  (12)  183 
N.  E.  L.  A.,  (12)  186 
St.  John  steam  meter,  (3)  426 
Salvage,  definition,  (25)  51 
Samarium,  electrochemical  prop- 
erties, (19)  170 

Sands,  silica,  brick  manufacture, 
(15)  396 

Sangamo  ampere-hour  meters,  (3) 
231 

watt-hour  meters,  (3)  198,  206 
Sargent's  steam  meter,  (3)  422 
Saturation  curve,  analysis,  (2)  51 
definition,  (2)  49 
d-c.  machines,  calculations,  (8) 
89 

full-load,  (8)  84 
no-load,  calculation,  (8)  83 
generators,  a-c.  e.m.f.  method, 
calculation,  (7)  57 
m.m.f.  method,  calculation, 
(7)58 

various  power  factors,  (7) 
56 

sero  power-factor,  calcula- 
tion, (7)  55 
iron,  normal,  (4)  184 
no-load,  a-c.,  generators,  (7) 
35 

converters,  synchronous,  (9) 

45 

with  full  load  leakage  coef- 
ficient, (7)  41 
factor,  definition,  (7)  53 

electric  machines  definition, 
(24)  4085 

intensity,  maximum,  (4)  199 
percentage,  electric  machines, 
definitions,  (24)  4086 
values,  magnetio  materials,  (4) 
198 

Sawing  machines  power  require- 
ments, (15)  41  to  50 
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8tiUi,  aotomatio  coal  weighing, 
(10)  152 

formation,  transformer  oooling 
ooils,  (6)  248 
galvanometer,  (3)  22 
Scandium,  electrochemical  proper- 
ties. (10)  170 

Schaefer  method,  artificial  respira- 
tion, (22)  2.  6 

Scherbins  phase  advanoer,  (7)  325 
operating  data,  (7)  326 
speed  oontrol,  (7)  315 
Schoenherr  furnace  for  nitrogen 
fixation,  (19)  261 
SchQler  motor,  (7)  301 
SchQtte  and  Koerting,  boiler  feed 
injector,  capacity,  (10)  347 
Scimateo  pyrometer,  (3)  370 
Scott,  connections,  double,  poly- 
phase transformations,  (6)  152 
two-phase  to  three-phase  connec- 
tions, (6)  146 

two-phase  to  three-phase  connec- 
tions, (6)  146 

Scrap  value,  definition,  (25)  51 
power  plants,  (10)  901 
Screens,  water  velocity  through, 
(10)  291 

Screw,  threads,  table,  (23)  43 
U.  8.  Standard,  table,  (23)  44 
Scrubbers,  (10)  477 
Searchlights,  merchant  marine,  (22) 
107 

U.  8.  Army.  (22)  136 
data  on,  (22)  141 
signalling  bv,  (22)  137 
Secohmmeter,  (8)  244 
Secondary  windings,  definition,  (24) 
6021 

8ection,  area,  definition,  (23)  1 
elements  of,  (23)  1 to  46 
mathmatic&l  properties,  (23)  2 
modulus,  definition,  (23)  1 
Seebeck  effect,  (2)  5 
Selenium,  properties,  (4)  146 
Self-induction  coefficient  of,  defini- 
tion, (2)  67,  (see  also  inductance). 
Semaphore,  (16)  387 
electric-motor,  (16)  388 
Separators,  batteries,  removal  of, 
(20)  185 

electrostatic,  ore,  (19)  266 
magnetic,  ore,  (19)  265 
steam,  (10)  376 

wooden,  storage  battery  life  of, 
(20)  203 

Shade,  definition,  (24)  11049 
Shafts,  critical  .speed,  (7)  141 
design,  (23)  25 
horse-power,  table,  (23)  27 
line  horse-power  transmitted,  (23) 
26 

Shafting,  (23)  25  to  27 

Shale,  brick  manufacture,  (15)  394 


Sharp-MiDar  photometer,  (14)  Si 
Sheets,  aging;  (4)  220 
commercial,  (4)  217  to  224 
data  on  Americas  Sheet  ut 
Tin  Plate  Co.’t  (4)  119 
grade*,  (4)  218 
electrical,  (4)  217 

core  loea  curves,  (4)  234 
effect  of  mechanical  varkuc 
(4^  221 

maximum  losses,  (4)  220 
steel,  Follansbee,  (4)  222 
Shellac,  electrical  properties.  (4)  2S» 
thermal  properties,  (4)  3 68 
Sheer,  beams,  definition,  (22)  5 
Ship,  acceleration,  (18)  6 

backing  tests,  engines  VB-Urtuo*. 
(18)  9 

beam  draught  ratio,  (IS)  11 
block  ooefnoent,  (18)  11 
displacement  length  ratio.  (IS)  U 
electrically  propelled,  eu apht 
(18)  65  to  78 
engines  vs.  turbines.  (18)  9 
horse-power,  thrust,  nqvsd. 

estimation.  (18)  4 
momentum,  equation,  (18)  5 
power,  emergency  rapnam 
(18)  8 

propellers,  best  speed,  (18)  IT 
characteristics.  (18)  13  to  19 
design,  compromise,  (18)  It 
diameter,  (18)  14 
drive,  systems,  (18)  20  to  41 
multiple,  (18)  19 
power  limits,  (18)  18 
sise  limits,  (18)  18 
*lip.  (18)  15 
speed,  (18)  14 
thrust,  (18)  14 
propulsion,  consequenos  « »' 
contained  feature,  (18)  5* 
electric,  (18)  1 to  79 
(18)  55  to  64 
advantage  with  intensK«w 
bustion.  engines,  (18)  41 
bibliography,  (18)  79 
Chicago  fire  boats,  <ksmr 
tion,  (18)  66 
conditions  under  whiet  w* 
adapUd.  (18) » 

Mavor  system.  (18)  61 
propeller  chsnetenetKS,  (1 » 
W.  XT R.  Emmet,  (18)  ® 
engines,  internal  combast* 
(18)  24  . nr 

steam,  relabvo  economy.  (» 
22 

oil-electric,  (18)  64 
power  formulas,  (18)  10 
reciprocating  steam  sat®*1 
(18)  20 


plea,  (18)23 
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Ship— Signal,  signals 


ip— continued. 

vb.  low  speed  turbines  in 
U.  8.  Navy,  (18)  21 
transmission  electrical,  (18)  37 
resistance,  electric,  (18)  1 to  12 
fundamental  data,  (18)  2 
general  law,  (18)  1 
table.  (18)  3 
results  of  trials,  (18)  34 
retardation,  (18)  7 
rariable  speed,  special  advantages 
of  electrical  gearing,  (18)  40 
ock,  electric,  report  of  Commis- 
sion on  resuscitation,  (22)  1 
treatment  for,  (22)  2 
ore  pyroscope,  (3)  368 
ort-circuit  diagram,  generators, 
a-c.,  (7)  64 

>rotection,  A.  S.  E.  E standards, 
(24)  2120 

ovels,  electric,  choioe  of  equip- 
ments, (15)  388 
d&ssification,  (15)  380 
jycle.  (15)  378 
energy  consumption,  (15)  370 
motors,  (15)  376 
a-c.  with  rheostatic  control,  (15) 


applications,  (15)  376  to  390 
oontrol,  (15)  384 
d-c.  with  motor-generator  set, 
(15)  382 

with  rheostatio  control,  (15) 
381 


regenerative  control,  (15)  387 
si  see,  (15)  377 
torque  limitations,  (15)  385 
ower  supply,  (15)  390 
^liability,  (15)  389 
>ecial  features,  (16)  386 
nt,  shunts,  ammeters,  d-c.,  (3) 


93 


calvanometer,  (8)  29 
ion-inductive,  use  with  d-c. 

interpole  motors,  (8)  175 
lermissible  temperatures,  (24) 
8101 

ating,  temperature,  standard 
ambient,  (24  ) 8201 
universal.  (3)  30 
witch  board,  marking  of,  (24) 


8503 

emperature  rise,  (24)  8204 
mens  and  Halske  copper  process, 
19)  22 

jsens,  electrodynamometer,  (3) 

a- flashers,  power  consumption 
15)  496 

e-lighting,  transformers,  (6)  209 
tel,  8ignals,  Ardois  system,  (22) 
138 

Kilway,  (16)  382  to  427 
automatic,  (16)  388 


Signal,  signals — continued. 

bibliography,  (16)  427  to  429 
block,  (16)  421  to  426 
automatic,  (16)  424 
application,  (16)  425,  426 
classification,  (16)  421 
oontrolled-manual,  (16)  423 
manual.  (16)  422 
classification,  (16)  386 
definition,  (16)  384 
effect  of  bonding,  (16)  397 
electrical  equipment,  requisite 
performance,  (16)  394 
energy  supply,  (16)  402 

Sneral,  (16)  382  to  386 
te Hoc  king,  (16)  404  to  420 
salient  features  of  present-day, 
(16)  383 

single-rail  track-circuit  system, 
(16)  399 

track  oirouits,  (16)  392  to  403 
advantage  of  low  e.m.f., 
(16) 395 

constants,  (16)  403 
function  of  closed,  (16)  393 
relays,  (16)  396 

prevention  of  improper 
operation,  (16)  398 
trolley-operated,  (16)  389  to  391 
two-rail  track-circuit  systems, 
(16)  401 

type  of  fixed.  (16)  387,  388 
semaphore,  train  order,  (21)  125 
submarine,  merchant  marine,  (22) 
113 

target  and  lamp,  (16)  387 
telephone  line,  (21)  42 
traclc  circuit,  definition,  (16)  392 
trolley-operated,  reliability,  (16) 
389 

Signalling,  searchlight,  U.  S.  Army, 
(22)  137 

system,  Navy,  (22)  125 
Silica,  electrical  properties,  (4)  278 
fused.  (19)  125 
insulating  properties,  (4)  278 
mechanical  properties,  (4)  278 
thermal  properties,  (4)  278,  (19) 
84  86 

Silica-glass  (19)  125 
Silioo-carbides,  binder,  (19)  74 

moulding  methods,  (19)  73 
Silicon,  oompound  refractories,  (19) 
72 

metallic.  (19)  124 
monoxide,  (19)  124 
Silicon-bronse,  (4)  134 
Silicon-carbide,  crystalline,  (19)  76 
general  data,  (19)  120 
8ihoon-steel,  (see  steel). 

Silk  insulation  magnet  wires,  (4)  300 
Siloxicon,  (19)  75 

general  data,  (19)  123 
maximum  temperature,  (19)  75 
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Silver,  cleaning  solution,  (10)  191 
electrical  properties,  (4)  138 
electrochemical  properties,  (19) 
170 

mechanical  properties,  (4)  399 
nickel,  (4)  148 
plating.  (19)  199 
potential,  electric,  (19)  175 
refining,  electrolytic,  (19)  212 
thermal  properties,  (4)  399 
Silundum,  (19)  124 
Simpson’s  rule,  (2)  202 
Sines,  natural,  (1)  153 
Sine- wave,  definition.  (24)  3214 
equivalent,  definition,  (24)  3260 
Sinking  fund,  definition,  (25)  25 
table,  (25)  26 
Siphons,  (10)  350 

Mein  effect,  calculations,  (12)  40 
coefficients,  table,  (12)  41 
conductors.  (4)  160  to  166 
copper-clad  steel  wire,  (4)  162 
definition,  (2)  100 
formulas.  (2)  101 
and  tables,  (4)  161 
iron  wire,  (4)  163 
steel  oables,  (4)  166 
table  of  constants,  (4)  165 
wiring  calculations,  (13)  78 
Mate,  dielectric  strength  tests, 
(4)  269 

electrical  properties,  (4)  268 
properties,  mechanical  (4)  268 
insulating  properties,  (4)  268 
thermal  properties,  (4)  268,  369, 
(19)  84 

Slide-wire  bridge,  (3)  121 
Slip,  calculations,  (7)  183 
definition,  (3)  283,  (7)  157 
formulas,  induction  motors,  (7) 
180 

measurements,  (3)  283  to  291 
direct  reading  device,  (3)  286 
Dooley’s  method,  (3)  284 
millivoltmeter  method,  (3)  283 
stroboscopic  method,  (3)  285 
propeller,  ships,  (18)  15 
Smith’s  formula,  stream  flow,  short 
weirs,  (10)  614 
weir  coefficients,  (10)  620 
Smoke,  composition,  (10)  86 
prevention,  (19)  268 
Soapstone,  insulating  properties,  (4) 
270  „ . 

Society  of  Automotive  Engineers, 
motor  standards,  (17)  94 
Soda,  caustic,  and  chlonne,  (19)  229 
Sodium  metallio,  production,  (19) 

248 

production,  Ashcroft  process,  (19) 

249 

refining,  electrolytic  (19)  248,  249 
Soils,  bearing  power,  (10)  590 

electrical  properties,  (16)  433 


Solenoid,  solenoids,  dcintta.  6 
17,  18 

d-c..  long  range,  (5)  46 
inductance,  formulas,  (1)  68  to  3 
ironclad,  definition,  (5)  16 
pull  equation,  (5)  S3 
magnetising  force,  (5)  47 
open  magnetic  circuit,  j.u 
maximum,  table,  (5)  50 
plunger,  pull  equation.  (5)  * 
Soot,  removal,  boiler  tubes,  (W/  * 
Space  factor,  magnets,  (5}  * 
Spark  gaps,  e.mi.  messurssssk 
(3)  76 

lightning  arresters,  (10)  853 
measurements  with,  (34)  flu 
needle,  definition,  (24)  2364 
needle  point,  (3)  77 
radiotelegraph,  quesoa  tJF- 
(21)  286 

rotary  type,  (21)  235 
types.  (21)  284 
spacing  correction  for  sir  asst?. 

(24)  2369 
sphere,  (3)  77 

definition,  (24)  2366 
use  in  dielectric  tests,  (24)  239 
with  high  capacitance,  3* 
2361  .. 

low  capacitance  saefena 
(24)  2360 

Sparking,  vibrating  reeanes. 

297  . 

Spark  voltages  between 
spheres,  various  lengths,  31)  22 
Specific  heat,  air.  (4)  437  (shs  * 
heat). 

Specific  heat,  copper,  (4)  74 
elements,  (4)  432 
various  materials,  (o ee  a*®*  a 
material) 
water,  (4)  434 
Specifications, 
tion,  (22)  329, 
Spectrophotometers,  (14)  SB 
Speech,  transmission,  efcctnc, 

13  JU 

Speed,  adjustment,  motors,  K- 

series,  (8)  160 
characteristics,  electnc 
motors,  (17)  89 
motors,  d-c.,  senes,  (»)  ** . _ 
control,  auxiliary 

machines,  (7)  314  to  31* 
armature,  automatic 

motors,  a-c.,  commujatiai 

chines,  (7)  317  L_ 

commutator. 

(7)  294.  311,313 

D6ri  siijeph-e,  W £ 
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eed  oontiimed. 

single  phase,  shunt,  (7) 

synchronous  converter 
method,  (7)  316 
d-c.  shunt,  (8)  164,  165 
induction,  (7)  271  to  285 
counters,  (3)  333 
critical.  of  shafts  (7)  141 

synchronous  machines,  (7)  142 
l-o.  ( machines,  limitations  in 
design,  (8)  72 

motors,  adjustable,  (8)  205 
>njcines,  steam,  (10)  183 
sxcessive  motors,  d-c.,  series;  (8) 

108 

css  engines,  (10)  511 
(ears,  maximum,  (23)  32 
ocomotives,  electric,  definition, 
(24)  5214 

notors,  a-c,  synchronous,  defini- 
tion, (7)  167 

classification  of,  (24)  4035  to 
4039 

d-c,  effect  of  field  coil  heating, 
(8)  162 

equation,  (8)  160 
shunt,  (8)  161 

measurements,  (8)  333  to  335 
»il  engines,  (10)  559 
propellers,  ships,  best,  (18)  17 
‘ating,  electric  trucks,  (17)  44 
regulating  rheostats,  motors,  (5) 
194  to  201 

eg ulation,  automatic,  (8)  171 
motors,  (15)  519  to  531 
steam  turbines  (10)  261 
regulators,  series  motors,  (5)  201 
ihip  propellers,  (18)  14 
variable,  motor,  d-c.  shunt, 
operation,  (8)  163 
srater  turbines,  (10)  684 
sed-limiting  devices.  (12)  146 
converters,  synchronous,  (9) 
54 

eed- time  curves,  actual,  (16)  41 
islculations,  examples  of,  (16) 
73  to  76 

toasting  necessary,  (16)  46 
construction  formulas,  (16)  40 
lefinition,  (16)  36 
l-c.,  series-wound  motor,  (16)  50 
electric  trains,  (16)  30  to  76 
ollowing  motor  characteristics, 
(16)  72 

general,  application,  (16)  45 
dotting,  method  of,  (16)  71 
itraight-line  functions,  advantage 
of.  (16)  51 

ime  limit,  coasting,  (16)  44 
imposed,  (16)  43 
init-distance,  application,  (16)  42 
sed-torque  characteristics,  electric 
vehicle  motors,  (17)  87 


Sphere  gaps,  air  density  correction 
factors,  (24)  2370 
definition,  (24)  2366 
equivalent,  lighting  arresters,  (24) 
7373 

spark  over  voltages,  (24)  2370 
sparking  distances,  (24)  2368 
Spherical  reduction  factor,  incan- 
descent lamps,  (14)  30 
Spherometer,  specifications,  table 
203,  (24)  2367 
use  of.  (24  ) 2367 
Spinner  motor,  (7)  281  to  283 
electric  ship  propulsion,  (18)  61 
Springs,  electric  passenger  vehicles, 
(17)  12 

electric  trucks  and  tractors,  (17) 
27 

telephone,  armature,  definition, 
(24)  12264 

oontact,  back,  definition,  (24) 
12268 

definition,  (24)  12262 
front,  definition,  (24)  12269 
make-before-break,  d e fi  n i- 
tion,  (24)  12267 

impulse,  definition,  (24)  12266 
main  oontact,  (24)  12263 
plunger,  definition,  (24)  12265 
tension,  definition,  (24)  12261 
Stability,  limitations,  electric  ma- 
chines, (24)  4252 
Stalloy,  properties,  (4)  223 
Standard,  definition,  (3)  3 
Standardisation  rules,  American  In- 
stitute of  Electrical  Engineers, 
(24)  1000  to  16000 
automobile  propulsion  machines, 
(24  ) 5000  to  5603 
cables.  (24  ) 9000  to  9405 
control  apparatus,  (24)  7000  to 
7375 

general  principles,  (24)  1000  to 
1600 

general  rules,  (24)  2104  to  2401 
generator  units,  (24)  14000  to 
14011 

illumination,  (24)  11000  to  11067 
induction  apparatus,  stationary, 
(24)  6000  to  6419 
instruments,  (24)  8000  to  8503 
transformers,  (24  ) 8000  to  8503 
meters,  (24  ) 8000  to  8503 
prime  movers,  (24)  14000  to  14011 
protective  apparatus,  (24)  7000 
to  7375 

radio  communication,  (24)  13000 
to  13049 

railways,  electric,  (24)  5000  to 
5603 

switching  apparatus,  (24  ) 7000 
to  7375 

telegraphy,  (24)  12000  to  12519 
telephony,  (24)  12000  to  12619 
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Standardisation  rules — oontinued. 
tests,  (24)  2300  to  2401 
transformers,  (24)  6000  to  6410 
wires,  (24)  0000  to  0405 
Starohera,  laundry,  (see  laundry). 
Starter,  starters,  a-e.,  oontactors, 
(15)  612 

induction,  (7)  210,  (15)  508 
self,  (16)  618 

primary-resistance,  (16)  507 
secondary -resistance,  (15)  500 
star-delta  switches,  (16)  505 
automatic  or  self,  (15)  510 
d-o.,  (16)  503 
oounter-e.m.f.,  (15)  517 
magnetic  switch,  (15)  611 
resistance  apportionment,  (15) 
504 

electric,  gas.  automobiles,  (22)  76 
to  83 

induction,  definition,  (6)  188 
magnetio  lock-out  switch,  (16) 
516 

motor,  (15)  602  to  518 
automatic,  definition,  (24)  7000 
auto-transformer,  definition, 
(24)  7010 

definition,  (24)  7008 
resistors,  (5)  207  to  214 
neoessity,  (15)  502 
self,  a-o.,  induction,  (15)  518 
current-limit,  (15)  514 
time-acceleration,  (16)  613 
series  switch  operating  magnet, 
(16)  516 

time-limit  overload  protection, 
(15)  506 

Stassano  furnace,  (10)  04 
Static  electricity,  attrition  mills, 
danger,  (22)  320 
belts/high-speed.  (22)  318 
charges,  (22)317 
gasoline,  handling,  danger  of, 
(22)  324 

grain  elevators,  danger  of,  (22) 
320 

grounded  metal  frameworks  as 
remedy.  (22)  326 
industrial  equipment,  (22)  317  to 
328 

paint  manufacture,  danger,  (22) 
823 

paper  manufacturing  and  print- 
ing, (22)  322 

production  of,  miscellaneous,  (22) 
325 

reference  literature,  (22)  327 
textile  mills,  trouble,  (22)  321 
Stators,  machine,  temperature 
measurements,  method  of,  (24) 
4321 

Staem.  condensation,  pipes,  (10)  374 
condensing  equipment,  (10)  275 
to  303 


Steam — continued, 
consumption,  (10)  428 
power  plants.  (10)  403 
energy.  (10)  163  to  218 
enginec,  (10)  163  to  21k  Wsoa 
engines). 

exhaust  heads,  (10)  388 
flow  chart,  (10)  356 
effect  of  ioe.  (10)  666 
pipe  formula.  (10)  355 
through  nosxles,  (10)  223 
measuring  apparatus,  (10)  433 
meters,  (3)  424  to  429 
area  type,  (3)  425 
St.  John  type.  (3)  426 
velocity  type,  pressure  u5m\ 
ing  devices,  (3)  427  i 
nossles.  (10)  223 
plants,  (10)  393  to  414 
auxiliaries,  drive,  (10)  40$ 
economy,  (10)  398 
power  requirements,  (lOi  m 
consumption  hr.-kw.,  (10)  m 
cost  itemised,  (10)  411 
design  load  factor,  (10)  40 
general,  (10)  393 
reoenre  capacity,  (10)  IK 
economy,  (10)  394 
heat  analysis,  (10)  395 
labor  requirements,  (10)  & 
location,  (10)  406  . 

operation  cost  analyws.  (Mh  6 
testing.  (10)  415  to  442  J 
pressure,  measurement  u 
thermometers,  (10)  427 
quality  test,  (10)  421 
regenerators,  (10)  207 
separators,  (10)  376  d 

superheat,  effect  on  turbine*  ^ 

superheated,  turbine 
(10)  246 

superheating.  (10)  422  , 

textile  processes,  use  of,  (15)  1 
traps,  (10)  375 
turbines,  (10)  219  to  274  . 

velocity  by  expansion.  (10)  1 
wire  drawing  effect,  (10)  I 
Steamers,  crose-ohannel  profwM 
(18)  43 

freight,  description,  (18)  42 
ooean  liners,  propulsion,  (IS 
tramp,  description.  (IS) 
Steel  alloys,  (4)  388  to  393 

magnetic  properties,  (4)  IK 
annealing,  (4)  385 

effect  of  hot  working.  (4) 
hardening  and  tempering. 
387 

heat  treatment,  (4)  386 
magnet,  (4)  227 
properties,  (4)  383 
resistance  temperature  eot 
dent,  (4)  190 
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' resistivity,  (4)  120 
cost,  magnetic  properties,  (4)  104 
resistivity,  (4)  121 
chrome,  (4)  388 
coefficient,  (4)  207 
copper-clad,  (4)  100  to  113 
coefficient  of  linear  expansion, 

(4)  109 

density,  (4)  110 

resistance,  temperature  coeffi- 
cient, (4)  107 
specifications,  (4)  113 
stress-strain  diagram,  (4)  111 
tensile  strength,  (4)  111 
Young’s  modulus  of  elasticity, 

(4)  112 

dynamo  sheet,  (4)  196 
effect  of  heat  treatment,  (4)  384, 

387 

hardness,  temperature  for  maxi- 
mum retentivitv,  (4)  383 
industry,  use  of  electric  furnaces, 

(19)  132 

magnet.  (4)  225  to  231 
carbon,  (4)  227 

chemical  analysis  of  chrome  and 
tungsten,  (4)  230 
chrome,  (4)  229 
tungsten,  (4)  228 
magnetic  properties,  classifi- 
cation, (3)  301 
manganese,  (4)  389 
mills,  bibliography,  (15)  261 
classification,  (15)  247 
direct-connected,  (15)  249 
flywheel  function.  (15)  254 
geared  drive,  (15)  250 
lay-out,  (15)  248 
motor  application,  (15)  247  to 
261 

power  requirements,  (15)  255 
rope  drive.  (15)  251 
pckel,  (4)  390 
son-aging,  (4)  187 
ion-magnetic,  (4)  231 
tormal  induction,  data,  (3)  302 
men-hearth,  speed  limitations, 

^10)  245 

wrmeability  measurements,  (3) 

301  to  312 
rig,  (19)  134 

iropertiefl,  (4)  114  to  131,  383  to 
394 

rotective  coating,  (4)  394 
oiled,  magnetic  properties,  (4) 

193 

licon,  (4)  391 

licon,  transformer  cores,  (6)  33 
oecifio  heat,  (4)  130 
ructural,  costs,  (10)  588 
>nsile  properties,  (4)  128 
ingaten.  <£)  392 
medium,  (4)  393 

(References  are  to  Motions  and  paragraphs— not  pages) 
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wire  and  cable,  (4)  395  to  398 
trolley,  properties,  (4)  124 
Stefan-Boltsmann  law,  (3)  360,  (14) 
3 

Steinmets’s  hysteresis  formula, 
(2)  95 

Steradian,  value  in  solid  angles,  (1) 
131 

8tern-asbeeton,  properties,  (4)  326 
condensite,  properties,  (4)  326 
Sternoid,  electrical  properties,  (4) 
326 

Stewart,  Graeme,  Chicago  fire  boat, 
description.  (18)  66 
Stillwell  regulator,  (9)  19 
Stokers,  automatic,  (10)  88 
accessories,  (10)  82 
combustion  efficiency,  (10)  21 
forcing  capacity,  (10)  89 
overfeed  type,  (10)  72 
underfeed  type,  (10)  73 
boilers,  (10)  61  to  90 
chain  grates,  classification,  (10) 
66 

classification,  (10)  64 
costs,  large  installation.  (10)  90 
engines,  (10)  83 
labor,  (10)  75 
maintenance  costs,  (10)  74 
overfeed,  (10)  65 
specifications,  (10)  87 
underfeed,  (10)  67 
underfeed,  classification,  (10)  68 
Stoking,  hand,  anthracite  coal,  (10) 
70 

bituminous  coal,  (10)  71 
Stone,  crushing  strength,  (4)  409 
properties,  (4)  400  to  409 
Storage,  batteries,  (17)  124  to  132, 
(20)  45  to  51,  (also  see  batteries), 
coal,  h0)  148 

Stott,  H.  G.,  operating  and  main- 
tenance costs,  classification,  (10) 
907 

Strain,  definition,  (1)  42 
Strand,  concentric,  definition,  (4) 
55,  (24)  9007,  (also  see 

cables). 

pitch  or  lay.  (4)  57 
definition,  (24)  9003 
Stranded,  conductor,  definition,  (24) 
9002 

wire,  definition,  (24)  9005 
Stray  currents,  (see  electrolysis). 

losses,  definition,  (7)  126 
Stream,  flow,  (10)  646  to  666 
Basins'  formula,  (10)  615 
Beardsley's  formula  (10)  628 
Bernoulli's  theorem,  (10)  603 
Chesy’s  formula.  (10)  625 
choice  of  methods,  (10)  665 


climate,  (10)  655 
‘ a,  (10)  655 


data, 
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Stream— continued . 

drainage  area,  (10)  664 
effect  of  ice,  (10)  666 
entrance  lota,  (10)  631 
formulas,  (10)  605  to  645 
Francis  formula,  (10)  613 

friction  factors,  (10)  626 

Fteley  and  Stearns  formula,  (10) 

gaging,  stations,  (10)  658 
neadgates,  (10)  607 
in  channels,  (10) > 624 
measurements,  (10)  605  to  645, 
660  to  666 

current  meters,  (10)  662  to  664 
floats,  types,  (10)  642 
pitometer,  (10)  637 
rod  floats,. (10)  643 
application,  (10)  644 
limitations,  (10)  645 
venturi  meter,  (10)  636 
meters,  (10)  637 
nossles,  (10)  632 
open  streams,  (10)  660, 
orifices,  (10)  605 
formula,  (10)  606 
piesometers,  (10)  640 
pitometer,  calculation,  (10)  641 
pondage,  definition,  (10)  654 
rainfall  map,  (10)  650 
records,  flO)  648 
run-off,  (10)  647 
daily.  (10)  653 
monthly, 

percentage,  (10)  651 
sluioe  gates,  (10)  607 
Smith’s  formula,  (10)  614 

'tS’/ISio..,  (10.  657 

"MKbleo.  (10)617.  618 
measurements,  procedure, 

610  . 

Strength,  dielectric,  definition,  (2) 
133 

of  materials,  (see  materials). 
Stress,  definition  (1)  43 

columns,  combination  of  compres- 
sion and  bending.  (33)  22 
unit,  safe,  beams,  steel,  (23)  10 
wooden,  (23)  11  . 

working,  columns,  wooden,  U*) 
23 

Stroboscopic  method,  slip  measure- 
ment, (o)  285 

Strontium  electrochemical  proper- 
ties, (19)  170  . _ , 

Strowger  automatic  telephone 
system,  (21)  65 

Structural  materials,  (4)  371  to 
431 

Streints  e.m.f.  equation  for  storage 
batteries,  (20)57 
Stubs’  wire  gage,  (4)  16,  10 


Stream — Sulphur 

Submersible,  switching  devices,  defi*! 

nition.  (24)  7041  , 

Substations  (11)  217  to  227,  (12)| 
51  to  85  , 

; ammeters,  switchboard,  (11)73 

I battery  rooms,  (12)  78 

boosters,  usein,  (12)  76 

'uUv(10)  . 


direct  current  cystoma,  112)58 
duplicate  distribution,  (12)  a 
high  tension,  (11)  221  (12)  8 
number,  (12)  74 
bushings,  condenser  type.  (11)  3 
choke  coils,  mounting,  (11) 
classification.  (12)  53 
connection  to  transmuwon  nn* 
(11)  88 

definition,  (24)  5032 
direct  current,  (12)  62 
electric  railways,  (16)  365  to  38V 
apparatus  arrangement,  (16)  3) 
duplicate,  (16)  375 
automatic,  advantage,  (16  < * 
operation,  (16)  379 
protective  features,  (16)  « 
wiring  diagrams,  (16)  3 
automatically  controlled  U 

. 377  „ 

portable,  (16)  376 
types,  (16)365 
entrance  3 

entrances,  roof.  (11)  224 
feeder  panels,  (12)  71 
frequency  changers,  (12)  w 
function.  (12)  51 
general  features,  (12)  54  , 

location,  (12)  52 
motor-generator  sets,  nai-n 

(12)  64  3 

outdoor,  (11)  227 
outlets,  horn-gap.  (11)  224 , 
protective  equipment,  tocr ' 
(11)  219  ‘ 

motor  generator  seta.  (7J*  | 
storage  battery  reserve,  (12J 
switches,  disconnect,  (12)  M 
knife,  (12)  75  ^ £ 

,witd5£»idi2>bS>  t»«*.  I 
80 

low  tension.  (12)  70  , 

synchronising  equipment.  U- 
synohronoue-converter,  (uj 
equipment.  (16)  370 
transformer.  (12)  56 
installation*,^  11)  218 
voltmeters,  switchboard,  (14 
wiring  diagram.  (11)  225  i 
Sulphur,  electrical  properties.  (4 1 
electrochemical  properties, 

170 
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lphurio-aoid  solutions,  table  of, 


perbeatera,  (10)  12,  460  to  476 
location.  (10)  13 
ratios,  (10)  16 
ratios,  (10)  28 
surface,  calculations,  (10)  33 
rfaoes,  diffusing,  definition,  (24) 
11020 

ratio,  ship  propellers,  (18)  14 
redirecting,  definition,  (24)  11021 
icattering.  definition,  (24)  11022 
rge  impedance  definition,  (2)  160 
ftceptance,  capacity,  (2)  242 
definition,  symbol,  unit,  (11)  68 
sceptibility,  definition,  (2)  62 
itch,  switches,  automatic  battery, 
(22)  174 

telephone  line,  (21)  67 
iiuriliary,  definition,  (24)  7004 
sell  mounting,  (10)  816 
sirouit-breakers,  oil,  (10)  812 
compartments,  (10)  876 
control,  definition,  (24)  7003 
current  capacity,  (10)  780 
definition,  (24)  7001 
disconnect,  costs,  (10)  804 
substations,  (12)  82 
electric,  elevator,  car  safety,  (16) 
138 

control,  (16)  131 
final  hatchway-limit,  (16)  136 
governor,  (15)  137 
hoist  motor,  (15)  108 
dectrolier,  (13)  42 
md-cell,  (20)  161 
our- way,  (13)  43 

t tests,  definition,  (24)  7301 
e,  (13)  44 
• ibstations,  (12)  75 
emetic,  d-c.  starter.  (15)  511 
control,  vehicles  electric, 
, 123 

•ter,  definition,  (24)  7002 
fr  department  type,  (12)  85 
*t,  (10)  819 

mounting,  (10)  814 
.Ct  control,  (10)  813 
• -mting,  (10)  808 

orating  methods,  (10)  815 
r jmote  control,  (10)  811 
substations,  types,  (12)  83 
tank  type,  (12)  84 
three  phase,  rating,  (10)  810 
wall  and  framework  mounting, 
(10)  809  . 

operation,  source  of  energy,  (10) 
817 

rating,  definition,  (24)  7201 
room,  telephone,  definition,  (24) 
12278 

lafety,  industrial  trucks  and 
tractors,  (17)  83 

leries,  operating  magnet,  (15)  515 


Switch — continued, 
single-throw,  cost  per  pole,  (10) 
781 

snap,  (13)  41 

star-delta,  a-c.  motor  starters, 
(15)  505 

starter,  magnetio  lock-out,  (15) 

. 516 

structures,  cost,  (10)  876 
studs,  connections,  costs,  (10)  779 
current  capacity,  (10)  779 
substations,  end-cell,  battery  re- 
serve, (12)  79 

telephone,  automatic,  mounting, 
(21)70 
hook,  (21)  29 
three-way,  (13)  43 
wiring,  (10)  870 

Switchboards,  approximate  costs. 
(10)  830 
care,  (10)  834 
costs.  (10)  831 
double-polarity,  (10)  766 
feeder  panels,  instruments,  (10) 

fittings,  (10)  774 
generator  panels,  instruments, 
(10)  821 

high  tension,  substations,  (12)  80 
cost,  (10)  789,824 
generators  panels,  (10)  821 
protection  from  stray  fields,  (10) 
788 

required,  (10)  766 
low  tension,  (12)  70 
merchant  marine,  (22)  119 
multiple-voltage.  (10)  767 
operation,  (10)  834 
panels,  grouping,  (10)  833 
materials  used,  (10)  776 
types,  (10)  771 
relative  costs.  (10)  829 
section,  telephone,  definition,  (24) 
12224 

shunts,  marking  of,  (24  ) 8503 
single-polarity,  use,  (10)  763 
standard  panels,  cost,  (10)  790 
station  panel,  instruments,  (10) 
823 

supports,  (10)  773 
telegraph,  (21)  113 
telephone,  automanual  system, 
(21)  74 

automatio,  (21)  64  to  75 
connectors,  (21)  68 
costs,  (21)  72 

fundamental  features,  (21)  64 
full,  (21)  65  to  72 
line  switch,  (21)  67 
line  switch  mounting,  (21) 
70 

numerous  systems,  (21)  65 
operation,  (21)  69 
selectors,  (21)  71 
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8 witch  boards — continued . 

common-battery,  noise 
prevention,  (21)  63 
cord  cirouiU,  (21)  56 
line  circuit,  (21)  54 
power  plants,  (21)  60 
loool-battery,  cord  circuit  wir- 
ing, (21)  44 
manual,  (21)  30  to  52 
multiple  jacks,  (21)  48 
transfer  trunks,  (21)  47 
wiring,  (21)  50 

manual  common-battery,  (21 ) 
53  to  63 

essential  elements,  (21)  39 
line  jacks.  (21)  43 
line  signals,  (21)  42 
multiple,  (21)  41 
non-multiple,  (21)40 
sises.  (21)  46,  55 
ringing  energy,  (21 ) 52 
semi-automatic,  (21)  73  to  75 
Clement  system,  (21)  74 
three  wire,  use,  (10)  764 
types,  (10)  828 
wiring,  layout,  (10)  775 
Switching,  ft-c.,  (10)  799  to  836 

Soup,  (10)  800 
Bh-tension  power  stations. 
(10)  801 

principles,  (10)  799 
apparatus,  dielectric  strength  test, 
(24)  7323 

life  expectancy,  (10)  900 
oonstant-current  series,  (10)  791 
to  798  | 

definition,  (24)  7000 
d-c.,  (10)  761  to  790 
classification,  (10)  761  i 

equipment,  paper  and  pulp  mills, 
(15)  353 

exoitation  applic&noesr  (10)  749 
grounded  neutral,  (10)  802 
low-tension  d-c.,  power  plants, 
(10)  761  to  790 

praotioe,  series  systems,  (10)  793 
Thury  system.  (10)  797 
transmission  lines,  (11)  97 
high-tension,  (11)  98 
low-tension,  (11 ) 98 
outdoor  stations,  (11)  226 
Symbols,  instantaneous  values,  (24) 
8608 

maximum  values,  (24)  3608 
Synchronism  indicators,  (3)  287 
measurements,  (3)  287  to  291 
lamp  method,  (3)  288 
Synchronising,  converters,  syn- 
chronous, (9)  72 

equipment,  power  plants,  (10) 
825 

methods,  neoessary  conditions, 

mht 

motors,  (7)  84  to  86 


Synchronising — continued.  * 
with  lamps,  (7)  85  1 

power,  definition,  (7)  73  \ 

condenser,  definition.  (24)  4 015] 
converter,  definition,  (24)  4910  i 
machine.  (24)  4019 
phase  advancer,  definition,  (2) 
4015 

Synchroscope,  definition,  (7)  9 
(24)  8005 

General  Electric,  (3)  291 
Westinghouse,  (3)  289 
Weston,  (3)  290 


Tachometers,  (3)  334 
Tail  race,  hydraulic  power  plan 
(10)  691 

Tsinter  gates,  hydraulic  per* 
plants,  (10)  702 
Talc,  insulating  properties.  (4)  2 
Tangent,  galvanometers,  (3) 
natural  (1)  154 

Tantalum  filament,  lamps,  (14! 

properties,  (4)  141 
Tapes,  adhesive.  (4)  306 
friction,  (4)  306 
insulating,  (4)  902  to  308 
Targets,  U.  8.  Army,  (22)  1 
Taxes,  definition,  (25)  30 
distribution  systems,  (12)  223 
power  plants,  (10)  894 
Taylor  connection,  t wo-pfei 
transformation,  (6)  153 
Telautograph,  (21)  114 
Telegraph,  (21)  1 to  263 

a-c.  selector  system,  (21)  I 
alphabets,  Morse  and  Coetine* 
(21)  90 

artificial  line,  use  of,  (21)  105 
bibliography,  (21)  263 
bridge  duplex,  (21)  100 
polar  duplex,  (21)  101 
quadruplex.  Western  w 
type,  (21)  108 
composite  sets,  (21)  117 
continuity  test,  (21)  254 
currents,  required  operating.  { 
98 

d-c.  selector  systems,  (21) 
definitions  and  standards, 
12000  to  12519 
duplex  working  through  c 
positesets,  (21)  118 
energy,  sources,  (21)  94 
Fiela  key  system,  (21)  103 
insulation  resistance,  (21)  261 
construction,  (21)  207  to  25 
magnets,  (5)  60 
magneto  test  set,  (21)  255 
Morse  characters,  (21)  89 
Murray  loop  test,  (21)  260 
phantoplex,  (21)  110 
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>honoplex,  (21)  111 
>olar  duplex,  (21)  99 
>rotectore,  (21)  152  to  163 
protection,  general  practice,  (21) 
153 


luadruplex,  Poetal  improved  type, 
(21)  104 

elaye,  adjustment,  (21)  96 
main-line,  (21)  95 
•epee tens,  duplex  and  quadruples, 
(21)  108 

half-set,  (21)  109 
single-line,  (21)  106 
Milliken,  (21)  107 
use  of  automatic,  (21)  206 
dmplex  and  composite  sets,  (21) 
115  to  119 
sets,  (21)  116 
tounders,  (21)  97 
iwitchboards,  (21)  113 
ty stems,  classification,  (21)  4 
engine,  (22)  109 
Morse  closed-circuit,  (21)  91 
manual,  (21)  88 
open-circuit.  (21)  92 
private,  classified,  (21)  7 
definition  (21)  6 
public,  definition,  (21)  5 
simplex  or  single-working,  (21) 
93 


standard  manual,  (21)  88  to  114 
testing,  (21)  252  to  262 
ground  location,  (21)  258 
location  of  a cross,  (21)  257 
open,  (21)  256 
trouble  location,  (21)  253 
to  moving  trains,  (21)  112 
train  dispatching  system,  (21) 
120 

booth  sets,  (21)  128 
intercommunicating  features, 
(21)  123 

iron-box  sets,  (21)  127 
transmission,  (21)  199  to  206  (also 
see  transmission). 

[J.  8.  Army,  (22)  139 
Parley  loop  test,  (21)  259 
legraphone,  (22)  271  to  281 
idaptationa,  (22)  275 
amplification  of  weak  voice 
currents,  (22)  276 
iiotating  machine,  (22)  280 
>bliterating,  (22)  273 
>honograpnic  usee,  (22)  279 
Poulsen,  (22)  272 
•ecorders,  (22)  274 
-ecording,  (22)  273 
epetition  of  telephone  messages, 
use  for,  (22)  278 
clephone,  type  for  connection 
to  ordinary,  (22)  277 
heory,  (22)  271 

vireless  receiver,  use  as,  (22)  281 


Telegraphy,  (21)  1 to  263  (also  see 
telegraph). 

definitions  and  standards,  (21) 
1 to  12,  (24)  12000  to  12519 
simultaneous  telephony  and,  (21) 
115 

wireless,  U.  8.  Army,  (22)  142 
Telharmonium,  (22)  282  to  286 
mixed  tones,  (22)  286 
circuits,  (22)  283 
connections,  (22)  285 
general,  (22)  28 2 
theory  of  operation,  (22)  284 
Telephone,  telephones,  (21)  1 to  263 
apparatus,  nomenclature  and  defi- 
nitions, (24)  12000  to  12519 
arresters  or  open-space  cut-outs, 
(21)  156 

sneak-current,  (11)  159 
vacuum,  (21)  257 
automatic,  selectors,  (21)  71 
system,  line  switch,  (21)  67 
operation,  (21)  69 
bells,  polarised,  (21)  24 
bibliography,  (21)  263 
bridal  cable,  (21)  225 
bridging  sets,  common-battery, 
(21)  38 

magnets  or  local-battery,  (21) 
34,  36 

cables,  (21)  143  to  151  (also  see 
cables). 

circuits,  message,  (21)  124 
phantom,  (21)  81  to  87 
cods,  heat,  (21)  169 
inductance  or  Pupin,  (21)  193 
repeating  and  impedance  for 
phantom  circuits,  (21)  87 
retardation  and  repeating,  (21) 
57 

composite,  ringers,  (21)  119 
sets,  (21)  117 
condensers,  (21)  30 
rating,  table,  (5)  168 
sises,  table,  (5)  168 
cord-circuit,  repeating-coil  type, 
(21)  45 

wiring  of,  (21)  44 
currents,  measurements,  (3)  109 
definitions  and  standards,  (24) 
12000  to  12519 
dry  cells,  tests  for,  (20)  41 
ducts,  underground,  (21)  246 
exchanges,  batteries,  storage  for, 
(20)  175 
fuses,  (21)  155 

frames,  distributing,  (21)  49,  58 
generators,  battery-charging,  (21) 
61 

ringing'  (21)  62 

ground  wires,  (21)  158 
ook  switch,  (21)  29 
induction  coils,  (21)  19  (also  see 
induction  coils) 
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Telharmonium — continued. 

instruments,  standard,  (21 X 13  to 
38 

intercommunicating  systems,  (21) 
12,  76  to  80 
equipment,  (21)  77,  79 
line  capacity,  (21)  80 
operation,  (21)  78 
balancing  coils.  (21)  170 
cablenngs,  (21)  239 
connectors,  test,  (21)  226 
construction,  (21)  207  to  251 
continuity  test.  (21)  254 
cost  balance  between  open  wire 
and  cable.  (21)  197 
cross-talk,  (21)  164  to  175 
, between  parallel  grounded 
circuits.  (21)  165 
metallic  circuits,  (21)  166 
cross-arms,  location  of,  (21)  217 
weights  and  dimensions  of, 
(21)  215,  216 
drainMe  coils,  (21)  171 
grounded,  (21)  33 
guying,  (21)  220 
guy  strand,  (21)  221 
unpedanoe,  (21)  187 
Induced  electrostatic  charge, 

Jll)  203 

uctive  disturbances,  (21) 
164  to  175 

interference  * single-phase 
traction  systems,  (21)  175 
insulation  resistance,  (21)  261 
insulators,  (21)  227 
joint  construction,  (21)  234 
lino-wire  joints,  (21)  223 
manholes,  (21)  -248 
messengers,  (21)  236 
span,  sag  table,  (21)  238 
stresses.  (21)  237 
wire,  grounding  of,  (21)  243, 
244 

metallic,  (21)  32 
patrol  systems,  (21)  10 
phantom  transposition,  (21) 
169 

pins,  insulator,  (21)  219 
spans,  (21)  213 
stresses,  (21)  231 
surge  impedance,  (21)  187 
tie-wire,  (21)  224 
transpositions,  systems,  (21) 
167  to  174,  229,  230 
underground  conduit  construc- 
tion, (21)  245 

use  with  transmission  lines, 
(11)  202 

wire,  sag  table,  (21)  228 
sises.  (21)  222 
spans,  stresses,  (21)  231 
load  dispatching  systems,  (21), 
, 9,  133 

local  lines,  types,  (21)  81 


(21) 


Telharmonium — continued, 
magneto  generators,  (21 ) » 
windings  and  ratings,  (21 
test  set,  (21)  255 
magnets,  (5)  60 
Murray  loop  test,  (21)  260 
patrol  systems,  (21)  134 
polarised  bells,  resistances,  (21 
private  oommunicatum  qnfc 
(21)  11 

protection,  general  practice,  (I 
153 

protectors,  (21 ) 152  to  163 
extra  insulation.  (21)  163 
special,  (21)  161 
standard,  (21)  154 
racks,  relay.  (21)  59 
receivers,  (21)  20 
continuous-current, 
hook.  (21)  28 
resistance  and  impedance,  (a 
23 

terminals,  (21)  21 
repeaters,  (21)  198 
ringers,'  (21)  24 

composite,  (21)  119 
dynamotor,  (9)  131 
ringing  energy,  (21)  52 
senes  sets,  magnets  or  b m 
battery.  (21)  35,  37 
sets,  automatic  service,  (21)  61 
simplex  sets,  (21)  116 
speaking  tubes,  merchant  mans 
(22)  111  n 
stools,  insulating,  (21)  162 
switchboards,  automatic,  Cn 
64  to  75  (also  see  rritd 
boards). 

local-battery  manual.  (21) 
52 

systems,  classification,  (21)  2 
dispatching  and  patrol, 
120  tol34 

private,  classified,  (21)  7 
definition,  (21)  6 

J public,  definition,  (21)  3 
egraphone  for  connection  a 
(22)  277 

testing,  (21)  252  to  262 
ground  location,  (21)  258 
location  of  a cross,  (21)  257 
open,  (21)  256 
trouble  location,  (21)  253 
test  sets,  linemens*  (21)  133 
train  dispatching  systems,  (211 
booth  sets,  (21)  128 
fish  poles,  (21)  131 
iron-box  seta,  (21)  127 

Sounded,  (21)  85 

entical  side  circuits,  ® 
(21)  84  , 

impedance-coil  type,  (21  \ 
in  cable,  (21)  86 
repeating-coil  type,  (21)  i»- 
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jack  boxes,  (21)  130 
portable  sets,  (21)  129 
transfer  trunks,  (21)  47 
protective  or  insulating,  (21 ) 160 
transmission,  (21)  176  to  198, 
(also  see  transmission), 
table  of  equivalents,  (21)  191, 
192 

transmitters,  (21)  14 
batteries,  (21)  18 
high-resistance,  (21)  16 
low-resistance,  (21)  16 
solid  back,  (21)  17 
trunking  between  automatic  and 
manual  switchboards,  (21)  75 
U.  8.  Army,  (22)  139 
Varley  loop  test,  (21)  259 
wireless,  (21 ) 292  to  294 
application,  (21)  294 
general  principles,  (21)  292 
transmission,  range,  (21)  293 
wiring,  (13)  131 
'elephony,  (21)  1 to  263 
definitions  and  standards,  (21) 
1 to  12,  (24)  12000  to  12519, 
(also  see  telephone), 
simultaneous  telegraphy  and,  (21) 
115 

wireless,  U.  S.  Army,  (22)  142 
'elpherage  systems,  (15)  234  to  246 
classification,  (15)  234 
installation  costs,  (15)  246 
'ciphers,  automatic,  (15)  234 
brakes,  (15)  239 
clearance,  (15)  236 
energy  supply,  (15)  237 
freight  handling,  (15)  245 
motors,  (15)  238 
performance,  (15)  243 
terminal  work,  (15)  244 
suspension,  (15)  235 
trackage,  (15)  240 
tracks,  movable  or  fixed,  (15)  242 
supports,  (15)  241 
’emperature,  ambient,  definition, 
(24  ) 3000 

deviation  correction  during  test 
of  air-blast  transformer,  (24) 
6311 

measurement  during  tests,  (24 ) 
2300,  4300,  6300 
meters,  (24)  8201 
reference,  (24)  2211,  2212 
rise,  (24)  2310 

coefficient  of  copper,  (24  ) 2321 
copper,  table,  (4)  40,  43,  (24) 

mass  resistance,  definition,  (4) 
42 

of  resistance,  (4)  7 
control,  automatic,  (3)  384 
correction  to  time  of  shutdown, 


Temperature — continued, 
definition,  unit,  (1)  87 
detectors,  location  of  embedded, 
(24)  2323 

difference,  conductors,  (7)  98 
distribution,  electric  welding,  (22) 
42 

final,  electric,  (22)  30 
gradient,  synchronous  machines, 
(7)97 

transformer  coils,  (6)  73 
high  voltage  tets,  (24)  2352 
hottest  spot,  the  primary  point  of 
reference,  (24)  1013 
limiting  observable,'  (24)  1006 
hottest  spot,  (24)  1005 
observable,  oil,  (24)  1007,  2232 
observable,  transformer  oil, 
(24)  6202 
limits,  (22)  28 

automobile  propulsion  mar 
chines,  (24)  5130 
circuit-breakers,  (24)  7101 
electric  machines,  (24)  4105  to 
4110 

fuses,  (24)  7105 
magnetic  contactors,  (24)  7102 
railway  motors  in  continuous 
service,  (24)  5101 
relays.  (24)  7101 
resistors,  cast  grid,  (24)  7106 
special  cases,  comments  on,  (24) 
1012 

substation  machines,  (24)  5120 
transformers,  (24)  5120 
switches,  (24)  7101 
machine,  tests  of,  (24)  2310  to  2316 
rises  limiting  observable,  table 
200,  (24  ) 2230 

maximum,  in  service,  (24)  4110 
•measurements,  boiler  tests,  (10) 
439 

conventional  allowances,  (24) 
1003 

embedded  detector  method, 
table  100,  (24)  1002 
general  comments,  (24)  1010, 
1011 

heat  run,  (24)  2315 
low  resistance  circuit,  (24  ) 2321 
machine  stators,  (24)  4321 
methods,  (24)  1001,  1002 
thermometer  method,  table  100, 
(24)  1002 

transformers,  (6)  222,  (24)  6320 
resistance  method,  table  100, 
(24)  1002 

rules  for  correcting,  (24)  2316 
metallic  parts  of  machines,  (24) 
2116 

permissible  for  insulation,  (24) 
2104 

railway  motors,  continuous 
service,  table  601,  (24  ) 5101 


(24)  1015 
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reference,  standard  ambient,  (24) 
1008 

rise,  instrument  windings,  (24) 
8203 

limiting  observable,  (24)  1000, 
2230 

observable,  the  working  stand- 
ard, (24)  1014 
meter  windings,  (24)  8203 
shunto,  (24)  8204 
shunto,  measurement  of,  (24) 
8300 

stand-test,  railway  motors,  (24) 
5203  * 

transformer  coils,  average,  (6) 
57 

maximum,  (6)  56 
using  class  A insulation, 
table  601,  (24)  6201 
scales,  (3)  336 

shunto,  permissible,  (24)  8101 
standards,  (3)  382,  383 

reference  instrument  character- 
istics, (24)  8301 
meter  characteristics,  (24) 
8301 

tests,  converters,  synchronous, 

(0)  02 

duration  of,  (24)  1015,  2312 
to  2314 

machines  with  small  ventilating 
apertures,  (24)  4316 
transformers,  loading  methods, 
(24)  6317 

Tennessee,  U.  8.  N.  description,  (18) 
76  # , .. 

Terminals,  transformers,  classifica- 
tion, (6)  48 

condenser-type,  (6)  40 
oil-insulated  type,  (6)  50 
outdoor,  design,  (6)  01 
Tertiary  windings,  delta  connected, 
(6)  156,  157 
functions,  (6)  150,  160 
star-star  connected,  core-type 
transformers,  (6)  158 
Test-connectors,  telephone  lines, 
(21)  226 

Test-sets,  telephone  linemens*,  (21) 
132 

Tests,  ambient  temperature 
measurements,  (24)  2300 
A.I.E.E.  standards,  (24)  2300  to 
2401 

assembled  apparatus,  (24)  2357 
automobile,  starting  data,  (22) 
78 

cables,  (24)  0300  to  0334 
cadmium,  battery,  (20)  60 
calorific,  coal,  (10)  424 
dielectric,  spark  gaps,  use  of,  (24) 
2350 

strength,  (24)  2350  to  2370 


Tests — continued. 

voltage  measurement,  (24 ) 
2358 

voltmeters,  use  of.  (24)  2356 
dry  cells.  (20)  35 
efficiency,  (24)  2331  to  2331 
machines,  electric,  (24)  4334 
to  4343 

storage  batteries,  (20)  107 
friction  coefficients,  dcternrifi*- 
too®,  (16)  204 

heat,  circuit-breakers,  (24)  7301 
magnetic  contactors,  (24)  7302 
relays,  (24  ) 7301 
switches,  (24  ) 7301 
high  voltage,  point  of  applica- 
tion, (24)  2353 
temperature  of,  (24)  2352 
where  made,  (24)  2351 
induction  apparatus,  (24)  6300 
to  6301 

instruments,  (24)  8300  to  8312 
insulation  resistance,  (24)  23*0 
to  2382 

lightning  arrestors,  (24)  7371  to 
7375  , v 

machines,  electric,  rotating,  (24) 
4300  to  4305  . 

machine  temperatures,  (24)  23 IQ 
to  2316 

meters,  (24)  8300  to  8312 
porosity,  metallic-arc  addin*. 
(22)  65 

qualitative,  dry  eefls.  (20)  37 
railways,  electrie,  (24)  5337  tri 
5341 

service,  dry  cells,  (20)  40 
shelf,  <fry  oeU»T(S0>  » : 

ships,  engines  vs.  turbines,  (IS1 » 
standards,  d-c.  watthour  meter, 
(3)  216 

telephone  transmission,  (21)  1®, 
100 

temperature,  duration,  (24)  1015, 
2312  to  2314 
oil  cup,  use  of.  (24)  2301 
transformers,  (24)  6300  to  6391 
voltage,  duration  of  appucstoa 
(24)  2355 

frequency  of.  (24)  2354 
switching  apparatus,  (24)  13* 
wave  shape.  (24)  2354 
wires,  (24)  0300  to  0334 
Testing,  armature  resistance,  <W 
small  motor,  (8)  261 
boiler.  (10)  415 

cables,  nigh- voltage  high-tons* 
(H>  214 

cement,  standard  methods,  4 
401 

compressors,  air,  (15)  180 
condensers,  (10)  431  1 

converters,  synchronous,  (v)  n 
to  04 
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loading  back  method,  (9)  92 


saturation,  (9)  93 
temperature,  (9)  92 
voltage  regulation,  (9)  91 
i-c.  machines,  (8)  257  to  276 
acceptance  test,  (8)  275 
Blondel’s  loading  back 
method,  (8)  264 
brush  loss,  (8)  259 
field  coil  resistance,  (8)  262 
friction,  (8)  258 
heat  run,  (8)  272 
Hopkinson's  method,  (8)  266 
insulation  resistance,  (8)  273 
iron-loss,  (8)  258 
Kapp's  method,  (8)  267 
load,  (8)  263 

saturation,  (8)  271 
no-load  saturation,  (8)  258 
puncture  test,  (8)  274 
purpose,  (8)  >257 
regulation,  (8)  265 
shop  test,  (8)  276 
motors,  series,  load,  (8)  268 
small,  (8)  260 
duration  of  tests,  (10)  442 
elevators,  electrio,  (15)  153 
engine,  (10)  427 
oil,  (10)  580 

extra-high-voltage,  transformers 
for,  (6)  206 

fans,  turbine  driven,  (10)  435 
frequency  of  observations,  (10) 
441 

fuel  oils,  (3)  396 
generators,  a-c.,  (7)  148  to  154 
artificial  loading,  (7)  148 
d-c.  arc,  (8)  270 

high-voltage,  wave  form,  (3)  277 
Holyoke  flume 

instrument  transformers,  (6)  227 
insulators,  (11)  81 
magnetic,  precautions,  (3)  321 
magnets,  (5)  112  to  117 
methods,  details  of,  (24)  2320  to 
2323 

photometric,  (14)  297  to  302 
discussion  of  results,  (14)  302 
sampling,  (14)  300 
precautions  for  avoidance  of 
error.  (14)  299 

principles  of  comparison,  (14) 
301 

precision.  (10)  443 
power-plants,  gas,  (10)  546  to 

steam,  (10)  415  to  448 
continuous,  (10)  436 
prony  brake,  (8)  269 
pumps,  boiler  feed,  (10)  482 
electric,  (10)  434 
steam,  (10)  433  # 

sets,  insulation  resistance,  (3)  139 


Testing — continued . 
storage  batteries,  alkaline,  (20) 

227 

lead,  (20)  103,  104 
synchronous  machines,  (7)  148 
to  154 

retardation  measurement,  (7) 
154 

telegraph,  (21)  252  to  262 
telephone,  (21)  252  to  262 
transformers,  (8)  212  to  228 
classification,  (6)  212 
disruptive,  (6)  226 
efficiency  of  cooling,  (6)  219 
for  correct  assembly,  (6)  214 
heat,  (6)  223 

instruments  used,  choice,  (6) 

228 

insulation,  (6)  224 
methods  of  loading,  (6)  221 
overpotential,  (6)  226 
polarity,  (6)  215 
shop  tests,  (6)  213 
turbines,  (10)  429 

hydraulic,  (10)  706  to  714 
water  wheels,  (10)  706  to  714 
watthour  meters,  (3)  209  to  224 
Textile  mills,  (see  mills). 

Thallium,  refining,  (19)  224 
Theatre,  dimmers,  (5)  202  to  206 
Theisen  gas  washer,  (10)  481 
Thermal-capacity  curves,  railway 
motors,  (16)  129  v 
application,  (16)  131 
Thermionic,  rectifiers,  (6)  277 
Thermochemical  data,  (19)  40 
equation,  (19)  39 
Thermo-chemistry,  (19)  38  to  43 
constants,  (19)  180 
arid  elements,  (19)  183 
arid  radicals,  (19)  182 
basic  elements,  (19)  181 
Thermocouples  and  batteries,'  (2)  8 
Thermometry,  (3)  336  to  340 

bibliography,  (3)  386 
Thermostat,  fire-alarm  systems,  (21) 
139 

calibration,  table,  (3)  343 
cold  junction  corrections,  (3)  347 
correction  factors,  (3)  348 

compensators,  (3)  349 
installations,  (3)  350 
materials,  (3)  342 

Thermo-dynamics,  steam  engine, 
(10)  163  to  218 
turbines,  (10)  219 
Thermoelectric  effects,  (22)  215 
Thermometer,  covering  of,  (24)  2320 
calorimetric  mercury,  types,  (3) 
340 

emergent  stem,  corrections,  (3)  339 
high  temperature,  (3)  337 
low  temperature,  (3)  338 
resistance,  adaptability,  (3)  357 
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Third-rails,  composition,  (16)  339 
suggested  specifications,  (16) 

conductivity,  (16)  338 
construction,  (16)  327  to  343 
insulators,  (16)  333 
jumpers,  (16)  332 
leakage,  (16)  335 
location,  (16)  330,  331 
maintenance,  (16)  342 
overrunning-contact,  (16)  328 
protected,  ft  6)  329 
protection,  sleet  and  snow,  (16) 
343 

resistance,  including  bonds,  (16) 
341 

roads  using,  (16)  330 
shoes,  (16)  336 

current  capacity,  (16)  337 
underrunning,  (lo)  334 
Thomas  chart,  span  sag  and  stress, 
(11)  116  to  120 
electnc,  calorimeter,  (10)  426 
gas  meter,  (3)  420 
steam  meter,  (3)  428 
Thompson's  8.  P.,  permeametar, 
(3)  309 

process  of  electric  welding,  (22) 
41  to  44 

welding,  electric,  power  absorbed, 
(22)  44 

Thomson's  rule,  chemical  e.m.f^ 
calculation,  (19)  53 
error.  (19)  55 
effect,  (2)  5 

Houston,  d-c.  generator,  (8)  210 
machine,  rating,  (8)  211 
regulator.  (8)  212 
inclined  coil  voltmeter,  (3)  67,  68 
method  of  mixtures  capacitance 
measurements,  (3)  261 
repulsion  motor,  (7)  292 
Threads,  pipe  and  screw,  table,  (23) 
43 

Thury  regulator,  (8)  217 
system,  d-c.  transmission,  (8)  216 
to  221,  (10)  795,  (11)  3 
advantages  claimed,  (11)  4 
disadvantages,  (11)  5 
insulation,  (8j  220 

machine  windings,  (10)  796 
regulation,  (10)  798 
switching,  (10)  797 
Thwing  pyrometers,  (3)  362 
Tiering  type,  eleotno  truck,  (17)  63 
Tile,  insulating  properties,  (4)  279 
clay,  crushing  strength,  (4)  408 
Timber,  bridge  and  trestle,  specifi- 
cations, (4)  422 
properties,  (4)  410  to  427 
strength  of  treated,  (4)  427 
structural,  standard  names  and 
defects,  (4)  418 
working  unit  stresses,  (4)  420 


Time,  definition,  unit,  (1)  26 
Tin,  electrolysis,  (16)  439 
refining,  (19)  221 
Tires,  industrial  truck,  table,  (17)  71 
solid,  mm  and  carrying  cspaeit} 
(17)42 

truck,  electric,  (17)  41 
Tirrill  regulator,  (8)  151,  (12)  §3 
costs,  (10)  750 
ex ci tors  for,  (10)  758 
large  d-c.  machines,  (10)  754 
small  d-c.  machines,  (10)  753 
Titanium-carbide  lamp,  (U)  115 
Toepler  influence  machine,  (22)  26C 
polarity  of,  (22)  261 
Tones,  mixed,  telh&nnomum,  (22 
286 

Tooth,  density,  design 
(7)95 

Torpedo-boat,  destroyers,  descry 
tion,  (18)  54 

Torque,  definition,  unit,  (1)  4$ 
electromagnetic,  formula,  (2)  40 
production,  (2)  40 
formulas,  induction  motors,  (7 
180 

instruments,  units.  (24)  8501 
magnetic,  displacement,  (2)  46 
maximum,  induction  raacfan, 
(7)  249 

measurements,  (3)  323 
formulae,  (3)  327 
large  values,  (3)  329 
motor,  d-c.,  equation,  (8)  159 
shunt,  (8)  161 
induction,  maximum,  (7)  184 
starting,  (7)  186 
stalling,  definition,  (7)  159 
starting,  motors,  induction,  <7 
263 

Towers,  steel,  advantages,  (11)  1& 
design,  (11)  169 
erection,  (11)  171 
protection  against  corrowc 
(11)  170 
setting,  (11)  173 
special  structures.  (11)  172 
transmission,  (11)  168  to  173 
transmission-line,  anchor,  (11 
135 

flexible,  (11)  134 
foundation  stresses,  (11)  132 
staking  of.  (11)  145 
stress  w,  (11)  131 
windmill,  height  of,  (22)  172 
Track,  circuits,  railway  signals.  (K 
392  to  403,  (abo  see  signsb 
impedance,  (16)  304  to  306 
railways,  (16)  400 
resistance,  (16)  303 
supports,  telphers,  (15)  241 
telphers,  movable  or  fixed,  (1? 
242 

Trackage,  telphers,  (75)  240 
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Traction,  electric,  (16)  1 to  381, 
(also  see  trains), 
bibliography,  (16)  472 
classification  of  systems,  (16)  2 
introduction,  (16)  1 to  3 
problems,  method  of  studying, 
(16)  3 

Tractive  effort,  locomotives,  electric, 
continuous,  definition,  (24) 
5213 

nominal,  definition,  (24)  5212 
Tractors,  commercial,  (17)  20  to  50 
electric,  axles,  (17)  28 

and  housings,  (17)  74 
chassis,  (17)  24 
commercial,  (17)  46 

types,  specifications,  (17)  47 
crane  type,  (17)  49 
draw  bar  pull,  (17)  69 
drive,  balanced,  (17)  32 
couple  gear,  (17)  34 
wheel,  systems,  (17)  33,  35 
worm,  (17)  31 

economic  field  of  application, 
# (17)21 

frame  design,  (17)  71 
industrial,  (17)  51  to  86 

methods  of  drive,  (17)  76  to  78 
specifications,  table,  (17)  80 
power  unit,  (17)  67 
semi- trailer  type,  (17)  48 
springs,  (17)  27 

steering  and  wheel  drive,  (17) 
70 

trailer  type,  (17)  46 
transmission,  (17)  75 
system,  (17)  29 
wheel  construction,  (17)  72 
trailer  system,  interplant  trans- 
portation, (17)  66 
Traffic  analysis,  (25)  72 
Trains,  adhesion,  coefficient,  (16) 
26,  27 

curve  friction,  (16)  22 
curves,  location,  (16)  21 
diagrams,  electric  railways,  (16) 
277 

dispatching  system,  (21)  120, 

(also  see  telephone), 
electric,  (also  see  railways), 
acceleration,  (16)  30 
energy  of,  (16)  87 
problem  of,  (16)  39 
rate  of,  (16)  33 
bibliography,  (16)  472 
brakes.  (16)  216  to  239 
braking,  (16)  203  to  239 
effort,  (16)  32 
energy  dissipated,  (16)  90 
rate  of,  (16)  34 
regenerative,  (16)  113  to  119 
car  bodies,  (16)  240  to  255 
energy  consumption,  (16)  77  to 
119 


Trains — continued. 

curves,  (16)  91,  92 
during  acceleration,  (16)  99 
diagrams,  (16)  37 
frequent-stop  service,  power 
input  (16)  102 

inertia  of  revolving  parts,  (16) 
60 

locomotive,  passenger  power 
input.  (16)  84 
required,  (16)  85 
motor  capacity,  (16)  120  to  144 
control,  (16)  145  to  196 

types,  (16)  196  to  202 
motor  car,  power  input,  (16)  83 
requirements,  (16)  82 
moving,  energy  consumed,  (16) 

power  capacity,  division  of, 
(16)  135,  136 
required  on  grades,  (16)  86 
to  move  from  rest,  (16)  89 
schedules,  limitations  of  the- 
oretical, (16)  70 
speed,  relation  to  frequency 
of  stops,  (16)  100 
service  interruptions,  treat- 
ment, (16)  101 
stops,  duration,  (16)  64 
effect  of  acceleration  on 
frequent,  (16)  67 
frequency,  (16)  65 
single-phase  equipment,  (16) 
138 

power  requirements,  (16)  137 
speed,  effect  of  curves,  (16)  68 
maximum  during  service  run, 
(16)  47 

with  series  motors,  (16)  53 
power  requirements  at  con- 
stant, (16)  81 

relation  between  maximum 
and  schedule,  (16)  66 
safe  on  track  curves,  (16)  69 
schedule,  (16)  63 
speed-time  curves,  (see  speed- 
time  curves). 

three-phase  equipment,  (16) 
139 

tractive  effort,  (16)  31 

effort  consumed  in  revolving 
parts,  (16)  61 
trucks,  (16)  240  to  255 
friction  constants,  (16)  7 to  9 
journal  bearings,  (16)  6 
rolling,  (16)  6,  22 
grades,  expression  of.  (16)  23 
maximum  allowable,  (16)  28 
ruling,  (16)  25 
virtual,  (16)  24 

locomotives  tonnage  rating,  deter- 
mination, (16)  29 
semaphore  signals,  control,  (21) 


(References  are  to  sections  and  paragraphs — not  pages) 


2119 

Digitized  by 


Google 


Trains — Transformer,  transformers 


Trains — continued, 
resistance,  (16)  4 to  29,  35 

calculated  vs.  actual  test  value, 
(16)  14 

complete  formula  for  any 
weight,  (16)  18 

expression  in  pounds  tractive 
effort,  (16)  5 
freight.  (16)  19 
frictional,  (16)  6 
power  required  to  overcome, 
(16)  88 

several  cars,  (16)  15 
single-car  operation  formula, 
(16)  13 
tests,  (16)  4 

with  different  numbers  of  cars, 
(16)  16 

skin  friction  along  surface  of 
succeeding  cars,  (16)  17 
track  curves,  expression,  (16)  20 
wind  resistance,  (16)  10 
car  shape,  effect,  (16)  12 
experiments,  (16)  11 
Train-ughting,  (22)  287  to  293 
x automatic  cut-out,  (22)  289 

axle-generator,  charging  regu- 
lators, (22)  288 
batteries,  capaoity,  (22)  292 
cleaning,  frequency  of,  (20)  212 
overcharge,  effect  of,  (20)  211 
storage,  (20)  132  to  136 
classification,  (22)  287 
lamp  loads,  (22)  291 
operation,  (22)  293 
polarity  systems,  (22)  290 
Transformations,  polyphase,  (6) 
132  to  169 

balance,  condition  of  perfect, 
(6)  147 

components,  graphical  resolu- 
tion, (6)  136 

delta  components,  (6)  138 
double  Scott  connections,  (6) 
152 

effect  of  dissymmetry  on  rotat- 
ing apparatus,  (6)  149 
general  considerations,  (6)  132 
grounded  neutral,  shifting,  (6) 
148 

principal  phase,  (6)  137 
symmetrical  system,  (6)  133 
tertiary  delta,  effect  of,  (6)  157 
winding,  function,  (6)  159 
three-phase  to  two-phase,  (6) 
147,  150,  151 
to  six-phase,  (6)  167,  168 
two-phase  to  six-phase,  (6)  152 
systems,  (6)  139,  140 
unbalanced  system,  (6)  134,  135 
sero  phase  sequence  component, 
(6)  141 

star-star  connections,  (6)  156 
three-phase  to  three-phase,  (6)  155 


Transformations — continued . 
two-phase  to  three-phase  system, 
(6)  146 

two-phase.  (6)  145 
unsymmetricaL,  unhshwiig  effect 
(6)  144 

Transformer,  transformers,  (6)  1 to 
244,  (10)  838, 844,  (12)  121. 123 
air-blast,  temperature  ccrrecbou 
during  tests,  (24)  6311 
use.  (10)  838 

air-cooled,  properties,  tibia.  (61 
94  to  102 

requirements,  (10)  844 
auto,  (6)  180  to  188.  (12)  134 
auto,  balance  cods,  (6)  181  . 
oost.  (6)  187 
definition,  (6)  11,  (24)  6010 
general  principles,  (6)  180 
induction  starters.  (6)  188 
motor-starter,  definition.  [24, 
7010 

power  purposes,  (6)  182 
regulation,  (6)  186 

transformer  banks,  (6)  1S5 
three-wire.  (6)  184 
types  and  characteristics,  ft 
181 

bell-ringing,  (6)  207 
bibliography,  (6)  301 
booster,  (12)  121 

installation  precautions,  <12 
122 

use  in  three-phase  system.  <12 
123 

burned  out,  (6)  242 
care,  (6)  229  to  244 
cases,  design,  mechanical,  (6t  s 
central-stations,  capacity  per  n 
of  maximum  load.  (25)  97  ^ 
cheapest  consistent  with  «**■ 
bifity,  (6)  86 
classified.  (6)  12 
coil  grouping,  (6)  78  to  84 
insulation,  (6)  43 
mechanical  force  forma* 
(6)  82 

temperature  rise,  (6)  56,  57 
common  types,  (6)  28 
compensating.  (6)  204 
connections,  (11)  96 

diagrammatic  sketch  of,  '3' 
6404 

synchronous  converters,  (9  * 
unbalanced,  calculations,  (6f» 
constant-current,  (6)  170  to  r* 
(10)  791 

adjustments,  (6)  172  . 

arc-lighting,  efficiency,  (6)  -■ 
ratings,  (6)  178 
a-c.,  arc  lighting,  (6)  176 
characteristics,  (6)  173 
design,  (6)  171  ^ 

design,  mechanical,  (6)  172 
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'r&nsformer,  transformers— oont’d . 
formulas,  (6)  174 
regulation,  (6)  170,  175 
series  lighting,  efficiency,  (0) 
179 

power-factors,  (6)  179 
rating,  (6)  179 
tungsten,  (6)  177 
types,  (6)  173 

constant-potential,  rated  current, 
definition,  (24)  6031 
primary  voltage,  definition, 
(24  ) 6032 

regulation,  definition,  (24)  6053 
construction,  A.  1.  E.  E.  stand- 
ards, (24  ) 6402  to  6419 
markings  of  leads,  (24  ) 6403 
cooling,  (6)  34  . 

comparison  of  methods,  (16) 
373 

medium,  regulation,  (6)  240 
oil-insulated  types,  (6)  70 
surface  required,  (6)  76 
systems,  (6)  54  to  77 
water  required,  (10)  842 
copper-loss,  (6)  24 

measurements,  (6)  218 
core-loss,  measurements,  (6)  217 
material,  (6)  33 

type,  star-star  connected,  neces- 
sity of  tertiary  windings, 
(6)  158 

current,  constant,  definition,  (6) 
9 

incandescent  lamp  operation, 
(6)  211 

defective,  (6)  242 
definition,  (6)  1,  (24)  6001 
delta-delta  connections,  (6)  161 
delta-star  and  star-delta  connec- 
tions, (6)  163 
design,  (6)  27 

characteristic  features,  (6)  29 
effect  of  cooling,  (6)  67 
electrical,  (6)  30 
general,  (6)  27  to  34 
influence  of  stress  on  windings, 
(6)  80 

mechanical,  (6)  78  to  84 
properties,  (6)  32 
useful  relations,  (6)  77 
dielectric  strength,  standard  test- 
voltage.  (24)  6356 
disruptive  test,  (6)  226 
distribution,  (6)  115  to. 126 
charging  current,  (12)  101 
connections,  (12)  120 
copper-loss,  (6)  116 
core-loss,  (6)  116 
determination  of  capacity,  (12) 
111 

efficiency,  (6)  119,  (12)  101 
all  day.  (12)  102 
general  design,  (6)  115 


Transformer,  transformers — oontfd. 
installation,  (12)  187 
large  motor  loads,  (12)  109 
losses,  (12)  101 

selection,  motor  loads,  (12)  117 
rating,  (6)  110 
regulation,  (12)  101 
ventages,  (12)  08 
efficiency,  (6)  25 
e.m.f.  equation,  (6)  14 
induced,  (6)  6 
equivalent  rating,  (6)  187 
fire  danger,  (10)  847 
forced  oil-cooling.  (10)  846 
formula,  practical,  (6)  15 
frames,  design,  (6)  84 
grounded  neutral,  effect  on  insula- 
tion, (6)  52 
secondaries,  (6)  237 
handling,  (10)  848 
heat  test,  (6)  223 
high-voltage  testing,  (6)  206 
impedance  drop,  per  cent.,  defini- 
tion, (24)  6052 
installation,  (6)  229  to  244 
instrument,  (3)  76,  (6)  189  to  199, 
(10)  826 
cost,  (10)  827 

current,  design,  (6)  194,  195 
high  voltage  circuits,  (6)  196 
operation  on  dosed  secondary 
circuit,  (24)  8112 
operation  on  open  secondary 
circuit,  (24)  8111 
output,  (6)  198 
series  type,  (6)  193 
test  voltage,  (24  ) 8311 
current-ratio,  definition,  (24) 

8033 

definition,  (6)  10,  (24)  8030 
dielectric  strength  of,  (24) 
8310,  8311,  8312 
exciting  current,  calculations, 
(6)  119 

grounding  of  secondary,  (6)  199 
load  current  compensation,  (6) 
191 

marked  ratio,  definition,  (24) 

8034 

potential,  design,  (6)  190 
potential,  manufacture,  (6)  192 
potential,  test  voltage,  (24) 
8310 

uses,  (6)  189 

power  measurements,  (3)  179 
correction  factors,  (6)  197 
secondary  burden,  definition, 
(24)  8031 
series,  (3)  103 

ratio  measurement,  (3)  104, 
105 

shunt-type,  ratio,  (3)  79 
standards.  A.  1.  E.  E.,  (24) 
8000  to  8503 
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Transformer,  transformers — cont’d. 
testing,  (6)  227 

voltage  ratio,  definition,  (24) 
8032 

insulating  methods,  (6)  41 
telephone,  (6)  205,  (21)  160 
insulation,  (6)  34 
air-blast,  (6)  47 

between  coils  and  turns,  (6)  39 
between  turns  and  layers,  (6)  42 
between  windings,  (6)  44 
design,  (6)  35  to  53 
failures,  causes,  (6)  234 
high-voltage,  (6)  51 
paper  tubes,  (6)  45 
tests,  (6)  224 

interconnected-star  connection, 
(6)  169 

introduction,  (6)  1 to  13 
leads,  markings  of,  (24)  6404 
lighting,  core-type  vs.  shell-type 
(6)  117 

dimensions,  tables,  (6)  120  to 
125 

efficiency  tables,  (6)  120  to  125 
losses,  tables,  (6)  120  to  125 
rating,  tables,  (6)  120  to  125 
regulation,  tables,  (6)  120  to  125 
standard,  (6)  118 
weights,  tables,  (6)  120  to  125 
line  disturbances,  (6)  235 

use  of  primary  fuses,  (12)  139 
. line-drop,  compensator,  (6)  201 
theory.  (6)  202 
loaded,  characteristics,  (6)  19 
loading,  methods  for  temperature 
tests,  (24)  6317  # 

losses,  classification  of,  (24)  6334 
consideration,  (24)  6335 
load.  (24)  6337 
measurement,  (6)  216 
no-load,  (24)  6336 
manhole,  (6)  126 
mechanical  stresses,  (6)  34 
miscellaneous,  (6)  200  to  211 
multiple  connections,  (6)  232 
operation,  (6)  127  to  131 

different  transformation 

ratio,  (6)  129 
formulas,  (6)  128 
general  principles,  (6)  127 
impedance  compensation,  (6) 
130 

load  division  regulation  by 
auto-transformers,  (8)  185 
vector  diagram,  (6)  131 
transmission  lines,  (11)  54 
oil,  care  of,  (6)  238 

dehydration,  method,  (6)  239 
effect  of  moisture,  (10)  849 
insulating  value,  (6)  46 
piping  layout,  (6)  241 
oil-cooled,  formation  of  deposits, 
(4)  364 


Transformer,  transformers  cost’d, 
oil-insulated.  (10)  845 

air-cooled,  tables.  (6)  94  to  102 
efficiency,  tables,  (6)  94  u 
102 

rating,  tables,  (6)  94  to  102 
weights,  tables,  16)  94  to  ICC 
cooling  eouations,  (6)  74 
water-cooled,  efficiency,  tsbks, 
6)  103  to  114 
regulation,  tables.  (6)  103  tc 
114 

rating,  tables.  (6)  103  to  114 
weights,  tables,  (6)  103  to  114 
open  delta  connection,  (6)  162, 
(12)  125 

operation.  (6)  229  to  244 
improper.  (6)  236 
outdoor  service,  (6)  90 
terminals,  design,  (6)  91 
output,  relation  to  dimensioci,  (S' 
32 

overpotential  test,  (6)  225 
polarity,  relative,  (6)  233 
polarity  test.  (6)  215 
poles,  lightning  arresters,  we.  'Li 
154 

polyphase,  resolution  of  css#* 
nents,  graphical,  6)  13$ 
resolution  of  componeo 
principal  phase.  (6)  137 
resolution  of  components. 

balanced  system.  (6)  135 
transformations,  (6)  132  to  1®. 
(see  transformations  t. 
potential,  constant,  definite 
(6)  8 

power,  (6)  85  to  114 
characteristics,  (6)  87 
large  types,  (6)  88 
general  design,  (6)  85 
types,  (6)  87 

power  plants,  installations. 

837  to  849 

precautions  in  making  eoowc 
tions,  (6)  231  . ^ 

primary,  area  occupied,  (t>)  o! 
e.m.f.,  drop,  cause.  (6)  5 
open-circuit  characteristic*. 

16 

railways,  electric,  tnfeeiiiM* 
two-phase  connections,  (16)  “ 
rating,  definitions  and  stasdiira 
(24)  6201  to  623* > 
ratio,  definitions,  (24)  6033  ::i 
6036 

secondary'  distribution  system 
(12)  98' 
tests.  (6)  214 

~ . Hj 
drop,  per  cent.,  definition. 

6051 

formulas,  (6)  81 
regulation,  (6)  26 
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Transformer,  transform* 

transformer,  transformers — oont'd. 
tests,  (24)  6390,  6391 
resistance  drop,  per  cent.,  (24) 

6050 

measurements.  (6)  220 
replacement  of  inefficient,  (6)  244 
secondary,  area  occupied,  (6)  31 
dosed.  (6)  3 

current,  equation,  (6)  21 
s.m.f.,  drop  cause,  (6)  4 
open,  (6)  2 

open-circuit  voltage,  (6)  18,  22 
self -cooled.  (10)  839 
shipping,  (6)  230 
shop-tests,  (6)  213 
short-circuit  characteristics,  (6)  20 
sign-lighting,  (6)  209 

table  of  properties,  (6)  210 
similarity,  (6)  13 
single-phase,  construction  rules 
A.  I.  E.  E.,  (24)  6405  to  6409 
parallel  operation,  (24)  6409 
polarity,  (24)  6407 
vs.  three-phase,  (10)  840 
six-phase,  leads,  markings  of,  (24) 

6417 

rules  applicable  to,  (24)  6416 
three-phase,  (24)  6416  to  6419 
windings,  relation  to  three- 
phase,  (24)  6418 

standards,  A.  I.  E.  E.,  (24)  6000 
to  6419 

bibliography,  (24)  6419 
specifications,  (6)  93 
star  connection  vs.  delta,  (6)  141 
secondary,  grounded  neutral, 

(6)  165 

star-star  connections,  (6)  156 
step-down,  (16)  372 
stresses,  electric,  classification,  (6) 

36 

mechanical,  (6)  78 
steady,  (6)  38 
transient,  (6)  37 

structural  requirements,  (6)  59 
substations,  (12)  59 
installation,  (11)  218 
nominal  rating,  definition,  (24) 

5201 

temperature  limits,  (24)  5120 
subway,  use  of  fusee,  (12)  138 
T-connection,  (6)  166,  (12)  125 
temperature,  altitude  correction, 

(24)  6215 

limiting  observable,  table  601, 

(24)  6201 

measurements,  (6)  222 
rises,  table,  601,  (24)  6201 
theory,  general,  (6)  14  to  26 
terminals,  classification,  (6)  48 
condenser  type,  (6)  49 
oil-inauiafed  type,  (6)  50 
tertiary  windings,  delta-con- 
nected, (6)  156 


•Transmission 


Transformer,  transformers — oont’d. 
testing,  (6)  212  to  228,  (also  see 
testing). 

by  induced  voltage,  (24)  6362 
methods  of  loading,  (6)  221 
tests,  A.  I.  E.  ETr(24)  6300  to 
6391 

dielectric  strength,  (24)  6356 
to  6363 

exceptions  to  test  voltage, 
(24)  6361 

star  connection,  (24  ) 6360 
efficiency,  (24)  6334  to  6337 
regulation.  (24)  6390,  6391 
temperature  measurements, 
method,  (24)  6320 
three-phase,  construction  rules, 
A.  I.  E.  E.,  (24  ) 6410  to  6415 
core-type,  function  of  tertiary 
windings,  (6)  160 
parallel  operation,  (24)  6414 
to  six-phase,  (24)  6416  to  6419 
diametrical,  (6)  168 
double  delta,  (6)  167 
types,  (6)  89 

track,  signal  operation,  (6)  200 
transformation  ratio,  definition/ 
(6)7  „ 

types,  choice,  (10)  837 
unequal  impedance,  solution  for, 
(6)  164 

units  of  rating,  A.  I.  E.  E.,  (24) 
6221 

unloaded,  primary  current,  (6)  17 
unpacking,  (6)  280 
V -connection,  (6)  162 
vector  diagram,  construction,  (6) 
23 

voltage  classification,  (6)  92 
water-cooled,  (10)  841 

cooling  coil  calculations,  (6)  75 
cost,  (10)  843 

properties,  tables.  (6)  108  to  114 
scale  formation,  (6)  243 
water-^nge  thawing  equipments, 

windings,  effect  of  polarity,  (6) 
40  (also  see  windings), 
relation  between  high  voltage 
and  low  voltage,  (24)  6411 

Transients  discussion,  (2)  138 
effect  on  transmission  lines,  (11) 
52 

oscillation,  transmission  lines,  (11) 
49 

single  energy,  double  energy,  (2) 
143 

theory,  (2)  139 

Transits  asbestos  wood,  properties, 
(4)  315 

Transmission,  distribution  systems, 
(12)1  to  237 
d-c.,  system,  (11)  3 
economics,  (11)  234  to  239 
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Transmission — eontiaoed. 
eleotrical,  for  marine  propulsion, 
(18)37 

railways,  single-phase,  (16)  295 
factor,  definition,  (24)  11025 

networks,  effect  on  oentral-station 
cost,  (25)  91 
power,  (11)1  to  247 
systems  in  use,  (11)  1 
single-phase  systems,  (11)  6 
speech,  electrical,  (21)  13 
substation  connections,  (11)  83 
systems,  (11)  1 to  7 

cables,  disadvantages,  (11)  215 
connections,  (11)  86 
copper  efficiency  of  various, 
(ID  2 

grounded,  advantages  of,  (11) 
89 

disadvantages,  (11)  90 
grounding,  conditions  of  advan- 
tageous, (11)91 
operation,  (11)  228  to  233 
railways,  electric,  definition, 
(24)  5030 

ungrounded,  advantages  of, 
(11)93 

disadvantages,  (11)  94 
use  of,  (11)  95 
telegraph,  (21)  199  to  206 

commercial  operative  limits, 

(21)  201.  202 

intermediate  stations,  effect  of, 
(21)  204 

K.R.  law,  (21)  203 
leakage,  effect  of  varying,  (21) 
205 

theory,  (21)  200 
repeaters  use  of  automatic,  (21 ) 
206 

telephone.  (21)  176  to  198 
analytical  theory,  (21)  181 
attenuation  constant,  (21)  182 
empirical  standards,  (21)  178 
equivalents,  (21)  177 

for  equipment  and  apparatus, 

experimental  values,  (21)  194 
for  non-loeded  metallic  cir- 
cuits, cable,  (21)  192 
non-loaded  metallic  circuits, 
open  wire,  (21  )191 
K.R.  law,  (21)  185 
line  impedance.  (21)  187 
propagation  velocity,  (21)  185 
properties  of  conductors,  (21) 

range  of  frequencies.  (21)  179 
reflection  losses,  (21)  196 
tests,  (21)  189 

artificial  cable  for,  (21)  190 
wave-length  constant,  (21)  183 
formula,  (21)  184 
“ ‘ n.  (21)  188 


reflection. 


three-phase  systems.  (11)  7 
Thury  system,  (11)  3 
advantages  claimed,  (11)  4 
disadvantages,  (11)  S 


urban,  pressures 
used,  (12)  21 
systems,  (12)  20 
underground,  (12)  22 
waves,  sending  to  neon*  ss- 
tennaa,  (21)  295  to  296 
wireless  telephone,  noy  of.  (21 
293 

Transmission  lines,  a-c,,  eolcsbtimn 
(ID  13 

constant  load  and  nrisU- 
power-factor,  (11)  26 
constant  voltage,  (11)  # 
using  hyperbolic  faatfwa 
(11)  31.  32 

variable  load  and  ccssU* 
power-factor,  (11)27 
capacitance,  (11)  18 
characteristic  charts  sad  da- 
grams,  (11)  35 
charging  current,  (11)  21  <1 
to  47 

complex  quantities,  use  of.  F. 
16 

current,  relation  to  petwca- 
(11)34 

efficiency  and  regulstioa.  (11 
12 

equivalent  **t”  line,  (11)  3 
"T”  line,  (11)33 
nominal  **t”  line,  assbts* 
solution  of.  (11)  25. 25 
definition.  (11)  19.  23 
T"  line  definition,  (11)  11 
22 

potential,  relation  to  rones. 

UD34  , , 

regulation,  exact  cakvlsh* 
(11)30 

single-phase,  calculations,  (U 
14 

three-phase,  calculations,  (U 
15.  17,  24 

voltsige  distribution,  (11) » 
anchors,  stresses  in,  (11)  1® 
bibhogn^ny,  (11)  247  to  *' 

cables,  high-tension.  (11)  206  u 
216 

capacity,  formulas,  (2)  120  to  IJ* 
strain  or  anchorage.  (H 


conductor  construction,  (111 
to  206 

design,  (11)  61 

for  long  spans,  (11)  62 
materials,  (11)  63.  109,  237 
spacing,  (11)  142 
sase,  determination,  (11)  64.23 
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Yanamission  lines — continued. 

weighted,  (11)  143 
connections,  (11)  86  to  98 
construction,  fundamental  con- 
siderations, (11)  136  to  145 
costs,  trend  of,  (11)  240 
corona,  (11)  65  to  69 
altitude  correction  factor,  (11) 
67 

electric,  (ll)  65 
loss,  calculation,  (11)  69 
decrease,  (11)  68 
voltage  limits,  (11)  66 
costs,  comparative  of  typical 
lines,  (11)  242  to  245 
data,  (11)  240  to  246 
estimated  per  mile,  (11)  241 
cross  arms,  strength  of,  (ll)  124 
(also  see  cross  arms), 
current,  charging,  tables,  (11)  44 
to  47 

wave,  .attenuation  of,  (11)  50 
design,  general  features,  (11)  61 
to  64 

duplicate,  (11)  87 
Dwight  chart,  (11)  39 
d-c.,  conductor  sise  calculations, 
(11)  8 

design  calculations,  (11)  11 

efficiency  of  transmission,  (11) 
10 

voltage  drop,  expression  of,  (11) 
9 

electrical  calculations.  (11)  8 to  40 
frequency  at  which  transient 
oscillates,  (11)  49 
grounds,  connection,  making  of, 
(11)92 

detection  and  clearing,  (11)  59 
wire,  construction,  (11)  199 

overhead.  (11)  60 
guying,  straight-line,  (11)  189 
guys/location  of,  (11)  133 
stresses  in,  (11)  130 
high-voltage,  transformer  connec- 
tions, (6)  163 

inductance,  formulas,  (2)  77,  80, 
81 

tables,  (11)  41  to  43 
inspection,  periodic,  (11)  230 
insulators,  (11)  70  to  85  (also  see 
insulators), 
requirements,  (11)  70 
strength  of,  (11)  123 
joints,  (11)  196 

McIntyre.  (11)  197,  198 
lightning  disturbances,  (11)  55 
minimised,  (11)  56 
protective  equipment,  selection, 
(11)  57 

location.  (11)  136 
leading  tables,  (11)  104 
Mershon  diagram,  (11)  38 
need  for  a telephone  line,  (11)  202 


Transmission  lines — continued , 
overhead  crossings,  (11)  204,  205 
operation,  complete  log  of,  (11) 
229 

oscillations,  forced,  (11)  51 
Perrine-Baum  diagram,  (11)  36, 
37 

pins,  insulator,  (see  pins), 
poles,  (11)  146  to  167  (also,  see 
poles). 

accessories,  (11)  174  to  186 
braces,  (11)  187  to  192 
concrete,  stresses  in,  (11)  129 
guys  and  anchors,  (11)  187  to 
192 

location  of,  (11)  133 
staking  of,  (11)  145 
steel,  stresses  in.  (11)  128 
wooden,  strength  of,  (11)  127 
potential  wave,  attenuation  of, 
(11)  50 

power-factor  correction,  (11)  99 
to  101 

reactance,  inductive,  (11)  41  to  47 
tables,  (11)  41  to  43 
regulation,  definition,  (24)  15000 
Perrine-Baum  diagram,  (11) 
36,  37 

relays,  use.  (12)  144 
repairs  and  replacements,  (11)  231 
right  of  way,  (11)  137 
proper  contract,  (11)  138 
service,  value  of  continuity,  (11) 
234 

short-circuits,  (11)  233 
local.  (11)  58 

unbalanced  ice  loads,  (11)  122 
spans,  extra  long,  (11)  141 
formula,  (11)  103 
horizontal  stress,  (11)  107 
in  adjacent,  (11)  121 
lengths,  (11)  140 
choice,  (11)  236 
maximum  stress,  (11)  110 
mechanical  stresses,  (11)  102 
sag  at  sero  deg.  fahr.,  (11)  112 
any  temperature,  (11)  113 
with  supports  at  different 
levels,  (11)  115 
stresses,  (11)  102  to  122 

at  centre  resulting  from  a 
given  deflection,  (11)  105 
stress-sag ‘calculation,  (11)  111 
temperature  variations,  (11) 
108 

Thomas  chart,  (11)  116  to  120 
total  length  of  wire,  (11)  106 
steel  towers,  (11)  168  to  173 
, strength  of  supporting  members, 
(11)  123  to  134 
j stringing  data,  (11)  114 

1 structures,  strength  of,  (11)  125 

, substation.  (11)  217  to  227 

I surges,  (11)  48 
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nicks — continued. 

low-platform,  battery  mount- 
ing, (17)  53 
motors,  (17)  39 
platform,  (17)  52 
propulsion  stresses,  (17)  36 
screw  lift  with  rocking  plat- 
form. (17)  62 

self-loading  and  unloading 
types,  (17)  59 
springs,  (17)  27 
tires,  (17)  41 

sises  and  carrying  capacity 
of  soild,  (17)  42 
torsion,  (17)  36 

transmission  system,  (17)  29,  75 
use  as  tractor,  (17)  68 
worm  lift,  (17)  61 
rating.  (17)  44 

ube  muls,  power  requirements, 
(15)  274 

udor  positive,  storage  battery 
plate,  (20)  71 

ug,  boats,  description,  (18)  47 
umblers,  dryroom,  laundry,  (15) 
471 

ungar.  battery  charging  recti6ers, 
(17)  202 

ungsten,  approximate  data,  (14)  55 
ductile,  (4)  140 
properties,  (4)  139 
magnet  steel,  (4)  228 

cnomicul  analysis,  (4)  230 
steel,  (see  steel). 

ungsten-filament  lamps,  (14)  47 
to  72.  (see  also  lamps), 
urbines,  blade  fasteningR,  (10)  248 
Curtis- Itateau,  (10)  239 
geared,  comparison  to  triple- 
expansion engines,  (18)  135 
trial  results  of  ships  equipped 
with,  (18)  34 

high-speed,  improved  economy, 
(18)  32 

hydraulic,  regulation,  definition, 
(24)  14002 

low  pressure,  (10)  208  to  211 
large  installation.  (10)  210 
use  with  engine,  (10)  211 
low-speed,  direct-connected,  ship 
propulsion,  (18)  31 
rating.  (10)  689 

steam,  fluctuation,  definition,  (24) 
14001 

high-speed  geared,  (18)  33 
regulation,  definition,  (24) 
14000 

throttling  governors,  (10)  262 
testing  (10)  429 
data,  (10)  430 

vs.  engines,  ships,  backing  tests, 
(18)  9 

internal-combustion  engines  in 
electric  propulsion,  (18)  56 


Turbines — continued. 
hydraulic,  (10)  682  to  696 
acceptance  test,  (10)  709 
characteristics,  (10)  683a 
choice  of,  (10)  692 
draft  tubes,  (10)  690 
efficiency,  (10)  685 
governors,  (10)  694 
guide  chutes  velocity,  (10)  686 
hydraulics,  (10)  682 
mechanical  details,  (10)  687 
reaction,  performance  data,  j 
(10)  683b  \ 

settings,  (10)  688,  698 
speed,  (10)  684 

regulation,  (10)  693 
testing,  (10)  706 

eneral  problem,  (10)  710 
ead  measurements,  (10)  711.  < 
inplace,  advantages,  (10)  714  ) 
output,  measurements,  (10)  l 
713 

water  quantity  measurement, 
(10)  712 
types,  (10)  683 

room  operation,  (10)  927  ; 

steam,  (10)  219  to  274 

auxiliaries,  (10)  267,  268  \ 

back  pressure,  effect  of  reduc-  \ 
ing,  (10)  225 
blades.  (10)  237 
bleeder.  (10)  243 
buckets,  efficiency  (10)  228 
casings,  (10)  246  j 

cost  per  K.W.,  f 10)  269 
design,  principal  features, 

(10)  244 

efficiency,  (10)  259 
losses,  (10)  258 
ratios,  (10)  255 
exhaust,  (10)  206 
exit  area,  (10)  226 
expansion,  free  and  resisted, 
(10)  220 

velocity,  (10)  229 
friction,  (10)  222 
glands,  (10)  247 
governors,  speed,  (10)  261 
horizontal  types.  (10)  241 
hybrid  types,  (10)  238 
large,  status,  (10)  273 
leakage  prevention,  (10)  247 
losses,  (10)  221 
lubrication,  (10)  252 
nozzles,  (10)  223 
efficiency , (10)  227 
operation,  (10)  270 
performance  tests,  various 
types,  (10)  254 

pressure  compounding,  (10)  234 
correction,  (10)  260 
critical,  (10)  224 
drop.  (10)  230 
stages,  (10)  249 
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Turbines — continued . 
types,  (10)  242 

Rankine  cycle  efficiency  ratios, 
(10)  253 
ratings,  (10)  250 
reaction,  (10)  235 
reduction  gears,  (10)  254 
shaft  output  measurements, 
(10)  251 

single  expansion,  steam  velo- 
city. (10)  232 
smalt  field.  (10)  274 
specifications.  (10)  265 
speed,  limitations,  (10)  245 
starting  methods,  (10)  271,  272 
superheat,  effect.  (10)  257 
supports,  (10)  266 
types,  (10)  231.  236 
thermo-dynamics,  (10)  219 
vacuum  variation,  effect,  (10) 
256 

velocity  compounding,  (10)  233 
staging,  (10)  240 
vertical  types,  (10)  241 
water,  (see  turbines  hydraulic), 
meter,  (3)  415 

Twisted  pair,  definition,  (24)  9016 
Tynemount,  description,  (18)  71, 
72 


Ulbricht,  integrating  sphere,  (14) 
280 

Union  8witch  and  Signal  Co.,  elec* 
trie  interlocking  system,  (16)  416 

Unipolar  machine,  definition,  (24) 
4028 

United  States  Army,  application  of 
electricity,  (22)  130  to  150 

United  8tates  standard  gage,  (4) 
26,  215 

Units,  (1)  1 to  156 
absolute,  (1)  3(ci) 
acceleration,  linear,  conversion 
table.  (1)  138 

angle,  plane,  conversion  table, 
(1)  139 

solid,  conversion  table,  (1)  131 
avoirdupois  weight,  conversion 
table,  (1)  127 

B. A.,  (1)  3(et) 
bibliography,  (1)  152 

board  measure,  conversion  meas- 
ure, (1)  123 

C. G.S.,  (1)  3(di) 
electric,  names,  (1)  79 
magnetic,  names,  (l)  79 
relation  to  practical,  (1)  80 

classification  of,  (1)2 
cubic  measure,  conversion  table, 
(1)  124 

current,  densities,  conversion 
table,  (1)  148 


Units — continued. 

current,  d-c..  practical,  (3)  §4 
customary  English,  (1) 
density,  conversion  table,  'll  129 
derived,  (1)  3(o) 
dimensional  formulas,  f 1 1 96-161 
dry  measure,  convmica  tabk,  'll 
122 

dynamical  system,  (1)  3(nt 
electric,  definition*.  (I  t 44 
symbol,  dimension,  abbern- 
ation,  (1)  115 
electrochemical,  (19)  8 
calculations,  (19)  173 
practical,  (19)  33 
symbol,  dimensional  foradk 
abbreviations,  (1)  116 
electro-magnetic,  evolution.  11 
15 

empirical,  (1)  3(«s> 
energy,  conversion  table,  (1) 
electrical,  (3)  186 
historical  sketch,  (1)  5 to  8 
flow  of  water,  convcrsos  tibfe. 
(1)  142 

force,  conversion  table,  (1)  IS 
fundamental  auxiliary,  lywfet 
dimension,  etc.,  (1)  HI 
definitions,  (1 ) 24  to  45 
principles  concerning  vm n c 
ea  nations,  (1)  4 
symbol,  abbreviation, 
sion.  etc.,  (1)  110 
geometrical,  symbol  dimenss 
abbreviation,  etc.,  (1)  1’- 
Giorgi,  (1)  3(tfa) 

Heaviside,  (1 ) S(e») 
hybrid.  <1)  3(B) 

Induction  apparatus  r&txag  li- 
E.E.,  (24)  6223  . 

linear  measure,  convetsion  taw. 
(1)  119 

liquid  measure,  apotheesras  » 
version  table,  (1)  125 
general,  conversion  table,  l1 
126 

logarithms,  conversion  for  wan. 

(1)  150 

magnetic,  definitions,  (1)  44 
symbol,  dimension,  sbbter- 
ation,  etc..  (1)  114 
mass,  linear,  conversion  tame,  u 
140 

mathmatical  tables,  (l)  153  f 
156  . 

mechanical  equivalent  of  »■ 
conversion  table,  (1)  145 
symbol,  dimension,  abwco 
ation.  etc..  (1)  113 
metric,  (1)  3(c*)  . , 

International  system. 

sketch,  (1)  9 
inter-relation,  (1)  104 
length,  (1)  106 
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lit® — continued. 

liter,  definition,  (1)  105 
mass,  (1)  109 
prefixes  table,  (1)  102 
use  examples  of,  (1)  103 
volume,  (1)  108 
M.G.8.,  (1)  3 (d«) 
nature  of,  (1)  1 
nondescript,  (1)  3 (6s) 
power,  conversion  tables,  (1)  135 
photometric,  definitions,  (1)  81 
to  86 

symbol,  equation,  dimensional 
formula,  (1)  117 
table.  1100,  (24)  11067 
practical,  relation  to  C.G.S.,  (1) 
80 

pressure,  conversion  table,  (1)  133 
Q.E.S.,  (1)  3(tf.) 

resistivity,  conversion  factors 
table,  (1)  147 

electrical,  definition,  equations, 
etc.,  (1)  146 

square  measure,  conversion  table, 

(1)  120 

standard,  (1)  3(ai) 
surveyors  measure,  conversion 
table.  Cl)  121 
systematic,  (1)  3(bi) 
temperature,  conversion  table, 
(1)  144 

thermal,  definitions,  (1)  87 

symbol,  equation,  dimensional 
formulas,  (1)  118 
thermochemical,  use,  (19)  41 
time  intervals,  conversion  table, 
(1)  130 

torque,  conversion  table,  (1)  136' 
transformers,  rating,  A.I.E.E., 
(24)  6221 

troy  weight,  conversion  table,  (1) 
128 

useful  constants,  (1)  149 
use  in  equations,  (1)4 
velocity.  angular,  conversion 
table,  (1)  141 

linear,  conversion  table,  (1) 
137 

water  storage,  conversion  table, 
(1)  143 

Jnwin  formula,  steam  flow,  (10)  355 
Jptakes,  calculations,  (10)  34 

Jtility,  public,  allowable  return  on 
investment,  (25)  158 
Jtilisation,  coefficient  of,  (24)  11033 


V 

Vacuum  cleaners,  power  con- 
sumption, (15)  496 
effect  on  steam  turbines,  (10) 
256 

drying  and  impregnation,  (4)  348 


Vacuum — continued. 

tubes,  three-eleetrode,  radiotele- 
graph. (21)  308 
amplifier,  (21)  309 
detector,  (21)  310 
oscillator,  (21)  311 
Valences,  chemical  definition,  (19) 
20 

determination,  (19)  21 
example,  (19)  22,  23 
Valuation,  (25)  76  to  87 

depreciation,  treatment  of,  (25) 
157 

general.  (25)  76 

rate  making,  intangible  values, 
(25)  156 

purposes,  (25)  153  to  157 
tangible  physical  property,  (25) 

reproduction  cost  theory,  (25) 
78 

Value,  definition,  (25)  6 
service,  definition,  (25)  53 
standards  of,  (25)  77 
wearing,  definition,  (25)  53 
Valves,  atmospheric  relief,  air  com- 
pressors, (15)  189 
back  pressure,  (10)  378 
blow-off.  10)  389 
reducing,  (10)  379 
relief,  (10)  378 
safety,  (10)  36 

connections,  (10)  38 
U.  8.  Inspectors  rules,  (10)  37 
steam,  (10)  377 

Vanadium,  electrochemical  pro- 
perties, (19)  170 
Vanadium  steel,  (4)  393 
tensile  strength,  (4)  393 
Van’t  Hoff’s  theory  of  solutions,  (19) 
14 

Vaporisers,  gas  producers,  (10)  473 
Varnishes,  (4)  345  to  357 

insulating,  classification,  ( I 346 
oil,  ozone  drier  for,  (22)  194 
Varlcy  loop  test,  telegraph  and 
telephone  lines.  (21)  259 
Vector  addition  and  subtraction,  (2) 
185 

calculation,  (2)  163 
diagram,  counter  clockwise  con- 
vention, (24)  3230 
generator,  a-c.,  (7)  51 
polyphase  potential  regulator 
e.m.fs..  (6)  255 
simple  scries  circuit,  (2)  164 
transformers,  construction,  (6) 
23 

multiple  operation,  (6)  131 
representation,  (24)  3228 
rotation,  (2)  186 
Vehicle,  art,  electric,  (17)  1 
commercial,  progress,  (17)  2 
electric,  (17)  1 to  208 
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Vehicle — continued. 

air  resistance,  (17)  101 
battery  applications,  (20)  177 
charging,  (17)  133  to  159 
equipment,  (17)  160  to  207 
compartment,  (17)  26 
depreciation,  (20)  206  to 

210 

maintenance,  (20)  206  to  210 
bibliography,  117)  208 
classification,  (17)  3 
control,  (17)  108  to  123 
economic  field,  (17)  23 
energy  consumption,  (17)  107 
features  emphasised,  (17)  5 
general  classification,  (17)  1 to  5 
industrial  trucks  and  tractors, 
(17)  51  to  86 
motors,  (17)  87  to  107 
passenger,  brakes,  (17)  11 
cars,  (17)  6 to  19 
chassis,  (17)  7 

charging  equipment,  (17)  172 
front  axle,  construction,  (17) 
9 

springs,  (17)  12 
wheelbase,  (17)  13 
power  demand,  (17)  107 
power  transmission  systems, 
(17)  10 

radius  of  operation,  (17)  19 
resistance,  (17)  102 
effect  of  grades,  (17)  106 
passenger  car,  (17)  104 
trucks,  (17)  105 
relative  values,  (17)  103 
rolling  resistance  of  a wheel, 
(17)  100 

scope  of  presentation,  (17)  4 
storage  batteries,  (17)  124  to 
132,  (20)  120  to  131,  (also 
see  batteries). 

tractors,  commercial,  (17)  20 
to  50 

trucks,  commercial,  (17)  20  to 
50 

gasoline,  economic  field,  (17)  22 
industrial,  progress,  (17)  2 

Sassenger,  general  features,  (17)  6 
ocity  angular,  definition,  unit. 
(1)  35.  63,  (24)  3228 
linear,  definition,  unit,  (1)  32 
Ventilation,  (also  see  cooling),  bat- 
tery rooms,  (20)  144* 
d-c.  machines,  (8)  116  to  132, 
(see  also  cooling), 
generators,  (10)  734 
motors,  coal  mining,  (15)  297 
osonc,  use  of,  (22)  188 
power  plants,  (10)  595 
power  plant  buildings,  (10)  595 
synchronous  machines,  (7)  129 
to  139 

systems,  coal  mining,  (15)  282 


Venturi  air  meter,  (3)  421 
gas  meter,  (3)  421 
meters,  (10)  636 
water,  (3)  413 

“Vespasian”  electric  dim.  gtadr 
(18)  59 

Vessels,  Russian  tank,  dectrialb 
propelled,  description,  (Is*  re- 
types for  different  wvkt  t.I' 
42  to  54 

V ibrators  Kapp,  phase  sodtten  I 
(7)  327 

operating  data,  (7)  324 
Victolac,  properties,  (4)  3*7 
Virgin  curve  (2)  90 
Virtual  displacement,  principle.  i.2 
66 

Visibility,  definition.  (14)  16.  & 
11002 

Vision,  color  blindness,  (14)  257 
sensations,  (14)  208 
contrast,  (14)  207 
eye,  protective  equipment, 

209 

fundamentals  of,  (14)  307  a 
212 

oocular  characteristic*,  (14)  St! 
psychology  of,  (14)  212 
threshold.  (14)  211 
yellow-spot,  (14)  256 
Vitreous  enamel,  (4)  280 
Volt,  international,  (3)  42 
boxes,  potentiometer,  me 
(3)  53 

Volta  effect  (2)  5. 

Voltage  control,  hand  nptoa 
(10)751 

power  plants,  (10)  751  *■ 
760 

distributing  network,  nofaooa .. 
35 

drop,  allowable,  lighting  tixcsa 
(13)66 

apportionment,  (13)  69 
1 10-volt  lighting  circuit.  (13 
68 

2400-volt  distribution 
(13)  70 

motor  circuits,  (13)  71 
lighting  circuits,  allowable,  iff 
66 

line-reactance,  (13)  77 
motor  circuits,  allowable,  l»- 

67  , . . 
per  cent,  wiring  calculate* 

(13)  73 

various  circuits,  table,  (13)  72 
gradient,  dielectric,  (2)  107 
high-frequency,  (21)  321 
low,  protection  switching  app***" 
tus,  (24)  7022  __ 

release,  definition,  (24)  7021 
ratio,  transformer,  definition,  (34 
6034 
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Voltage— continued . 
reactance,  d-c.  machines,  average, 
definition,  (8)  43 
effect  of  windings,  (8)  44 
effect  of  brush  arc,  (8)  46 
formula,  (8)  45 
limits,  (8)  40 

regulator,  definition,  (24)  6011  to 
6014 

spark  over,  needle  gap,  (24) 
2365 

sphere  gap,  (24)  2370 
symmetrical,  definition,  (24)  3344 
transformers,  classification,  (6)  92 
transient,  (2)  138 

Volt-amperes,  definition,  (24)  3238 
reactive,  (24  ) 3246  > 

Voltameters,  copper,  (8)  87 
d-c.  ourrent  measurements,  (3)  86 
gas,  (3)  88 
silver,  (3)  86 
water,  (3)  88 

Voltmeters,  a-c,  (3)  66  to  74 
calibration,  (3)  73 
classification,  (3)  66 
dynamometer  type,  (3)  67 
effect  of  stray  fields,  (3)  74 
electrostatic,  (3)  71 
calibration,  (3)  73 
Hartmann  and  Braun,  (3)  70 
hot  wire,  (3)  70 
calibration,  (3)  73 
induction  (3)  60 
calibration,  (3)  73 
Kelvin  balance,  (3)  67 
soft-iron  vane,  (3)  68 
' calibration,  (3)  73 
switchboard,  (3)  72 
unipivot  dynamometer  (3)  75 
Weetinghouse  type  Q,  (3)  67 
contact  making,  (12)  03 
crest,  definition,  (24)  8004 
demagnetisation,  (3)  50 
d-c.,  (3)  55  to  62 
characteristics,  (3)  56 
laboratory  standards,  (3)  57 
stray  fields,  effect,  (3)  59,  60 
switchboard,  (3)  58 
iron-loss,  (6)  216 
line-drop  compensator,  definition, 
(24)  8006 

measurements,  with,  (24)  2362 
switchboard,  (12)  72 
Thomson  inclined  coil,  (3)  67 
use  in  dielectric  tests,  (24)  2359 
>lume,  definition,  unit,  (1)  28 
reeland  oscillator,  (3)  140 
inductance  measurement,  (3)  246 
llcabeston,  electrical  properties, 
(4)  327,  328 

llcalose,  electrical  properties,  (4) 
329 

llcanite,  (4)  344 
llcanisation,  (4)  331 


Wagner,  unity  power  factor  motor. 
(7)  302 

Wanner  pyrometer,  (3)  360 
Ward  Leonard  system,  application, 
(7)  342 

bibliography,  (7)  343 
d-c.  motor  control,  (15)  520 
motor  generator  sets,  (7)  341 
Washburn  and  Moen  wire  gage.  (4) 
15 

Water,  conductivity,  heat,  (4)  368, 
(19)  84 

current,  meters.  (10)  662 
density,  table,  (4)  433 
dynamic  properties,  (10)  601 
electrical  machine,  definition,  (24) 
4047 

flow,  (10)  602,  (also  see  stream 
flow). 

friction  loss,  fittings,  (10)  633 
friction  loss,  iron  pipes,  (10) 
630 

in  pipes,  (10)  357 
pipes,  Kutter  formula,  (10)  627 
mains,  cold,  (10)  363 
hot,  (10)  363 
meters,  (3)  403  to  416 
classification.  (3)  403 
disc  type,  (3)  411 
vs.  piston,  (3)  411 
Hamihond  measuring  tank,  (3) 
410 

piston  type,  (3)  412 
turbine  type,  (3)  415 
venturi,  (10)  636 
volumetric,  (3)  408 
weirs,  types,  (3)  416 
purification,  boiler  feed,  (10)  133 
to  138,  (also  see  feed  water), 
osone.  (22)  100 
specific  neat,  (4)  434 
supply  boiler  feed,  (10)  133  to  138 
weighing  apparatus,  (10)  437 
wheels,  (10)  682  to  696,  (also  see 
turbines  hydraulic), 
as  current  meters,  (10)  663 
testing,  (10)  706  to  714 
Watt-hour,  definition,  (3)  186 
meters,  (3)  186  to  226 
accuracy,  (3)  211 
accuracy,  average,  (3)  224 
alternating  current,  {3)  201  to 
206 

induction,  adjustments,  (3) 
205 

compensating,  coil,  (3)  203 
friction  compensation,  (3) 

> 204 

single  phase,  typical  data, 
table,  (3)  206 
type,  (3)  202 
types,  (3)  201 
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f eights — continued . 

English,  historical  sketch,  (1)5 
generators,  a-c.,  representative, 
table,  (7)  146 
homopolar,  (8)  231 
Bign-lighting  transformers,  (6)  210 
transformers,  lighting,  tables.  (6) 
120  to  125 

oil -insulated,  air  cooled,  tables, 
(6)  94  to  102 

water-cooled,  tables,  (6)  103 
to  114 

rein's  displacement  law,  (14)  4 
'eirs,  (10)  009 

coefficients.  Basin's,  (10)  621 
Smith’s,  (10)  620 
construction,  (10)  611 
design,  (10)  609 
discharge  tables,  (10)  617 
formulas,  (10)  612 
hydraulics,  (10)  612 
measurements,  procedure,  (10) 
610 

notch,  forms,  (10)  622 
setting,  (10)  611 
triangular  notch,  (10)  623 
eisbach’s  coefficients,  (10)  608 
'elding,  electric,  (22)  40  to  70 
Bernardos  process,  (22)  46 
carbon-arc,  application,  (22)  47 
characteristics,  (22)  45 
process,  (22)  45  to  50 
protection  of  operator,  (22)  49 
steel  cutting,  (22)  50 
stresses  due  to  temperature 
changes,  (22)  48 
classes,  (22)  40 

energy,  closed-circuit  series  sys- 
tem, (22)  61 
source  of,  (22)  60 
incandescent  process,  (22)  41 
metallic-arc,  advantages,  (22) 
63 

cost  of,  (22)  62 
current,  (22)  53 
e.m.f.,  (22)  52 
electrodes,  (22)  56 
coated,  (22)  56 
current  range  for  soft  steel, 
(22)  55 

sise,  effect  of,  (22)  54 
joints,  (22)  57 
literature,  (22)  66 
manipulation,  (22)  58 
porosity  test,  (22)  65 
process,  (22)  51  to  70 
production  work  use,  (22)  59 
strength  of  weld,  (22)  64 

power  absorbed  in  Thompson 
process,  (22)  44 
spot,  (22)  43 

temj>erature  distribution,  (22) 
Thompson  process,  (22)  41 

(Bafarencss  are  to  sections 


Welding — continued, 
rads,  CAst,  (16)  362 
electric,  (16)  364 
thermit,  (16)  363 

Western  Union  bridge  quadruples, 
(21)  102 

Westinghouse  a-c.  motor  control, 
(16)  192 

demand  meters,  (3)  233,  234 
double  sone  producer,  test  data, 
(10)  461 

frequency  meters,  (3)  280 
ground  detectors,  (3)  80 
railway  motors,  control,  type 
"AL”  (16)  184  to  187 
"HL"  (16)  172  to  183 
unit-switch  system,  (16)  171 
portable  wattmeter,  (3)  160 

power-factor  meters.  (3)  184 

precision  ammeter,  (3)  100 
recording  instruments,  (3)  238 
synchroscope,  principle,  (3)  289 
turbine  brake,  (3)  329 
type  Q voltmeter,  (3)  67 
wattmeter,  precision,  (3)  155 
Weston  cell,  (20)  28 
normal,  (3)  46 
types,  (3)  45 
unsaturated,  (3)  47 
frequency  meter,  (3)  281 
synchroscope,  (3)  290 
wattmeter,  electrodynamometer 
type,  (3)  158 

Wheatstone  bridge,  (3)  118 
forms,  (3)  119 
theory,  (2)  30 

unbalanced,  formula,  (2)  31 
use,  (3)  120 

Wheelbase,  electric  passenger  vehi- 
cles, (17)  13 

Wheel-drive,  electric  truck  and 
tractors.  (17)  33,  35 
Wheels,  electric  passenger  vehicles, 
(lft  14 

water,  (10)  682  to  696,  (also  see 
turbines  hydraulic) 

Whistle,  electric,  operator,  merchant 
marine,  (22)  114 

White- W oh  lauer  method,  mean 
spherical  candle-power  determina- 
tion, (14)  179 

Whitney  wattmeter,  (3)  161 
Wien’s  law,  (3)  366 
Wilcox  weigher,  (3)  407 
Williams  line,  effect  of  auxiliaries, 
(10)  398 

power  plants,  (10)  397 
Williams  mills,  (15)  271 
Wind  movement,  (22)  163 
pressure,  (22)  164 
calculation,  (12)  166 
.velocities,  (22)  162 
Windage,  d-c.  railway  motors,  deter- 
mination, (24)  5338,  5339 

and  paragraphs — not  pages) 


2133 

Digitized  by 


Google 


INDEX 

WimUfe — Wire,  wires 


W indage — oontinued . 
losses,  (7)  120 
d-c.  machines,  (8)  142 
generators,  a-c.  table,  (7)  119 
synchronous  machines  measure- 
ment, (7)  153 

machines,  electric,  determination, 
(24)  4337 

Windings,  amortisseur,  converters, 
synchronous,  (9)  43 
armature,  (see  armature)  a-c., 
generators,  (7)  16  to  22 
chain,  (7)  18 
classification,  (7)  17 
fractional  pitch,  (7)  20 
full  pitch,  (7)  17 
Gramme  ring,  (8)  7 
single,  layer,  (7)  17 
three  phase,  spiral,  (7)  18 
two  layer,  Up,  (7)  19 
compensating,  a-c.,  machines,  (8) 

damper,  converters,  synchronous, 
(9)  43 

fractional  pitch,  induction  ma- 
chines, (7)  257 
single-Uyer  Up,  (7)  21 
induction  ooils,  arrangement,  (5) 
142.  144 

secondary  dimensions,  table, 
(5)  139 

instrument,  temperature  rise,  (24) 
8203 

Kapp  vibrator,  compensating,  (7) 
329- 

magnets,  (5)  100  to  104 
covering,  (5)  111 
drying  and  treating,  (5)  109 
final  calculations,  (5)  103 
formulas,  (5)  100 
insuUtion,  (5)  107 
mounting,  (5)  110 
ohms  ^er  cubic  inoh,  table,  (5) 

pound,  table,  (5)  106 
turns  per  square  inch,  table,  (5) 
102 

magneto  generators,  (21)  27 
meter,  temperature  rise,  (24) 
8203 

motor,  a-c.,  induction,  primary, 
(1)  160 

primary  distribution,  (7)  161 
stator,  classification,  (7)  162 
induction  single  phase,  design 
data,  (7)  270 
multi-circuit,  (7)  22 
primary,  definition,  (24)  6021 
rotor,  motor,  induction,  (7)  163 
secondary,  definition.  (24)  6021 
induction  coils,  (5)  138  to 

147 

squirrel  cage  motor,  (7)  163 
tertiary,  delta-connected,  (6)  156 


Windings— continued. 

effect  of,  (6)  157,  (see  ike 
tertiary). 

function.  (6)  159, 160 
transformers,  effect  of  pobrity, 
(6)  40 

influence  of  stress  on  deep.  (6' 
80 

vehicle  motors.  (17)  95 
Windmills,  comparison  of  difaent 
types,  (22)  170 
characteristics.  (22)  166 
efficiency,  (22)  168 
electric  plants,  (22)  162  to  177 
air  currents,  work  sTsibbk 
(22)  165 

automatic  battery  switch,  (X 
174 

economy,  comparative,  (£ 
176 

literature,  (22)  177 
storage  battery  reserve,  (2E 
176 

generators,  (22)  173 
governors,  (22)  169 
towers,  height  of,  (22)  172 
vertical,  table  erf  test  data.  (2  'X 
work  performed  in  givea  pent 
example  of,  (22)  171 
Winter- Eichberg  motor,  (7)  310 
Wire,  wires,  aerial,  induction  b- 
tween  parallel,  (21)  164 
aluminum,  current  carrying  csp*> 
ity,  (13)  25 
fusing  currents.  (12)  133 
loading  tables,  (11)  104 
tables.  (4)  86,  87 
A.  I.  E.  E.  standards,  (24)  W* 
to  9405 

arrangement,  distribution  syfea 

(12)  192 

bell  signal  work,  (13)  130 
bi-metallic,  definition,  (4)  100 
manufacturing  process,  (4)  I® 
union  between  the  metals,  .4 
101 

bronse,  properties,  (4)  136  ^ ' 
capacitance,  expression  of, 

compound,  definition,  (4)  100 
conductivity,  designation,  ^ 
9202  . 

conductor,  aise  determiaat^ 

(13)  64 

copper,  breaking  loads  tabu,  is 
69  c 

current  carrying  capacity. 

24 

fusing  currents,  (12)  133 
loading  tables,  (11)  104 
rubber-insulated,  propertfli 
(13)  30  to  32 

alow-burning  insulation,  pr* 
perries,  (13)  33 
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Wire,  wires — continued, 
specifications,  (4)  77 
tobies,  (4)  50,  51 
adoption  of,  (24)  0203 
explanatory  notes,  (4)  48 
references  to  other  gases,  (4) 
52 

weatherproof,  properties, 
table,  (13)  33 

copper-clad  steel,  commercial 
grade,  (4)  103 

permeability  of  core,  (4)  108 
hard-drawn,  table,  (4)  104 
properties,  (4)  106 
cost  of  pulling  into  conduit,  (13) 
116 

current  carrying  capacity,  tabler, 
(12)  47 

definition,  (24)  0000 
diameter,  measurement  of,  (4)  28 
dielectric  strength  tests,  (24) 
0310  to  0315 

fixed  chargee,  formula,  (12)  226 
fusing  currents,  (4)  145 
gages,  (4)  10  to  30 
galvanised  iron,  ohms  per  mile- 
pound,  table,  (4)  122 
table,  (4)  123 

immersion  in  water  for  testing 
insulation,  (24)  0301 
insulated  copper,  current  carrying 
capacity,  table,  (13)  27 
rubber,  thickness  of,  (24)  0405 
insulation,  magnets,  (5)  07 
resistance,  expression  of,  (24) 
0320 

measurement  of,  (24)  0322 
temperature,  maximum,  (24) 

interior  wiring,  (13)  22  to  40 
iron  and  steel,  coefficient  of  expan- 
sion, (4)  120 

tensile  properties,  (4)  128 
annealed,  resistivity  tests,  (4) 
116 

permeability,  (4)  125 
magnet,  cotton  insulation,  (4)  200 
insulation,  asbestos,  (4)  301 
baked  enamel,  (4)  351 
cotton,  (4)  200 
silk,  (4)  300 
table  of  sixes,  (5)  08 
messenger,  definition,  (24)  5005 
overhead  ground,  transmission 
lines,  (11)  60 

phase,  arrangement,  (11)  104 
phono-electno,  (4)  137 
tables,  (4)  135 
eactance,  (see  reactance) 
eaistance,  (see  resistance) 
‘eeistor,  properties  table,  (4)  147 
libber  covered,  (16)  26 
econdary,  induction  coils,  (5)  141 
ignal  galvanised  steel,  (4)  306 


Wire,  wires — continued. 

wire  sixes,  (4)  10,  (21)  320 
' German  table,  (4)  20 
large.  (4)  25 

skin  effect,  copper-clad  steel,  (4) 
162 

iron,  (4)  163 
steel,  (4)  305  to  308 
table,  (4)  305 
trolley,  properties,  (4)  124 
stranded,  definition,  (24)  0005 
stringing,  (11)  103,  (12)  182 
telephone  lines,  (21)  222 
sag  table.  (21)  228 
tensile  tests  of  steel  spring,  (4) 

terminology,  (13)  22 
trolley,  definition,  (24)  5004 
electric  railways,  (16)  310 
height,  standard  interurban 
railways,  (24)  5601 
standard  sections  for  copper, 
(4)  78 

twin*  (13)  36,  (24)  0014 
properties,  table,  (13)  37 
various  metals,  fusing  currents, 
(13)  52 

weather-proof,  (13)  28 
Wiring  accessories,  (13)  41  to  53 
a-c.,  circuits,  calculations,  (13)  76 
calculations,  (13)  70  to  86 
annual  charges,  (13)  80 
annunciator.  (13)  134 
automobile  lighting  systems,  (22) 
85 

bell  signal  wire,  (13)  130 
bibliography,  (13)  135 
channelling  costs,  (13)  118 
circular  loom,  (13)  13 
dimensions,  (13)  14 
calculations,  (13)  63  to  106 
conductor  economy.  (13)  88 
insulated,  specifications,  (13) 
23 

sise  determination.  (13)  64,  01 
conduit,  grounded,  (13)  120 
installations  estimating  costs, 
(13)  114 

rigid  iron,  (13)  15 
standard  sixes,  table,  (13)  10 
control,  power  plants,  (10)  872 
cost  of  pulling  wires  into  conduit, 
(13)  116 

demand  meters,  installation,  (13) 
110 

distribution  oenter  panels,  (13) 
108 

two  phase  (13)  05 
duets,  power  plants,  costs,  (10) 
877 

duraduct,  (13)  13 
electric  bell,  (13)  134 
ga8-lightingt  (13)  133 
heating-device  circuits,  (13)  104 
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Wiring — continued. 

service  company  rules,  (131  3 i 
entrances,  power  plants,  (10)'»80  | 
estimate  compilation,  (13)  106 
estimating  sheet,  (13)  124 
exciter,  power  plants,  (10)  871 
expansion  bolts  installation,  cost, 
(13)  119 

feeders,  arrangement,  (13)  102 
fittings,  (13)  41  to  63 
approval,  (13)  6 
fire-alarm,  (13)  132 
flexible  metaliio  conduit,  (13)  18 
steel-armored  conductor,  (13) 
20 

cost  per  ft!,  (13)  115 
tubing,  (13)  13 

dimensions,  (13)  14 
fuses,  use,  general  principles,  (13) 
125 

vs.  circuit-breakers,  (13)  126 
generators,  power  plants,  (10) 
871 

grounding  neutral,  three- wire  cir- 
cuits, (13)  127 

heating  devices,  outlet  plates, 
(13)  105. 

high-tension,  corona  prevention, 
(10)  874 

spacing,  (10)  879 
iron  conduit,  power  plants,  costa, 
(10)  877 

wire  for  use,  (13)  17 

inspection,  (13)  5 

installations,  (13)  107  to  124 
instrument,  (10)  872 
’ interior,  (13)  1 to  135 
branch,  (13)  60 

circuit,  calculations,  (13)  54  to  I 
62 

terminology,  (13)  54 
costs,  (13)  113 
distribution  center.  (13)  62 
feeder,  definition,  (13)  55 
main,  definition,  (13)  57 
service,  definition,  (13)  59 
sub-feeder,  definition,  (13)  56 
sub-main,  definition,  (13)  58 
top,  definition,  (13)  61 
Kelvin’s  law,  conductor  size 
determination,  (13)  90 
knobs  and  cleats,  (13)  8 
knob-and-tube,  (13)^  9 
labor  cost  for  roughing  in  outlets, 
(13)  117 

layouts,  (13)  63  to  106 
large  buildings,  (13)  101 
important  features,  (13)  100 
lightning  arresters,  (10)  873' 
materials,  increase  in  cost,  (13) 
123 

mean  annual  current,  (13)  194 
methods,  (13)  7 to  21 

classification,  (13)  7 I 
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Wiring — continued. 

relative  costs,  (13)  21 
metal  raceway,  (13)  12 
grounded,  (13)  129 
miscellaneous,  (13)  130  to  114 
labor  costs,  (13)  121 
motor  circuits,  (13)  103 
National  Electneal  Code,  feta- 
tion, (13)  1 

rules,  economic  unpartoa«, 
(13)  4 

open,  knobs  and  cleats,  (ID  8 
panel  boxes,  (13)  112 
protection,  (13)  125  to  129 
power  loss,  calculation,  (13)  87 
power  plants,  (10)  869  to  881 
coat,  (10)  881 

relation  to  fire  risk,  (13)  1 to  6 
residence,  planning,  (13)  99 
resistance,  calculations,  (13)  Q 
service  entrances,  (13)  107 
skin  effect,  calculation*,  (13)  78 
specifications,  U.  S.  Army,  (21 
134 

switch,  (10)  870 
switchboards,  layout,  (10)  773 
telephone,  (21)  50 
symbols,  standard,  (13)  109 
systems,  exciters,  (10)  748 
Navy,  (22)  127 
telephone,  (13)  131 
terminals,  power  plants,  (10)  96 
three-phase  system,  (13)  96 
three-wire,  d-c.  circuits,  cakmk- 
tiona,  (13)  75 
systems,  (13)  97 
balanced  load,  (13)  98 
two-wire,  d-c.  circuits, 
turns,  (13)  74 
systems,  (13)  97 
voltage  drop  apportionmeat  (ID 
69 

per  cent,  calculations,  (13)  73 
watt-hour  meters,  instoBatae. 
(13)  110 

wires  and  cables,  (13)  22  to  40 
wooden  raceway,  (18)  10 
properties,  (13)  11 

W oh  1 wifi  process,  gold  refiniag. 
216 

Wolff  potentiometer,  high  ns*- 
tanoe,  (3)  51 

Wood,  woods,  composition,  (4)4H 
concentric  rings,  yearly  or  au*» 
(4)  412 

decay  and  its  prevention,  (4)  w 
. definition,  (10)  125 

fibre  saturation  paint,  (4)  4" 
insulating  properties,  (4)  272 
moisture  in,  (4)  414 
preservatives,  method  of  sn*F 
ing,  (4)  426 
sap,  and  heart,  (4)  413 
shrinkage,  (4)  415 
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ffood,  woods — oontinued. 
specific  gravity,  (4)  416 
specific  heat,  (4)  417 
spring,  (4)  411 

strength,  effect  of  moisture,  (4) 
summer,  (4)  411 

tests  of  maple  and  hickory,  (4)  421 
Vood  arc  generator,  (8)  213 
machine,  rating,  (8)  214 
Vood  pressure  producer,  test  data, 
(10)  462 

Vood’s  fusible  alloy,  (4)  142 
Voolen  mill  drives,  (15)  342 
machinery,  power  requirements, 
(15)  344 

York,  available  in  air  currents,  (22) 
165 

Vorthington  weigher,  (3)  405 
Wight  ampere-hour  meter,  (3)  229 
demand  meters,  (3)  232 
rate.  (25)  136 

Wulsty  Castle,"  description,  (18) 


T-ray  burns,  (22)  237 
characteristic,  (22)  224 
generating  apparatus,  (22)  232 
injuries,  treatment,  (22)  238 
literature  on,  (22)  239 
measurement,  (22)  233 
penetration,  (22)  229 
principal  usee,  (22)  235 


X-ray — continued. 

production,  conditions  necessary 
for,  (22)  227 
qualities  of,  (22)  229 
scattered.  (22)  224 
spectra,  (22)  234 
theory,  (22)  226 

transparency  of  materials,  (22) 
223 

tubes,  (22)  230 

characteristics  of,  (22)  231 

Y 

Yarns,  woolen  and  worsted,  manu- 
facture, (15)  343 

Young’s  modulus  of  elasticity, 
aluminum,  (4)  96 
copper,  (4)  73 
copper-clad  steel,  (4)  112 

Z 

Zinc  cleaning  solution,  (19)  191 
electrical  properties,  (4)  138 
electrochemical  properties,  (19) 
170 

general  data,  (19)  127 
mechanical  properties,  (4)  399 
plating,  (19)  203 
radiation  coefficients,  (22)  21 
refining,  (19)  219 
thermal  properties.  (4)  399 
Zirconium,  electrochemical  prop- 
erties, (19)170 
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